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Foreword 
This publication reports the findings of Project Quinte scientists over the period 1972-84 

when phosphorus inputs from sewage treatment plants on the Bay ofQuinte were high (1972-77) 
and when they were reduced (1978-84). Dramatic changes were found in the lower and higher 
trophic levels when phosphorus inputs were reduced, but changes in the intermediate trophic 
levels were minimal. The papers presented here document these results and offer interpretations of 
the data that fit the authors' models. 

It is the belief of the Project Quinte group that our findings in the Bay of Quinte will have 
applications in other areas of the Great Lakes Basin. The results of other rehabilitation programs in 
the Great Lakes will provide a useful comparison to our own. 

Project Quinte has been sustained by the continuing commitment of scientists and managers 
from the Ontario Ministry of Natural Resources, Ontario Ministry of the Environment, and the 
Department of Fisheries and Oceans. The Glenora Fisheries Station served as an important 
geographical and scientific focus throughout the project. The Project Quinte group expresses its 
appreciation of the efforts of the technical and clerical staff of the Station and of its scientist-in
charge, W. J. Christie. 

This publication was assisted through its various stages by Ms. Johanna Reinhart, editor of 
the Scientific Information and Publications Branch, and the special editor, Dr. L. W. Billingsley, 
who was unfortunately unable to complete the task, and Dr. Philip E. K. Symons. 
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Abstract 
Minns, C. K., D. A. Hurley, and K. H. Nicholls [ed.]1986. Project Quinte: point-source phosphorus control 

and ecosystem response in the Bay of Quinte, Lake Ontario. Can. Spec. Publ. Fish. Aquat. Sci. 
86: 270 p. 

The Bay of Quinte of Lake Ontario is a large (254 km2) body of water with a variety of significant human uses 
including industrial and drinking water supply, wastewater disposal, recreational swimming, boating and 
angling, and commercial fishing. Scientists from federal and provincial government agencies and some 
Ontario universities collaborated between 1972 and 1985 to examine the effects in 1978 of significant 
reductions in phosphorus from municipal sewage treatment plants on abiotic and biotic features of the bay. 
Cultural impacts from land clearance since the early 1800s have overridden natural conditions in the bay by 
increasing phosphorus loads, and this has eventually had noticeable effects on some biotic assemblages. 
Because of increasing population and the widespread use of high-phosphorus detergents, phosphorus 
loading escalated after1940. Water quality deteriorated in the 1950s and 1960s, seriously affecting municipal 
water supplies, recreational opportunities, and sport and commercial fisheries. Increasing phytoplankton 
abundance decreased light penetration and, in turn, reduced the abundance of submerged macrophytes 
after the 1950s. By the 1970s these plants were limited to the shallow euphotic zone of less than 2m in the 
upper bay and 4 min the lower bay. During the late1960s and early1970s the production rates and biomass of 
phytoplankton and zooplankton were among the highest recorded in natural freshwater. In the most 
eutrophic section of the bay, total phosphorus concentrations averaged 60-80 J.Lg P · L -1, and phy
toplankton was often nitrogen limited. Since1978 when point-source phosphorus loadings were decreased 
by about 50%, the phosphorus budgets for the upper Bay of Quinte have become dominated by internal 
recycling, and total phosphorus concentrations have declined about 35%. As phosphorus loading 
decreased, phytoplankton biomass and gross primary production rates became phosphorus limited and 
also declined. The phytoplankton community continued to be dominated by species of Stephanodiscus 
and Melosira in spring and summer, respectively, with secondary domination by Aphanizomenon and 
Anabaena species (nitrogen-fixing blue-green algae) in late summer. The macrozooplankton community 
was dominated by small-bodied cladocerans, and no significant changes in composition and production of 
these forms were detected when phosphorus loadings were reduced. Some larger forms of zooplankton 
increased in numberfollowing phosphorus control. However, planktivorous fish preferred these species as 
food, and consequently appeared to exert a greater control on the zooplankton community than did the 
reduction in trophic state. An observed decline in the biomass of oligochaetes, sphaeriids, isopods, and 
chironomids in the Bay of Quinte was related to a decline in the productivity of the bay resulting from 
reductions in phosphorus loading. However, another benthic organism, the amphipod Pontoporeia hoyi, 
declined in the mid-1970s and recovered in the lower bay after 1977 when the white perch (Marone 
americana) population collapsed. Shifts in the abundance of many bottom fauna species were greatest in 
the upper Bay of Quinte and were the reverse of those often observed with deteriorating water quality. 
Numbers of abundant fish species in the Bay of Quinte, such as alewife (A/osa pseudoharengus), white 
perch, yellow perch (Perea flavescens), and walleye (Stizostedion vitreum vitreum), were altered more by 
climate and predator-prey interactions than by changed nutrient levels. A model of the white perch 
population indicated that commercial fishing, coupled eventually with a climate-related mortality, reduced 
the population to a point where predation now appears to control it. Predation on alewife, white perch, and 
yellow perch by increasing numbers of walleye appears to be controlling the production and biomass of 
these prey. Increased growth rates of white perch and yellow perch resulting from their lowered abundance 
have resulted in a higher proportion of their populations becoming large and piscivorous. Models were 
developed to describe mass water movements in the lower bay, the role of changes in hydrology and 
sedimentation rates on nutrient budgets, the rate of dissolved oxygen depletion in the deeper, lower bay, 
and the mass balances of the water column and surface sediment phosphorus pools. Meaningful scientific 
appraisal of the changes which may continue to occur in the Bay of Quinte depends on regular assessment 
of several abiotic and biotic parameters. The necessity of maintaining the summer average total phosphorus 
concentrations below 50 J.Lg · L -1 to permit continued rehabilitation is emphasized. The critical effects of 
predator-prey interactions at the secondary and tertiary levels in molding the bay ecosystem were exam
ined. It was concluded that these interactions exert a significant influence on rehabilitation and must be 
examined in situations where phosphorus controls have been implemented. 
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Resume 
Minns, C. K., D. A. Hurley, and K. H. Nicholls [ed.]1986. Project Quinte: point-source phosphorus control 

and ecosystem response in the Bay of Quinte, Lake Ontario. Can. Spec. Publ. Fish. Aquat. Sci. 
86: 270 p. 

La baie de Quinte dulac Ontario est une importante masse d'eau (2S4 km2) qui a divers usages importants 
pour l'homme, servant notamment a l'approvisionnement en eau pour Ia consommation et l'industrie, a 
!'elimination des eaux usees, a Ia natation, a Ia navigation, a Ia peche a Ia ligne ainsi qu'a Ia peche 
commerciale. Des scientifiques d'organismes gouvernementaux federaux et provinciaux et de certaines 
universites de )'Ontario ont uni leurs efforts entre 1972 et 198S afin d'etudier les effets, en 1978, d'impor
tantes reductions de phosphore provenant d'usines de traitement des eaux usees sur les elements 
biotiques et abiotiques de Ia baie. Depuis le debut des annees 1800, le defrichement des terres a modi fie les 
conditions nature lies dans Ia baie en augmentant les charges de phosphore, ce qui a eu eventuellementdes 
effets apparents sur certains biotopes. En raison d'une augmentation de Ia population et de )'usage 
repandu de detergents ayant une teneur elevee en phosphore, les rejets de phosphore ont monte en fleche 
apres 1940. La qualite de l'eau s'est deterioree au cours des annees SO et 60 affectant serieusement les 
approvisionnements en eau des municipalites, les possibilites de loisir ainsi que Ia peche sportive et 
commercial e. L'augmentation de Ia quantite de phytoplancton a provoque une penetration moins grande 
de Ia lumiere qui, a son tour, a provoque une reduction de l'abondance de macrophytes submerges apres 
les annees SO. Vers les annees 70, ces plantes etaient limitees a Ia zone euphotique peu profonde situee a 
moins de 2m dans Ia partie superieure de Ia baie et de 4 m dans Ia partie inferieure. A Ia fin des annees 60 et 
au debut des annees 70, le taux de production et Ia biomasse du phytoplancton et du zooplancton etaient 
parmi les plus eleves enregistres dans les eaux douces naturelles. Dans Ia partie Ia plus eutrophique de Ia 
baie, les concentrations de phosphore total etaient en moyenne de 60 a 80 J.L · L - 1 de Pet le phytoplancton 
etait souvent limite par )'azote. Depuis 1978, an nee ou les charges ponctuelles de phosphore ont diminue 
d'environ SO%, les bilans de phosphore dans Ia partie superieure de Ia baie de Quinte ont ete domines par 
une recyclage interne et les concentrations de phosphore total ont diminue d'environ 3S %. Au fur eta 
mesure que Ia charge de phosphore diminuait, Ia biomasse du phytoplancton et Ia production primaire 
brute sont devenues limitees par le phosphore et ont egalement baisse. La communaute phytoplanctoni
que a continue d'etre dominee par des especes de Stephanodiscus et de Melosira respectivement au 
printemps et en ete, suivi en deuxieme place par des especes d'Aphanizomenon et d'Anabaena (algue 
bleu-vert fixatrice d'azote) a Ia fin de l'ete. La communaute de zooplancton macroscopique a ete dominee 
par de petits cladoceres et on n'a decele aucun changement important dans Ia composition et dans Ia 
production de ces formes lorsque les charges de phosphore etaient reduites. Certaines formes plus 
grosses de zooplancton ont augmente en nombre a Ia suite de Ia reduction du phosphore. Cependant, les 
poissons planctonivores ont prefere ces especes comme source de nourriture et ont semble par con
sequent exercer un plus grand contr6le sur Ia communaute zooplanctonique que ne l'a fait Ia diminution 
du niveau trophique. On a relie une diminution observee de Ia biomasse des oligochetes, des sphaeriides, 
des isopodes et des chironomides dans Ia baie de Quinte a une diminution de Ia productivite de Ia baie 
decoulant de Ia reduction des apports de phosphore. Cependant, un autre organisme benthique, l'amphi
pode Pontoporeia hoyi, a connu une baisse au milieu des annees 70 et s'est retabli dans Ia partie inferieure 
de Ia baie a pres 1977, lorsque Ia population de barets (Marone americana) s' est affaissee. Les changements 
dans l'abondance d'un grand nombre d'especes fauniques benthiques ont ete les plus grands dans Ia partie 
superieure de Ia baie de Quinte et ont ete a I' oppose de ceux qu'on observe souvent lorsque Ia qualite de 
l'eau se deteriore. Le climat et les interactions predateur/proie ont influe davantage sur Ia population des 
especes de poisson abondantes dans Ia baie de Quinte, com me le gaspareau (Aiosa pseudoharengus), le 
baret, Ia perchaude (Perea flavescens) et le dore jaune (Stizostedion vitreum vitreum) que les changements 
dans Ia concentration des substances nutritives. Un modele de Ia population de barets a montre que Ia 
peche commerciale, associee eventuellement a une mortalite liee au climat, a reduit Ia population a un 
point tel que Ia predation semble maintenant Ia contr6ler. La predation exercee sur les gaspareaux, les 
barets et les perchaudes par un nombre accru de dares semble contr6ler Ia production et Ia biomasse de 
ces proies. Le rythme de croissance accru des barets et des perchaudes decoulant de leur plus faible 
abondance a fait qu'une plus forte partie de leurs populations est devenue grosse et piscivore. On a 
elabore des modeles pour decrire le deplacement des masses d'eau dans Ia partie inferieure de Ia baie, le 
role des changements dans l'hydrologie et les taux de sedimentation sur les bilans des substances 
nutritives, le taux de diminution d'oxygene dissous dans Ia partie inferieure et plus profonde de Ia baie et 
l'equilibre de masse de Ia colonne d'eau et des reservoirs de phosphore dans les sediments de surface. 
L'evaluation scientifique valable des changements qui peuvent se poursuivre dans Ia baie de Quinte 
depend de I' evaluation reguliere de plusieurs parametres biotiques et abiotiques. On met )'accent sur Ia 
necessite de maintenir les concentrations moyennes de phosphore total pendant l'ete en-dessous de SO 
J.Lg · L -1 pour que le retablissement se poursuive. On a etudie les effets critiques des interactions pre
dateur/proie aux niveaux secondaire et tertiaire pour modeler l'ecosysteme de Ia baie. On conclut que ces 
interactions ont une influence importante sur Ia remise en etat des populations et doivent etre examinees 
dans les cas ou on a mis en oeuvre des mesures de reduction du phosphore. 
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Overview of Project Quinte- 1972-82 

M. G. Johnson 
Department of Fisheries and Oceans, Great Lakes Fisheries Research Branch, 

Box 969, Owen Sound, Ont. N4K 6H6 

D. A. Hurley 
Ontario Ministry of Natural Resources, Glenora Fisheries Station, R.R. 4, Picton, Ont. KOK 2TO 

Johnson, M.G., and D. A. Hurley. 1986. Overview of ProjectQuinte-1972-82, p. 1-6. In C. K. Minns, D. A. 
Hurley, and K. H. Nicholls [ed.] Project Quinte: point-source phosphorus control and ecosystem 
response in the Bay of Quinte, Lake Ontario. Can. Spec. Publ. Fish. Aquat. Sci. 86: 270 p. 

Background information is given on the initiation of a multi-agency research project to compare lim
nological features of the Bay of Quinte, Lake Ontario, before and after reduction in phosphorus inputs. 
Water quality trends and changes in fisheries are summarized. The experimental management approach 
and ecological framework for this research are discussed in general terms. A total of 23 reports on chemical 
and physical limnology, phytoplankton, macrophytes, zooplankton, benthos, and fish accompany this 
introductory report. 

On presente des renseignements de base sur Ia creation d'un projet de recherches regroupant plusieurs 
organismes et destine a comparer les caracteres limnologiques de Ia baie de Quinte (lac Ontario) avant et 
apres Ia reduction des apports de phosphore. On resume les tendances observees dans Ia qualite de l'eau 
et les changements survenus en ce qui a trait aux peches. On discute en termes gene raux de Ia methode de 
gestion experimentale adoptee et du cadre ecologique de cette recherche. Vingt-trois rapports portant sur 
Ia limnologie chimique et physique, le phytoplancton, les macrophytes, le zooplancton, le benthos et les 
poissons accompagnent ce rapport preliminaire. 

Introduction 

The purpose of this introductory paper is to describe the Bay 
of Quinte in general terms, to review the history of water quality 
and fisheries in the bay and the principal management ini
tiatives, to explore further the scientific rationale and ap
proaches which tied together the participants in Project Quinte, 
and to assess some of the accomplishments. 

In the mid-1960's public outcry and government attention 
were focussed on the problem of excessive nutrient enrichment 
of the waters of the lower Great Lakes. By 1970 the term 
"eutrophication" was in everyday use• and the campaign to 
reduce P loadings began in earnest with regulated decreases in P 
content in detergents. In 1970 the International Joint Commis
sion (IJC) recommended "further reduction, as a matter of 
urgency, of the remaining phosphorus in municipal and indus
trial waste effluent discharging to Lake Erie, Lake Ontario and 
their tributaries and to the International Section of the St. 
Lawrence River, with a view to achieving at least an 80 percent 
reduction by 1975 and thereafter additional reduction to the 
maximum extent possible by economically feasible processes" 
(IJC 1970). By 1972 the commitment of governments was 
formalized in the Canada-U.S. Great Lakes Water Quality 
Agreement, and a 5-yr program was initiated to reduce indus
trial and municipal inputs of P and to investigate further the 
significance of non-point sources. The Agreement was renewed 
in 1978 and called for a broader approach to P control to meet 
specified target loadings. 

In 1972 there were no case histories that showed water quality 
improvements achieved by selective point-source P reductions. 
Arguments for P removal (and sometimes against) were based 
on laboratory experiments (Vallentyne et a!. 1970), additions, 
but not reductions, of P to small lakes (Johnson and Vallentyne 

1971 ), diversions of municipal wastes, as in the case of Lake 
Washington (Edmondson 1972), and the empirical relationship 
between P loadings to lakes and their apparent trophic state 
(Vollenweider 1968). 

The decrease in numbers of large piscivores in the Bay of 
Quinte occurred during the years of increasing eutrophy, and 
was circumstantially linked with eutrophication (Hurley and 
Christie 1977). Other factors, such as excess fish harvest and the 
proliferation of exotic species, also destabilized the fish com
munity of the bay (Christie 1972). The combined effect was the 
proliferation of small, relatively shortlived benthivorous and 
planktivorous species such as alewife (Alosa pseudoharengus) 
and white perch (Morone americana). The impact of these 
species on benthic fauna and herbivorous zooplankton may have 
been sufficient to permit dense blooms of algae to form in 
response to accelerating point-source P loadings, and thereby 
produce the resultant drop in water transparency (Andersson 
et al. 1978; Shapiro 1980), occasional oxygen depletion, and 
general deterioration of water quality. 

The improvement in habitat resulting from P reductions was 
intuitively believed to benefit the fish community of the bay, 
although likely mechanisms were not well understood. Would 
reduction in P relieve this destabilizing influence sufficiently to 
permit the system to proceed along its successional path to a 
more mature and stable system (Odum 1969)? Or, would per
sistence of large numbers of small planktivores continue to crop 
herbivorus zooplankton sufficiently that algal density would 
remain high in spite of nutrient reduction (Shapiro 1980)? In this 
latter case, habitat improvement would require manipulation of 
fish stocks, probably by introduction of piscivores and harvest of 
planktivores. In any event, the study would require many years 
of effort to permit enough generations of fish to pass through the 
system to assess the response adequately. 
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FIG. I. Location of the Bay of Quinte in eastern Lake Ontario. Main rivers, urban areas, and principal bays and reaches are shown. 

The presense of useful background data made the heavily 
enriched Bay of Quinte an attractive and much needed potential 
case history for fisheries scientists and water-quality managers. 
The attraction of the Bay of Quinte to Iimnologists was the 
simplified logistics and economy of working in a smaller basin 
and the opportunity to collaborate with fisheries scientists. 
Participants in Project Quinte shared the concern that at least 
several years of uninterrupted study were necessary to build on 
existing background studies. Furthermore, relevance of studies 
on the Bay of Quinte to management of other Great Lakes waters 
was obvious. There was a close resemblance between aquatic 
communities and limnology of the Bay of Quinte, from upper to 
lower bay, and Lake Erie, from west to east. Prior toP removal, 
annual P loading rates in the Bay of Quinte and Lake Erie were 
high, 1.47 g/m2 in the former and I .07 g/m2 in the latter 
(Johnson and Owen 197 I). In both areas, poorest water quality 
occurred where effective loading rates were much greater than 
these averages. Insights obtained from either one of these heav
ily stressed areas might be applicable to the other, and indeed to 
any area where excessive nutrient enrichment was a destabiliz
ing influence. 

In this context, in 1972 several Iimnologists and fisheries 
scientists from the Ontario Ministry of Natural Resources, 
Ontario Ministry of the Environment, Fisheries and Marine 
Service of the Canada Department of Environment, University 
of Guelph, and Queen's University initiated a multi-year study 
of the response of the Bay of Quinte to the P-reduction program. 
This Special Publication contains accounts of much work done 
by the Project Quinte group through the period 1972-82. 

2 

The Bay of Quinte Ecosystem 

The Bay of Quinte is a Z-shaped bay, 64 km long and 254 km 
in area, on the northeastern shore of Lake Ontario (Fig. 1). The 
upper bay, 35 km long, consists of several connected basins 
approximately 4-8 m deep. The greatest development in extent 
and rate of human population growth is along the north shore of 
the upper bay, where the total population in 1982 was about 
60 000. The watershed of the Bay of Quinte, totaling 
18 200 km2 , consists of about one-half Precambrian Shield in 
the north and one-half Paleozoic limestones in ·the south. The 
limestone plain has little overburden in many areas, although 
extensive sand and clay plains occur adjacent to the bay. The 
major rivers enter along the north shore: the Trent River draining 
12 600 km2 , the Moira River draining 2 700 km2 , and the 
Salmon and Napanee rivers together draining I 660 km2 . The 
middle bay is 13 km long, only about 0.8 km wide at the north 
end, and 5.6 km wide near Picton, and increases from 6 to I 7 m 
in depth from north to south. The lower bay is 16 km long, about 
3 km wide, and the maximum depth increases from 17 to 52 m 
toward the bay mouth. The watershed of the middle and lower 
bays is not extensive, but includes Hay Bay, 11 km long, and its 
watershed. Only about 15 000 people reside in the towns and 
townships bordering the middle and lower bays. 

Two passages, one at each end of Amherst Island, join the 
lower bay and Lake Ontario. The western passage, the Upper 
Gap, is 2.4 km wide and I 3 m deep, and the eastern passage, the 
Lower Gap, is of similar width but twice as deep. The upper arm 
of the bay is connected westward to Lake Ontario for navigation 
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by the Murray Canal, which is only 23m wide and 3m deep. 
Trenton, Belleville, Deseronto, Napanee, Picton, and two 

bases of the Canada Department of National Defence (DND) 
near Trenton and Picton (the latter was closed in 1969) discharge 
treated wastewaters to the bay. These had conventional second
ary or partial waste treatment until 1975 (DND Trenton), 
1976 (Belleville, Trenton, Deseronto, and Picton), and 1977 
(Napanee), when P removal to a target level of 1.0 mg/L residual 
was implemented. P content in laundry detergents had already 
been reduced to 20% (P 20 5 ) in 1970, and further reduced to 5% 
(P 20 5 ) on January 1, 1973, by federal regulations under the 
Canada Water Act. By 1979 further P reductions, to 0.5 mg/L in 
final effluent, were required at ali treatment plants during the 
May-October period, but total compliance with this require
ment has not been achieved over all months. A high flushing rate 
favoured good results from additional point-source P control 
during the summer months, after large springtime P inputs were 
flushed from the system. The bay flushing rate is approximately 
10 times per year, and the flushing time during March and April 
is about 1 mo. 

Two municipalities, Belleville and Deseronto, take water 
from the bay for domestic and industrial use. For many years, 
water quality was often unsatisfactory and treatment to produce 
potable water was beset with difficulties attributable to the long 
periods of high algal density and thick blooms of blue-green 
algae that developed over several weeks of warm weather each 
year. In the early 1970's a proposal for a water-supply pipeline 
from Lake Ontario to the Belleville-Trenton area was indefi
nitely postponed while the P-control program was implemented 
and evaluated. The bay is used throughout its length for varied 
recreational activities, many of which have been curtailed by 
unsatisfactory water quality. 

Water Quality 'frends 

The natural trophic state of the lower Bay of Quinte prior to 
the late 1800's, determined from chemical and biological fea
tures of sediment cores, was slightly to moderately oligotrophic 
(Warwick 1980). A period of low productivity, 1840-60, coin
cided with increased sediment load following land clearing. The 
eutrophic state was evident in cores from 1890-95 and acceler
ated to a hypereutrophic state in the 1950's. 

Deterioration in water quality has been observed since about 
1930. Early records at the Belleville and Picton water-supply 
plants showed that blooms of blue-green and green algae were 
troublesome because they clogged filters, especially in August 
and September. The filters in the Belleville plant required more 
frequent back washing after 1934. McCombie ( 1967) reported 
that concentrations of algae in the upper bay were about 1 0 times 
those in the middle bay, and 100 times those near the mouth. 
Although there was no definite evidence of an increase in algae 
at the bay mouth since 1945 when Thcker ( 1948) carried out his 
investigation, diatoms were relatively less abundant and blooms 
of the blue-green alga Aphanizomenon began I mo earlier in 
1963 and 1964 than in 1945. Secchi disc readings of less than 
0.3 m accompanied the blue-green algal blooms in the upper 
and middle bays in the 1960's (Johnson and Owen 1971). 
Occasional extinction of dissolved oxygen was found by 
McCombie ( 1967) in subsurface waters near Belleville under 
calm conditions in summer, and later in the middle bay near the 
confluence of Hay Bay by D.A. Hurley (pers. comm.) In 
Adolphus Reach, oxygen was depleted to low levels (1-2 mg/L) 
in late summer in hypo!imnetic waters. Macrophytes, which had 

been common and rich in species diversity over an extended 
period, became locally abundant in the early 1960's to the point 
that control was necessary in some locations in the upper bay. 
Subsequently, macrophytes declined when algal standing stocks 
increased (Crowder and Bristow 1986). 

The diverse habitat of the Bay of Quinte currently supports at 
least 62 species of fish from 44 genera (Hurley 1986). Most 
represent a warm water association, but several cold-water forms 
enter the bay from Lake Ontario at some time in the year. In the 
past, the bay supported significant commercial fisheries for lake 
whitefish (Coregonus clupeaformis) and lake herring (Cor
egonus artedii), plus both commercial and sport fisheries for 
walleye (Stizostedion vitreum) and yellow perch (Perea fia
vescens) (Christie 1973). In the early 1970's the commercial 
fishery was restricted largely to carp (Cyprinus cmpio), Amer
ican eel (Anguilla rostrata), white perch, and yellow perch, 
while sport fishing had virtually disappeared in the bay. 

In the years 1972-77 the fish population was dominated by 
alewife and white perch, with lesser numbers of yellow perch, 
rainbow smelt (Osmerus mordax), brown bullhead (lctalurus 
nebulosus), and trout-perch (Percopsis omiscomaycus). It is 
postulated that the near absence of large piscivores in this period 
facilitated the proliferation of prey species such as alewife and 
white perch (Minns and Hurley 1986). 

A massive die-off of white perch occurred overwinter in 
1977-78, and large year-classes of both walleye and yellow 
perch developed in the following spring. Consequently the fish 
community in the bay shifted to one that was controlled by 
piscivores. Growth rates among the remaining white perch 
increased significantly (Minns and Hurley 1986) and abundance 
of alewife declined dramatically (Hurley 1986). 

The Quinte Experiment 

Although there has been considerable discussion of the "eco
system approach" in resources management in the Great Lakes 
(IJC 1978), inadequate attention has been focused on infra
structure and methodologies useful in implementation of this 
policy principle. Recent initiatives in strategic planning by 
fisheries agencies have advocated "experimental management" 
(Loftus et a!. 1978). Experimental management could be 
broadly defined in terms of water resources, or natural resources 
generally, with the same intention of learning by managing 
through hypotheses-testing experiments in the real world. 

The P-management strategy in the Great Lakes has followed 
this iterative course with alternating reference studies and man
agement agreements over the past 20 yr. In the context of Project 
Quinte, experimental management has been an important plat
form for management because it encourages the intensity of 
effort needed to address complex ecological problems, allows 
mid-course adjustments by timely transfer of information, and 
correction of deficiencies in knowledge. For researchers, the 
approach offers the opportunity to single out effects of specific 
stress factors and to influence management without foregoing 
the opportunity to pursue broad questions that require under
standing of the whole system. Economies and significant 
improvement in public support consequently should accrue to 
both management and research. 

The Bay of Quinte is particularly suited to the experimental 
management approach. First, it is an important and represen
tative subsystem of the lower Great Lakes, yet to a large extent it 
is discrete. It is also small enough to permit intensive study on 
moderate budgets sustained over several years. There is a sig-



nificant amount of baseline data. There is a group of regional 
managers and scientists with appropriate experience, interest, 
and concern. Working together, these managers and scientists 
have developed the objectives for nutrient control and fisheries 
management within an experimental framework. They have met 
annually from the outset to review research findings and to 
discuss management implications. The scientists have produced 
annual reports, but have been criticized for publishing little else. 
There appeared, however, to be little need for rapid publication 
of the results because of the continual contact between scientists 
and managers, the expectation of stronger data series with each 
new year's work, and the desire to follow the experiment 
through the recovery phase. At the local management level, the 
close contact between managers and scientists in the experimen
tal management of the bay obviated the need to communicate 
through the primary literature. Later publication would allow a 
more comprehensive account of the experiment, which would 
be more useful both to research and management elsewhere. 

In 1972, at the outset of Project Quinte, the common objec
tive of researchers and managers was straightforward: would P 
reduction to prescribed levels at point sources increase produc
tion of economically important fish stocks, and improve water 
quality both for municipal supplies and for various recreational 
activities in the Bay of Quinte in a reasonable length of time? 
Prior to implementation of P control, only 20-40% of the P 
loading was attributable to municipal inputs, and 60-80% 
entered via rivers. Some water-quality managers were doubtful 
that P reduction in point sources would be effective because 
these were a low proportion of total P inputs. Johnson and Owen 
(1971) argued that low-volume, high-concentration point 
sources, such as those in the Bay of Quinte, have a greater 
impact on water quality during the growing season than high
volume, low-concentration inputs from rivers. They recom
mended point-source P control to reduce ambient P con
centrations and algal stocks. However, even with P control, 
improvement in water quality might be delayed by shallow, 
nutrient-enriched sediments in the entire upper bay, which are 
subject to periodic resuspension (although P sediment-water 
interactions in shallow systems are not well understood). 

Search for an Ecological Framework 

The attempt to develop a scientific framework for experimen
tal management of the bay is ongoing. Discussion of the 
ecological framework focused on the interactions among water, 
sediment, macrophytes, and phytoplankton in determining suc
cessional stages in eutrophication and rehabilitation of the bay. 
The questions of most general interest to researchers and man
agers concerned the speed with which eutrophic and hyper
eutrophic states might be reversed by control of P input, and 
whether animal communities would shift from their hyper
eutrophic state back to eutrophic or mesotrophic counterparts. 

The relationship between external P loading and internal 
fluxes, especially where their relationship affects phytoplankton 
blooms, has been of considerable interest. Internal sources 
include not only resuspended sediments, but also hypolimnetic 
waters of the lower bay which become mixed by upwelling into 
surface waters of the middle bay. One external P source, now 
better understood because of the study, is the intrusion of Lake 
Ontario water into the lower and middle bays. Also, short-term 
oxygen depletion in the upper bay during periods of calm 
weather and seasonal depletion in the lower bay were expected 
to influence P dynamics. 
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Rates of production of zooplankton, benthic macroinverte
brates, and fish and efficiencies of use of energy in relation to 
quantity and quality of food resources were to be examined in 
the context of changes in P loading and trophic state. Although 
these changes have been gradual and are probably incomplete to 
date, most comparisons have been made between periods before 
P control (prior to 1977) and afterwards ( 1977-82). Inferences 
about communities dominated by macrophytes were facilitated 
by comparisons with nearby waters, especially West Lake, 
Prince Edward Bay, and inner Hay Bay. Structure of aquatic 
communities was examined in terms of habitat diversity as 
influenced by macrophytes, substrate, turbidity, and oxygen 
conditions, again in a pre- and post-P-control context. We tried 
to avoid the common tendency to view intertrophic level rela
tionships in one-way cause-effect systems (plants- inverte
brates-fish as secondary consumers; fish as tertiary consumers). 

Long-term studies confront researchers with variability due 
to fluctuations in natural factors (solar radiation, winds, pre
cipitation, currents, temperature), which confound trends attrib
utable to management initiatives. P-mangement initiatives and 
predicted responses usually are based on "average conditions." 
However, an understanding of system responses to natural fac
tors is necessary in order to evaluate programs, to fine tune 
measures, and possibly to redefine requirements based to some 
degree on extremes (as in flood protection for example). Natural 
annual and seasonal variations in structure, production, and 
abundance at all trophic levels, and possible compensating 
mechanisms leading to "natural limits" on variations, were of 
considerable interest. Individual views were held for both strong 
homeostatis and highly stochastic behaviour. 

The overall ecological framework for the Quinte study was 
not designed at the outset. The merits and faults of various 
approaches were debated through the course of the study. 
Despite generally successful use of several deterministic and 
empirical models and availability of a broad and long data 
series, much of which dealt with dynamic properties, there was 
little enthusiasm for developing a detailed trophodynamic sim
ulation model of bay limnology. Perhaps the Project Quinte 
group understood bay limnology sufficiently to appreciate how 
much it did not know. Certainly the group was apprehensive 
about the number of weakly supported assumptions that would 
have been required. The practical alternative to a detailed sim
ulation was to accentuate the key features of ecosystem change 
in a model of trophic succession, that is, to focus on the 
transition from known states to structurally and functionally 
different states, which may be based on different threshold P 
loadings. The emphasis was on homeostatic properties of these 
successional states, contributions by principal plant and animal 
assemblages to the self-perpetuation of these states, and the shift 
from one state to another by catastrophic events as, for example, 
the reduction of macrophytes by phytoplankton blooms and the 
temperature-induced mortality of white perch. Effects of varia
tions in natural factors probably are damped more often than 
changes attributable to man, as, for example, greater P loadings 
in runoff are usually accompanied by greater flows and greater 
flushing. High P loadings from pollution sources are undiluted 
and therefore more likely to trigger change. Resiliency in com
munities, although known to be partly the property of each 
species, probably is related also to differences in effect between 
natural and man-made stress of the same type, but different 
character. The approach would place emphasis on critical lim
nological events, such as oxygen depletion over sediments, 
submarginal light regimes for macrophytes, and critical stages 
in life histories of species relative to competitors in these com-
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munity and ecosystem states. The approach appeared to be in 
harmony with the amount and type of data available. It seemed 
useful to managers, it maintained a sound, albeit simple, eco
logical basis for the study, and, possibly most important, the 
group felt confident in pursuing such an approach at that time. 
The potential of this ecological framework has been realized 
only partially at this stage, but it remains as a goal, for the sake 
of continuity, to guide future work. 

Overview of Accomplishments 

A strong foundation is in place for designing optimum water
quality management programs, which may consider effects of P 
loadings from different sources, flushing rates, variability in 
climate, and expected responses. For example, impacts of point
source and non-point P control measures may be compared. 
Future stresses on the Quinte system, from increased P loadings, 
inflow manipulation, or possible expansion of macrophytes, 
may be examined in the light of present findings. 

There are several practical accomplishments that have per
mitted a project of this size to continue in such an informal 
organizational framework. Perhaps the most significant has 
been an optimum level of administrative direction to the project. 
The primary questions asked were posed by scientists, with the 
view to answering them from both a scientific and a manage
ment-orientated viewpoint. Managers and scientists interacted 
at annual meetings where progress was discussed; an extensive 
annual report was prepared each year and circulated to senior 
management. This "mutual accountability" reinforced our 
view that ecological questions and practical management ques
tions are much the same. Scientists involved in Project Quinte 
have appreciated the opportunity to intereact with managers and 
to influence management without being overmanaged by a 
plethora of steering committees, reviews, and reorganizations. 

In order to answer scientific and management questions, 
several years of research are necessary because variations in 
climate and the biota are unpredictable and may mask the effects 
of the so-called controlled variable. Furthermore, these random 
influences should be adequately understood and become part of 
the management rationale. One of the main values of the Quinte 
study probably is in showing the magnitude of natural variations 
relative to changes attributable to management, and, hopefully 
in the future, incorporating natural stochastic factors in the 
nutrient-control strategy. In addition, this time series was 
expected to provide an efficient, economical, and meaningful 
monitoring approach to assess improvements, and an early
warning system if degradation occurs in future years. Studies 
are continuing at the present time. Longer-term studies on 
selected representative systems, with carefully controlled man
agement initiatives, are fundamental to the "experimental man
agement" approach. Project Quinte is a useful pilot project 
which embodies this philosophy. 

In terms of scientific achievements, we feel we have posed 
many appropriate questions and answered a few. These are 
reported in the papers that follow. Multi-year studies breed 
considerable caution in investigators, and rightly so, because the 
answers to many questions become more elusive as the random 
elements of nature are revealed. At this point we have good 
descriptive information on the Bay of Quinte, a fair understand
ing of dynamics, and only minimal knowledge of mechanisms. 
However, as the database grows, more and more hypotheses will 
become testable. Controlled experiments in field and laboratory 
should become increasingly important in testing hypotheses on 
mechanisms. 
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p. 7-26. In C. K. Minns, D. A. Hurley, and K. H. Nicholls [ed.] Project Quinte: point-source 
phosphorus control land ecosystem response in the Bay of Quinte, Lake Ontario. Can. Spec. Pub I. 
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Rising waters began to inundate the Bay 9000-10 000 B.P. and overtopping of the Telegraph Narrows sill took 
place 2000-3000 yr ago. The natural trophic state was significantly influenced by climate. Lower Bay waters 
changed from slightly oligotrophic to moderately oligotrophic, probably in response to hemispheric 
cooling between 1500-1000 B.P., and changes in trophic state appear to respond more to temperature than 
to long-term water level fluctuations. Trends in the erosion index particle-size data from the Glenora core 
are largely comparable with recent Lake Michigan water level changes. Cultural impacts, since the early 
1800's, have overriden natural conditions in the Bay. Increased loadings of total P were first derived from soi I 
loss at the time of land clearance, and later from municipal treatment plants, detergents, and fertilizers. 
Parts of the Bay became strongly eutrophic by the mid-1950's, but water quality has improved since plant 
upgrading in 1978. Heavy metals enrichment, especially As from mining in the Moira watershed, occurred 
after the 1850's; pesticides were introduced 35-40 yr ago and some sources continue to release other 
persistent contaminants into the Bay. 

Les eaux montantes ont commence a inonder Ia baie de 9 000 a 10 000 ans avant notre ere et le goulet 
Telegraph etait encore submerge il y a 2 000 a 3 000 ans. Le climat a grandement influe sur Ia condition 
trophique naturelle. Les eaux de Ia partie inferieure de Ia baie, qui etaient legerement oligotrophes, sont 
devenues moderement oligotrophes, probablement a Ia suite du refroidissement de !'hemisphere nord, 
entre 1 500 et 1 000 ans avant notre ere, et les modifications de Ia condition trophique semblent etre liees 
davantage a Ia temperature qu'aux variations a long terme du niveau de l'eau. Les tendances observees 
dans les donnees sur Ia taille des particules en ce qui concerne l'indice d'erosion tirees de Ia carotte 
prelevee a Glenora sont dans une large mesure comparables aux changements recents du niveau de l'eau 
dans le lac Michigan. Depuis le debut des annees 1800, le developpement de Ia civilisation a modifie les 
conditions natu relies dans Ia baie. II y a eu des charges accrues de P total provenant d'abord de Ia perte de 
sol au moment du defrichement des terres puis, par Ia suite, des usines de traitement des eaux domesti
ques, des detersifs et des fertilisants. Des parties de Ia baie sont devenues tres eutrophes vers le milieu des 
annees 1950, mais Ia qualite de l'eau s'est amelioree apres Ia modernisation des usines en 1978. La 
concentration des metaux lourds, principalement de I' As provenant de I' exploitation miniere, a augmente 
a pres les an nees 1850; les pesticides ont fait leur apparition il y a 35 a 40 ans et certaines sources continuent 
a deverser d'autres contaminants permanents dans Ia baie. 

Introduction 

This contribution provides historical and geographical per
spectives which form a background for the other papers that deal 
with more specific limnological and cultural impact studies in 
this Project Quinte series: geological and climatological 
changes are described and the development of settlement and 
agricultural, industrial activities, and population shifts are 
traced, with emphasis on the past 200 y1: Supporting evidence 
from available sediment cores has been reevaluated and is pre
sented as a means of summarizing the more recent changes and 
events within the Bay. 

Prince Edward County and Amherst Island. The Bay has a 
complex shape, and the direct distance between TI·enton and 
Kingston is about 90 km. Water depth generally increases from 
west to east: 1-3 m near Trenton, 5 m over much of Big Bay, 
7 min the Long Reach near Napanee, 14m in Picton Bay, and 
more than 60 m in the North Channel opposite Amherst Island 
(Fig. I). The outlet of the Bay into the Kingston or eastern basin 
of Lake Ontario is controlled by sill-like features having max
imum depths of more than 25 m at the Upper and Lower Gaps 
near Amherst Island. The maximum width of the Bay is about 
3.5 km and there are major points of constriction at Belleville, 
Telegraph Narrows, Ram Island, and Glenora. 

Historical information is presented in detail as a single source 
of reference for use with this and other papers of this series. The 
significance of various forms of impact in the Quinte area are 
summarized at the end of each section. 

General Setting 

Physiography 

The Bay of Quinte lies on the north shore of Lake Ontario but 
is largely separated from the main lake by a barrie1; formed by 

Land is low lying to the north and east of the Bay, except 
between Napanee and Hay Bay. The Napanee plain between 
Trenton and Kingston (Chapman and Putnam 1951) is charac
terized by a generally flat surface of glacially scoured bedrock 
and bevelled till, locally modified by extensive drumlin fields. 
South of the Bay, scarp-like features back much of the shore east 
of Belleville. Along the Long Reach and Adolphus Reach, the 
south and west shores rise to about 50 m above lake level, and 
near Glenora, the elevation locally exceeds 75 m. The low 
plateau, above the scarp, dips gently southwest towards Lake 
Ontario. 
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FIG. I. Bay of Quinte, showing reference locations, watershed divides, and physiographic features. 

Circulation and Stratification 

Circulation in the Bay generally conforms to a west-east 
flow, although seiching occurs in both directions. During the 
summer months, the shallow Upper Bay remains well mixed 
and permanent thermal stratification is absent. In parts of Picton 
Bay and below Glenora, however, the summer thermocline is 
well developed and frequently tilted by local wind stress. Strat
ification influences the exchange of Lower Bay waters with Lake 
Ontario, and during mid- and late summer, intrusions of cold 
bottom water have been recorded as far up the Bay as the south 
end of the Long Reach; these are accompanied by a compen
satory outflow of warm surface water. Under calm conditions, 
during the stratified period, the sediments and bottom waters of 
parts of the Upper Bay may become temporarily anoxic. At such 
times, sediment P release is greatly increased, and further 
accentuates eutrophic conditions in the Bay. 

Although flushing of the Bay occurs only 0.25-1.0 times 
during the May-September period and 2-3 times per year 
(Minns eta!. 1986), temperature profiles across the Middle and 
Lower Bay during summer stratification indicate that both ver
tically and horizontally entrained flows occur; thus, on a local 
basis, there may be significant changes in water quality which 
are independent of overall water quality in the Bay. Such 
changes can be further modified by the presence of free surface 
and internal oscillations. Prinsen berg ( 1978) reported Bay mode 
periods of 15.5-35 hand a Lake Ontario period of 5.2 h. The 
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effects of nutrient loadings from external sources to the Bay are 
most evident during periods of low flow. 

Geology 

Bedrock 

Except for a small inlier of Precambrian rock in northern 
Prince Edward County (Kay 1942), thin shaley limestones of 
mid-Ordovician age completely surround the Bay of Quinte. 
Fine limestones and interbedded grey shales of the Black River 

·Group underly most of the Napanee plain at shallow depth 
(Liberty I 971 ), but elsewhere (largely in Prince Edward 
County) the harder and more nodular limestones of the Trenton 
Group provide a slightly more resistant capping (Liberty 
I 961 a). 

Glacial Evolution 

The Bay of Quinte is made up of a series of interlinked and 
glacially scoured depressions, which reflect a coincidence 
between the direction of late glacial ice flow and earlier drainage 
patterns (Starling 1978). The generally northeast-southwest 
alignment of features follows structural control (particularly 
jointing), and the narrow and steep-sided section of the Long 
Reach may follow a north-northeast/south-southwest fault line 
(Liberty I 961a, 1961 b). The unique depressions that form Lake 
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FIG. 2. Postglacial changes of lake level in the Lake Ontario basin. 

on the Mountain, Roblin Lake, Rossmore Bog, and Big Swamp 
(Prince Edward County) are likely remnants of preglacial and 
interglacial features (Terasmae and Mirynech 1964; Sly and 
Prior 1984 ). 

(Mirynech 1962). Water levels continued to drop in the Ontario 
basin and reached the lowest level shortly after 12 000 B. P. 

Sedimentation probably began in early Lake Ontario during the 
Greatlakean advance (Dreimanis and Karrow 1972; Sly and 
Prior 1984 ), and there is evidence of ice distortion of earlier 
deposits in the Kingston basin (Sly and Prior 1984 ). Postglacial Evolution 

At the end of the last glaciation, as ice retreated to the north 
and northeast of the Lake Ontario basin during the late Wiscon
sin stage, high-level Lake Iroquois (Coleman 1937; Karrow et 
al. 1961) spread into the Bay of Quinte and Kingston basin 
shortly after 12 500 B.P. (Terasmae 1980; Sly and Prior 1984; 
(Fig. 2.). For a while, glacio-lacustrine clays were deposited 
and high-level beach deposits were formed. However, within a 
few hundred years, the ice that blocked the outlet from the 
Ontario basin eastward through the St. Lawrence Valley is 
thought to have begun further retreat (Sly and Prior 1984 ), and 
Lake Iroquois water levels dropped. This resulted in the forma
tion of lower beach levels of the Frontenac-Trenton lake phases 

Despite continued isostatic recovery, the eastern end of the 
Lake Ontario basin remained more depressed than the western 
end (Clark and Persoage 1970; Kite 1972) and thus, at that time, 
only a small body of water was retained in the basin, at an 
elevation much below present lake level (Bowlby 1975; Sly and 
Prior 1984 ). The opening of the Kirkfield outlet, between about 
11 500 and 11 200 B.P. (Karrow et al. 1975; Johnston 1978), 
produced a major discharge of Upper Great Lakes water through 
the Trent River directly into the head of the Bay of Quinte which 
was then above the main early Lake Ontario level. Many of the 
glacio-lacustrine clays, previously deposited in the Bay, were 
removed at this time, and some may have been replaced by 
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TABLE I. Subsurface acoustic penetration data (cchosounding); transect lines on Fig. 3. 

Water Thickness 
Transect depth recent sediment Elevation at base of recent 

line Location (m) (m) sediment (m) (a.s.J.)a 

Centre 1- I. 5 km 52.7 Approx. 10 Approx. II (irregular bedrock 
(max.) or till subsurface) 

2 Northern half of line 36.0 Uncertain but 26-28 (bedrock or till 
(max.) possible about I 0 surface) 

Southern half of line 38.0 
(max.) 

3 Deepest part 39.3 10-11 23-24 (irregular bedrock or 
till subsurface) 

4 Ncar deepest part 32.8 Nil 41.2 (surface cut into terrace 
deposit) 

5 Just south of deepest part 22.0 3.5 48.5 
of line 

Nearer to south shore 21.0 5.0 48.0 (old fluvial channel) 

6 100-200 m either side 18-20 Nil 54-56 exposed bedrock surface 
of max. depth 

7 Deepest part 8.5 Uncertain 

8 Fix point A, ncar NE 11.3 6-7 55-56 (uncertain substrate 
end of line below this subsurface) 

Approx. 0.5 km from 11.0 3.5 59.5 (bedrock subsurface) 
SW end of line 

Approx. 1.0 km SE 9.1 2.5 62.4 (bedrock subsurface) 
from cement plant 

9 Fix point A 9.1 3.0 61.9 
Fix point B 10.0 3.0 61.0 (uncertain substrate 
Fix point C 9.1 6.0 58.9 below this 
Fix point D 15.2 6.0 52.8 subsurface) 
North end of line 6.5 5.0 62.5 

10 Deepest point 15.2 5.0 53.8 
North of deepest point 7.6 4.5 61.9 

II Just west of Sherman 6.7 6.3 61.0 
Pt. buoy 

Deepest part of Hay 10.7 6.0 57.3 (bedrock or till 
Bay entrance subsurface) 

South side, Hay Bay 7.9 5.0 61.1 
entrance 

12 Ncar midline 8.5 4.0 61.5 

13 Deepest point 12.1 2.0 59.9 (old fluvial channel) 

14 Deepest point 8.5 Uncertain 

"Lake Ontario datum 74.0 m (a.s.l.). No distinction can be made between bedrock and glacial-till in most 
available cchotracc data. The term "recent sediment" implies that all material is of postglacial age unless 
otherwise noted. There is a well-defined stratigraphic break within the recent sediments of the Bay of Quinte, 
often at a depth of 1-2 m. This probably represents the low level of early Lake Ontario. Modern sediments, 
above this surface, represent deposition under fluvio-lacustrine conditions and arc associated with the last 
inundation of the Bay. 

coarser fluviatile sediments (Coleman 1937). The sequence of 
events in the Lake Ontario basin following closure of the 
Kirkfield outlet is not clear, but shortly after 11 000 B. P. there 
appears to have been a late-glacial advance in the Ottawa
St. Lawrence area (Catto eta!. 1981, 1982). Evidence of intense 
cooling is provided by thermokast ice-wedge structures pre
served in shallow water sediments from the Kingston basin 
(Bowlby 1975; Sly and Prior 1984). 

Postglacial conditions were well established by 10 500 B. P., 

and as a result of continued isostatic rebound, the diversion of 
Upper Great Lakes drainage away from Lake Erie became 

complete about 10 000 B.P. (Lewis 1969) and reduced the inflow 
to Lake Ontario (Sly 1983a, 1983b). Shortly afterwards, rising 
waters of the Kingston basin began to penetrate the lower 
reaches of the Bay of Quinte. 

Johnston ( 1978) used the presence of a sand horizon in a core 
near the Brother Islands (Fig. I) to show that the elevation of the 
Lower Gap control sill now lies about 25 m below lake level. 
Surveys of the Upper Gap put the depth of a bedrock sill at about 
30m below lake datum. The distance between sites projected 
onto a line N33°E (perpendicular to the present isobase) is about 
16 km, and this implies a relative difference in isostatic recovery 
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FIG. 4. Geological section of the Murray Canal (based on Ontario Ministry of the Environment borehole data). 

of 5-6 m between the two sites (Sly and Prior I984). The 
present elevations of the control sills therefore indicate that at the 
time of the lowest water levels in the Lake Ontario basin, 
following the fall of Lake Iroquois (Fig. 2), Bay of Quinte 
waters were ponded 15-20 m above the main lake. Bay waters 
extended back to between Cole Point and Keith Shoal (Fig. 3). 
The Upper Gap sill remained above the Kingston basin level 
until about 9500 B. P., and the Lower Gap was submerged a few 
hundred years later. As Lake Ontario continued to rise, lacus
trine conditions extended upstream into the Bay of Quinte. 
Following the return of Upper Great Lakes drainage through 
Lake St. Clair, beginning about 5000 B.P. (Lewis I 969), water 
levels in the Lake Ontario basin probably made a stepwise 
adjustment of level (Johnston 1978). A simulated inundation of 
the Bay of Quinte, based on Sly and Prior (1984) and data on 
Table I , indicates how continued uplift of the Lake Ontario 
control sill, east of Kingston, has caused the most recent flood
ing of Hay Bay and an overtopping of the secondary control sill 
at Telegraph Narrows (Fig. 3). 

Published information gives little indication about the form 
and probable outlet of the early Bay of Quinte; and since 
bedrock is not exposed west of the Bay along the route of the 
Murray Canal (Haefeli I 972), it might be supposed that at one 
time there was a western outlet to the Bay. Unpublished engi
neering records from the construction of the Murray Canal 
(Parks Canada) indicate, however, that there is a generally thin 
cover of recent sediment over glacial till. Ontario Ministry of 
Environment well boring data (Fig. 4) show that glacial till fills 
most of the depression west of Trenton and that this is covered by 
overlying lacustrine sands which likely predate the last low-level 
stage in the Ontario basin. Thus, it seems reasonable that 
drainage from the Bay of Quinte passed into the Kingston basin 
following formation of early Lake Ontario (II 500 B.P.). This is 
further supported by effects of isostatic recovery which clearly 
indicate that the eastern end of the Bay of Quinte has been rising 
more rapidly than the western end (Clark and Persoage I 970; 
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Kite I 972). The general lack of supply of recent sediments to 
Presqu'ile Bay, from sources to the east of Brighton, is entirely 
compatible with the distribution and transport of modern sedi
ments in Lake Ontario (Rukavina 1970) which are largely 
derived from sources to the south and west of Brighton. 

Significance of Geological Changes 

Inundation has caused major long-term changes in the surface 
area, volume, and circulation of the Bay ofQuinte, it has caused 
changes in the types and quantities of aquatic vegetation, and, in 
particular, it has caused changes in the type and distribution of 
bottom sediments at the mouths of streams and creeks. There is a 
tendency for course deposits to be covered by finer materials. 
Increased sediment runoff caused by modern settlement has 
likely accelerated rates of sediment accumulation in many parts 
of the Bay. 

The Bay provides a wide variety of habitats for fish spawning. 
For example, the outcropping of the Sherman Fall Unit which is 
composed of bands of hard limestone, claystone, and frag
mented limestone (Liberty I96Ia, 1961 b) is a preferred surface 
for spawning whitefish (Hart 1930) because of its shallow depth. 
Other shallow water sites include the Makatewis Island Shoal 
(near Trenton), Hog's Back Shoal (north of Big Island), Tele
graph Narrows, and the Ram Island Shoal. Many of these sites 
would not have been available for spawning whitefish even a few 
thousand years ago. Their present suitability must obviously 
depend upon the depth of water, although numerous other factors 
also influence successful reproduction. 

Although water level changes have had a major influence 
upon the long-term development of habitat in the Bay ofQuinte, 
isostatic recovery during the past 200 yr or so has accounted for 
less than 0.2 m increase in water depth. Compared with the 
effects of climatic variation and cultural impact, recently rising 
water levels have had a less obvious effect on environmental 
change in the area. 
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Climate 

Palaeo-climate Records 

The Bay of Quinte area was subject to several climatic fluc
tuations at the close of the last glacial stage, and late cold 
conditions during the Greatlakean ice Advance and the 
St. Narcisse or Algonquin Advance (Sly and Prior 1984) coin
cide with similar hemispheric cooling in Europe (Lamb 1977). 

Pollen records confirm the effects of global warming trends 
after about 10 000 B.P. which may have been modified by a 
temporary short cooling during the Cochrane Advance ca. 9000 

B. r. (Prest 1970). Between 10 500 and 9500 B. P., evidence for a 
pine-spruce forest (Terasmae 1980) indicates that mean tem
peratures of the warmest summer months probably lay some
where between 13 and l8°C and that soil moisture was relatively 
high. Between 9500 and 9000 B.P., the presence of a dominant 
pine forest indicates that the summer months became drier. The 
beech-hemlock flora that followed indicates that summer tem
peratures likely increased, but more specifically that the winters 
were milder and with few late spring frosts. The beech
hemlock zone coincides closely with the Hypsithermal climatic 
optimum between ca. 8000 and 4000 yr B. P.; and this zone 
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reappears during the period between ca. 2500 and 1000 B.P. 

when warmer temperatures again characterized hemispheric 
conditions (Lamb 1977). 

Betweenca. 1400and 1550A.D. and ca. 1650and 1850A.D., 
the Bay of Quinte area was influenced by a marked cooling 
during the "Little-Ice Age" which affected much of the North
ern Hemisphere (Thomas 1968; Lamb 1977). During this epi
sode, beech pollen descreased markedly, and both pine and 
birch pollen increased in relative importance (Terasmae 1980). 

Recorded Temperatures 

Early records of climatic data began at Philadelphia, PA, in 
1738 A. D.; records at Toronto began in 1840 and at Kingston 
during the 1870's. Before 1780, few regularly recorded data are 
available in eastern North America, occasional records are 
usually available in a diary form, and these often describe only 
unusual events. Event data indicate that the winters of 169 I and 
1692 were much colder than normal in both eastern North 
America and Europe (Stommel and Stommel I 979; Matossian 
1982). Canniff (1971) cited repeated crop failures in Lower 
Canada as evidence of poor weather during the 1750's, although 
other factors may have been involved. Crop failures were noted 
in 1783-84 (Stommel and Stommel 1979) and in 1787, and a 
hard winter in 1788 (Canniff 197 I). A particularly cold summer 
was noted in 1816 (Stommel and Stommel1979), but unusually 
mild winters with little snow occurred during the 1820's (Moira 
River conservation Report I 950). Most recently, severe winter 
conditions have been experienced in 1933-34, I 977-78, and 
1981-82. 

Unweighted decadal mean temperatures at Philadelphia 
provide a good indication of long-term temperature trends in 
eastern North America since about I 750 (Lamb I 977), and 
unweighted decadal means at Kingston ( 1880- I 960) share sim
ilar trends. Correlations of r = 0.78 and 0.83 for data sets 
having medians finishing I 960 and 1965, respectively, are sig
nificant (I% critical value is 0. 74). Although variation about the 
mean at Kingston is about twice that at Philadelphia, for the 
1880-1960 temperature series, trends in the data are remarka
bly similar. Based on this relationship, the decadal means at 
Kingston have been projected back to the 1750's (Fig. 5). The 
projected data suggest that the Quinte area may have experi
enced significantly lower than normal temperatures during the 
decades of 1770, 1780, 1820, 1840, and 1870. Recent spruce 
tree ring width data from northern Quebec indicate poor growth 
conditions between 1770 and 1790 and I 820 and 1840 (Payette 
et a!. 1985). Improved growth conditions ca. 1740, 1800-10, 
and 1850, also seem to be generally reflected in the projected 
Kingston temperature series. Temperatures since 1900 have 
been generally warmer than the previous 150 yr; a maximum 
mean temperature was reached during the 1950 decade. 

Trenton airport and Kingston airport data have been nor
malized to Queen's University data to produce a nearly continu
ous data series for the period 1880-1980. These Kingston 
composite data are used (Fig. 6a-6c) to illustrate changes in the 
means of annual, summer (JJA), and winter (DJF) temperatures 
for the Quinte area. The data provide an insight into the structure 
of long-term annual temperature trends and show that, although 
the decadal annual mean peaked about 1950, low winter tem
peratures during the 1940's clearly supressed the influence of the 
summer high which peaked about 1940. Winter temperatures 
show greater variation about the mean than summer tem
peratures. April temperatures, as a correlate of spring melting, 
also show considerable year to year variation (Fig. 6d). 
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Recorded Precipitation 

Mean annual, summer (JJA), and winter (DJFM) total pre
cipitations are presented (Fig. 7a-7c) as Kingston composite 
data in which March data have been included to accentuate the 
potential source of water available for spring runoff. Major 
variations in the annual precipitation occur throughout the data 
set, but there is a significant peak in the decade about 1950. The 
decadal mean summer precipitation ( 190-235 mm) shows little 
departure from the long-term mean. The range of decadal means 
of winter precipitation lie between 200 and 320 mm, and 
although there is little variation about the long-term mean, it is 
greater than observed in the summer data. Periods of low winter 
precipitation occurred between 19 I 0 and I 930 and again 
between 1960 and I 970. 

Significance of Climatic Change and Variation 

Changes in the long-term trends of mean annual and seasonal 
tempartures will have direct impact upon primary and secondary 
production, species composition, and reproductive success of 
most taxa in the Bay. Temperature changes may be sufficient, 
also, to affect settlement and agricultural activities in the water
shed and therefore, indirectly, to affect loadings to the Bay. 
Post-glacial climate changes had a dramatic effect upon the 
terrestrial vegetation around the Bay, and during the past 50 yr, 
mean annual temperatures have been probably as warm as at any 
time during the past 2500 yr. Even though long-term recorded 
climate appears to be relatively stable, short-term fluctuations 
and events may cause significant environmental impacts. 

Spring to midsummer spawning conditions are particularly 
important for a number of fish species such as walleye (Stizoste
dion vitreum vitreum), northern pike (Esox lucius), yellow perch 
(Percajlavescens), and white perch (Morone americana). Warm 
April and May temperatures, during the years identified in 
Fig. 8, probably enhanced successful hatch and increased the 
availability of zooplankton which support initial feeding. On the 
other hand, cold early summer temperatures, especially since 
the early 1960's, have likely had an adverse effect upon the 
white perch population which is near the northern limit of the 
species range (Scott and Crossman 1973). Combined tem
perature conditions are also important for some species, such as 
the whitefish (Christie 1963; Christie and Regier 1973), which 
could have benefitted from the cold fall/warm spring thermal 
index values identified in Fig. 8. 

Kingston decadal precipitation data show good correlation 
(r = 0. 75) with Lake Ontario water levels between 1880 and 
1980, although year to year correlation is poor (Fig. 9). The 
maximum range of water level variation is about 1.5 m with high 
periods between 1882 and 189 I, 1903 and 1920, 1927 and 
1930, and 1942 and 1957. During these periods the increased 
water levels may have modified water quality in the Upper Bay 
by increasing the volume and could have changed the use of fish 
spawning habitats and the structure of wetland areas. 

Although the combination of high winter precipitation and 
warm spring temperatures (Fig. 6d, 7c, and 8) has occurred 
several times in the past century, the only years in which there 
appear to be links between temperature, precipitation, and 
flooding are 1886 and 1936. The cause of spring floods on the 
Moira River in 1816, 1844, and 1868 is uncertain but floods in 
1885 and 1981 were due to ice-jams (Moira River Conservation 
Report 1950). Comparison of flood data from the Trent River 
(Lower Trent Region Conservation Report 1970) and the 
Napanee River (N apanee River Conservation Report 1957) 
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TAI3LE 2. Drainage area and flows for specified periods of major rivers discharging into the Bay of Quinte. 

River Remarks 

Trent Moira Salmon Napanee 

Area (km2) 12940 2840 900 840 

Annual mean flow (m3 · s- I) 122 27.2 84.7 8.1 
predicted from area discharge 
(Ongley 1973) 

Annual mean flow (m3 · s-1), 90.1 29.9 9.1 
measured 

Maximum mean daily flow 567 351 104 96 Floods 
(m3 · s-1), measured 

Maximum mean monthly flow 206 116 37 High spring flow 
(m3 · s-1), April, measured 

Minimum mean summer flow 36.8 5.4 1.7 Low flow 
(m3 · s-1), July-September, 
measured 

Nam: Measured flow data from Inland Waters Directorate, Environment Canada; gauge station records at 
lowest point on rivers. 
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shows that flooding on these two rivers was usually less severe 
than on the Moira and that, with the exception of 1886 and 1936, 
none of the river flood years coincided. Environment Canada 
data for these rivers show that a general relationship between 
flow and seasonal precipitation exists, and that peak discharge is 
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not synchronous in the basins. Spring runoff into the Bay of 
Quinte peaks in April, but because of pulsed inputs from dif
ferent parts of the entire watershed, it can be spread over several 
weeks. Although the predicted mean annual How of the Trent 
River is about 4.5 times that of the Moira (and about 15 times 
that of the Napanee), the measured peak month discharge of the 
Trent (April) is less than double that of the Moira River 
(Table 2). Thus, the Moira has its greatest impact on the Bay 
during the spring. Sediment discharge loads to the Bay are also 
greatest during the spring (Ongley 1973). 

In a study of the impact of mining and smelting in the 
watershed of the Moira River, Mudroch and Capobianco ( 1980) 
described the presence of heavy metals in a core near Belleville 
(Fig. 1). The profile of As, a principal contaminant, is shown in 
Fig. I 0. The core profile was dated using the ambrosia rise (ca . 
1850 A.D.) at a depth of 22 em; however, this was not reliable 
(A. Mudroch, NWRI, Canada Centre for Inland Waters, P.O. 
Box 5050, Burlington, Ont. L7R 4A6, pers. comm.). The 
initial increase of As, above background levels, occurred at 
some core depth between 33 and 47 em and relates to the start of 
mining at Eldorado in 1866. Mining(As) in the Moira watershed 
ceased with the closure of the Del oro operations in 1961. It is 
believed that peaks in As concentration, down the core, may 
represent sediments which were flushed out of temporary 
upstream accumulations under high flow conditions. Some may 
coincide with flood conditions at the river mouth. Possible 
correlations are suggested against the profile. 

Since low precipitation would result in low flow and reduced 
flushing rates and an increased concentration of nutrient loads, 
low summer precipitation may have caused the largest natural 
impact on trophic conditions in the Bay in recent years. Summer 
flushing is dominated by the flow of the Trent River (Table 2). 

Settlement and Population 

Indian artifacts recovered in the area of the Bay of Quinte 
indicate the presence of small nomadic populations from at least 
4500-5000 B.P. Most settlements appear to have been on the 
west side of Prince Edward County (likely near Carrying Place), 
although there may have been some settlement on the lower 
Napanee River (J. Immerseel, Ontario Ministry of Natural 
Resources, Napanee, Ont. K7R 3S3, pers. comm.). 
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The first settlement by Europeans was made by the French 
Sulpician Order in 1668 (thought to be near Consecon, or 
Carrying Place), and a small Jesuit mission was established near 
the mouth of the N apanee River (Canniff 1971 ). The sites were 
abandoned in 1682. 

Permanent settlement by Europeans, around the Bay, began 
towards the end of the American Revolution. In 1783, land 
between Trenton and Cornwall was purchased from the Mis
sissauga Indians, and several hundred people moved into the 
area. Early development took place along the shoreline and it 
was not until after the mid-1820's that land grants and reforms 
encouraged penetration of the hinterland. The population 
around the Bay increased from 2000 in the early 1790's to about 
90 000 at the turn of the nineteenth century, and to about 
230 000 at present (CORTS 1975). The population development 
in townships and cities followed different courses (Fig. 11 ). For 
example, the settlement of Thurlow Township (around Belle
ville) began about 1790 and extended into Hungerford Township 
by 1835, and into Elzevier Township shortly after 1850. Follow
ing depletion of timer resources, populations in townships 
decreased although this was sometimes modified by the start of 
mining and quarrying such as occurred around Tweed (1890) 
and Marl bank ( 1900). The townships of Tyendinaga and 
Elzeviet; however, lost two thirds of their populations in the 

50-60 yr following their peak. This contrasts strongly with the 
population growth of urban centres such as Belleville where, 
apart from a slight decreased between 1890 and 1910, popula
tion has increased continuously. 

Impact of Settlement Patterns and Population 

Although Indian settlement around the Bay began during the 
Hypsithermal Period, and probably increased at the start of the 
climatic downturn about 600 B.P., there is no evidence of large 
and permanent communities prior to European settlement. 
Because later cultures also preferred bluff sites for the security 
of their fortified communities (Wright 1972), it seems unlikely 
that Indian settlements had much effect on water quality in the 
Bay, although there may have been other impacts associated 
with local forest clearance, hunting, and harvesting. The ear
liest European settlement could not have made much additional 
impact on the Bay, and in the years between 1682 and 1783 there 
was no habitation at all in the area because of the fighting 
between Indian tribes (Canniff 1971 ). 

European settlement took hold in the area after 1783, with an 
immediate effect on the shore zone and aquatic resources of the 
Bay; settlement well inland of the Bay shore, however, did not 
become important for another 50 y1: Considering the close 
priximity of many settlements to the water and the rapid increase 
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in population at the start of the nineteenth century, it is surpris
ing that, although there were problems with sanitation and the 
supply of drinking water, degradation of water quality remained 
localized and did not become a Bay-wide problem until well into 
the twenthieth century. Because degradation of water quality 
was local, the availability of alternative habitats within the Bay 
provided a buffer for many fish stocks which were, therefore, 
not excessively stressed until well into the twenthieth century. It 
is not known if increasingly eutrophic conditions reduced 
macrophyte cover in the Upper Bay, but carp, which are poten
tially destructive of macrophytes (Baumann et al. 1974) and 
which were present during the early 1900's (McCrimmon 1968), 
were not abundant until the 1950's (Hurley and Christie 1977). 

More than 50% of the population of the townships fronting 
onto the Bay is contained in five municipalities (Trenton, Belle
ville, Desoronto, Napanee, and Picton), and because of urban 
concentration, contamination has been strongly influenced by 
the character of point -source discharge. Although a change from 
dispersed septic systems to centralized treatment began about 
1890 (C.L. Schelske, Great Lakes Research Division, Univer
sity of Michigan, Ann Arbor, MI 48109, pers. comm.), at the 
larger urban centres, it may have caused an increase in nutrient 
loading to the Bay. This is because these municipal facilities 
provided only primary treatment. However, the introduction of 
high-phosphate detergents (1940's-50's) undoubtedly made the 
greatest impact on nutrient loadings (Johnson and Owen 1970). 

Agriculture 

The earliest agricultural activities in the area likely involved 
harvesting of wild rice, and the cultivation of Indian gardens was 
noted by Samuel de Champlain during his journey ( 1615) down 
the Trent River (Hannon 1971 ). Early European practices were 
introduced by the Sulpicians about 1668 but lasted only until 
1682. 

There was an explosive increase in agriculture with the arrival 
of the United Empire Loyalists in 1783, and during the 1820-30 
period there was a shift from subsistence farming to commercial 
agriculture. Land clearance in the front townships was essen
tially complete by 1835 (Boyce 1967; Canniff 1971 ). Between 
1861 and 1865, the American Civil War created an enormous 
export demand, particularly for wheat and dairy produce. Bar
ley and hops became important in the 1840's and grew to 
dominate the market during the "Barley Years" (1860-90). 
Subsequently, agriculture has become more diversified. 

Agricultural Impacts 

The greatest impact from early European agriculture around 
the Bay was the increase in sediment loading and runoff as land 
clearance took place. Potash was available in plentiful supply, 
and later, small quantities of phosphate was available from 
Leeds County near Kingston (A. Crowder, Department of Biol
ogy, Queen's University, Kingston, Ont. K7L 3N6, pers. 
comm.) and gypsum from Oswego (Moira River Conservation 
Report 1950). Despite the use of these fertilizers, heavy cereal 
cropping led to problems of soil exhaustion in the latter half of 
the nineteenth century, when resulting soil loss probably again 
added to the deteriorating state of the Bay waters. Later, 
increased fruit and vegetable growing required more intensive 
agriculture (probably with As-based sprays) although without 
noticeable degradation of water quality until the late 1940's to 
early 1950's. At this time the use of fertilizers increased and the 
use of DDT became widespread, and since many orchards were 
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close to the Bay, runoff and stream inputs resulted in direct 
contaminant loadings. Most recently, increased corn production 
has led to the use of even more fertilizers. The average use of 
fertilizer in the Trent- Moira watershed is 4. 7 kg N · ha- 1, 

2.3kg P20 5 ·ha- 1, 5.3kg K20·ha- 1, which is below the 
Lake Ontario watershed average (PLUARG 1978); however, on 
the higher quality lands near the Bay of Quinte, fertilizer use is 
much greater, with applications in the range of 11-22 kg 
P20 5 • ha- 1 and additional manure (PLUARG I 978). 

The importance of nutrients in runoff to the Bay is modified 
by the lack of high-capability soils along much of the northeast 
shore of the Bay (Richards and Morwick 1948; CORTS 1975). 
In addition, the presence of marsh and wetland areas in the 
Upper Bay, the Napannee River, and Hay Bay acts as a buffer 
zone which reduces the effects of direct runoff. Further, because 
most of the Prince Edward County watershed drains to the 
southwest, its contribution of agricultural nutrients to the Bay is 
very limited. Thus, despite the small area of the Bay relative to 
the surrounding land, spring runoff is not likely to be a major 
contributor to the development of early phytoplankton blooms 
in the Bay. 

Industrial and Commercial Development 

History of Development 

The earliest development around the Bay of Quinte took place 
at a number of small "colonizing sites." Sawmills and flour 
mills were established very shortly after initial settlement in 
Kingston (1782), Millhaven (I 785), Napanee (1786), Glen ora 
and Belleville ( 1790), and Trenton ( 1794) (Moira River Con
servation Report 1950; Napanee River Conservation Report 
1957; Prince Edward County Conservation Report 1968; Lower 
Trent Region Conservation Report 1970). 

As an example of the development of mills and dams in the 
region, there were four woollen mills and nine grist mills and 
more than thirty sawmills in the watershed of the Napanee in 
1860. The peak of mill construction occurred earliest on the 
Napanee watershed, and similar development did not take place 
until about 20 yr later in the Trent watershed; exploitation and 
development tended to move from east to west throughout the 
Bay of Quinte region. 

The exploitation of timber in the Bay of Quinte watershed as a 
whole reached a peak of about 22 million board feet ( 1 board 
foot = 2. 36 dm3) between 1872 and 1873, when about 200 000 
logs were driven down the Moira.River, alone. The last log drive 
on the Napanee was in 1905, on the Moira in 1907, and on the 
Trent in 1920. 

Land clearance around the Bay provided an immediate timber 
supply for housing, shipbuilding, heating fuel, and the furniture 
industry until well into the 1830's. After this date, most large 
quantities of timber were brought into the Bay from further 
inland. In 1826, the British Naval reserve of white pine was 
released and a substantial new source of timber entered the 
market (Lower 1973). Hardwoods were used in the production 
of potash fertilizer, and between 1860 and 1890 there was a 
major trade in squared timber (Moira River Conservation Report 
1950; Lower Trent Region Conservation Report 1970). 

The location of mineral deposits and the start of mining 
(Fig. 12) in the Bay of Quinte watershed followed somewhat 
behind the exploitation of timber. Mining and smelting in the 
Marmora-Deloro-Madoc area (about 50 km north of the Bay) 
provided an important incentive for the development of Belle
ville. Although most of the mining has now creased, heavy 
metals contamination associated with mining and smelting prac-
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FIG. 12. Minerals, mining, and quarrying in the Bay of Quinte watershed (modified after Moira River Conservation Report 1950; Napanee River 
Conservation Report 1957; Prince Edward County Conservation Report 1968; Lower Trent Region Conservation Report 1970). 

tices and subsequent weathering of mine dump and tailings opened in 1890. It has no locks and provides a small but direct 

materials has been traced down the Moira system and into the exchange between Lake Ontario waters and the Upper Bay. This 
sediments of the Upper Bay (Mudroch and Capobianco 1979, exchange appears to have little impact on sedimentation, but 
1980). Quarrying for building stone beg'an at Point Anne (Belle- may benefit the Upper Bay (McCombie 1967) where water 

ville) in the 1830's, and other sites were opened later around the quality is similar to that of the inflowing Trent River (which also 

Bay for the production of cement. maintains the high flushing rate in the Upper Bay). 
By the early 1820's the combined growth of road and water The Belleville-Rossmore bridge was constructed on open 

traffic (both sail and steam) favoured the development of piles in 1891, but in the 1930's this structure was filled in to form 
regional centres at Trenton, Belleville, Napanee, Deseronto, a causeway. The causeway has restricted exchange in the Upper 
and Picton. Over the years, the larger centres have developed a Bay, east and west of Belleville, and it has probably also caused 
broad industrial base but most of the smaller centres such as sediments to accumulate off the mouth of the Moira River by 
Picton, Bath, and Sandhurst have become more dependent on providing protection from wave action. During the 1930's, Tete
single resource based industries (Lunn and Lunn 1967; Mika graph Narrows was blasted to a minimum depth of 3.3 m to 
and Mika 1966, 1967, 1969, 1977). allow better access for bulk carriers going to the Point Anne 

Impact of Industrial and Commercial Activities 

The construction of dams on the rivers and streams entering 
the Bay began in the 1780's, and by the 1830's there was a major 
decline in the Atlantic salmon (Salmo salar) fishery (Christie 
1972). A power dam was built near the mouth of the Trent River 
in 1885 and the Corbyville dam was also built near the mouth of 
the Moira in the 1800's. The Trent canal system was started in 
the 1830's (completed 1918) and the principal impact of water 
level control in this system has been to regulate low flow 
conditions. The Murray Canal was started in the 1830's and 

cement plant at Belleville. The blasting may have slightly 
increased exchange between Upper and Middle Bay waters, but 
otherwise, there appears to have been little effect. Wharf and 
harbour structures have continued to modify shoreline form and 
nearshore circulation in the Bay since the early 1800's, but have 
had little effect on circulation in the Bay as a whole. 

Pulp mill effluents were contributed via both the Trent and 
Napanee rivers which, late1; also contributed food processing 
wastes to the Bay. At the end of the nineteenth century, there 
were importance iron-works at both Trenton and Deseronto, and 
during the First World War, wastes entered the Bay from a 
munitions plant at Trenton. Timber wastes (bark and sawdust) 
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are known to have been a major contaminant in Bay waters, 
especially during the 1860's (Moira River Conservation Report 
1950), but there is surprisingly little evidence of these wastes in 
modern sediment cores recovered from the Bay. 

Wind-blown coal and, later, cement dust were probably intro
duced into the Upper Bay from the mid-1800's on, but largely 
ceased in the 1950's as plant closures took effect. Cement and 
coal dust are still occasionally blown into the Middle Bay from 
the cement plant at Picton which was opened 1958, but the dust 

20 

is not deleterious to Bay-wide water quality (McCombie 1967). 
During the 1800's, fires were common in many communities 
and the largest known fire occurred at Deseronto in 1896 (Mar
tin 1968); however, no evidence of this event has been found in 
sediment cores at downstream locations in the Bay. 

Concentrations of arsenic are naturally high in the watershed 
of the Moira but mining and smelting activities over the past I 00 
years, and particularly since the late 1800's, have caused consid
erable elevations of the total arsenic content in water and sedi-
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ment, throughout much of the Upper, Middle and Lower Bay 
(Mudroch and Capabianco 1979, 1980). 

Core AS (Fig. 3 and 13) from the Lower Bay (Johnston 1978) 
shows the influence of anthropogenic loadings in which the 
increases of many heavy metals (Cd, Hg, Pb, and Zn) appear to 
be strongly associated with increased organic carbon (OC) in the 
sediment (Sly 1984), reflecting contaminant/trophic state inter
actions within the Bay. Increased concentrations of calcium 
carbonate are also associated with OC and likely reflect 
increased precipitation of fine silt-size biogenic carbonate (Sly 
1984). Recent increases in the concentrations of Co, Cu, and Ni 
in the Belleville (Mudroch and Capobianco 1980) and AS core 
profiles are similar and indicate the extent to which fine sedi
ments can be spread throughout the Bay. The As profile in the 
sediment core at Belleville differs greatly from those of Co, Cu, 
and Ni (Mudroch and Capobianco 1980). This is partly because 
of the later introduction of these metals into the Moira River 
(Evans et al. 1986), but more particularly because of the dif
ferent geochemical behaviour of As and different particle-size 
associations (possibly related to mining processes). Because of 
relatively low flow velocities, however, variations (Fig. 13, 
a-d) in the sand content of core AS probably indicate changes in 
local supply rather than effects of increased discharge in the 
Upper Bay. Data in Damiani and Thomas (1974) indicate the 
significance of sand as a high-energy material, within the Bay, 
and its limited distribution. 

The presence of PCB 'sin Picton Bay and elsewhere in the Bay 

of Quinte (Frank et al. 1980) is an example of an important local 
source of contaminant such as may be derived from waste dump 
seepage or poor disposal practices. On the other hand, the 
presence of pentachlorophenols and thei'r tetrachlorophenol 
degradation products, which have been found throughout much 
of the Bay in water, sediments, and fish, demonstrates the extent 
to which single source contaminants can spread within the 
environment. These contaminants have been traced to a wood 
preserving plant at Trenton which has been operating since the 
1940's (Fox and Joshi 1984). The presence of persistent organic 
contaminants which include DOD, DOE, Lindane, Chlordane, 
and Mirex (Ontario Hydro 1977, 1978, and 1980) in sediment 
cores from the Long Reach (Fig. 3) indicates the most recent 
form of contaminent loading to the Bay, much of which is 
derived from multiple sources. 

Generally, the effects of industrialization have been to deny 
stream access to migratory fish stocks, to modify summer flow 
of the Trent River, to contribute a wide range of contaminants, 
and to locally modify sediment accumulation patterns; of these, 
the impact of contaminants and resulting changes in water 
quality are of greatest concern. 

Glenora-C Core 

This core provides a unique source of data describing changes 
in the Bay of Quinte over the past 2800 yr. Because of this, 
information which relates particularly to changes in trophic state 
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is reviewed in the following discussion. Reinterpretation has 
been applied to some of the data. The core substantiates many of 
the points already made about the forms of natural and cultural 
impacts in the Bay. 

Warwick (I 978) recovered high-quality cores from a site near 
Glenora (Fig. I) which have provided a remarkably detailed 
record of compositional changes to a depth of about 1. 6 m below 
the sediment surface. In Fig. 14, an echotrace section across the 
Bay shows how the area of modern mud accumulation is largely 
restricted to the southern half of the section, and that modern 
muds overlie late glacial and postglacial deposits just below the 
base of Warwick's core. Lacustrine deposition under conditions 
of increasing water depth probably began about 5000-6000 
B.P., and long-term average accumulation rates are about 
0.6 mm · yr- 1; modern rates are very much higher (ca. 
2.2mm·yr- 1). Fox and Joshi (1984), in a nearby core, 
recorded modern rates of accumulation of as much as 
8 ± 2 mm · yr- 1 • 

Nutrient Loadings and Biological Response 

Warwick (I 978) developed the trophic index number (TIN) 
based on analysis of benthic fauna composed largely of chi
ronomid remains. He established different zones of trophic 
change in the Glenora-C core, and radiocarbon and lead-isotope 
dating techniques were applied to the sediments. In Fig. 15, 
Warwick's TIN data are compared with trends in long-term 
temperature around the Bay, based on recorded data (Kingston 
and 'Ifenton, from I 872) and estimated data (Kingston, from the 
I 760's), and estimated hemispheric temperatures (Lamb 1977). 
The comparison suggests that trophic changes prior to the late 
I 800's can be largely accounted for by temperature change 
(which is entirely compatible with recent evidence derived from 
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Lake Erie molluscan fauna; Kalas I 983a, I 983b). Warwick 
(I 978) concluded that the natural range is between moderately 
oligotrophic and slightly oligotrophic at the G!enora site. The 
period of low trophic state conditions between ca. I 840 and 
I 860 appears to be anomalous. As suggested by Warwick 
( 1978), it largely reflects the impact of increased sediment load 
(suppressed trophic conditions) which followed land clearance, 
although there may be some influence from temporary climatic 
cooling as well. The higher trophic states after about 1890-95 
clearly imply the overriding effects of "cultural impact" 
(Warwick I 978). 

In Fig. I 6, the peaks a and b of total P probably reflect soil 
loss during periods of earliest land clearance at or near the Bay 
shore. Peak b appears to be coincident with an early record of 
flooding on the Moira River and may, therefore, also represent 
the effects of a very high flushing and runoff event. The less 
intense but longer duration P peak (c), between about 1850 and 
1890, seems to coincide with the period of the "Barley Years" 
and probably indicates the impact of poor agricultural practices 
at that time. The last rise in total P began at the start of the 
I 930's, and a stepwise increase (d) can be noted in the early 
I 950's which coincides with the introduction of detergents. 

The derivation of total Pin peaks a, b, and c, from soil loss, is 
supported by the clay mineralogy data from Warwick's core. 
Warwick (I 978) showed that montmorillonite is present in the 
upper parts of the core, but absent from subsamples in the lower 
parts. Montmorillonite is usually associated with Podzol A2 soil 
horizons (Rutherford 1972) but not with glacial and glacio
lacustrine deposits which are illite rich in the Lake Ontario basin 
(Thomas et a!. 1972). This implies that, up until the early 
1800's, most clay minerals were derived by bank erosion in the 
watershed but that, after this, surface wash and soil runoff 
contributed most of the sediment load. 

The OC content in the Glenora-C core (Fig. 17) shows little 
correlation with the TIN until very recent time. However, this is 
not altogether surprising, since the TIN relates to in-place 
benthic conditions at Glenora, and it is not necessarily indicative 
of the trophic state elsewhere in the Bay. Similarly, although OC 
shows a continuous rise in the core after 1870, the rise in total P 
does not follow exactly the same trend. Thus, geochemical 
profiles in the sediments ofG!enora-C core may not replicate the 
upstream nutrient loadings that were responsible for generating 
the plankton biomass recorded in the core. The C:N ratio in the 
Glenora-C core (Warwick I 978) increases with sediment depth 
(from< 7.5: I to> 10: 1), and is comparable with Lake Ontario 
core profile data (Kemp I 97 I). There is no evidence that either 
rooted aquatic plants or terrestrial vegetation (characterized by 
much higher C:N ratios; Boyd I 970; Kemp et a!. I 972, I 977) 
contributed significantly to any part of the OC profile at this site. 
Thus, the core registers no indications of changes in macro
phytes covers or loading of timber wastes which are thought to 
have occurred in the Upper Bay. 

Erosion Index 

Warwick (I 978) used the erosion index (EI), defined as 

% clay fraction> 10.5 <P size 
EI = m I I f . 8 5 "' . X 100, -;o tota c ay ractiOn > . 't' size 

to resolve subtle changes in core texture (Fig. 18). Generally, 
the El increases with decreasing particle size (increases <P 
values). The EI should respond well to changing characteristics 
of the total received sediment load. However, because of the 
rapid dispersal of very fine materials in suspension, it is largely 
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FIG. 17. Organic carbon and C:N ratio, Glenora-C core (modified after Warwick 1978). 

insensitive to localized variations in input load, unless close to 
the source. 

Based on simulated flooding of the Bay (Fig. 3), it is likely 
that overtopping of the Telegraph Narrows still took place at 
some time-depth interval near the base of the Glenora-C core; 
however, this is unlikely to have had much effect on the charac
teristics of sediments at the Glenora site, since the event marked 
only the inundation of a set of rapids which would have contrib
uted nothing to the suspended load of the previous overflow. It is 
equally unlikely, before this, that the Telegraph Narrows posed a 
barrier to the transport of suspended sediments from Big Bay 
which, as now, must have been closely associated with wind
induced resuspension of bottom sediments and seasonal runoff 
under high flow conditions. 

Four sets of trends (I- IV) are evident in the EI data of the 
Glenora-C core. Based on the interpretations by Warwick 
( 1978), it is reasonable to presume that the break between trends 
II and III represents the change in sedimentation at the start of 
European settlement around the Bay. Thus, natural background 
conditions varied between 25 and 60 EI units. The principal 
cause of variations in trends I and II must be climatic, since no 
other factor could cause such large changes in composition of 
the integrated suspended load. It would seem, generally, that 
deposits of "coarse" material represent periods of high pre
cipitation (cool-wet climate)and "fine" material represents 
periods of low precipitation (warm-dry climate). The dates of 
major changes correlate well with the climatic changes defined 
by Bryson et a!. (1970) and Lehmer (1970) and the projected 
Kingston decadal temperature means (Fig. 5). This interpreta
tion seems to be further supported by independent data from 
southern Lake Michigan where recent work by Larsen ( 1983) 
has detailed Holocene lake level fluctuations, based on strat
igraphic evidence. Larsen's data have been combined with 
recent data from western Lake Ontario (Otto 1983 and unpubl. 
data) to provide a composite of lake level fluctuation trends 
which are shown alongside Warwick's EI data in Fig. 18. There 
is a noticeable break in trend I, at about A.D. 400 and this 
coincides with the first major water level excursion. Although 
there is considerable "noise" in the data, this and subsequent 

water level changes are well represented in the EI data series. 
Trend II is characterized by large variations of the EI and a 

slight but noticeable shift towards "finer" mean particle size, 
but the meaning of these changes is unclear. The large variations 
of EI might be caused by changing forest cover (beech- hemlock 
to pine-birch) and excessive freeze-thaw weathering during 
periods of short climatic cooling (Fig. 15, ca. A.D. 1707 and 
1784 ). The changes also could reflect cultural impact (Missis
sauga Indians) but such a source would have to be close to 
Glenora. 

In trends III and IV, cultural impact is superimposed on the 
background of climatic change and dominates the shift in EI 
values. The fining of suspended load, indicated by increasing EI 
values in trend III, likely demonstrates the effects of deforesta
tion and the influence of flow modifications in major watersheds 
of the Bay. Timing of this trend seems to coincide almost exactly 
with the construction of mills and dams on the Napanee River. 
Since the construction of major facilities on the Moira and Trent 
rivers after 1850's does not seem to be reflected in the Glenora-C 
core data, with the exception of extreme events, it is likely that 
sedimentation in Big Bay may largely buffer the downstream 
effects of short-term discharge variation from the Moira and 
Trent rivers. 

Trend IV is characterized by a return to generally stable long
term EI values between 1865 and 1885, and indicates that the 
composition of suspended sediment at Glenora remains notice
ably finer than during the precultural period. This could indicate 
a permanent increase in the proportion of very fine soil surface 
particulates in the sediment yield from the watershed, resulting 
from human land-use activities. However, since the exceptional 
peak in sediment accumulation rates (due to land clearance ca. 
1840-65) seems to have had only a limited effect upon EI 
values (Fig. 18), it is likely that the principal cause of continuing 
high EI values is the presence of structures which limit stream 
flow and result in settlement of all but the finest particles. This 
interpretation is compatible with the behaviour of courser As
related particulates, noted in the Belleville core (Mudroch and 
Capobianco 1980), and the extensive dispersal of very fine Co
and Ni-related particulates which appear to show no con-
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FIG. 18. Erosion index (after Warwick 1978), water level trends, and mean particle size, Glenora C-core. 

centration gradient in the Bay of Quinte, downstream from 
Belleville. 

Cyclic periods of high water level are well reflected in the EI 
data, and it is likely that flooding of the Rossmore Bog took 
place during the mid-1800's. Terasmae and Mirynech (1964) 
recovered a shore core from the Rossmore Bog in the wetlands 
on the edge of the Bay ofQuinte (Fig. I) and noted that, in recent 
years, there had been a change in the bog environment. The 
authors showed that, at their core site, the forest swamp cover 
had given way to a later cattail (Typhea) swamp and estimated 
that this change had taken place some 100-150 yr ago. 

Examples of high flow or spring flood events (Moira and Trent 
rivers) have been noted in Fig. 18, and compared with the El 
values. There is no consistent relationship between these data. 
Thus, it does not seem possible to use the Glenora-C core as a 
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means of characterizing individual runoff events, unless of 
exceptional magnitude. Similarly, it is unlikely that any single 
cause is responsible for the "noise" in the high-resolution EI 
data of this core, much of which could be related to the effects of 
bioturbation (Robbins et al. 1979). 
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Exchange Flows in the Adolphus Reach/North Channel 

N. G. Freeman 
Department of Fisheries and Oceans, Radarsat Project Office, 110 O'Connor Street, Suite 200, Ottawa, Ont. K1P 5M9 

and S. J. Prinsenberg 
Department of Fisheries and Oceans, Atlantic Oceanographic Laboratory, Bedford Institute of Oceanography, Dartmouth, N.S. B2Y 4A2 

Freeman, N. G., and S. j. Prinsenberg. 1986. Exchange flows in the Adolphus Reach/North Channel, p. 
27-39. In C. K. Minns, D. A. Hurley, and K. H. Nicholls [ed.] Project Quinte: point-source 
phosphorus control and ecosystem response in the Bay of Quinte, Lake Ontario. Can. Spec. Pub I. 
Fish. Aquat. Sci. 86: 270 p. 

Current meter observations taken in the summers of 1976 and 1978 in the interconnecting gaps of the 
Adolphus Reach/North Channel basin are used to explain the dominant exchange flows with Lake Ontario 
and the upper Bay of Quinte. Histograms of current meter records from two years indicate the persistence 
of a clockwise circulation around Amherst Island and a two-layer estuarine-type flow through the Glenora 
Gap. Wind-induced currents lasting for 3-5 d represent a major mechanism for flushing the North 
Channel. Spectral analysis of current meter data and the application of the Defant method for barotropic 
and baroclinic free oscillations in partially enclosed basins show that the most energetic oscillatory motion 
is the 5.2-h co-oscillation of the Adolphus Reach/North Channel basin with Lake Ontario through Collins 
Bay Gap. A two-layered channel model successfully predicts along-stream and cross-stream thermocline 
slopes and entrainment velocities for the exchange flow at Glenora Gap. 

On se sert d'observations faites a l'aide de courantometres a h~te de 1976 et de 1978 dans les breches reliees 
entre elles du bassin du chenal North et du chenal Adolphus pour expliquer les echanges dominants avec le 
lac Ontario et Ia partie superieure de Ia baie de Quinte. Les histogrammes des donnees enregistrees par les 
courantometres pendant deux ans montrent Ia persistance d'une circulation se faisant dans le sens des 
aiguilles d'une montre autour de l'fle Amherst et d'un ecoulement de type estuarien en deux couches 
passant par Ia breche de Glenora. Les courants dus aux vents, d'une duree variant de trois a cinq jours, 
constituent un mecanisme important de lessivage du chenal North. L'analyse spectrale des donnees 
fournies par les courantometres et !'application de Ia methode de Defant pour les oscillations libres 
barotropiques et barocliniques dans des bassins a demi enfermes montrent que le mouvement d'oscilla
tion le plus energetique est Ia cooscillation de 5,2 h du bassin du chenal North et du chenal Adolphus avec 
le lac Ontario par Ia breche de Ia baie Collins. Un modele de chenal en deux couches predit avec succes les 
gradients thermiques et les vitesses d'entrafnement le long et en travers des cours d'eau pour les echanges 
qui se font au niveau de Ia breche de Glenora. 

Introduction 

The Bay of Quinte is located at the northeastern corner of 
Lake Ontario and connects the Trent River canal system with the 
lake. The subject of this study is the lower portion of the Bay of 
Quinte called Adolphus Reach and North Channel (Fig. I). This 
partially enclosed basin is approximately 44 km long from 
Picton Bay in the southwest to Collins Bay in the northeast, with 
an average depth of 28 m and an average width of 2 km. Water 
mass exchange with Lake Ontario takes place through two gaps: 

assessing possible changes in exchange between the Bay of 
Quinte and Lake Ontario brought about by the hypolimnetic 
extraction and surface return of the recently installed ther
moelectric generating station at Lennox. A second field program 
was carried out in the spring of 1978 to provide considerably 
more detail on the two-layer exchange flow at the Glenora Gap, 
in particular, the seasonal variability from early May to late 
October. 

Upper Gap and the gap off Collins Bay (designated Collins Bay 
Gap), with sill depths of approximately 24m. Exchange with the 
upper Bay of Quinte takes place through the narrower and 
shallower (18 m) gap at Glenora (designated Glenora Gap). 
Water movements occur in the Adolphus Reach/North Channel 
basin in response to wind stress applied at the free surface, 
internal and surface forces applied at the gaps by motions in 
Lake Ontario and the upper Bay ofQuinte, and internal pressure 
fields caused by differential heating and thermocline depres
sion. 

Current measurements in the Adolphus Reach/North Channel 
basin were begun in the summer of 1976 to provide some 
preliminary information on the water mass exchange processes 
with Lake Ontario and with the upper Bay of Quinte. This 
information was needed to help explain biological observations 
ongoing in "Project Quinte" and to provide the background for 

In this paper the observational data base is examined to 
ascertain the various scales of motion through the inter
connecting gaps, including barotropic, baroclinic, long-term, 
episodal, and oscillatory. The cause and effect relationships are 
hypothesized by examining related wind, water level, and tem
perature data. Using the 1976 current meter data, bulk flow 
estimates are computed for each of the gaps at different flow 
scales. Next, theoretical barotropic and baroclinic free oscilla
tion periods are calculated and compared with the spectrally 
analyzed current meter data. And finally, a two-layered the
oretical model for flow through straits is used for making 
entrainment estimates and force balances in the Glenora Gap. 

Materials and Methods 

Single mooring strings, containing two Plessey current 
meters at depths of 7 and 22 m, were scheduled for each of the 
Upper, Glenora, and Collins Bay gaps for the period June 10 to 
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the mooring location, the alpha character the deployment period, and the last two digits the rounded-off value of the instrument dcptli in metres. I 
Moorings 19, 20, and 21 arc from 1976, while the rest arc from 1978. 

October 27, 1976. However, due to a predeployment instrument 
failure, only one meter was available for the Glenora mooring, 
and it was deployed at II m depth. Owing to a malfunctioning 
compass, the record from the bottom meter on the Upper Gap 
mooring was also unusable. These current meter locations are 
shown in Fig. I. In addition to fixed mooring records, weekly 
profiles of temperature were made during the summer of 1976 at 
three locations (stations P, G, and Le in Fig. I) to obtain an 
estimate of the seasonal variation in the thermal structure. 

The first current meter deployment in 1978 took place on May 
4, with three moorings in the G!enora Gap. The two outside 
moorings (5 and 7) each contained a Plessey current meter at 
4.5 m depth and two Geodynes at 8.5 and 11.5 m. The central 
mooring consisted of two Geodyne current meters located at I 0 
and 17m depth. In addition to the Glenora moorings, a single 
Geodyne current meter was placed at 4.5 m depth in the 
southern portion of Long Reach. The final two Geodyne current 
meters deployed on May 4 were at station 9, approximately 8 km 
east of the Glenora Gap, at depths of 10 and 25 m. 

On July II, 1978, these current meters were retrieved and the 
three Glenora Gap moorings refurbished and redeployed in the 
same location. The station 9 mooring was moved to station I 4 in 
the North Channel with the Geodyne current meters placed at I 0 
and 20 m depths. This second mooring deployment ran for a 
period of approximately 3 mo with all meters recovered on 
October 14, 1978. 

Approximately weekly throughout the summer of 1978, tern-
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perature profiles were collected at 20 stations in Glenora Gap 
(Fig. I, inset). In addition, a series of vertical current profiles, 
using a hand-lowered Endeco current meter, were taken at the 
three moored current meter stations. Temperature sections and 
vertical current profiles for June 22, 1978, are discussed in this 
paper. 

The I 0-min data from the Geodyne current meters and the 
20-min data from the Plessey current meters were filtered and 
decimated to half-hourly values before the auto- and cross
spectra were run. A complete and usable data set was obtained 
from the four current meters deployed in 1976 and from all the 
current meters scheduled and installed in the first deployment in 
1978; however, current meters 5B005 and 5B009 produced a nil 
record and 7B005 only a partial record (I mo) on the second 
deployment. It should be noted that both winds and currents are 
plotted as flow towards, rather than flow from. Directions are 
measured clockwise in degrees relative to true north and the 
current vectors as u (east) and v (north). 

Discussion of Observations 

In examining the 1976 and 1978 time-series data for the 
Adolphus Reach/North Channel basin, three distinct time scales 
seem to emerge: (I) the long-term or prevailing flows which are 
relatively uniform over periods of a month and appear to be 
driven by the discharge of the Trent River; (2) the episodal flows 
which seem to be coupled directly and sometimes indirectly to 
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Lake Ontario 

1976 CURRENT AND WIND ROSES 
PERIOD: JUNE 10 to OCT 31 

( 1----------0 10% OBS /10° COMPASS) 

0 5 10 15 

SCALE(km) 

FIG. 2. Current and wind roses for the 1976 data set. The distance of the solid line from the centre point 
(circle) indicates the percentage of speed observations that fall within a 10° compass interval; the broken 
line provides the same information, but for speeds less than I 0 cm/s. 

TABLE I. Estimates of mean currents U (crn!s) and transports Q (m3/s) for different averaging periods of the 1976 current data. 

Glcnora Gap Upper Gap Collins Bay Gap 

Lower Upper Upper Lower 

Type of 
layer layer layer layer 

now Period h 1 (m) u Q h, (m) u Q u Q u Q 

Long-term June 20- July 30 7 -5.5 -484 10 +0.7 +63 -2.0 -200 -0.1 -14 
two-layer Aug. 10-Sept. 20 15 -2.6" NA 15 +0.7 +95 -2.8 -420 +2.9 +261 
flow 

One-layer Sept. 26- Oct. 26 H +0.4 +58 H +3.1 +669 -3.6 -732b -2.5 NA 
flow 

Short-term July 17-19.5 8 -5.0. -400 10 -10.1 -909 -12.8 -1280 +20.6 +2884 
two-layer July 27-28.5 9 -3.0 -216 17 -13.0 -1989 -4.0 -680 +20.6 + 1442 
flow Sept. 4-5.5 13 +5.0" +520 20 -8.5 -1530 + 11.7 +2340 + 18.7 +748 

Short-term Oct. 8-9 H + 1.5 +216 H + 15.8 +3476 - 18.4 -4356 -17.9 NA 
one-layer Oct. 22-23.5 H -2.7 -378 H -6.4 -1408 + 12.2 +3672 + 18.4 NA 
flow Oct. 25-26 H + 1.5 +210 H + 11.7 +2574 -17.0 -4296 -18.8 NA 

Mean depth (/z) (m) 18 24 24 
Mean breadth (b) (km) 0.8 0.9 1.0 
Mean cross-

sectional area (m2) 1.4 X 104 2.2 X 104 2.4 X )()4 

NoTE: H = water column homogeneous; - = out of Adolphus Reach/North Channel basin; + = into Adolphus Reach/North Channel basin; 
NA = not applicable. Total basin means: h = 36.5 m; b = 2.0 km; L = 34.0 km; volume = 2.48 x )QY m3. 

"Current meter possibly in upper layer. 
bLower and upper layer velocities averaged. 

2- and 3-d weather systems passing over the area; and (3) the 
oscillatory flows of a few hours duration which are linked to the 
free oscillations of the Adolphus Reach/ North Channel basin. 

Long-Term Flows 

To examine the long-term flows, current roses are developed 
for each current meter record using all the observations for the 
full period of deployment. Current and wind roses for the 1976 

observations are given in Fig.2; mean currents, averaged over 
different time periods, are given in Table I. The broken lines on 
the roses in both Fig. 2 and 3 indicate the percentage of currents 
whose speed falls below 10 cm/s. The area between the broken 
and solid lines represents the percentage of currents over 
10 cm/s. As can be observed, the most frequent speeds are 
generally less than I 0 cm/s except at Collins Bay Gap where 
speeds in excess of this predominate. It is interesting to note that 
the prevailing surface flow (at least at 7 m depth) is into the 
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FIG. 3. Current roses for the 1978 data set. There are two different periods of record and the current roses arc placed at their appropriate scaled depth 
in the water column (vertical broken li ncs; wave indicates surface). The inset gives a time-series record of water temperature at various depths in the I 
Glcnora Gap for the two periods of record. 

North Channel through the Upper Gap and out through the 
Collins Bay Gap, thus creating a general clockwise circulation 
around Amherst Island. At Glenora the most significant feature 
of the prevailing flow at II m depth is that it is from Adolphus 
Reach into Long Reach and not out as would be expected from a 
strictly barotropic consideration of the river discharge. Thus, a 
prevailing bidirectional exchange flow must exist between Long 
Reach and Adolphus reach. 

A two-layered exchange flow process through Glenora Gap is 
evident in the current roses for the 1978 current meter records 
presented in Fig. 3. For the first deployment period (A, May 5 to 
July 11, 1978) there is a substantial river discharge from the 
Trent River, particularly during the month of May, as reflected in 
the prevailing southward flow in the Long Reach record 8A005. 
In the Glenora Gap, the flow at 4.5 m is almost exclusively from 
Long Reach into Adolphus Reach, with a substantial return flow 
evident at I 0 and 17 m depth. It should be noted that the surface 
current meter record 7 A005 contains twice as many observa
tions of speeds greater than I 0 cm/s as either of the lower two 
meters 6AO I 0 or 6AO 17. Roses from current meters 9AO I 0 and 
9A025, approximately 8 km to the east in Adolphus Reach, 
show prevailing currents to the west at both the I 0 and 25 m 
depths. This is consistent with the prevailing two-layer circula-
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tion observed at Glenora in the first deployment period. 
During the second deployment (B, July 11 to October 14, 

1978) the surface flow through Glenora Gap into Adolphus 
Reach is significantly reduced due to an order of magnitude 
reduction in river discharge. From mid-August onward there 
appears to be a significant flow reversal in the two-layer circula
tion. The I 0 m depth record 6BO I 0, which is now well above the 
seasonal thermocline, indicates a prevailing flow out of 
Adolphus Reach, and the 17m record 6B017 indicates a pre
vailing flow into the Reach. This is because the seasonal ther
mocline in the Adolphus Reach/North Channel basin (see 
Fig. 9) is below the sill depth at Glenora and the thermocline 
now slopes downward reversing the density-driven flows in the 
upper and lower layers. From mid-September to mid-October 
the flow is uniform from surface to bottom as the water column 
becomes more homogeneous through cooling of the surface 
layers. This is reflected in the 40% inflow at I 0 m depth (6BO 1 0) 
and part of the much larger inflow at 17m depth (6BOJ7). 

Current meters (14BOJO, 14B020) were also installed in the 
North Channel during the second deployment period. They 
indicate a prevailing northeasterly flow at both I 0 and 20 m 
depth, confirming the long-term clockwise circulation around 
Amherst Island indicated in the 1976 current meter records. 
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Flo. 4. Typical wind-induced flow exchange at Collins Bay Gap. Upper Gap, and Glenora Gap for the 
period September 9-12, 1976. The upper diagram presents the driving forces (note wind direction in 
degrees toward) and the lower diagram the resulting currents. 

Episodal Flows 

The strong episodal coupling between wind forcing, water 
level, and water transport can be seen by examining a short 
period of record in September 1976 (Fig. 4). In the upper 
diagram, time-series records of pressure and winds at Kingston 
Airport are presented for comparison with the water levels at 
Kingston Harbom; and in the lower diagram the corresponding 
currents in the interconnecting gaps of the Adolphus Reach/ 
North Channel basin are given. This series of wind episodes is 
very similar to the August 9, 1972, storm simulated by Simons 
(1975). Winds blowing toward the northwest lowered water 
levels at the eastern end of Lake Ontario, while winds blowing 
toward the east over Lake Ontario raised them. Prior to 06:00 on 

September 10, 1976, a variable wind with increasing strength 
was blowing toward the northwest, generally lowering water 
levels at the eastern end of Lake Ontario which caused an 
outflow at Collins Bay Gap. The near-surface flow (7 m depth) in 
both Collins Bay and Upper gaps is strongly influenced by the 
local northwesterly wind stress, resulting in an inflow through 
Upper Gap and a diminished surface outflow through Collins 
Bay Gap. Howeve1; with the passage of the low pressure system 
a steady and much stronger wind toward the east- northeast 
developed, causing a sudden rise in water level at the eastern end 
of Lake Ontario and flow reversals in the Collins Bay and Upper 
gaps. The hydraulic head between Lake Ontario and the North 
Channel is responsible for driving a barotropic flow into the 
North Channel over the entire depth; however, in the surface 
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F10. 5. Episodal current and wind vectors for six steady wind periods between July and October 1976. 
Both wind and current arc plotted as direction toward, with the length of the vector indicating the speed. 

layer (7 m depth) the direct wind forcing opposes this 
hydraulically driven inflow, with the result that surface water is 
forced out of Upper Gap and the surface inflow in Collins Bay 
Gap is somewhat decreased. Through Glenora Gap there is a 
strong oscillatory motion with the same 5-h period seen in the 
Kingston water level record. This oscillation shows up in the 
Glen ora current meter record due to the strong How convergence 
through Glenora Gap and results from the quarter wave reso
nance of the Adolphus Reach/North Channel basin with Lake 
Ontario as forced through Collins Bay Gap. A small net surface 
flow into Adolphus Reach is due principally to wind stress on the 
water resident in the Glenora Gap. 

1\velve episodal events were isolated from the 1976 current 
meter time-series records and analyzed as to their direct 
coupling with winds at Lennox. Only episodes that had steady 
wind forcing prior to and during the episode were chosen. 
Current vectors and corresponding wind vectors for six repre
sentative episodes are plotted in Fig. 5. In the majority of the 
cases, winds as recorded at Lennox were blowing toward the 
northeast along the axis of the embayment. These winds gener
ally produced inflow at the surface (7 m) and at depth (22m) in 
Collins Bay Gap and outflow at the surface (7 m) at Upper Gap. 
The two predominant storms in the fall (I 0 and 12), in which the 
winds blew toward the south-southwest, caused a reversal in 
the flow exchange. Thus, winds toward the northeast normally 
cause an anticlockwise circulation around Amherst Island and 
winds toward the south-southwest induce a clockwise circula
tion. Generally, direct wind forcing appears to produce an 
anticlockwise circulation that opposes the hydraulically driven 
long-term clockwise circulation around Amherst Island. 

Oscillatory Flows 

Oscillatory motions can be seen in the water level record for 
Kingston and the current meter record at Glenora (Fig. 4). These 
periodic motions are related to the fundamental free oscillations 
of Adolphus Reach/North Channel and Lake Ontario basins. 

Figure 6 presents autospectra of the principal current 
components for the three surface current meters. Basically, 
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three periodic regimes can be observed: (I) 5.2 h which is 
associated with the fundamental free oscillation of Lake Ontario 
(Hamblin and Rodgers 1967) and 2.3 h with the first mode of the 
Adolphus Reach/North Channel basin; (2) semidiurnal periods 
(see also Hamblin 1968) related to tidal flows and semidiumal 
east-west winds; and (3) the longer periods of 60 and 140 h 
associated with the passage of weather systems or internal 
motions in the Adolphus Reach/North Channel basin. 

In Fig. 6, significant peaks appearat5.2, 3.2, and 1.4h in the 
spectra for Glenora Gap and at 2.3 and 1.4 h for Upper and 
Collins Bay gaps. The first mode of Lake Ontario (5.2 h) is 
amplified in Glenora Gap, absent in Upper Gap, and present but 
not significantly in Collins Bay Gap. Similarly, a peak at the 
semidiurnal period occurs in the spectra at both ends of the basin 
but appears attenuated in the middle location (Upper Gap). The 
2.3 and 1.4 peaks are present in all spectra and as seen later are 
associated with east-west barotropic oscillations within the 
basin itself. Peaks at larger periods lack spatial (horizontal) 
coherence, suggesting independent motions at the ends of the 
basin at these periods. These periods are usually associated with 
baroclinic oscillations whose periods vary throughout the sea
son as the vertical temperature structure varies. 

Using the more extensive current records collected in 1978 in 
the Glenora Gap, cross-spectra were run to examine the horizon
tal and vertical coherence of the exchange How through this 
particular gap. As can be seen in the upper diagram of Fig. 7, the 
horizontal coherence is most significant for the 5.2- and 90-h 
periods. The phase relationship at these periods is close to zero, 
indicating that on the horizontal scale of kilometres, the water 
moves as a coherent mass. 

For the vertical coherence shown in the lower diagram of 
Fig. 7, the 5.2- and 90-h periods are still the most coherent; 
however, in this case the longer period motions are definitely 
180° out of phase. This would confirm the long-term two-layer 
(baroclinic) flow exchange in which currents in the upper layer 
flow in opposite direction to currents in the lower layer. It is 
interesting to note that at 5.2 h the currents in the upper and 
lower layers are in phase (that is, both flowing in the same 
direction), confirming the barotropic nature of the high-

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

'6 1 cr• 

to 

.... 
(<) 

N 

Cl 

to 

.... 
(<) 

N 

N' to 

() 
Q) .... 
en N..._ (<) 

E 
3 N 

>- b (.') 
a: 
w 
z 

to w 
...J .... 
<( 

(<) a: 
1-
u N 
w 
0... 
C/) b 

to 

.... 
(<) 

N 

b 

2 3 4 

FREQUENCY (cycles/hour) 

6 1 o-• 2 3 4 6 1 cr' 

COLLINS BAY 
<21A007 EASTl 

(x .1) 

2 3 4 6 

C\J 
IIi 
~ GLENORA 

(19A0lll 
(EAST) 

(x 10) 

1 o• 6 4 3 2 1 o• 6 4 3 2 1 o 6 4 3 2 

PERIOD (hour) 

FIG. 6. Autospectra of current meter records for the period June I 0-
by an order of October 31, 1976. Note that the scales are staggered 
magnitude to enable presentation of all three records on the same graph. 

frequency basin oscillations. 

Bulk Flow Computations 

The four 1976 current meter records were used to obtain order 
of magnitude estimates of the bulk flows through the gaps to 
provide typical values for nutrient and chemical budget calcula
tions. The averaging period is just over l mo for the long-term 
flows and 2-3 d for the short-term exchanges. During the 
summer period, transport through the gap is calculated only for 
the layer in which the current meter was then located. As given 
in Table I, typical values range from 10 to 4000 m3/s, the 
discharge of a small stream all the way up the mighty St. 
Lawrence River. An estimate of the accuracy of such bulk flow 
computations can be made during the relatively homogeneous 
period from September 26 to October 26, 1976. During this 

period the Trent River discharge, the major river flowing into the 
Bay of Quinte upstream of the Glenora Gap, averaged about 
68 m3/s and is comparable with the Glenora Gap average inflow 
of 58 m3/s (Table l ). This inflow is balanced by a net outflow at 
the eastern end of North Channel of 63 m3/s through Collins Bay 
Gap. The computations in Table l, however, represent only 
order of magnitude flow estimates, as there was no opportunity 
to assess the cross-channel variations in the flow fields. 

From these estimates some representative bulk flushing 
periods can be computed. For example, the June 20 to July 30 
long-termlower layer transport at Glenora of -484 m3/s would 
indicate that the bottom 26 m of the Adolphus Reach/North 
Channel basin would be completely flushed within 43 d. During 
the fall (say October 8-9, 1976), the transport at Collins Bay 
Gap of -4356 m3/s would be sufficient to drain the entire North 
Channel within 3 d. Finally, it should be pointed out that all the 
episodal and most of the steady transports are generally an order 
of magnitude larger than the 62.5 m3/s discharge from the 
Lennox generating station . 

Theoretical Basin Oscillations 

Surface and internal oscillations within a bay or lake can be 
greatly affected by the natural resonance conditions of the area 
itself. For certain outside periodic disturbances, a bay or lake 
acts as a resonator and magnifies the amplitudes of the resulting 
long-period waves above those which one would expect. The 
periods that the basin will amplify out of a broad band of 
available wave periods are called the natural periods of oscilla
tion and depend on the topographic features of the area, the 
boundary conditions, and the vertical density structure. 

Two-Layered Basin Model 

Areas with a strong vertical density stratification can experi
ence large internal wave oscillations which show up in 
horizontal current meter data but not in the surface elevation 
data. The governing equations for a two-layered vertical density 
structure of a lake or bay with variable depth and width are as 
follows for the lower layer (Proudman 1952): 

(l) 
a(u2h2b) (a112) _ 

a +b a -o 
X t 

(2) 

where lh, h?, and p? are the lower layer velocity, thickness, and 
density,-b is the channel width, h 1 and p 1 are the upper layer 
thickness and density, 1]2 is the interface displacement, and g' is 
the "reduced" gravity constant given by 

(3) g' = g(P2- P'). 
P2 

Equations ( l) and (2) are thus similar to those used by 
Defant's (1961) method for the surface mode. Actually, the 
transformation of the two-layer equations to equivalent one
layer equations is only valid if the lower layer depth is constant. 
Mortimer ( 1979) noted that errors arising from variable cross
section areas are below 10% as long as the lower depth does not 
change too abruptly between sections as is the case for the 
Adolphus Reach/North Channel basin. Thus, the theoretical 
baroclinic free oscillation periods of the Adolphus Reach/North 
Channel basin were obtained by Defant's iterative method using 
equations (I), (2), and (3). To obtain the barotropic free oscilla-
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tion periods the same equations and numerical scheme were 
used but 'T] 2 was replaced by the free-surface displacement, h2 
by the total basin depth, u2 by the total velocity, and 
g' h 1 (h 1 + h2 )-

1 by the gravitational constant. The 44-km
long region, as indicated in the upper diagram of Fig. 8, was 
divided into 20 sections of equal 2.2-km lengths and Defant's 
method applied using the average depth and width for each 
section. 

Computed Barotropic Closed Basin Periods 
The surface or barotropic periods for a closed basin were 

computed using a starting surface displacement of 100 em at the 
southwestern end of the region (see Prinsenberg 1978). The 
corresponding surface elevations and horizontal velocities for 
the first three surface modes are given in Fig. 8b. The resulting 
periods are 1.4 h for the first mode, 0.8 h for the second mode, 
and 0.5 h for the third mode. The largest values in surface 
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elevation and horizontal currents for the region are predicted for 
the section at Glenora where the small cross-sectional area 
magnifies the surface wave properties. The model predicts that 
the longitudinal currents at Glenora and Bayview are in phase 
for the first modal period of 1.4 h and the third modal period of 
0.5 h, whereas they are out of phase for the second modal period 
of 0.8 h. The ratio of current energy (2.5) for Glenora Gap 
relative to Upper Gap (Fig. 8b) computed from the model 
compares well with the observed value of 2.1 (Fig. 6). The 
theoretical ratio of energy for the Bayview location relative to 
the Upper Gap is 0.02 and also compares well with the observed 
value of0.6 considering that the current at Bayview is forced to 
zero in the model (Fig. 8). 

Computed Barotropic Open Basin Periods 

Open bay modes can also be calculated by Defant's method. 
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FIG. 8. Schematic for computation of the free oscillation periods for the Adolphus Reach/North Channel 
basin. The lower diagrams give the computed surface and interface displacements as well as the velocity 
distributions along the principal axis of the basin for the first three modes of the barotropic and 
baroclinical basin oscillations. A thermocline depth of 21 m and normalized density difference of 
1.64 X IQ-J were used for the bnroclinic computations (c). 

The two connecting channels between the Adolphus Reach/ 
North Channel basin and Lake Ontario both have 24 m sill 
depths and can admit energy into the region for possible reso
nance. No new modal periods for either the surface mode or 
internal mode are obtained when the periodic energy distur
bance enters the area by means of Upper Gap, as it is located at 
an an tin ode of the Adolphus Reach/North Channel basin. When 
energy enters the region through the northern passage, however, 
the complete length of the region is available for co-oscillation at 
an odd multiple of quarter wave lengths. The surface modal 
resonant periods for the open boundary case are 2.7 h for the 
first mode, 1. I h for the second mode, and 0.7 h for the third 
mode. 

It should be noted that the autospectra presented in Fig. 6 

confirm the existence of significant periodicities at both the 
closed and open basin fundamental free oscillation periods, 1.4 
and 2.3 h, respectively. It appears that the Adolphus Reach! 
North Channel basin co-oscillates with Lake Ontario through 
Collins Bay Gap at nearly the open bay resonant period of2.7 h. 
Theory shows that the water level is amplified at the western end 
of the basin (Glenora) and strong water level and current oscilla
tions occur there. Simultaneous water level records (June 1978) 
from Kingston and Glenora show strong correlation at this 
period. 

Computed Baroclinic Closed Basin Periods 

The resonant periods for the internal modes of the Adolphus 
Reach/North Channel basin vary throughout the summer in 
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FIG. 9. (a) Seasonal variation in the thermocline depth and the surface 
and bottom layer temperatures; (b) computed baroclinic free oscillation 
periods from June to October 1976 using these input parameters. 

response to the changing thermocline depth and density struc
ture of the water column. The thermocline depth actually 
becomes deeper than some of the average depths of the cross
sections, thus shortening the length of the basin for internal 
wave resonance relative to the length for surface wave reso
nance. Figure 8c shows the results of the Defant method for an 
average summer case with a thermocline depth of21.0 m, and a 
water temperature change from 20°C in the upper I ayer to 8°C in 
the lower layer. The periods found by the model are 37.7 h for 
the first mode, 21.8 h for the second mode, and 15.5 h for the 
third mode. It should be noted that both the amplitudes and 
resulting velocities are relative to the amplitude specified at the 
Glenora end. 

The summer variation of the thermocline depths and tem
perature values for the upper and lower layer in the vicinity of 
the Lennox Generating Station is shown in Fig. 9a (Ontario 
Hydro 1974). The corresponding variation in the value of the 
baroclinic resonance period of the first three internal modes are 
shown in Fig. 9b. In the spring, a shallow and weak thermocline 
is present which results in long modal periods. As the ther
mocline deepens and the temperature difference between the 
layers increases, the internal modal periods decrease to average 
summer values. The fall cooling and associated surface layer 
overturning starts in early September. This phenomenon 
decreases the temperature difference between the layers but 
increases the thermocline depth. The effects on modal period 
offset each other and the average summer period values extend 
into the month of September before increasing to infinity when 
the whole water column overturns and becomes homogeneous. 
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FIG. 10. Schematic for the computation of an entrainment velocity in 
the Glen ora section for a uniform river discharge period of May 19-22, 
1978. The average currents for this period arc given in the lower 
diagram at the appropriate current meter depth. 

The modal periods appear to be nearly constant over the period 
covering the last 3 wk of August and the month of September. 

Spectra of sections of the total current record (Prinsenberg 
1978) showed that statistically significant energy peaks 
occurred at longer periods but varied in position moving to 
shorter periods in midsummer. This was predicted by the model 
for the internal modes. The major long period peak moved from 
60 h in the spring to 20 h in the summer and fall. Both also show 
up as significant peaks in the total Glenora record (Fig. 6) and 
are thought to be associated with the first internal resonance 
mode whose period decreased during the observation period as 
shown in Fig. 9. These energy peaks do not show up in the other 
records of Fig. 6, as the current meters are actually outside the 
sills separating the basin and Lake Ontario. 

Theoretical Channel Flows 

The exchange flow at the Glenora Gap is examined in more 
detail using classical concepts of vertical entrainment and two
layer channel flow. Two sets of observations (May 19-22, 1978, 
and June 22, 1978) are used as input and verification of these 
simplified models. 
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Entrainment Computations 

The vertical section from station SA on Long Reach to station 
5A in the Glenora Gap is considered as a classical two-layer 
estuary (Fig. 10). Conservation of mass can then be applied to 
this control volume to estimate the mean vertical entrainment 
velocity. The river discharge, mainly from the Trent River, can 
be estimated from the current observations of meter 8A005 and 
verified against the measured Trent River discharge (designated 
as u0 h0 b0 ). The outflow from the upper layer is represented by 
u 1 h 1 b 1 and is computed from current meter 5A005. The return 
flow in the bottom layer, u2 h2 b2 , can be calculated by averag
ing the two current meters 5AOI2 and 6AOI7. The water mass 
and heat balance for the total control volume then becomes 

(4) u 1h 1 b 1 - u0 h0 b0 = u2 h2 b2 

(5) T 1u 1 h 1 b 1 - T0 u0 h 0 b0 = T2 u 2 h2 b2 

where h0 and b0 are the depth and width at the upstream station, 
(h 1 + h2 ) and b 1 are the depth and width at the downstream 
location, and h 1 is the depth of the thermocline. The continuity 
of mass for the lower control volume gives the value for entrain
ment velocity w12 from the lower layer to the top layer: 

(6) w 12 Lb = u2 h 2 b2 

where L and b are defined in Fig. 10. The entrainment coeffi
cient is defined as 

(7) E = 2w 12 /(u 0 + u 1 ). 

From May 19 to 22, 1978, the Trent River was in maximum 
flood (as given by daily discharge data, Water Survey of 
Canada), and flow through the Glenora Gap was persistent and 
uniforn1 over this period. The currents indicated in Fig. lOb 
represent average flows over this period of time. The following 
values were used for computations in equations (4), (5), (6), and 
(7). u0 = 11.5 cm/s, u 1 = 15.4 cm/s, u2 = 8.2 cm/s, L = 4 X 

105 em, h0 = 750 em, h 1 = 1000 em, h2 = 800 em, T0 = 
l8°C, T 1 = i3°C, T2 = 6°C, b0 = 0.8 X 105 em, b 1 = 0.8 X 

105 em, b2 = 0.8 X 105 em, and b = 2.0 X 105 em. From 
equations 4 and 5 a value of 15.2 cm/s was computed for u 1 and 
a value of l2.6°C for T1 , which compare well with the observed 
values given above. The values for entrainment velocity and 
coefficient are w12 = 6.6 X 10- 3 cm/s and E = 5 X 10-4. 
These values are consistent with estuarine entrainment values 
(Cordes et al. 1980). 

Longitudinal Balance of Forces 

To leam more about the driving mechanisms for this two-
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layered flow, a longitudinal balance of forces can be coupled 
with actual field observations to make an estimate of the long
itudinal slope of the interface as shown in Fig. lie. A steady 
wind of about 15 mph from the southwest persisted throughout 
the day of June 22, 1978. This wind stress was responsible for 
moving warm surface water from the southern regions of Long 
Reach towards the western end of Glenora Gap, depressing the 
thermocline and driving the two-layer exchange flow, shown in 
Fig. lib, through the gap. Direct wind stress in the first few 
metres diverts the flow in the wind direction (Fig. II a). 

Using the vertically integrated two-layer equations of motion 
derived by Freeman (1982), the along-channel (x-direction) 
momentum balance is expressed for the upper and lower layers, 
respectively, as 

aTJJ 'Tu-
(8) g-= --ax P1h1 

(9) 1 a'T]2 = -g a'T]J + ('T[r - 'Tbx) 

g ax ax P2h2 

where TJ 1 and 'T]z are the free surface and interface displace
ments, 'T;x and 'Tbx the interface and bottom shear stresses, h 1 and 
h2 are the thickness of the upper and lower layer, and the 
assumptions of steady-state, no along-channel wind stress, and 
no cross-channel vertically averaged velocity have been made. 
Combining equations (8) and (9) and substituting in quadratic 
shear stress laws, an expression that balances the interface slope 
against the interface and bottom shear stresses is obtained: 

a'T]2 I ( (h 1 + h2) kb ) 
(10) ax= g' k; hlh2 (ul- u2) lui- u21- h2u2iu21 . 

The following physical parameter values taken from Fig. 11 b 
and friction coefficients (k;, kb) taken from Dick and Marsalek 
( 1972) are used to calculate the internal slope at Glenora: u 1 = 
15 cm/s, u2 = -5 cm/s, h 1 = 7 m, h2 = I I m, g = 103 cmfs2, 
(p2 - p1 )/p2 = 0.00065, kb = 0.002, and ki = 0.0014. 
Substituting these values into equation (I 0), an interface slope of 
2.1 X 10- 3 is obtained, which means that over I km the 
interface height will increase by 2. I m. This line is plotted on 
the actual measured temperature contours (Fig. lie) and its 
slope aligns very well with the slope of the observed ther
mocline. It is also interesting to note that the dominant terms in 
the above computation are the balance of the lower layer pres
sure gradient and the interfacial shear stress. 

Cross-Channel Balance of Forces 

Additional evidence of the existence of this two-layered flow 
exchange between Long Reach and Adolphus Reach can be 
obtained by examining the cross-channel geostrophic, wind 
stress, and interfacial slope balance. With they-axis across the 
channel (running from southwest to northeast), the cross
channel momentum balance for the two layers is 

aTJJ 'T sy 
(II) 8ay = - ful + PlhJ 

aTJ1 aTJ2 
(12) g- + g'- =-Ju2 

ay ay 

where f is the coriolis parameter, 'Tsy is the surface wind stress, 
and the assumptions of steady-state and negligible interface and 
bottom stresses (i.e. much less than the wind stress) have been 
made. Substituting equation (II) into equation (12), the fol
lowing expression for the interface slope is obtained: 
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(1 3) aa'TJ2 = _!,[f(u2 _ u1) _ Pakl~aiVa] 
y g PI I 

where Pa is the air density, k is the wind stress coefficient, and 
Va is the cross-channel wind speed. Using the same numerical 
values as in the previous example and choosing a wind stress 
coefficient of 1.85 X 10- 3 (Simons 1981) andf = 10-4/s, the 
numerical value for the interface slope is 0.91 x 10- 3 . Thus, 
over the 0. 8-km channel breadth the interface slope will increase 
by 0. 7 m from the south shore to the north shore. This the
oretical slope estimate is plotted on Fig. lid and agrees well 
with the observed temperature field. It is interesting to note that 
the Coriolis term is only slightly larger than the cross-channel 
wind stress but is in the opposite direction. 

Conclusions 

During the summer the bottom flow generally appears to be 
decoupled from the surface flow (baroclinic processes), while 
during the fall the two are strongly coupled (barotropic pro
cesses). A long-term clockwise circulation exists around 
Amherst Island, consistent with a hydraulic head across Collins 
Bay Gap, due to seasonal lowering of Lake Ontario. Prevailing 
flow at depth in Glenora Gap is into the upper Bay of Quinte and 
indicates the existence of a long-term two-layered exchange 
flow. Direct wind coupling associated with the passage of 
weather systems causes water mass exchange episodes on the 
order of 3-5 d, which represents a major mechanism for 
flushing of the Adolphus Reach/North Channel basin, par
ticularly the North Channel. 

By far the most energetic oscillatory motion is at the Glenora 
Gap and is caused by the 5.2-h co-oscillation of the Adolphus 
Reach/North Channel basin through the Collins Bay Gap with 
the fundamental free oscillation of Lake Ontario. Long-term 
bulk flow estimates show that the flushing of the hypolimnion of 
the Bay of Quinte through the Glenora Gap would take 43 d, 
while an episode of 2-3 d in the fall can completely flush the 
North Channel through Collins Bay Gap. All the episodal, and 
most of the steady transports, are an order of magnitude larger 
than the discharge from the Lennox Generating Station. In any 
event, the hypolimnetic water extracted by Lennox will be 
replaced by two-layered flow exchange with Lake Ontario. 

The Defant method for computation of baroclinic oscillations 
in a partially enclosed basin can be extended to the computation 
of internal seiche modes. The baroclinic periods, particularly 
the quarter wavelength open bay periods (2.7 h, 1.1 h, etc.), 
agree well with the observed periods from the spectral analysis 
of current meter data. The barotropic periods (on the order of 
15-70 h) as determined by the model, are difficult to verify, due 
to variation of the internal wave period from spring to summer. 

A simple steady-state two-layered channel flow model, in 
which wind stress is balanced by surface slopes and shear 
stresses, was successfully tested against the Glenora 1978 cur
rent and bathythermograph data. A water mass balance at the 
Glenora Gap gave vertical entrainment coefficient velocities on 
the order of 7 X I 0- 3 cm/s and entrainment coefficient of 
5 X 10-4 • 
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Minns, C. K., and M.G. Johnson. 1986. Temperature and oxygen conditions and oxygen depletion in the 
BayofQuinte, Lake Ontario, p.40-49.1n C. K. Minns, D. A. Hurley, and K. H. Nicholls [ed.] Project 
Quinte: point-source phosphorus control and ecosystem response in the Bay of Quinte, Lake 
Ontario. Can. Spec. Publ. Fish. Aquat. Sci. 86: 270 p. 

The summer temperature and oxygen regimes thoughout the Bay of Quinte between 1972 and 1983 are 
described. Oxygen depletion rates at stations in the lower Bay are calculated and analysed. The link 
between oxygen depletion and eutrophication is examined. Oxygen depletion did not respond to 
decreased point-source phosphorus loading. There was little evidence of change of trophic state in the 
lower Bay, and oxygen depletion rates were consistent. Oxygen depletion rates were not related to 
hypolimnetic temperature or warming rates. 

On decrit les regimes estivaux de Ia temperature et de I' oxygene dans Ia baie de Quinte pour Ia periode 
1972-1983. Les taux d'appauvrissement en oxygene a des stations situees dans Ia partie inferieure de Ia baie 
sont calcules et analyses. Le lien entre l'appauvrissement en oxygene et l'eutrophisation est examine: le 
premier n'a pas reagi a une charge locale diminuee en phosphore. II n'y avait que de faibles signes d'un 
changement de l'etat trophique dans Ia partie inferieure de Ia baie; les taux d'appauvrissement en oxygene 
concordaient. Ces derniers n' etaient pas lies a Ia temperature hypolimnique ou aux taux de rechauffement. 

Introduction 

The link between hypolimnetic oxygen depletion (HOD) and 
eutrophication (or productivity) in lakes has been much studied 
(Hutchinson 1957; Vollenweider and Janus 1982). Regression 
models constructed with data from a range of lakes, such as 
Charlton ( 1980) and Cornett and Rigler ( 1979), predict that 
decreases in phosphorus loading should produce reductions in 
hypolimnetic oxygen depletion rates. 

After decades of increasing nutrient loading to the Bay of 
Quinte (Minns l986a), there was concern in the late 1960's that 
the hypolimnion of Adolphus Reach (Fig. I) might go anoxic. 
Comparison of then current data (McCombie 1967) with that of 
Thcker ( 1948) showed a decrease in late summer of hypolim
netic oxygen levels at the Conway station (C). During the course 
of Project Quinte ( 1972 to present), we monitored temperature 
and oxygen conditions at a number of stations throughout the 
Bay. The immediate objectives were to measure (i) the year-to
year changes and spatial differences in conditions and (ii) bot
tom oxygen depletion rates at those stations where the waters 
stratify in summer. Given the then available models, our null 
hypothesis was that HOD rates in the middle and lower Bay 
would decrease in response to large reductions (60-70%, 
Minns et al. 1986) in point-source phosphorus loading, begin
ning in 1978. 

A complicating factor was the climate-forced exchange flows 
between Adolphus Reach and the outlet basin of Lake Ontario, 
discovered by Freeman and Prinsenberg ( 1986). These flows 
undermine stratification and as a result the hypolimnion warms 
considerably over the summer. Near Glenora (GL), where the 
mixing forces are greatest because of channel narrowing, 
upwelling occurs. Charlton (1980) has shown how HOD rates 
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are determined by lake productivity, i.e. nutrient inputs, tem
perature, and the volume of the hypolimnion. In large deep 
lakes, it is expected that hypolimnia will remain cool throughout 
the summer and that the large volume can accommodate oxygen 
demand below the thermocline. Given the mixing in Adolphus 
Reach, our second null hypothesis was that warming would 
increase oxygen depletion rates. 

Materials and Methods 

The temperature and oxygen measurements were made at a 
number of stations, usually weekly from May to September 
(Fig. I). Most temperature profiles were determined using a 
Hydrographic telethermometer (model FT3), which was cali
brated against a standard centigrade thermometer (0.5°C 
accuracy). Sometimes, a Van Dorn sampler was used to bring 
water to the surface and temperatures were measured by placing 
the probe into the sampler. Most oxygen profiles were measured 
using a Y.S.I. model 54 dissolved oxygen meter and self
stirring probe on samples drawn with a Van Dorn sampler, 
although early measurements were made using a Winkler's 
titration. Calibration was usually determined against air-satu
rated distilled water. Accuracy was estimated to be ± 0.2 
mg· L -I. Most recently, a Y.S.I. model 54 dissolved oxygen 
meter with a submersible probe was used to record both tem
perature and oxygen profiles. At shallow stations (15 m), tem
perature and oxygen were generally measured at l-m intervals. 
At deeper stations, profiles were generally measured at 2-m 
intervals, but sometimes at lor 5 m. Measurements were nearly 
always made within l m of the bottom. Besides the main station 
data, other data sets were available. D. A. Hurley (Gienora 
Fisheries Station, pers. comm.) had monitored a number of sites 
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FIG. I. Location of the main sampling stations in the Bay of Quinte. 

throughout the Bay at monthly intervals from May to October 
from 1967 to 1983. M. G. Johnson had unpublished data for Big 
Bay, Glenora, and Conway for the period 1967-69. The 
Ontario Ministry of the Environment had data on file for a 
number of stations from 1967 to 1979. In addition, in 1975-77, 
an extensive grid of stations in Adolphus Reach was monitored 
weekly in the summer in conjunction with a survey of Pon- · 
toporeia distribution (Johnson and McNeil 1986). The majority 
of statistical analyses were carried out using the SPSS package 
as implemented on a CDC Cyber. 

Besides the general data file containing all temperature and 
oxygen measurement records, a subtile was created for some 
analyses consisting of surface and near bottom values by station, 
date, and yem: Values were selected according to following: 

(i) Surface values: nearest to the surface between the depths 
zero and Zc. 

(ii) Bottom values: nearest the bottom (Z ) between the 
depths (Z

111 
- Zc) and Z 111 • 

111 

(iii) Critical depth (ZJ equals 5/3 + 2 111 /15. 
This procedure is systematic but arbitrary. At a station of 

depth 5 m, surface values would only be drawn between 0 and 
2m and bottom values between 3 and 5 m. At a 50-m station, the 
comparable values are 0-5 m and 45-50 m. 

Results 

Seasonal and Spatial Trends, 1972-83 

The seasonal and spatial patterns are consistent as shown by 
the results obtained for surface and bottom waters at Belleville 
(B), Hay Bay (HB), and Conway (C) (Fig. I) between 1972 and 
1983 (Fig. 2). 

SALMON 
RIVER 

NAPANEE 
RIVER 

PRINCE EDWARD BAY 

* SEWAGE EFFLUENT INPUT 
.t. PROJECT QUINTE CRUISE STATION 

At Belleville (station depth =5 m), there is no stratification. 
Each year a warming trend continues into June (Fig. 2a), fol
lowed by a plateau which lasts until the end of August with 
some peaks over 25°C. At Hay Bay (station depth = 11 m) and 
Conway (station depth =30 m), there is stratification, be
ginning near the end of April, and oxygen depletion occurs 
(Fig. 2b, 2c). At Hay Bay, oxygen levels often decline to low 
levels, = 1.0 mg · L -I, in August but the epilimnion eventually 
obliterates the hypolimnion and anoxia never occurs. At 
Conway, there is a steady warming of the hypolimnion and 
bottom oxygen levels decline to 2-4 mg· L -I before turnover 
occurs in late September or early October. 

A percentage frequency tabulation of all data by temperature 
and percentage oxygen saturation ranges shows that there was a 
high occurrence of supersaturation ranging from 40.7% in 
region 1 to 27.3% in region 4 (Table 1). This is consistent with 
the high levels of primary production occurring in the surface 
waters of the Bay (Millard and Johnson 1986). Saturation levels 
less than 60% were most prevalent in the Picton- Hay Bay area, 
11.2%, and in Adolphus Reach, 14.6%, where oxygen deple
tion occurred. 

In Adolphus Reach, stratification generally becomes evident 
at the end of June, e.g. Conway, 1977 and 1980 (Fig. 3a, 3b). 
The thermocline, as represented by the 15°C isotherm, con
tinues to deepen throughout the summer although there may be 
marked vertical displacements likely due to seiches and storms. 
In 1977 (Fig. 3a), the summer was marked by a series of 
warming and cooling periods. Vertical stratification in the lower 
Bay is not nearly as sharp as might ·be expected in a lake of 
comparable size (Hutchinson 1957). 

Oxygen levels at Conway remain uniform until the middle or 
end of July (Fig. 3a, 3b) when some depletion of oxygen is 
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FIG. 2. Seasonal patterns of surface and bottom temperature and oxygen values at (a) Belleville, (b) Hay Bay, and 
(c) Conway, 1972-83 (-,surface temperature;---, surface oxygen; ... , bottom temperature;-·-, bottom oxygen). 
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TABLE I. Percent frequency distribution by percent oxygen sat-
uration and temperature ranges in four regions of the Bay of 
Quinte, 1967-83 (using all available data). 

Temperature Percent oxygen saturationb 

Area a range 60 100 Total 

0.1 12.9 10.9 23.9 
15- 0.7 16.7 11.7 29.1 20-
25- 1.0 25.9 15.7 42.6 

0.1 1.9 2.4 4.4 
Total 1.9 57.4 40.7 N = 2422 

2 0.8 10.9 6.5 18.2 
15- 3.2 22.4 10.5 36.1 20-
25- 2.2 19.7 19.2 41.1 

0.2 1.2 3.2 4.6 
Total 6.4 54.2 39.4 N = 1491 

3 2.9 26.9 6.6 36.4 
15- 6.5 19.2 13.8 39.4 20-
25- 1.9 10.4 II. I 23.5 

0.7 0.8 
Total 11.3 56.5 32.2 N = 2593 

4 11.5 34.7 11.2 57.4 
15- 2.8 19.6 10.4 32.8 20-
25- 0.4 3.7 5.6 9.7 

0.1 0.1 
Total 14.7 58.0 27.3 N = 11130 

a(, Trenton to Telegraph Narrows; 2, Telegraph Narrows to 
Long Reach; 3, Picton and Hay bays; 4, Adolphus Reach. 

bCalculated using the saturation equation of Forstner and 
Gnaiger (1983). 

evident below the thermocline. In many years, there are in
stances of oxygen levels being lowest at intermediate depths, 
e.g. =20 m in August 1977 and 1980 (Fig. 3a, 3b). Such 
midwater oxygen minima are consistent with the elevation of 
nitrite levels found (Project Quinte unpublished data, 1978-83) 
at mid-depths ( 15-20 m) at Conway in August and September 
in a number of years. This suggests that nitrification was 
occurring. 

Hypolimnetic Warming and Oxygen Depletion 

We carried out two types of data analysis: (i) regression-type 
covariance analysis (ANCOVA) of trends in"water below 15m 
depth at the Conway station and throughout Adolphus Reach, 
with years as treatments and a selection of covariates including 
Julian day of the year less !50 (DOY), sample depth (Zs), Temp 
(temperature at Z s ), and their cross-products, and (ii) regression 
analysis of bottom temperature and oxygen levels against DOY 
at Hay Bay, Glenora, and Conway. 

For covariance analyses, data selection was restricted to sam
ple depths greater than 15m between the Julian dates 160 (June 
7-8) and 250 (September 5-6) for the years 1967-83. We 
found by inspection that prior to day 160 there was little vertical 
stratification and after day 250 there were often signs of deep 
mixing and/or overturn. 

The covariance analysis for all temperature data combined 
shows that the warming of the hypolimnion is predicted (R 2 = 
0.42) by the covariates DOY, Zs, and DOY·Z.,. (Table 2). The 
treatment (year-to-year) differences are significant (F = 8.7) 

but less so than the covariates. The average warming rate 
(degrees Celsius per day), according to the covariance regression 
equations, is a simple function: 0.1415 - 0.0024·2_,. (Table 2). At 
20 m, this predicts a warming rate of 0.094°C · d- 1 , while at 
50 m the rate is 0.022°C·d- 1• 

The covariance analysis for all oxygen data combined shows 
that oxygen depletion in the hypolimnion is largely predicted 
(R 2 = 0 .80) by DOY and Temp (Table 2). A cross-product term, 
DOY ·Temp, is also significant (F = 21.2). The treatment (year
to-year) differences are significant although their contribution to 
explaining variance is much less than that of the covariates. 
Significant treatment differences only point to elevation dif
ferences in regression equations and not differences in slopes, 
e.g. rates of change with covariates. The significance of the 
positive DOY ·Temp cross-product term in the oxygen 
ANCOVA suggests that oxygen depletion rates are lower at 
higher temperatures. The contribution of temperature alone is to 
set the initial conditions; the higher the termperature at the onset 
of stratification, the lower the initial oxygen. According to the 
oxygen covariance regression equations, at a fixed hypolimnion 
temperature of 10°C, the oxygen depletion rate, regardless of 
depth, will be 68.6 mg·m-3 ·d- 1• At a fixed temperature of 
l5°C, the rate will be64.8 mg·m- 3 ·d- 1• Given that the hypo
limnion typically warms from 10 to l5°C over the period of 
stratification, no appreciable affect of temperature on oxygen 
depletion will be detectable (below it will be shown that con
fidence intervals on oxygen depletion rates are typically ± 5-10 
mg·m-3 ·d- 1 and often higher). 

The covariance analyses for temperature and oxygen data 
collected at the Conway station show results (Table 3) similar to 
those for the whole of Adolphus Reach. The warming trend is 
largely predicted (R 2 = 0.80) by DOY and DOY·Zs with a 
small but significant contribution due to treatments (years). 
Oxygen depletion is explained (R 2 = 0.87) almost entirely by 
DOY with a lesser but significant contribution due to years 
(treatments). The covariance regressions predict a warming rate 
at 30 m, the typical depth of the Conway station, of 
0.055°C·d- 1 with an oxygen depletion rate of 65.2 
mg·m- 3 ·d- 1. Sample depth (Z_,.) was unimportant with respect 
to oxygen depletion and barely so with respect to warming. So, 
analysis of bottom oxygen and temperature trends should reflect 
trends throughout the hypolimnion at each station. 

Regression analysis of bottom temperature and oxygen trends 
was performed with data from the Hay Bay, Glenora, and 
Conway stations. For Conway, the earlier data of Tucker ( 1948) 
and McCombie (1967) were also analyzed. Once again, only 
data collected between Julian days 160 and 250 were included. 

The bottom warming rates are highest at Hay Bay, in between 
at Glenora, and lowest at Conway (Table 4). This is consistent 
with the station depths and the depths to which mixing extends 
late in the summer. Oxygen depletion rates are most variable at 
Hay Bay, consistently high at Glenora, and intermediate for both 
variation and level at Conway (Table 4). There is no significant 
relationship between warming rates and oxygen depletion rates 
(r = 0.27, ns at P = 0.05). The historical trend in oxygen 
depletion rates (Fig. 4) at Conway does support the idea of 
increasing depletion with increasing phosphorus loading. 
However, this interpretation depends heavily on the 1945 point. 

Oxygen Depletion and Eutrophication 

To examine the influence of eutrophication on oxygen deple
tion, we compiled a data set for Conway and Adolphus Reach, 
reflecting both physical and eutrophic characteristics (Appen-
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TABLE 2. Covariance analysis results for temperature and oxygen in Adolphus Reach (all sample 
depths 15 m, Julian days 160-250 inclusive, 1967 -83). 

Temperature (0 C) Oxygen (mg· L -I) 

Source Cocff. df MS F Coeff. df MS F 

Covariates• 3 12845.4 999.1 3 3342.3 3878.7 
DOY 0.1415 I 6542.3 508.9 -0.0762 I 1339.6 1554.6 
zs -0.0660 1 361.8 28.1 n.u. 
DOY·Zs -0.0024 I 1792.1 139.4 n.u. 
Temp n.u. -0.0540 1 30.1 35.0 
DOY·Temp n.u. 0.0008 I 18.2 21.2 

Years 16 111.1 8.7 16 91.8 106.5 
Residual 4305 12.9 3342 0.9 
Total 4324 22.1 3361 4.3 
R2 0.42 0.80 

•DOY = Juliandayoftheyear- 150;Z.r = sampledepth(m);Temp = temperatureatZ.,.;n.u. =not 
used in analysis; R2 = percentage of variance accounted for by covariates and treatments. 

TABLE 3. Covariance analysis results for temperature and oxygen at Conway (all Z s 15 m, 1 ulian days 
160-250, 1967-83). 

Temperature (0 C) Oxygen (mg·L-I) 

Source Coeff. df MS F Coeff. df MS F 

Co variates 2 3599.1 1654.1 1229.0 2567.7 
DOY 0.2173 1 6693.0 3075.9 -0.0652 1229.0 2567.7 
zs n.u. n.u. 
DOY·Zs -0.0054 3563.8 1637.8 n.u. 
Temp n.u. 

Years 13 24.8 
Residual 868 2.2 
Total 883 10.7 
R2 

dix, Table A2). Conway was selected first because we had results 
there for the greatest number of years. The bottom oxygen 
depletion rates were taken to be estimates of VHODs, the 
volume-based hypolimnetic oxygen depletion rates, since the 
covariance analyses had shown that depth (Zs) was not an 
important factor. AHODs·, area-based rates, were calculated as 
the product of the VHOD and the hypolimnion thickness (Z 11 ). 

The thickness of the hypolimnion was assumed to be equal to the 
difference between the summer mean depth (Z mix) at which the 
maximum vertical density occurs (E. S. Millard, Great Lakes 
Fisheries Research Branch, pers. comm.) and the summer mean 
station depth. These estimates of z, are likely too great, since 
they ignore any mesolimnion given that zmix is the epilimnion 
thickness. However, oxygen depletion was usually apparent in 
the mesolimnion and the distinction between meso- and hypo
limnia was rarely clear. 

We calculated correlations between VHODs and AHODs and 
the physical and eutrophication indicators. The best correlations 
with VHOD were due to mean summer light extinction (E) (r = 
0.65), mean summer river runoff (Q) (r = - 0.56), and mean 
summer Secchi depth (r = - 0.55) (Thble 5). With AHOD, the · 
best were due to mean euphotic zone (Zeu) (r = -0.78), ', 
summer phosphorus loading uncorrected for Lake Ontario back
flow (Z n) (r = 0. 73), and mean summer total phosphorus (r = 
0.65). The VHOD was also correlated with the summer mean 
hypolimnion temperature (f,) (r = 0.422). 

Elsewhere, similar correlations have been obtained (Table 6). 
Charlton ( 1980) obtained a predictive equation involving Chi a, 
z,, and f,. Applied to our Conway data, we found that the 
predictions were not significantly correlated with actual values 
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n.u. 
11.4 13 16.0 31.6 

436 0.5 
450 3.8 

0.80 0.87 

(r = 0.50, ns at P = O.IO, N = 11). Vollenweider and Janus 
(1982) presented two predictive equations. The first involves 
Chi a , Z eu , and Z. We obtained no correlation (r = - 0. 0 I , ns 
at P = 0.10, N = II). The second involves gross primary 
production (PP), Z eu, and Z. We obtained a significant correla
tion (r = 0.56, significant P = 0.10, N = II). 

When we calculated correlations between VHOD and 
AHOD, and physical and eutrophication indicators for Hay Bay 
and Glenora (Table A3), the results were not the same (Table 5). 
There were few significant correlations and none with 
eutrophication indicators. This reinforces Yo lien weider and 
Janus' ( I982) argument that empirical predictive models based 
on studies of many lakes rarely work in time-series studies. 

Discussion 

These analyses show that oxygen depletion rates in the lower 
part of the Bay of Quinte did not decline in response to large 
decreases ( =70%) in point -source phosphorus after I977 
(Minns et a!. I986). The analyses also show that the hypo
limnetic warming rates or mean hypolimnetic temperature 
did not consistently influence the oxygen depletion rates. At 
Conway, f, was negatively correlated with VHOD, while at 
Glenora the correlation was positive. 

The correlations between oxygen depletion and eutrophica
tion indicators were contradictory. At Conway, they implied that 
with decreased nutrient loading, oxygen depletion would 
decrease. However, at Conway and the other two stations, there 
is no evidence of a decrease in oxygen depletion since I977. 
Robinson ( I986) found little evidence of changing water quality 
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(a) (b) 

FIG. 3. Seasonal temperature (upper) and oxygen (lower) isopleths at Conway in (a) 1977 and (b) 1980 (cross-hatchng at 14-l5°C and 
6-7 mg 0 2 • L- t ). 

in Adolphus Reach following implementation of phosphorus 
controls in 1978. Minns et al. (1986) showed, in an analysis of 
nutrient budgets in the Bay of Quinte, that the nutrient regime is 
controlled in the lower Bay by exchanges with Lake Ontario and 
by internal loading. Millard and Johnson ( 1986) were not able to 
demonstrate significant changes in primary production or light 
extinction (E) in the lower Bay. They also showed that there is a 
high background light extinction, not due to algae, which 
elsewhere (Lasenby 1975) has been considered evidence of 
allochthonous matter, particulate and dissolved. Johnson and 
Brinkhurst ( 1971) presented evidence of the importance of 
allochthonous imports to the benthic community metabolism in 
the Bay of Quinte. So, there is little evidence of change in the 
trophic state of the lower Bay of Quinte, and the observed 
oxygen depletion rates are consistent. 

Physical factors (e.g. T1, warming rate, and exchanges with 
Lake Ontario) do not appear to greatly influence oxygen de
pletion rates. In Lake Erie, Charlton ( 1980) showed that hypo
limnion thickness and temperature did affect oxygen depletion. 
However, this was in the central basin where the average hypo
limnion thickness is =3-4m (Vollendweider and Janus 1982). 
In the lower Bay of Quinte, there is a large hypolimnion which 
tends to offset such effects. 

At Conway, the areal hypolimnetic oxygen depletion rate has 
averaged 1.37 ± 0.19 g 0 2 ·m- 2 ·d- 1• Of this rate, part is 
attributable to the warming ofthe hypolimnion, part to metabo
lism in the water column, and part to benthic metabolism. 
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FIG. 4. Oxygen depletion rate (mean ± SE) by year at Conway. 

Stratification generally sets in when the water column is at about 
10°C and the warming generally raises the hypolimnion tem
perature to l5°C after about 100 d. If there was no metabolic 
depletion and the oxygen levels remained at saturation, the 
absolute level would decline from 11.29 to 10.09 mg 0 2 • L -t, 

about 0.23 g·m- 2 ·d- 1 . Thus, the metabolic part of AHOD 
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TAULE 4. Temperature and oxygen trends in bottom waters at three stations. 

I Temperature Oxygen 

Year Z a 

" 
N a b s" r N a b s" r 

Hay Bay I 1972 10.9 8 8.87 0.0845 0.0269 0.789 9 9.93 -0.0746 0.0202 -0.813 
1973 11.6 10 7.50 0.1530 0.0178 0.950 9 9.39 -0.0821 0.0205 -0.834 
1974 11.7 10 8.41 0.1300 0.0226 0.897 9 8.34 -0.0485 0.0218 -0.643 
1975 11.8 13 9.12 0.1229 0.0169 0.910 13 7.06 -0.0331 0.0264 -0.354 I 1976 12.5 13 8.06 0.0883 0.0178 0.831 13 9.63 -0.0561 0.0141 -0.768 
1977 11.6 II 4.77 0.1613 0.0265 0.897 II 8.92 -0.0547 0.0199 -0.675 
1978 11.3 10 5.14 0.1652 0.0226 0.933 10 11.04 -0.0790 0.0214 -0.794 
1979 10.9 12 7.93 0.0987 0.0245 0.787 12 10.37 -0.0785 0.0083 -0.949 I 1980 11.7 10 7.02 0.1413 0.0192 0.934 10 10.81 -0.1042 0.0127 -0.945 
1981 11.2 8 8.07 0.1413 0.0277 0.902 4 9.25 -0.0781 0.0261 -0.904 
1982 10.9 10 13.09 0.0159 0.0248 0.222 10 9.38 -0.0551 0.0131 -0.830 
1983 12.4 6 6.04 0.1713 0.0282 0.950 6 9.51 -0.0842 0.0102 -0.972 I Glcnora 
1972 21.0 II 7.22 0.0782 0.0212 0.776 12 13.12 -0.1006 0.0081 -0.969 
1973 23.4 12 6.56 0.1231 0.0271 0.820 13 11.50 -0.1042 0.0079 -0.970 

I 1974 21.3 II 7.56 0.1009 0.0192 0.868 II 11.48 -0.0997 0.0115 -0.945 
1975 23.5 13 4.53 0.1172 0.0150 0.920 13 11.13 -0.0972 0.0088 -0.957 
1976 22.0 12 6.09 0.1042 0.0146 0.914 12 11.48 -0.0824 0.0089 -0.947 
1977 19.2 12 4.03 0.1512 0.0217 0.911 12 11.09 -0.0656 0.0146 -0.819 

I 1978 20.9 13 4.77 0.1321 0.0165 0.924 13 12.09 -0.0937 0.0099 -0.944 
1979 20.7 13 6.61 0.0867 0.0173 0.834 13 11.74 -0.0940 0.0079 -0.964 
1980 21.8 II 6.14 0.1032 0.0136 0.930 II 11.09 -0.1043 0.0098 -0.963 
1981 22.0 II 6.47 0.1059 0.0157 0.914 6 10.37 -0.0943 0.0078 -0.987 

I 1982 21.3 10 7.00 0.0702 0.0473 0.465 II 10.06 -0.0494 0.0115 -0.817 

Conway 
1945b II 7.51 0.0510 0.0210 0.822 7 10.44 -0.0440 0.0100 -0.979 
1963c 9 7.41 0.0070 0.0080 0.645 7 15.04 -0.1010 0.0610 -0.884 I 1964" 15 7.84 0.0360 0.0090 0.931 15 11.23 -0.0680 0.0080 -0.980 
1967 33.8 4 7.40 0.0143 0.0161 0.534 4 9.29 -0.0636 0.0260 -0.866 
1968 34.0 9 10.01 0.0302 0.0162 0.575 7 9.57 -0.0194 0.0326 -0.257 

1972 31.9 12 6.40 0.0510 0.0080 0.896 12 12.68 -0.0772 0.0039 -0.988 I 1973 34.5 12 7.03 0.0402 0.0177 0.584 12 11.43 -0.0674 0.0030 -0.990 
1974 34.3 13 4.84 0.0785 0.0221 0.731 13 11.75 -0.0858 0.0042 -0.987 
1975 29.8 13 4.81 0.0908 0.0161 0.862 12 12.41 -0.0866 0.0054 -0.981 

I 1976 34.9 13 6.04 0.0571 0.0076 0.915 13 11.76 -0.0693 0.0040 -0.982 
1977 30.6 13 4.92 0.0831 0.0134 0.882 13 12.09 -0.0751 0.0037 -0.987 
1978 33.1 13 5.97 0.0459 0.0089 0.841 13 12.34 -0.0715 0.0061 -0.962 
1979 31.8 13 7.68 0.0347 0.0109 0.694 13 11.86 -0.0733 0.0042 -0.983 

II 1980 34.3 10 7.46 0.0306 0.0078 0.811 10 10.74 -0.0711 0.0062 -0.971 
1981 32.7 9 6.83 0.0532 0.0115 0.867 6 10.14 -0.0576 0.0082 -0.962 
1982 30.3 7 7.96 0.0432 0.0123 0.844 7 10.85 -0.0570 0.0072 -0.962 
1983 29.7 6 6.49 0.0839 0.0355 0.763 6 10.92 -0.0707 0.0075 -0.978 

az" = mean bottom depth. I bllJcker (1948). 
"McCombie (1967). 

may be estimated at 1.14 g 0 2 ·m-2 ·d- 1. Johnson and or by horizontal exchange with the hypolimnion in the outlet I Brinkhurst (1971) reported a mean sediment oxygen consump- basin of Lake Ontario. 
tion rate at Conway of0.22 g 0 2 ·m-2 ·d- 1 at 10.8°C, which is The analyses of phosphorus dynamics in the Bay of Quinte 
19% of the metabolic AHOD. So, a good portion of the organic (Minns eta!. 1986; Minns 1986b) point to a lengthy recovery I matter falling out of the epilimnion is metabolized before it period following a reduction in point-source loading; the lag is 
reaches the bottom sediments, thereby contributing to the recyc- due to the internal loading from sediment phosphorus pools 
ling of nutrients which are returned to the epilimnion by the which take a long time to come to a new steady state. In 
Lake Ontario backflow and upwelling (Minns et a!. 1986). Adolphus Reach, oxygen depletion rates reflect this lag. I Adolphus Reach production is primed by nutrient exports from Elsewhere the response of oxygen depletion to changing 
the upper Bay but maintained by the recirculation of nutrients: nutrient and inputs has been equivocal. Dillon et a!. (1978) 
the "nutrient pump" (Minns et a!. 1986). This imparts a sta- found that there was a decrease in oxygen depletion in Graven-

I bility to the eutrophication indicators, e.g. primary production hurst Bay, Ontario, following a large decrease in nutrient load-
and oxygen depletion. The mixing of the hypolimnion as ing. The decrease was correlated with the decrease in algal 
reflected by the warming ensures that an ample supply of oxygen biomass. Welch ( 1977) reported that diversion of one third of the 
is brought in whether by vertical exchange with the epilimnion phosphorus loading from Lake Sammanish, Washington, did 
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TABLE 5. Correlations between oxygen depletion rates and physical and eutrophication indicators at three stations 
(*significant at P = 0.10; **significant at P = 0.05;- = not calculated). 

Conway Hay Bay Glenora 

VHOD AHOD VHOD AHOD VHOD AHOD 

Variable N /' N /' N 

Year 16 0.19 II -0.36 10 
Warming 16 0.05 11 0.09 9 
t, 16 -0.42** II 0.04 10 
Secchi 16 -0.55** II -0.52 10 
Chi a 13 0.27 II 0.21 
Total P 13 -0.19 II 0.65** 
L:PP II 0.49 II 0.30 
E II 0.65** II 0.65** 
ZCll II -0.33 II -0.78** 
zmix II 0.43 11 -0.33 
Q 15 -0.56** II 0.55* 
(J' II -0.03 10 0.33 
Lpu II 0.14 10 0.73** 
Lpc 11 -0.39 10 0.56* 

Station depth 13 -0.10 II 0.19 

TABLE 6. Literature showing correlations of eutrophication measures 
with VHOD or AHOD. 

Source 

Cornett and Rigler 1980 
Cornett and Rigler 1979 

Charlton 1980 

Vollenweider and Janus 1982 
Welch et al. 1976 

Lasenby 1975 
This study at Conway 

Variables 

AHOD- total P, L:PP, Secchi depth 
AHOD- Pretention, Z,, hypolimnion 

temperature 
AHOD-Chl a,Z,, hypolimnion 

temperature 
VHOD-Chl a, L:PP, Zcu, Z 
AHOD-u, Chi a, total P, Secchi 

depth 
AHOD- Secchi depth 
VHOD- T11 , Secchi depth, E, Q 
AHOD- total P, E, Zcu, Q, Lpu, Lrc 

not bring any change in oxygen depletion. In Lake Washington, 
Edmondson ( 1966) found that oxygen depletion had not 
changed appreciably from 1930 to 1964 despite large increases 
in nutrient inputs and algal biomass. Finally, Charlton (1979) 
found little evidence of change in hypolimnetic oxygen deple
tion rates in the central basin of Lake Erie despite large trophic 
changes. The results of time-series studies of oxygen depletion 
in lakes under changing nutrient regimes differ from the 
empirical predictions obtained from multiple lake studies. 

The discrepancy is likely due to lags in the response of lakes 
to changing nutrient inputs. Multilake studies look at the aver
age condition of individual lakes, which likely reflects a steady 
state. In time-series studies, time must be allowed before a new 
steady state is established. The lag is due to sediment oxygen 
demand which is related to the enrichment of the sediments and 
internal nutrient loading. Our new hypothesis for the Bay of 
Quinte is that oxygen depletion rates will not decrease until 
internal nutrient loading decreases. 
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10 
10 
10 

10 
10 

10 

/' N /' N /' N /' 

0.17 10 0.52 II -0.49 II -0.32 
0.16 9 0.19 11 0.09 11 -0.15 
0.06 10 0.14 11 0.52 II 0.29 
0.16 10 0.01 11 -0.39 II -0.39 

-0.24 10 -0.04 II 0.15 II 0.00 
-0.30 10 -0.44 11 0.45 11 0.31 
-0.22 10 -0.38 II 0.43 II 0.29 

0.07 10 -0.21 11 -0.28 11 -0.22 
0.14 10 -0.39 II 0.62* 11 0.17 

-0.19 10 0.06 II 0.44 11 0.69* 
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sources (Table A 1 ). the data are presented for Conway (Table 
A2) and for Hay Bay and Glenora (Table A3). 

TABLE AI. Physical and eutrophication indicators for the Bay of Quinte. 

No. Description Name Units Source 

Volume-based oxygen depletion VHOD mg·m-3·d- 1 This study; Thckcr 1948; 
(VHOD) rate McCombie 1967 

2 Hypolimnion heating rate J03·oC·d-l McCombie 1967 
3 Mean summer hypolimnion temperature th oc McCombie 1967 
4 Mean summer secchi depth m Tucker 1948; McCombie 1967; 

Robinson 1986 
5 Mean summer chlorophyll a Chi a mg·m-3 Christie 1973; Robinson 1986 
6 Mean summer total phosphorus mg·m-3 Christie 1973; Robinson 1986 
7 Annual gross primary production LPP gC·m- 2 ·yr- 1 Millard and Johnson 1986 
8 Mean summer light extinction coefficient E m-1 Millard and Johnson 1986 
9 Mean summer euphotic zone zcu m E. S. Millard, unpubl. data 
10 Mean summer mixed layer zmix m E. S. Millard, unpubl. data 
II Mean summer river runoff Q m3·s-l Minns 1986a 
12 Summer flushing rate (May-September) u Minns et al. 1986 

including Lake Ontario backflow 
13 Summer phosphorus loading (uncorrected 

for backftow) 
Lpu mg·m- 2 ·d- 1 Minns et al. 1986 

14 Summer phosphorus loading (corrected) LH mg·m-2·d- 1 Minns et al. 1986 
15 Area-based oxygen depletion rate (AHOD) A OD mg·m-2-d-1 This study 

calculated as YHOD X 

(station depth - mixer layer depth) 

TABLE A2. Compilation of data describing conditions at Conway station (see Table A I). 

Hypolimnion Epilimnion Lower BOQ 

Chi a Total P LPP E 

(5) (6) (7) (8) 
zcu zmix 
(9) (I 0) 

Q u L u Lpc 
(II) (12) (13) (14) 

YHOD Warming Temperature Secchi 
Year (I) (2) (3) (4) 

1945 44 51 10.3 3.5 216.0 
1963 101 7 7.9 2.6 102.6 
1964 68 36 10.2 2.6 87.5 
1965 64 14 8.0 2.5 5.1 38 186.6 4.02 3.6 6.3 
1968 30 11.8 2.8 3.6 28 85.7 4.58 2.6 4.5 
1972 77 51 9.5 3.0 9.0 23 351 0.64 8.0 12.3 219.5 4.20 3.9 4.6 
1973 67 40 9.4 2.8 8.2 21 306 0.64 7.5 14.7 103.7 3.58 2.2 3.3 
1974 86 79 9.1 2.5 5.9 24 289 0.72 6.5 13.7 170.5 6.16 3.2 4.3 
1975 87 91 9.7 2.5 6.8 20 303 0.68 7.3 14.0 102.1 3.81 2.1 2.5 
1976 69 57 9.0 2.9 7.8 20 298 0.61 8.0 15.8 114.4 5.63 2.1 3.8 
1977 75 83 9.7 2.6 6.7 19 318 0.53 9_.6 15.1 42.7 2.11 1.3 2.0 
1978 72 46 8.6 3.2 4.8 18 213 0.63 8.7 18.2 112.6 6.36 1.6 2.1 
1979 73 35 9.6 2.5 6.1 21 249 0.63 7.7 10.6 111.4 7.17 2.4 3.2 
1980 71 31 9.3 2.7 6.3 23 243 0.66 7.3 14.8 130.6 6.87 1.5 3.2 
1981 58 53 9.7 2.7 5.6 24 225 0.60 8.0 II. I 153.3 5.17 2.0 4.7 
1982 57 43 9.9 2.9 5.4 19 248 0.55 8.1 7.1 138.2 
1983 71 84 11.3 3.0 7.3 19 
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TABLE A3. Compilation of data describing conditions at Hay Bay and Glenora stations (see Table A 1 ). 

Hypolimnion Epilimnion 

VHOD Warming Temperature Secchi Chi a TotaiP 2:PP zcu zmix 

Year (I) (2) (3) (4) (5) (6) (7) (9) (10) 

Hay Bay 
1972 75 85 12.8 1.4 19.8 63 338 3.3 6.4 
1973 82 153 15.0 1.6 23.4 53 386 3.8 6.2 
1974 49 130 15.7 1.3 15.6 51 350 3.8 6.7 
1975 123 15.7 I. I 23.6 56 433 3.4 6.7 
1976 56 88 12.7 1.3 21.3 45 330 3.4 5.5 
1977 55 161 13.0 1.6 28.1 47 344 4.0 5.2 
1978 79 165 12.9 1.5 13.3 40 308 5.0 6.6 
1979 79 99 13.2 1.4 18.3 34 235 3.9 5.8 
1980 104 141 14.2 1.4 18.0 38 284 3.5 5.2 
1981 78 141 16.1 1.3 16.4 46 259 3.7 5.0 
1982 55 13.9 1.4 19.1 46 252 3.5 3.3 

G1enora 
1972 101 78 11.9 2.0 12.6 38 400 5.0 9.5 
1973 104 123 13.4 2.2 11.6 34 417 6.0 9.2 
1974 100 101 12.8 1.8 10.8 34 395 4.9 10.3 
1975 97 117 10.8 1.8 12.3 35 412 5.1 10.5 
1976 82 104 11.2 2.0 12.5 30 394 5.5 8.0 
1977 66 151 12.1 2.3 14.4 30 343 6.1 9.4 
1978 94 132 12.2 2.2 9.6 27 303 7.0 9.6 
1979 94 87 11.5 2.0 11.3 27 272 5.7 6.2 
1980 104 103 12.2 2.0 9.6 25 314 6.2 10.0 
1981 94 106 11.8 1.8 10.4 34 264 6.5 9.1 
1982 49 70 10.8 2.1 7.7 25 254 6.3 5.7 
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Water Quality of the Bay of Quinte, Lake Ontario, Before and 
After Reductions in Phosphorus Loading 

G. W. Robinson 
Ontario Ministry of the Environment, Aquatic Ecosystems Section, Water Resources Branch, 

Box 213, Rexda/e, Ont. M9W 5L1 

Robinson, G. W. 1986. Water quality of the Bay of Quinte, Lake Ontario, before and after reductions in 
phosphorus loading, p. 50-58. In C. K. Minns, D. A. Hurley, and K. H. Nicholls [ed.] Project 
Quinte: point-source phosphorus control and ecosystem response in the Bay of Quinte, Lake 
Ontario. Can. Spec. Publ. Fish. Aquat. Sci. 86: 270 p. 

Water quality improvements were immediately apparent in the Bay of Quinte following reductions in 
phosphorus loading from local sewage treatment plants. The upper portion of the bay is shallow and 
usually well-mixed by prevailing winds; most of the nutrient loading occurs here. After phosphorus 
controls became fully operational in 1977, reductions in total phosphorus of 28-38% and in total nitrogen of 
13-20% were observed. Chlorophyll a levels also decreased, but there was no improvement in upper bay 
water clarity. The middle portion of the bay is slightly deeper and the lower portion much deeper than the 
upper bay; both sections are strongly influenced by wind-induced mixing, Lake Ontario incursions, and 
internal seiches. Water quality improvements were not as evident in these areas because of the dilutional 
effect of Lake Ontario. There was no change in total phosphorus levels, but soluble reactive phosphorus 
and chlorophyll a concentrations decreased. Inorganic nitrogen levels increased, thus increasing N:P 
ratios. There was no apparent change in water clarity in the middle or lower portions of the bay. Higher 
levels of total phosphorus and soluble reactive phosphorus in 1981 may reflect year-to-year variations or 
may indicate less than optimum removal of phosphorus at the wastewater treatment plants. 

On a note une nette amelioration de Ia qualite de l'eau de Ia baie de Quinte peu de temps apres Ia reduction 
des rejets de phosphore des usines locales d'epuration des eaux usees. Les eaux de Ia partie superieure de 
Ia baie sont peu profondes et generalement bien melangees par les vents dominants; c'est dans cette partie 
que s'effectuent Ia majorite des rejets de matieres nutritives. Des baisses des teneurs en phosphore total de 
28 a 38% et de celles en azote total de 13 a 20% ont ete notees apres Ia generalisation des mesures de lutte 
contre le phosphore, en 1977. Les teneurs en chlorophylle a ont aussi baisse, mais Ia transparence des eaux 
de Ia partie superieure de Ia baie ne s'est pas amelioree. Par rapport a Ia partie superieure, Ia partie mediane 
de Ia baie est legerement plus profonde et Ia partie inferieure beaucoup plus. Le melange des eaux de ces 
parties depend fortement du melange par le vent, des entrees d'eau en provenance du lac Ontario et du 
brassage par seiches internes. L'amelioration de Ia qualite de l'eau n'etait pas aussi visible dans ces parties 
etantdonne Ia dilution causee par les eaux dulac Ontario. Les teneurs en phosphore total sontdemeurees 
inchangees mais celles en phosphore reactif soluble et en chlorophylle a ont diminue. Les teneurs en azote 
inorganique ont augmente, augmentant ainsi le rapport N: P. La transparence des eaux des parties mediane 
et inferieure de Ia baie ne s'est pas amelioree de fac;on appreciable. Les teneurs en phosphore total et en 
phosphore reactif soluble plus elevees notees en 1981 peuvent s'expliquer par des variations annuelles ou 
une elimination du phosphore non optimale aux usines d'epuration des eaux usees. 

Introduction approximately 50% of the phosphorus contributed by municipal 
sewage was contained in detergents. Federal regulations 
reduced the phosphate content in laundry detergents to 5% (as 
P 20 5 ) by January I, 1973. Furthermore, the International Joint 
Commission's recommendation to reduce phosphorus loadings 
to the Great Lakes led to the development of a phosphorus 
removal program for wastewater treatment plants in Ontario by 
the Ministry of the Environment. According to the program, all 
communities discharging sewage into the bay were required to 
install facilities capable of reducing the total phosphorus con
centration in their final effluent to 1 mg P /L or less. The 
implementation date proposed was December 31, 1975. Waste
water treatment plants at Belleville and the Canadian Forces 
Base (Trenton) were already reducing phosphorus in their final 
effluents at that time. The facilities at Picton became operational 
in 1976 and at Trenton and Deseronto in 1977. However, it was 
not until the winter of 1977-78 that strict operational guidelines 
were enforced at the wastewater treatment plants and the plants 
began to operate efficiently. The plant at Napanee underwent an 
expansion of facilities in 1983. Detailed loading information is 
given in Minns et al. 1986. 

The Bay of Quinte is in an advanced state of eutrophication as 
a result of excessive nutrient loading from local municipalities. 
This condition has been developing since at least the 1940's 
(1llcker 1948). There is, however, a gradation in water quality 
between the upper bay (most productive) and lower bay (least 
productive) (Fig. I). Over the years, water quality has deterio
rated to a point that, at times, seriously impairs the use of the bay 
for recreation and as a source of water supply. Unsightly algal 
blooms have occurred frequently (Johnson and Owen 1971; 
McCombie 1967; Nicholls and Carney 1979), dissolved oxygen 
levels have been reduced in some areas (Thcker 1948; Minns and 
Johnson !986), vast beds of rooted aquatic plants have disap
peared (Crowder and Bristow 1986), and certain species of 
invertebrates and fish have been lost or replaced by less desir
able species (Johnson and Brinkhurst 1971; Hurley and Christie 
1977). 

Phosphorus has been identified as the key nutrient governing 
the degree of eutrophy in a majority of the world's north
temperate lakes (Schindler 1977). In Ontario, prior to 1970, 
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FIG. l. Bay of Quinte showing the eight sampling stations: T, B, and N (upper bay), HB and P (middle 
bay), and GL, C, and LE (lower bay). 

The current study of the bay, "Project Quinte," began in 
1972. The period 1972-77 is regarded as the pre-phosphorus 
control period and 1978-81 as the post-phosphorus control 
period. The purpose of this paper is to examine the effects of 
phosphorus reductions at the wastewater treatment plants on the 
physical and chemical limnology of the bay. Changes in water 
quality that have occurred as a result of the reductions in phos
phorus loading will be dealt with on a year-to-year, station-to
station, and seasonal basis. 

Methods 

Water samples were collected weekly from early May until 
late September or early October at five to eight stations along the 
bay (Fig. 1). Upper bay stations B and N, middle bay station N, 
and lower bay stations GL and C were regarded as the main 
stations and were sampled each year of the study. Station T 
(upper bay) was sampled minimally in 1979 and 1980, and 
eliminated in 1981. Station LE (lower bay) was added in 197 5 to 
examine the possible effects of the Lennox hydro generating 
station on the bay. However, sampling here and at station P 
(middle bay) was discontinued after 1978 because of logistics 
and the similarity of other nearby stations. 

Operations carried out at each station included the measure
ment of basic physical parameters, the collection of chemical 
and biological samples, and the estimation of primary produc
tion. The sequence of operations was almost identical at each 
sampling station and was repeated at approximately the same 
time of day from week to week and from year to year. Biological 
and primary production results are discussed elsewhere 
(Nicholls et al. 1986; Cooley eta!. 1986; Millard 1986; Millard 
and Johnson 1986). 

Temperature profiles were measured using a telethermometer 
(Applied Research Austin Inc., model Ff3) which was cali
brated against a standard centigrade thermometer (0.5°C 
accuracy). A YSI model 54 dissolved oxygen meter with a self
stirring probe (calibrated against air saturated distilled water) 
was used to determine oxygen concentrations in the euphotic 
zone and at 1 m above the bottom. At depths greater than 30m, a 

Van Dorn sampler was used to bring water to the surface; 
temperature and dissolved oxygen were measured by inserting 
the probes into the Van Dorn sampler. In later years, a YSI 
model 54 meter with a submersible probe, or a Hydro lab model 
TDO-2 meter ~ith a self-stirring submersible probe, was used to 
record both temperature and dissolved oxygen profiles. Water 
clarity was determined by use of a Secchi disc. Euphotic zone 
water samples were collected by lowering a narrow-mouthed 
1-L bottle to twice the Secchi disc depth, the approximate 
location of 1% incident light intensity. The bottle was lowered 
and raised at a constant rate so that it filled completely just as it 
ascended to the surface. Samples for chemical analysis from 1 m 
above bottom were collected using a Van Dorn sampler; this 
sampling was discontinued at the upper bay stations (T, B, and 
N) in 1979 because near-even mixing in this area resulted in 
similar euphotic-zone and bottom-water chemistry. Beginning 
in 1978 samples were collected from mid-depth at the deeper 
stations (GLand C). 

Samples for chemical analyses were refrigerated, and chloro
phyll samples were filtered and frozen on the day of collection. 
All samples were shipped weekly to the Ministry of the Environ
ment laboratory in Toronto where analyses were performed 
according to standard methods (American Public Health Asso
ciation 1976). 

Data analyses included analysis of variance, and the method 
of complete linkage developed by Sorensen ( 1948). 

Results 

Temperature and Dissolved Oxygen 

In the upper bay, water temperature records from the Belle
ville water filtration plant indicated that above-freezing tem
peratures were usually reached by early to mid-April, but 
sometimes these occurred as early as mid-March. The shallow 
waters of the upper bay (4-8 min midchannel) warmed quickly, 
usually reaching maximum temperature in July. Warmest tem
peratures were measured in 1975, and lowest seasonal maxima 
were in 1976. Stratification occurred during extended periods of 
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calm sunny weather, but thermoclines were weak and unstable. 
The temperature difference between surface and bottom waters 
was usually l°C or less. Dissolved oxygen levels in the upper 
bay were generally similar at all depths, except during periods of 
temporary stratification when concentrations were sometimes 
reduced to as low as 3.8 mg 0 2IL at station Bin early August. 
Supersaturated conditions occurred frequently at all three sta
tions, and occasionally the entire water column was supersatu
rated with oxygen. 

The middle bay is deeper (18 m maximum) and frequently 
developed distinct thermoclines, generally during the period 
mid-May to mid-July. However, surface water temperatures 
often lagged behind upper bay temperatures and maximum 
readings sometimes did not occur until August. By early 
August, thermoclines were depressed to just above the bottom 
or had disappeared completely. Lowest dissolved oxygen levels 
(minimum 0.6 mg 0 2IL at station HB in August 1980) were 
recorded in or below the thermocline. Supersaturated oxygen 
conditions frequently developed in the euphotic zone and occa
sionally extended down to the thermocline or bottom. 

The lower bay stratified during the summer months but even at 
the deepest point (60 m) the temperature gradient from surface 
to bottom was gradual. Here, maximum surface temperatures 
did not develop until August and were never as high as in the 
upper or middle bays. Again, supersaturated oxygen conditions 
frequently developed in the euphotic zone, or even throughout 
the epilimnion, and sometimes extended to the bottom during 
the earlier part of the year. A gradual lowering of oxygen levels 
near the bottom over the summer months indicated that there 
was little or no vertical mixing of near-bottom waters. Oxygen 
concentrations as low as 1.3 mg 0 21 L were recorded at station 
GL in late August (1980). Dissolved oxygen conditions in the 
lower bay were examined more intensively by Minns and 
Johnson ( 1986). 

Total Phosphorus 

A gradation in total phosphorus (TP) existed between the 
upper and lower bays with the highest levels in the upper bay 
(Table I). Relatively large year-to-year fluctuations were com
mon during the pre-control years (Fig. 2). Pre-control con
centatrations in the euphotic zone ranged from 52 to 89 j.Lg P IL 
(seasonal means) in the upper bay, from 37 to 63 j.Lg PIL in the 
middle bay, and from 18 to 38 j.Lg PI L in the lower bay. These 
ranges of concentrations were similar to those reported by 
McCombie (1967) and Johnson and Owen (1971). 

The reduction in phosphorus loading after 1977 resulted in 
substantial decreases in the TP levels at all upper and middle bay 
stations, and station GL (Fig. 2). TP concentrations were 
reduced by 28-38% in the upper bay, 20% in the middle bay, 
and 15% at station GL. Station C concentrations were 
unchanged. The initial drop in TP occurred immediately in 
1978. However, in 1980 and 1981, TP concentrations began to 
increase again. At stations HB and GL the annual mean in 1981 
approached the pre-control period average. At station C there 
was a gradual, but slight, decrease in mean TP from 1972 to 
1978 (23-18 j.Lg P IL) followed by a gradual increase to 24 j.Lg 
P IL in 1981. 

On a seasonal basis, maximum levels of TP measured during 
the May to September period were also affected by the reduced 
phosphorus loading. Upper and middle bay stations clearly 
showed a reduction in seasonal maxima (Fig. 3). In the lower 
bay, a wide range of concentrations was measured and overall 
there was a slight increase in seasonal maxima. 
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At station B, during the early years of the study, there were 
frequently high TP levels measured during late July and early 
August, followed by a decline in late August, and an increase to 
high levels again in September. After phosphorus controls were 
implemented, the midsummer extremes diminished, and in later 
years TP levels increased gradually from relatively low levels 
(24-30 j.Lg P IL) in early May to a peak in September. Station 
HB responded in much the same way, although the midsummer 
peak was apparent only during the early years of the study. 
Higher near-bottom TP concentrations occurred more fre
quently during the latter half of the season. In the lower bay at 
station C, TP levels were generally low and uniform at all depths 
throughout the study. High concentrations were detected occa
sionally, but they were usually short-lived. Bottom water TP 
concentrations in late summer exceeded euphotic zone levels 
less often after phosphorus controls were in operation. 

Soluble Reactive Phosphorus 

Mean soluble reactive phosphorus (SRP) concentrations in 
the euphotic zone were high in the upper bay and decreased 
gradually toward the lower bay as in the case of TP. However, 
there was also a decline with time after 1972 at all stations which 
was probably related to detergent phosphorus legislation. 
Lowest mean values were recorded in 1979, ranging from only 1 
to 2 j.Lg PI L throughout the entire bay. Concentrations of SRP 
began to increase at all stations in 1980. By 1981, upper bay 
stations had average SRP levels as high as in 1972, and middle 
and lower bay stations were considerably higher than in 1972. 
Near-bottom concentrations followed a similar pattern but were 
not reduced as low in 1979. Lower bay stations had slightly 
higher average SRP concentrations near the bottom than in the 
euphotic zone, while upper and middle bay stations were similar 
at both depths. Many of the highest near-bottom concentrations 
were recorded at station LE. Mean mid-depth concentrations 
were always between the euphotic zone and near-bottom values. 

During the early years of the study, SRP levels were low in the 
spring and climbed gradually over the summer to a peak in the 
fall (Fig. 4). Although the concentrations sometimes varied, the 
pattern was basically the same in the euphotic zone and near the 
bottom. As overall concentrations decreased, so did the fall 
peak, until near-uniform seasonal values were measured in 
1979. In 1980, the higher fall levels began to reappear, and in 
1981 much higher concentrations were measured at all stations 
and at all depths. These increases were probably related to the 
gradual increase in phosphorus loading from the six sewage 
treatment plants along the bay (Minns et al. 1986). 

Nitrogen 

In the four years since phosphorus controls were imple
mented there has been a reduction in total nitrogen (TN) of 
13-20% in the upper bay and 3-4% in the middle bay, but an 
increase of 3-16% in the lower bay. 

Seasonally there has been little change in pattern in the upper 
and middle bays; TN generally increased over the summer to 
reach maximum concentrations in August or September. The 
increase was not uniform, however, and there was frequently a 
depression in TN in late August. In the lower bay, TN con
centrations have increased overall since phosphorus controls 
were implemented, with the largest increase occurring in May. 

The overall decrease in TN was associated with a relatively 
large reduction in total organic nitrogen (TON) reflecting lower 
algal biomass (Nicholls et al. 1986; Nicholls and Carney 1986; 
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TABLE 1. Comparison of pre- and post-phosphorus control studies throughout the world. Note: sampling periods and depths may vary between lakes 
but are consistent for each individual lake. 

Total phosphorus 
(!Lg/L) N:P ratio 

Chlorophyll a 
(!Lg/L) 

Secchi disc 
(m) 

Pre Post Pre Post Pre Post Pre Post 

Survey period 

Pre Post Source 

Lake Ontario 
Bay of Quinte 

Stn. B 
Stn. N 
Stn. HB 
Stn. GL 
Stn. C 
Toronto Harbour 

Open water 
Lake Erie 

Western basin 
Central basin 
Eastern basin 

Lake Muskoka 

78 
70 
53 
33 
22 
88 

23 

117 
19 
31 

48 11.0 14.1 
46 12.7 16.7 
40 14.3 17.5 
28 16.7 20.5 
22 20.8 24.4 
33 

16 

so 
21 

27.9 
29.3 
22.0 
12.4 
7.3 

24 12.7 23.6 4.9 

15.0 
19.8 
16.5 
10.2 
5.8 

4.4 

1.2 
1.2 
1.4 
2.0 
2.9 

1.3 
1.2 
1.4 
2.0 
2.8 

1972-77 
1972-77 
1972-77 
1972-77 
1972-77 

1978-81 
1978-81 
1978-81 
1978-81 
1978-81 

1968 1976-78 International Joint 
Commission 1978 

1971-74 1979 Weiler 1981 

1968-73 1974-77 
1970-73 1974-78 

1973 1974-75 

Dobson et al. 197 4; 
Janus and 
Vollenweider 1981 

Dillon et a!. 1978; 
G. W. Robinson, unpubl. data 

Gravenhurst Bay 
Skaha Lake (B.C.) 
Shagawa Lake (USA) 

44 
30 
58 

23 13.2 28.4 9.8 
22 8.6 16.0 

6.3 2.5 
4.5 

3.5 1969-71 1972-82 
4.2 1968-71 1973-81 Nordin 1983 

36 22 16 1.8 2.4 1971-72 1974-80 Larsen et al. 1979; 

L. Washington (USA) 63 18 33 5 1.1 

Larsen and Malueg 1980 

4.5 1961-63 1969-80 Edmondson and 
Lehman 1981 

Lake Boren (Sweden) 41 18 13 34 10 6 1.5 1.9 1974 1975-76 Forsberg 1977; 
Forsberg eta!. 1978 

Lake Ekoln (Sweden) 78 46 IS 41 25 10 1.6 2.0 1972 1973-76 Forsberg 1977; 

Lake Malaren (Sweden) 35 20 

Lake Norrviken (Sweden) 270 180 15.6 12.9 151 90 

Lake Vattern (Sweden) 10-15 7-8 

Wahnbach Res. (Germany) 

Millard and Johnson 1986). Total inorganic nitrogen (TIN) 
levels increased accordingly. In both the upper and lower bays, 
prior to phosphorus controls, there were extended periods when 
the TIN supply was almost exhausted. After 1978, particularly 
at station C, TIN levels were not reduced as severely. This 
represents an under-utilization of the available nitrate because 
of the lower algal densities. Ammonia levels were virtually 
unaffected (Fig. 5). 

Reactive Silica 

Before phosphorus controls were implemented, silica levels 
(as Si) were usually lowest in the spring and fall and highest 
during the late June to early August period. In 1978, however, 
tremendous increases were observed in the upper and middle 
bays. Springtime values were slightly elevated, but late summer 
concentrations rose as high as 10.7 mg/ L at the Belleville 
station in early September. Silica levels were still high in early 
October at the end of the sampling period. There was a gradual 
decline after 1978 but concentrations in the upper bay remained 
high relative to the precontrol period average (Table 2). In the 

Forsberg et a!. 1978 

3.0 4.3 1965-69 1974-78 Forsberg and 
Ryding 1980 

0.6 0.8 1969 1970-76 G. Ahlgren 1978; 
I. Ahlgren 1978 

7-8 10-12 1968-70 1978-80 Forsberg and 
Ryding 1980 

2.8 6.5 1969-70 1978-79 Bernhardt 1980 

middle bay, summertime silica levels fluctuated considerably 
but the spring and early fall were marked by very low con
centrations during the early years of the study. Again, in 1978, 
higher springtime values and very high fall levels were mea
sured. A similar decline occurred after 1978, but concentrations 
were still high relative to the precontrol information. At station 
C, silica levels were initially very low all year, but by 1976, 
summer and fall concentrations were slightly highe1: In 1978, 
much higher values were recorded in the spring and fall. By 
1980, silica levels were again fairly uniform, but higher, 
throughout the season. 

Chlorophyll a and Secchi Disc 

A chlorophyll a concentration gradient similar to that of TP 
existed throughout the length of the Bay of Quinte. Prior to 
1978, chlorophyll a concentrations in the euphotic zone ranged 
from 13.1 to 36.7 ~J.g/ L (seasonal means) in the upper bay, from 
12.9 to 23.6 ~J.g/L in the middle bay, and from 5.9 to 12.6 ~J.g/ 
L in the lower bay. The introduction of phosphorus controls 
resulted in an immediate drop in chlorophyll a concentrations at 
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FIG. 2. Mean total phosphorus concentrations in the euphotic zone at all eight stations for the period 
1972-81. 
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FIG. 3. Means and ranges of total phosphorus concentrations in the 
euphotic zone at stations in the upper (B), middle (HB), and lower (C) 
bays for the period 1972-81. 

all stations. The greatest decrease was in the upper bay where 
18-43% reductions occurred. In the middle bay, concentrations 
were reduced by 20%, and in the lower bay by 15-22% (Fig. 6a 
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and 6b). Chlorophyll a is discussed more thoroughly in relation 
to primary production by Millard and Johnson (1986). Secchi 
disc readings were correspondingly lowest in the upper bay, and 
highest in the Conway to Lennox area. Over the 10 yr of the 
study there has been little or no change in mean Secchi disc 
readings at any station. Year-to-year variation was 0.9 m or less, 
with the greatest changes occurring at the lower bay stations. 

Discussion 

On the basis of morphology the Bay of Quinte has tradi
tionally been divided into three sections: upper, middle, and 
lower bays. Sorensen's (1948) linkage method was used to 
demonstrate that the water at stations within each section is 
indeed chemically similar. The dendograms in Fig. 7 compare 
the annual means of TP, TN, and chlorophyll a for all years 
(1972-81) at all eight stations (T, B, N, HB, P, GL, C, and LE). 
More parameters could have been examined in this manner, but 
it was felt that these three were of fundamental importance and 
would be sufficient to demonstrate the relationships. 

Clearly, upper bay stations B and N are much more similar to 
each other (P < 0.05) than either of them is to any other station 
or group of stations. Similarly, lower bay stations CandLE are 
closely linked to each other, and show the greatest degree of 
dissimilarity to the other stations. This is undoubtedly because 
of the greater depths and the influence of Lake Ontario on this 
portion of the bay (Minns et al. 1986). Station GL is considered 
a lower bay station but is actually more closely linked with the 
upper and middle bay groups. The middle bay is the least well 
defined. In the cases of TN and chlorophyll a, station T is 
closely linked with station HB, while on the basis of TP it is 
linked with stations B and N. However, this may be more of a 
coincidence than an actual linkage, since the presence of mac
rophytes and the dilutional effect of the Trent River greatly 
influence water quality conditions in this area. Station Pis more 
closely linked with station HB than with station GL. 

This analysis suggests that grouping the stations geograph
ically is valid. The discrepancy with station T is explainable, 
and station GL seems to represent a transition between the 
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FIG. 4. Seasonal soluble reactive phosphorus concentrations at stations in the upper (B), middle (HB), 
and lower (C) bays for the period 1972-81.-, euphotic zone;-·-, mid-depth; ---,1m above bottom. 

middle and lower bays. McCombie (1967) came to a similar 
conclusion on the basis of morphometry, physical-chemical 
conditions, and biological productivity. 

Upper Bay 

The upper bay was typically warm and well oxygenated 
throughout most of the summer season. This was due mainly to 
the shallowness of the area and strong prevailing winds which 
kept the bay well mixed from surface to bottom much of the 
time. Consequently, water quality characteristics were generally 
uniform throughout the water column. High primary production 
rates (Millard and Johnson 1986) and dense macrophyte beds in 
some areas (Crowder and Bristow 1986) helped to maintain high 
dissolved oxygen concentrations during the time of day when 
sampling took place. 

All of the major rivers flowing into the Bay ofQuinte enter via 
the upper bay and most of the municipalities discharging treated 
wastes are also located on this section of the bay. Therefore, it 
follows that the upper bay is most affected by external loading 
and any response to reduced phosphorus loading should be 
apparent first in the water chemistry of the upper bay. The 
implementation of phosphorus controls and improved sewage 
treatment facilities reduced TP loading from over 300 kg PI d to 
an average of 71 kg PI d for the period 1978-81 (Minns et a!. 
1986; Minns 1986). 

As expected, the greatest reductions (28-38%) in TP 
occurred in the upper bay (Fig. 2). At the same time, a substan
tial reduction (13-20%) in TN occurred as a result of partial 
nitrogen removal which takes place during the process of phos
phorus removal. An analysis of variance between seasonal 
means in the upper bay showed a clear-cut division between the 
pre- and post-control periods for TP, and to a lesser degree for 
TN. 

The anticipated shift toward higher TIN levels because of 
lower algal biomass (Nicholls eta!. 1986; Millard and Johnson 

1986) was not immediately apparent in the upper bay, but after 
1978 there were no longer sustained periods of very low TIN 
levels. The 15-41% increase in TN in 1981 was mainly due to a 
large increase in nitrate (Fig. 5). These higher nitrate levels may 
indicate inefficient·plant operation as evidenced by higher load
ing (Minns et a!. 1986) and higher ambient TP and SRP levels in 
the bay beginning in late 1980. Since less phosphorus is being 
removed in the treatment process, it should follow that less 
nitrogen (in the form of NH3) is being removed. Nitrification of 
the wastewater after discharge to the bay would then result in 
higher nitrate levels. 

Since the decrease in TP was greater than the decrease in TN, 
TN:TP ratios (by weight) increased slightly at all three upper 
bay stations, indicating an improvement in water quality. The 
change does not compare, however, with the improvement seen 
in eastern Lake Erie, Gravenhurst Bay, Skaha Lake, or Lakes 
Boren and Ekoln in Sweden (Table 1). 

The decrease in TP was partly due to a decline in SRP. The 
fact that SRP declined gradually from 1972 until 1979 was 
probably a result of the phasing out of high-phosphate 
detergents, and the progressive improvement in efficiency of 
new plants as they were modified. 

Lower chlorophyll a levels resulted from the decreased level 
of available phosphorus. The overall decrease in chlorophyll a 
was not sufficient to cause an improvement in water clarity as it 
did in other similar studies (Table 1). 

A large proportion of the phytoplankton community in the 
upper bay consisted of diatoms (Nicholls and Carney 1979). 
With the decrease in chlorophyll a in 1978 came a correspond
ing increase in silica, since it was no longer being incorporated 
into diatom cells. The subsequent gradual decrease iri silica 
represented a recovery of the diatom population (Nicholls et a!. 
1986). 

As in Gravenhurst Bay the improvements in water quality 
occmTed rapidly, just as in the Bay of Quinte, and a new steady 
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FIG. 5. Mean ammonia (NH3) and nitrate (N03) concentrations in the 
euphotic zone at stations in the upper (B), middle (HB), and lower (C) 
bays for the period 1972-81. 

state was soon established (Dillon et al. 1978; G.W. Robinson, 
unpubl. data). It was not until a new treatment plant, which 
operated inefficiently at first, was constructed at Gravenhurst 
that TP, chlorophyll a, and phytoplankton biomass began to 
increase again. In the Bay of Quinte, the rising TP in 1981, SRP 
in 1980-81, and the steady-decrease in silica after 1978 may be 
an indication that optimum phosphorus control is not being 
achieved at the plants. The Gravenhurst Bay case has shown that 
strict operational controls must be maintained at wastewater 
treatment plants. Fortunately, Gravenhurst Bay quickly reverted 
to its improved condition after the technical difficulties were 
resolved. 

Middle and Lower Bays 

The middle and lower bays were also strongly influenced by 
wind-induced mixing and additionally by cold-water incursions 
from Lake Ontario. Together they frequently created internal 
seiches that disrupted temperature and oxygen regimes and 
modified water chemistry (McCombie 1967; Freeman and Prin
sen berg 1986; Minns and Johnson 1986). As a result, stratifica
tion in the middle bay lasted only until midsummer and most of 
the water column was well mixed for the remainder of the 
season. In the lower bay, unstable thermoclines allowed consid
erable vertical mixing and the hypolimnion became relatively 
warm. Minns et al. ( 1986) have hypothesized that these warmer 
temperatures may accelerate the breakdown of organic material 
produced in the euphotic zone or transported from upstream. 
With the next upsurge of hypolimnetic water these regenerated 
nutrients then become available for the current season's produc
tion. The fact that SRP levels tended to rise in the deeper waters 
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TABLE 2. Mean silica concentrations (mg/L) from weekly euphotic 
zone sampling in the May to October period for the pre- ( 1972-77) and 
post- (1978-81) phosphorus control periods. 

1972-77 
1978-81 

B 

0.68 
2.51 

N 

0.66 
1.89 

HB 

0.57 
1.46 

of the lower bay lends support to this theory. 

GL 

0.44 
0.90 

c 
0.41 
0.74 

In most cases the Lake Ontario incursions tended to dilute the 
ambient chemical levels of the bay (e.g. iron). However, in the 
case of chloride, Lake Ontario levels were higher than those in 
the upper bay. The fact that elevated chloride levels were 
detected as far upstream as station HB demonstrated the magni
tude of the Lake Ontario influence. The higher conductivity 
levels in the lower and middle bays were a result of the same 
influence. The diluting action of Lake Ontario was also respon
sible for the lower nutrient levels, initially, in the middle and 
lower bays compared with the upper bay. After 1978, tremen
dous improvements were apparent in the upper bay, but the 
improvement was not proportional farther downstream because 
of the moderating effect of Lake Ontario. TP concentrations in 
the open lake were typically 15 J.Lg P /L during the summer 
months (Weiler 1981). This value is slightly lower than those 
measured in the Conway area, but compares well with the 
information available for Lennox. Nevertheless, the amount of 
available phosphorus (as SRP) in the lower bay decreased 
because less organic material was being transferred from the 
upper bay and subsequently decomposed in the hypolimnion of 
the lower bay. As a result, a decrease in phytoplankton popula
tions occurred in the lower bay after 1978 even though TP 
remained about the same. Chlorophyll a levels were therefore 
lower, and the unused TIN increased (Fig. 5). TN therefore 
increased, and as a result, so did N;P ratios. 

In the middle bay, the improvements in water quality in 1978 
were probably due to a combination of the reduction in TP 
loading from upstream and the dilutional effect from down
stream. The minimal change in TN in this area was indicative of 
the transitional nature of this part of the bay. 

Conclusions 

The Bay of Quinte has responded in a positive way to the 
reduced phosphorus loadings, but time will be required for 
chemical conditions to reach a new steady state. Certain phys
ical and morphological features of the bay will tend to compli
cate the recovery mechanism by enhancing or restricting the 
various chemical and biological processes at work in the dif
ferent sections of the bay. 

The 1981 results may simply represent annual variation, but 
they may also be a forewarning of a reversion to pre-1978 
conditions. Flushing rates were high from 1978 to 1980 (Minns 
et al. 1986) and this may have partially accounted for some of 
the improvements observed. However, Owen (1981) reported 
that phosphorus removal in the summer months of 1981 was less 
successful than in the previous two years. 

It remains to be seen how long it will take the bay to stabilize 
chemically, and what role flushing has had on water quality 
improvements. But bearing in mind the Gravenhurst Bay study, 
it is absolutely essential that wastewater treatment plants be 
operated at optimum efficiency if long-term benefits are to be 
realized. 
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FIG. 6. Chlorophyll a concentrations (solid bars) in the euphotic zone and Secchi disc depths (open bars) at stations in the upper (B), middle (HB), 
and lower (C) bays for the pre- and post-phosphorus control periods. (a) Seasonal means; (b) Seasonal maxima. 
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FIG. 7. Dendograms of student's t values from a station-to-station comparison of mean annual total 
phosphorus, total nitrogen, and chlorophyll a concentrations at the eight Bay ofQuinte stations during the 
period 1972-81. Criteria for clustering followed Sorensen's (1948) method for complete linkage. 
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The Bay of Quinte is a eutrophic bay at the eastern end of Lake Ontario where point-source phosphorus 
loadings were greatly reduced from 1978 onwards. Loadings and budgets for phosphorus, nitrogen, and 
chloride are presented for the period 1965-81. Whole-Bay and sectional budgets are examined, including 
the effect of exchange flows with Lake Ontario. By calculation, the role of internal loading is examined. The 
point-source phosphorus loadings have decreased dramatically, while nitrogen and chloride are little 
changed. The upper Bay budgets are dominated by internal loading, and a "catastrophe" model is 
proposed to describe its behaviour. In the upper Bay, there has been a shift from external to internal loading 
control. In the lower Bay, the budgets are dominated by a "nutrient pump," such as that seen in estuaries, 
driven by the exchange flows with Lake Ontario. Overall, while significant water quality improvements 
have been recorded, further improvements should be expected in the future as the internal loading 
dissipates and control is returned to external loading once again. 

La baie de Quinte est un bassin eutrophe situe a l'extremite est du lac Ontario ou les charges locales en 
phosphore ant ete fortement reduites depuis 1978. Le present rapport porte sur les charges et les budgets 
du phosphore, de l'azote etdu chlore pour Ia periode 1965-81. On examine les budgets pour des parties et 
pour Ia totalite de Ia baie, y compris !'incidence des courants d'echange avec le lac Ontario. Le role de 
charge interne est aussi etudie a partir de calculs. Les charges locales en phosphore ant fortement diminue 
tandis que celles en azote et en chlore ant peu varie. Dans Ia partie superieure de Ia baie, les budgets sont 
domin~s par Ia charge interne; on presente un modele de charge maximale pour decrire son comporte
ment. A cet endroit, il y a aussi eu un deplacement du controle externe de Ia charge vers un controle 
interne. Dans Ia partie inferieure de Ia baie, une « pompe » de bioelements, com me celle observee en 
estuaire, domine les budgets; elle est sous le controle des courants d'echange avec le lac Ontario. En 
general, quoiqu'on ait signale des ameliorations importantes de Ia qualite de l'eau, on peut s'attendre a 
d'autres changements futurs a mesure que Ia charge interne se dissipe et que Ia charge externe rep rend le 
controle. 

Introduction 

Since the 1940's, the Bay of Quinte (BOQ) ecosystem has 
been degraded as •a result of excessive nutrient loading. Its 
condition has been marked by noxious algal blooms and loss of 
significant fish habitat (Johnson and Owen 1971; McCombie 
1967). Considerable changes in the warmwater fish community 
have been documented by Hurley and Christie ( 1977). The most 
recent change of note was the collapse of a large commercial and 
recreational walleye (Stizostedion vitreum vitreum) fishery at the 
end of the 1950's, a collapse which has been attributed to both 
direct and indirect effects of cultural eutrophication. 

main population centres on the Bay. They treated the Bay as a 
chain of five compartments, and serial transfers of water and 
nutrients were calculated. Their results showed that, while 
point-source inputs contributed only 40% of the absolute annual 
loading, the net loading, where displacement of nutrients due to 
river flows was allowed for, was dominated by the point-source 
inputs, i.e. the towns and cities on the shores of the Bay. The 
river inflows acted in general to dilute Bay waters. 

By the 1960's, the developed countries were beginning to 
address the problems associated with increasing nutrient 
loading of lake and rivers, as pointed out by Vollenweider 
(1968) and others. Johnson and Owen (1971) presented their 
1968 phosphorus and nitrogen budgets of BOQ and thereby 
brought attention to its nutrient problems. Subsequently, plans 
were set to build improved phosphorus removal facilities at the 

The purpose of this study is to present estimates of the 
loadings and budgets of phosphorus (P), nitrogen (N), and 
chloride (Cl), a conservative ion, over the period 1965-81. We 
intend examining changes in the budgets in relation to changes 
in hydrology and point-source inputs. This approach will be 
applied on an annual and summer (May to September) basis to 
subsections of the Bay. This supports one objective of Project 
Quinte, which is to determine the relationship among point
source P control, runoff, hydrodynamics, sediment
nutrient-dynamics, and biota in regulating P concentrations in 
the Bay. 

59 



LAKE ONTARIO 

10km 

SALMON 
RIVER 

NAPANEE 
RIVER 

PRINCE EDWARD BAY 

• TRENTON 'A' WEATHER STATION 
0 RIVER SAMPLING 
0 FLOW GAUGING * SEWAGE EFFLUENT INPUT 
& PROJECT QUINTE CRUISE STATION 
e OME MONITOR STATION 
6 JOHNSON AND CHRISTIE 1967-69 
~SECTIONAL BOUNDARY 

Flo. I . Bay of Quinte showing the location of the sampling stations, the point sources, and the sectional boundaries. 

The treatment of the Bay in sections is made necessary by the 
occurrence of significant water exchanges between the lower 
Bay (northeast of Glen ora) and the outlet basin of Lake Ontario 
(Prince Edward Bay) at the upper gap (Fig. I). Recent hydro
dynamic studies (Freeman and Prinsenberg I986; Prinsenberg 
I978) have demonstrated the occurrence of upwelling in the 
basin in the triangle between Glenora, Picton, and the south end 
of Long Reach. During the summer when the waters of the Bay 
are thermally stratified, there is a substantial backflow of water, 
at depth, through the Glen ora gap, which mixes with the outflow 
of the upper Bay below Long Reach. Further evidence indicates, 
at least in the summer, that water is always moving from Lake 
Ontario into the Bay through the upper gap and that the main 
outflow of BOQ is at the northeast end of Amherst Island. The 
exchange of BOQ and Lake Ontario waters can be estimated, as 
there is a large difference in the Cl concentrations of water from 
the two sources. The Cl budgets provide a means of examining 
this phenomenon and its effects on the nutrient and water 
budgets. 

Materials and Methods 

Morphometry and Drainage 

Morphometric parameters were determined using maps pub
lished by the Canadian Hydrogaphic Service. A 0.56-m 
correction was used to adjust depths for the difference between 
the map datum and the long-term mean lake level at Kingston. 
For much of the analysis, we treated the Bay as a three-compart
ment system: upper, middle, and lower. The upper Bay consists 
of the area from Trenton, past Belleville through Big Bay, past 
Napanee down to the end of Long Reach (Fig. I). Above this 
point, there was no evidence of incursions of high [CI] waters, 
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i.e. lower Bay water. The middle Bay consists of the area 
between the end of Long Reach, Picton, and Glenora plus Hay 
Bay, a shallow (I-2 m) expanse collecting the Wilton Creek 
drainage. The Glen ora gap is one of the narrowest points on the 
Bay. The lower Bay consists of the area northeast of Glenora, 
past Conway and Lennox out to the marked boundaries (Fig. I), 
the shallow sill at the upper gap, and the shallowest point 
halfway along Amherst Island. The lower Bay section is com
monly known as Adolphus Reach. Hypsometric curves illustrate 
the wide range of topography from the large shallow expanse of 
the upper Bay to the fjord-like trough of the lower Bay 
(Fig. 2). 

BOQ has a large drainage area (Table I) with a ratio of land to 
bay area of 70: I (Fig. 3). The area is almost equally divided 
between igneous and sedimentary rockforms (Fig. 3). The Trent 
River alone accounts for 67% of the drainage, with the Moira, 
Salmon, and Napanee rivers accounting for a further 26%. 
These rivers drain predominantly forested land with some pas
ture and cropland on the southern sedimentary areas. Wilton 
Creek and the many small drainage areas close to the Bay are 
mostly in agricultural use for crops, orchards, and pasture. 

Water Budget 

Nominal monthly water budgets were calculated for the three 
sections of BOQ using the following simple equation: 

Outflow = River inflow ( + above section outflow) 
+ Precipitation - Evaporation 

- Volume change 

The Trent, Moira, Salmon, and Napanee rivers and Wilton 
Creek are gauged (Fig. I) continuously by the Water Survey of 
Canada. Total river inflow from these sources was calculated by 
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FIG. 2. Hypsometric curves for the three Bay sections and the associ
ated morphometric data. 

prorating using drainage area ratios. For the miscellaneous 
drainage areas, the Wilton Creek flows were prorated rather than 
using an average of all gauged rivers, since the response of 
hydrographs to precipitation is more rapid in smaller drainages. 
The total river inflow to the upper Bay is equal to the sum of 
those from the Trent, Moira, Salmon, and Napanee rivers and 
5. 8 Wilton Creek equivalents. River inflow to the middle Bay is 
3.1 Wilton Creek equivalents and that to the lower Bay is 0.7 
equivalents. 

Rain and snowfall onto the surface of the Bay was assumed to 
equal the measurements available at the Trenton A weather 
station (Fig. 1). BOQ is usually frozen over from the end of 
December until the beginning of April. Therefore, we assumed 
that the January to March snowfall accumulated on the ice and 
was released into the Bay at ice-out so the accumulations enter 
the budget calculations in April. 

Given the large surface area of BOQ, particularly the large 
shallow area of the upper Bay, evaporation could not be ignored. 
However, it could not be calculated by the usual difference 
method of balancing inflow and outflow, since the outflow of the 
Bay cannot be measured directly. Meredith (1975) developed 
monthly regression equations to predict each of the main com
ponents, including evaporation of the water budgets of each of 
the Great Lakes. Those equations for evaporation were primarily 
linear functions of mean monthly air temperature and mean 
monthly surface water temperature. Using air temperature data 
from records of the Trenton A weather station and water tem
peratures summarized from regular measurements throughout 
the Bay, Meredith's evaporation equations for Lake Ontario 
were used to estimate the rates for the months April through 
December, when the Bay was ice free. Distinct rates were 
calculated for the three Bay sections, since surface water tem
peratures differed markedly. 

Mean monthly surface water temperatures for the three Bay 
sections were not available for the whole period of study. 
However, mean monthly temperatures for the intake at the 
Belleville water filtration plant were available for the whole 

period, and simple regressions were used to estimate missing 
values. 

Volume changes from month to month due to lake level 
changes were calculated using values for Kingston. Lake level 
changes in the BOQ reflect changes in the level of Lake Ontario, 
and there was no evidence that BOQ levels differ, even when 
inflows to the Bay are high. 

Rivers Inputs 

River inputs of P and N were previously reported by Minns 
and Johnson (1979), for the period 1965-74, for the Trent, 
Moira, Salmon, and Napanee rivers and Wilton Creek. The 
inputs were calculated using the rating curve technique adopted 
by Johnson and Owen (1971). Regressions were calculated for 
each river-year-substance combination with sufficient data 
using the following equation: 

logeM = loge a+ b logeQ 

where M = daily substance export (kilograms per day), Q 
daily flow (cubic metres per day), and a and b = regression 
coefficients. 
Previously, Minns and Johnson (1979) used a combined esti
mate of b across years for each river-substance combination. 
When the analysis was extended to cover the period 1965-81, a 
different approach was used, which made the greatest use of data 
to estimate that year's export. For river-year-substance com
binations with sufficient data and a regression result with a very 
high significance, the obtained regression equation was used. In 
cases where there were insufficient data, or the regression result 
was poor or insignificant, a common slope b from all other years 
was used to estimate a. For those river-year-substance com
binations with no data at all, the overall regression for all data 
was used. 

The regression equations were used to predict daily inputs 
from the five gauged drainages, suitably prorated. Inputs from 
the miscellaneous drainage areas (Fig. 3) were estimated by 
prorating Wilton Creek inputs. This procedure was justified on 
the basis of expected similarity of hydrographs and the sim
ilarity of land use (Table 1 ). 

Atmospheric Loading 

Monthly atmospheric loadings of P, N, and Cl have been 
measured at Trenton and Kingston airport weather stations since 
1969 by the Water Quality Branch, Inland Waters Directorate, 
Environment Canada. Methods and procedures have been 
described by Shiomi and Kuntz (1973) and by Kuntz (1980). 

At various times, different collectors have been used 
(Table 2). The samples are mostly monthly collections. At the 
time of this analysis, data up to 1 April 1981 were available. 
Deposition rates for total Kjeldahl nitrogen (TKN), nitrate + 
nitrate (N03 + N02 ), total P, and Cl were analyzed. Prelimin
ary analysis indicated no differences between stations or 
sampler type, so all data were pooled. There were a few extreme 
values in the data sets for each variable. These values were 
identified as outliers using the 95% confidence interval on loge
transformed data and were eliminated from further analysis. The 
rejected values were considered to represent contaminated sam
ples (Table 3). 

The monthly loading rates were analyzed for secular and 
seasonal trends as well as for a relationship with variables such 
as monthly precipitation at Trenton and mean monthly air tem
perature. 
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FIG. 3. Drainage basin of the Bay of Quinte with the drainages of the major rivers and the many 
miscellaneous areas delimited (crosshatching for igneous rockforms). 

TABLE I. Drainage areas and their land use around the Bay of Quinte.• 

Area 
Drainageb (km2) %urban % agriculture %forest % marsh/swamp 

Upper Bay Trent R. 12548.7 0.9 36.1 59.7 1.9 
Misc. A 114.5 11.2 68.9 17.1 
Misc. B 21.8 74.5 21.4 4.2 
Moira R. 2737.2 0.6 26.6 69.4 2.9 
Salmon R. 897.5 0.4 31.9 62.7 3.1 
Misc. C 110.0 7.2 69.9 19.5 
Misc. D 215.6 1.1 83.5 14.3 1.2 
Misc. E 231.8 0.1 63.1 28.0 8.4 
NapaneeR. 787.0 1.1 40.5 56.2 2.0 
Misc. F 28.1 
Misc. G 12.6 67.4 28.2 4.4 

Middle Bay Wilton Cr. 127.4 0.3 74.5 23.3 2.0 
Misc. H 220.0 
Misc. I 44.8 8.7 64.7 25.8 

Lower Bay Misc. J 22.9 82.6 17.4 
Misc. K 34.3 71.3 22.6 1.4 
Misc. L 22.0 82.6 17.4 
Misc. M 5.5 77.9 19.3 2.7 

Total 18181.6 1.0 37.1 58.7 3.3 

aDerived from Lands Management Information Systems/Lands Directorate, Environment Canada. 
bMiscellaneous drainages are shown on Fig. 3. 

Point-Source Inputs considered. Sewage treatment plant loadings were originally 
calculated from mean annual measured flows through the plants 
and the mean annual final effluent concentrations derived from 
six to forty-one 24-h composite samples. The frequency of 
effluent sampling for most plants and years has been less than 12 

There are five municipal sources of nutrients, situated at 
Trenton, Belleville, Deseronto, Napanee, and Picton. Inputs 
from two Canadian Forces bases at Trenton and Picton were also 
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TABLE 2. Disposition of precipitation collectors used by Environment Canada at 
Trenton and Kingston. 

Sampling 
Location Code l)rpe area (m2) Time span 

Trenton HKOI Bulk 0.0112 Aug. 1969-Aug. 1977 
HK02 Bulk 0.0506 Dec. 1972- Present 
HK07 Wet only 0.0314 Aug. 1977- Present 

Kingston HMO! Bulk 0.0112 July 1969- Present 

TABLE 3. Mean and standard deviation of source atmospheric loading data. 

Substance N Mean SD 

TKN 217 0.251 0.699 
N02 + N03 313 0.403 0.580 
p 315 -3.279 1.317 
Cl 309 0.521 0.939 

.. 
Wrap-around·· extrapolation procedure. 
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FIG. 4. IIlustration of the "wrap-around" extrapolation procedure. 

times annually, except for 'frenton, where between 12 and 26 
samples were taken in the years 1969-77. In 1976, sampling 
was generally increased for the purposes of monitoring and 
operational control asP removal was implemented. Since 1976, 
loading calculations have been done on a monthly basis, since in 
some years some plants show considerable seasonal variation. 
The point-source loadings estimated in the above manner com
pared well with per capita estimates (Minns 1986). 

Loadings due to bypassed sewage were not known. Overall, it 
has been estimated that bypass loading was about 10% of total 
sewage loading. Since these bypass releases occur in seasons of 
high river flow, we increased the estimates by I 0% and apply the 
additional loading to the months of March and April (2.5% 
each) and November, December, and January (1.7% each) when 
river flows are highest. 

Loadings in the Trenton area were augmented by inputs from 
two industrial sources. In Deseronto, loadings were augmented 
by seasonal inputs from a vegetable processing plant. The 
processing season runs from June to November, and for the 
remainder of the year loadings were negligible. A treatment 
plant was installed in 1973 which reduced loadings early in the 
season, but the plant was overloaded in August and September. 
Changes in inputs from the Canadian Forces base at 'frenton 
have generally paralleled those from the city. Inputs from the 
base at Picton ceased when the base closed in 1969. 

Bay Substance Concentrations 

All available measurements of P, N, and Cl in the Bay were 

No. rejected Detransformed 
at 95% level mean(mg·m-2·d-l) 

10 1.285 
14 1.496 
13 0.038 
12 1.684 

assembled. The analyses were all performed by the Ontario 
Ministry of the Environment (OME) either as a result of 
monitoring cruises or as part of Project Quinte activities, using 
methods described elsewhere (Ontario Ministry of the Environ
ment 1975). 

In the years 1967-69, sampling was carried out monthly or 
twice monthly during the ice-free season (Johnson and Owen 
1971; Christie 1973a, 1973b). Most data were obtained for 
stations at Big Bay, Glenora, and Conway (Fig. 1) and consisted 
of both depth-integrated samples and point samples at depth. 

In the years 1967-69, 1972, and 1974, OME conducted 
monitoring cruises through BOQ at 18 stations, three to five 
times in each year. Sampling at each station consisted of a 
surface-integrated sample and point samples at 10-m intervals 
on three successive days. 

Since Project Quinte began in 1972, a weekly cruise has been 
conducted at seven stations (eight, 1975-78; five, 1979-81) 
throughout the Bay (Fig. 1) from the end of April or beginning 
of May until the beginning of October. In addition, in some 
years, samples were collected at connecting channels in the Bay 
at Belleville, Deseronto, and Long Reach. A few samples were 
collected in the winter months, but only rarely because of ice
related logistic problems. The samples at each station consisted 
of an integrated sample of the euphotic zone, i.e. twice the 
Secchi depth, and a point sample taken I m from the bottom. 
After 1977, mid water point samples were taken at the Glen ora 
and Conway stations. 

Samples taken during the period 1972-77 were rarely ana
lyzed for Cl, but always for sodium (Na). Since there was a good 
correlation between these two conservative ions, we converted 
Na values to Cl equivalents. In 1978, all samples from Project 
Quinte cruises were analyzed for both ions and a regression 
equation was calculated: 

Cl (mg·L -I) = -1.695 + 2.1214 Na (mg·L - 1) 

N = 466, r = 0.942. 
This equation was used for the conversion. 

Statistical analysis of Project Quinte water quality data 
provided the basis for the reduction in station number from 8 to 5 
after the 1978 field season, and provided a rationale for treating 
the Bay in three sections. The upper Bay stations at 'frenton, 
Belleville, and Napanee were generally similar, as were the 
stations at Conway and Lennox. From Napanee to Conway, the 
stations at Hay Bay, Picton, and Glenora followed a steady 
trend, although Picton was more similar to Hay Bay and Glenora 
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FIG. 5. Monthly water budget of the Bay of Quinte by component, 1965-81. 

lay midway between those stations and Conway. Analysis of 
surface data also indicated that data collected within calendar 
months were relatively homogeneous. 

On the basis of these results, the data on P, N, and Cl were 
summarized by computing time-weighted depth-integrated 
monthly means. The upper Bay was summarized as a single unit 
and then the stations in the Deseronto and Napanee area were 
taken to represent the effluent concentration of the upper Bay. 
The middle Bay was composed of two layers, surface (0-5 m) 
and bottom (> 5 m), drawing on data from the Picton- Hay Bay 
area stations. The lower Bay was also composed of two layers, 
and three sets of means were calculated: (i) data from the 
immediate vicinity of the Glenora gap defined the boundary 
between the middle and lower Bay sections; (ii) data from all 
lower Bay stations defined the lower Bay section concentrations; 
and (iii) data from the Conway-Lennox area defined con
centrations at the outer boundary of the Bay. 

Mean monthly concentrations were available, in most 
instances, only for the period April to October, and con
sequently, a method of extrapolation to the winter months was 
sought. For P, N, and Cl, good correlations were obtained 
between mean monthly concentrations and mean monthly sec
tional outflow from the water budget for all I 0 stations. 
However, when extrapolate~ to winter months when flows were 
generally much higher, the values predicted appeared ridicu
lous. Consequently, an interpolation method was used. Each 
year was assumed to "wrap around" on itself whereby each 
December followed its January, and values were then interpo
lated linearly (Fig. 4). The few data values available in the 
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winter do not refute this assumption. An alternative method 
would have involved using previous and following years' data. 
This would not have produced appreciably different results, but 
at the start and end of groups of years a variant method would 
still have been necessary. 

Chloride data from several stations in the outlet basin of Lake 
Ontario were used to define the source concentration for any 
water budget adjustments based on Cl imbalances. Available 
data were compiled from the files of the Water Quality Branch, 
Inland Waters Directorate, Environment Canada. All values in 
any month were pooled to give a mean monthly value. There 
was a definite secular trend in Cl levels, which fit a simple 
quadratic equation using year as an independent variable: 

Cl (mg· L- I) = 25.24 + 0.5952 (Year - 1964) 

- 0.03254 (Year - 1964)2 

N = 73, r = 0.72, F = 15.64 on 2,70 df. 

This regression was used to estimate annual [Cl] values for the 
period 1965-81. There were insufficient data to define bound
ary conditions for P and N in the outlet basin. The few P values 
available were slightly lower than those found in the Con
way-Lennox region of the Bay, as might be expected. 

Seasonal and secular trends in nutrients and other parameters 
throughout BOQ are reviewed elsewhere by Robinson (1986). 
Most of the waters of BOQ are well mixed at all times and 
consequently the limited numbers of stations and sampling 
depths are considered adequate for estimating the nutrient con
tent and output of Bay sections. 
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Results 

Water Budget 

These budgets were calculated as reference points without 
any correction for exchanges with Lake Ontario. River flows 
dominated the budget of BOQ (Fig. 5) on an annual basis. There 
were pronounced seasonal differences, with flow rates at their 
lowest in the summer period. Peak flows generally occurred in 
the March to April period. Flushing rates bighlight the summer 
versus the rest of the year differences (Table 4). The whole bay 
may be flushed 2.00 to 3.20 times a year, but only 0.25 to 1.03 
tim~s per su~~er of 153 d (I May to 30 September). The Bay 
sections exhibit a range of flushing regimes, with the middle 
Bay being the most dynamic. 

River Inputs 

River inputs fluctuated from year to year along with variation 
in runoff (Fig. 6). Both Nand Clloadings appeared to increase 
slightly over the period, while P loading decreased. Mean 
summer inputs were much lower than annual inputs. Although 
the summer represents 41% of the calendar year, P input varied 
from 11.9 to 35.4%, N from 10.6 to 35.3%, and Cl from 12.6 to 
~4.8%. Loading and flushing rate per summer or year (propor
tiOnal to runoff) were strongly related (Fig. 6) although most 
weakly for P. Also, mean summer input concentrations were 
higher than mean annual levels. 

Atmospheric Loading 

Analysis of variance for monthly variation showed that P, 
TKN, and N02 + N03 showed effects, in that order, while Cl 

showed no effect (Table 5). TKN and P loading rates are higher 
in the summer months. N02 + N03 show significant variability 
from month to month, but with no consistent trend. 

Loading rates were then regressed with mean monthly air 
temperature, rainfall, and snowfall, as well as with year, to look 
for secular trends. The following significant regressions were 
obtained: 

loge(TKN) = -0.2509 + 5.726 Rain 

+ 0.0161 Temperature 

r = 0.474, F = 29.59 on 2,204 df 

loge(N02 + N03 ) = 1.3036 + 5.896 Rain 

loge(P) 

- 0.0160 Year 

r = 0.470, F = 42.02 on 2,296 df 

= -3.740 + 0.0544 Temperature 

r = 0.484, F = 91.87 on 1,300 df . 

With Cl, no significant predictive equations were obtained. 
The monthly inputs to BOQ were calculated for P and N 

(TKN + N02 + N03 ) using the regressions above, while 
a fixed value was used for Cl based on the log-mean 
(1. 615 mg · m- 2 • d- 1 ). Use of fixed values for P and N loading 
would not have altered the overall loadings very much, since 
atmospheric loading is only a small proportion. 

Input~ of P and N are higher in the summer (Fig. 7) although 
overall mputs are much lower than river inputs. 

Point-Source Inputs 

There have been significant changes in P loading from point
sources over the period 1965-81 (Fig. 8). Before major 
improvements in sewage treatment were implemented 1978, 
there had been a decline in inputs from over 300 kg·d- 1 down 
to about 200 kg· d- 1, a 33% reduction. Once the new treatment 
plants were operational, a further reduction was achieved with a 
drop from 200 kg· d- 1 down to an average for 1978-81 of 
84 kg· d- 1 . The improvements prior to 1978 were due to two 
things, a general reduction of the level of phosphates in house
hold detergents and an upgrading of existing sewage treatment 
facilities. Further, since 1978, summer loadings have been 
reduced by the use of chemically enhanced P removal. 

Nitrogen inputs from point-sources remained steady over the 
whole period. Chloride inputs increased during the early 1970's 
and have been relatively level since. 

Uncorrected Whole-Bay Budgets 

We constructed uncorrected budgets, i.e. without the incur
sions of Lake Ontario waters (Table 6). As expected, the Cl 
budgets exhibited high negative retention (output > input). 
Nitrogen and P budgets indicated a moderate to high retention 
typical for temperate lakes (Numberg 1984). ' 

Total annual external P loading averaged 1.4 g·m-z·yr-1 
prior to 1978 and 1.25 since, 88% of former levels. Summer 
loadings averaged 2.7 mg·m- 2 ·d- 1 prior to 1978 and 1.9 
since, 69% of former levels. Nitrogen and Clloads fluctuated 
with changes in mnoff. Nitrogen loading ranged between 49.7 
and 106.2 mg·m- 2 ·d-I annually and 17.3 and 59.4 in the 
summer. 

Annual point-source P inputs contributed 16-38% of the total 
external load up to 1977 and 5-14% since. The corresponding 
summer values were 20-54 and 9-18%. This contribution was 
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TABLE 5. Analysis of variance for seasonal effects on monthly 
atmospheric loading rates (**significant atp < 0.005; NS, not signifi
cant at p< 0. I 0). 

Error Treatment 
Substance df MS MS Ratio 

TKN II ,195 0.2864 1.3084 4.57** 
N02 + N03 11,287 0.1596 0.4731 2.96** 
p 11,301 0.9494 9.5391 10.05** 
CI 11,296 0.6555 0.7645 l.l7NS 

inversely related to the uncorrected flushing rate, which is 
proportional to runoff (Fig. 9). Point-source N inputs contrib
uted 6-22% of the total in the summer and4-9% annually. The 
bulk of Clloading came from the rivers. 

Corrected Bay Budgets 

The Cl imbalances in the middle and lower Bay sections 
(Fig. 10) were used to estimate the exchange backflows from 
Lake Ontario. Simple mass balance equations were used rather 
than advection-diffusion equations. For each section, the out
put of Cl was set equal to inputs plus the change in storage, as 
follows: 

(1) ( QM + QI) [Cl]M = EM + QI [Cl]L + !:::.SM 

(2) ( QL + QI + Qz) [Cl]L = EL + Q2 [Cl] 0 + QI [Cl]M 

+ !:::.SL. 

These can be rearranged: 

(3) QI = (QM[Cl]M- !:::.SM- EM)I([Cl]L- [Cl]M) 

(4) Q2 = ( QL [Cl]L - !:::.SL - EL + QI ( [Cl]L 

- [Cl]M) I ( [Cl] 0 - [Cl]L) 

where QM and QL = net middle and lower Bay outflows, Q I and 
Q2 = middle/lower and lower/Lake Ontario exchange back
flows, [Cl]M, [Cl]L, and [Cl]0 = middle and lower Bay outflow 
and Lake Ontario Cl concentrations, EM and EL = upstream 
loading to middle and lower Bay sections, and !:::.. S M and !:::.. S L = 
section changes in store of Cl, middle and lower Bay. Equation 
(3) is solved first and then (4) month by month, taking into 
account storage changes, upstream inputs, and net outflow. The 
backflows QI and Q2 were then used to correct the P and N 
sectional budgets. The flows were considerable compared with 
net Bay outflow ( QL) (Table 7). 

To do the calculation, it was necessary to have monthly Lake 
Ontario [P] 0 and [N]0 values. There were incomplete data for 
[P] 0 and only a few values for [N]0 . To work around this 
problem, one solution would have been to assume that [P] 0 = 
[P]L and [N] 0 = [N]L. However, this leads to backflow loading 
and retention being overestimated. Another approach, which we 
adopted, involved the assumption that there is a fixed rela
tionship between lower Bay and Lake Ontario nutrient con
centrations. From summer surveys on Lake Ontario between 
1969 and 1981 , there were 29 mo in which there were [P]0 
values for the outlet basin. Lake Ontario [P] 0 was on average 
3 J-Lg · L- I less than the lower Bay outlet [P]L, although this was 
a highly variable relationship. As a minimum correction for the 
whole Bay and sectional budgets, we assumed the following: 

(5) [P] 0 = [P]L - 0.003 mg· L- I 

(6) [N] 0 = [N]L·([Ph- 0.003)/[P]L. 

This has the effect of assuming that (i) changes in the lower bay 
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FIG. 9. Relationship between point-source loading as a percentage of 
total external loading and the uncorrected Bay flushing rates. 

have been mirrored by changes in Lake Ontario (a reasonable 
assumption given widespread efforts to reduce P loading), (ii) 
Lake Ontario backflow always displaces higher concentration 
water, thereby reducing retention, and (iii) N: P ratios are sim
ilar in the lower Bay and Lake Ontario. The assumptions made 
here are an important contributor to the overall uncertainty in 
these analyses. It is extremely unlikely that Lake Ontario 
nutrient levels were equal or greater than lower Bay ones. If 
Lake Ontario nutrient levels were lower than assumed here, 
there would be a shift from positive toward zero or negative 
retention values, enlarging the role of internal loading, i.e. 
sediment reflux. 

The corrected whole-Bay budget for P and N (Table 7) illus
trate the importance of the Lake Ontario backflow. The back
flows ( Q I, Q2 ) were generally of the same order as the net 
outflow ( QL ). Total loads of P and N were greatly increased and 
retention values were much lower. 

The Lake Ontario backflow only affects the middle and lower 
Bay sections. Lower Bay conditions were controlled equally by 
upper Bay transfers and backflow. Any response to reduced P 
loading was most likely to be seen in the upper Bay budgets. 

Sectional Budgets 

The same correction method was used for sectional budgets 
with the addition of two compartment backflows. There was a 
backflow from the lower to the middle Bay and a backflow from 
Lake Ontario to the lower Bay (Fig. 10). In addition, we made 
calculations, separating sedimentation and sediment release 
(reflux) of nutrients. 

Sediment reflux rates were calculated by estimating sedimen
tation, allowing for storage changes, and then forcing monthly 
budgets to balance. Charlton (1975) reported P sedimentation 
rates, corrected for resuspension, in limnocorrals sited in BOQ 
near Napanee. He found an average Ploss of2.9%·d- I in a4-m 
layer. This result can be used to estimate a mean sinking rate of 
0.115 m·d- I for total P. This value compares with results 
obtained by Johnson and Brinkhurst (1971) and C. K. Minns 
(unpubl. results) (Table 8). The former results were not cor
rected for resuspension, while the latter were. The sinking rates 
calculated from these data straddle the rate obtained by 
Charlton. Since Charlton's sinking rate was obtained under 
controlled conditions, we decided to adopt that rate for calcula
tions. Since sedimentation is the result of material "sinking" or 
settling out of the water column, it is more logical to use a fixed 
sinking rate for all locations than to use a fixed loss coefficient. 
Fixed sinking rates are a central feature of general nutrient 
budget models (Dillon 1974; Chapra 1982). 

The uncorrected Cl budgets indicate the extent of the flow 
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TABLE 6. Loadings (kg·km2·d-l = mg·m-2·d-l) and retention values for P, N, and 
Cl in the whole Bay of Quinte, 1965-81, uncorrected for Lake Ontario backflows. 

Load 

Annual 
1965 5.3 
1966 4.2 
1967 4.6 
1968 4.1 
1969 3.8 
1970 3.4 
1971 3.3 
1972 4.6 
1973 4.0 
1974 4.4 
1975 2.9 
1976 3.2 
1977 2.6 
1978 3.0 
1979 5.4 
1980 2.4 
1981 2.9 

Summer 
1965 3.2 
1966 2.5 
1967 3.6 
1968 2.6 
1969 3.3 
1970 2.6 
1971 2.4 
1972 3.9 
1973 2.2 
1974 3.2 
1975 2.1 
1976 2.1 
1977 1.3 
1978 1.6 
1979 2.4 
1980 1.5 
1981 2.0 

River+ Point +Atmospheric 
Source 

External Load 

H' 

p 

%retention 

39.0 
39.6 
33.1 

47.8 
26.6 
51.6 
51.5 
45.2 
51.5 
50.8 
70.6 
30.3 
31.9 

20.2 
49.0 
52.7 

49.6 
60.2 
55.1 
67.3 
65.3 
77.3 
59.1 
69.8 
24.6 
39.1 

R+P+A 

E L 
I 
I 
I , .. 
I 
I 
I 

Store Outout ... 
~>.Store ~ 

~~ 

't w 
Sedimentation Reflux 

N 

Load %retention Load 

54.8 1006.4 
48.1 1030.5 
76.9 22.4 1743.9 
48.7 24.6 976.4 
64.9 39.5 1072.2 
44.7 923.0 
49.7 962.2 
70.8 39.7 1327.8 
68.3 27.0 1622.2 
70.1 17.2 1424.5 
58.3 46.0 1174.0 
61.9 30.7 1278.2 
46.6 39.4 1122.9 
63.9 31.2 1418.5 

101.6 55.5 1611.6 
106.2 57.5 1549.5 
66.4 34.4 1642.1 

30.5 213.4 
26.3 184.0 
55.4 25.2 314.0 
27.2 42.8 204.4 
55.9 42.7 386.8 
34.0 285.7 
31.3 263.6 
59.4 39.1 498.4 
32.2 48.4 256.1 
49.6 43.8 364.8 
33.6 51.2 215.0 
34.9 49.7 285.9 
17.3 59.2 140.7 
33.2 27.3 304.6 
44.7 55.2 209.1 
57.3 56.3 269.8 
45.2 40.9 357.9 

R +P+ A 

I EL 
I 
I 
I , .. 
I 

Om .. , 
I 
I 
I O~t .. 

1;;' 01 .-,, 
'' v 

Upper Bay Middle Bay Lower Bay 

Cl 

%retention 

-247.6 
-160.2 
-131.0 

-122.1 
-192.9 
-171.1 
-191.4 
-154.8 
-166.2 
-147.2 
-288.0 
-250.7 
-211.9 

-220.8 
-184.7 
-126.5 

-97.3 
-173.4 
-169.4 
-141.0 
-198.8 
-138.1 
-113.8 
-223.9 
-240.9 
-188.7 

I 
I 
I 
I 

Ql .. -I 
I 
I Out 

"" 
In 02 

~ 

L. Ontario 

FIG. I 0. Conceptual model of sectional budgets for the Bay of Quinte. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 

TABLE 7. Calculated mean annual and summer uncorrected Bay outflows (QL, !06 m3 ·d-1 ), exchange backflows 
from Lake Ontario (Q 1, Q 2, J06 m3·d-l ), and corrected whole Bay nutrient budgets (mg· m-2·d-1), 1967-81. 

Exchange backflow 
Net Bay 
Outflow 

(QL) 
Middle lower Lower Lake Ontario 

p N 

Year 

Annual 
1967 
1968 
1969 

1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 

Mean 

Summer 
1967 
1968 
1969 

1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 

Mean 

23. I 
15.8 
18.1 

22.7 
21.7 
21.5 
16.7 
19.7 
14.5 
19.6 
22.1 
20.4 
19.8 

19.7 

15.7 
7.6 

14.7 

18.9 
9.5 

15.0 
9.0 

10.2 
3.8 

10.1 
9.7 

12.0 
12.5 

10.7 

(Q 1) (Q z) 

43.3 
23.2 
58.9 

149.6 
267.7 

43.6 
59.8 
24.7 
87.9 
25.4 

221.4 
161.5 
59.2 

94.3 

16.4 
5.5 

21.9 

19.7 
37.8 
27.3 
31.9 
29.8 
19.2 
19.2 
33.9 
31.7 
24.6 

24.5 

57.9 
25.7 
23.0 

24.6 
35.9 
42.3 
28.7 
28.3 
23.3 
76.5 
60.2 
57.4 
61.8 

42.0 

32.3 
46.2 
38.0 

31.6 
33.6 
59.0 
36.4 
57.3 
21.2 
65.3 
75.3 
70.1 
48.8 

47.3 

Load 

9.6 
6.1 
5.8 

6.0 
7.9 
6.3 
4.6 
4.8 
4.4 
4.7 
7.9 
5. I 
8.0 

6.2 

6.3 
4.5 
4.6 

4.6 
3.3 
4.3 
2.5 
3.8 
2.0 
2.1 
3.2 
3.2 
4.7 

3.8 

%retention 

15.0 
24.2 
24.5 

33.2 
8.0 

32.2 
31.4 
29.2 
25.3 
27.9 
44.5 

2.4 
-0.9 

22.8 

3.9 
20.1 
41.9 

37.7 
39.5 
36.7 
55.4 
38.7 
52.0 
43.5 
47.9 

-3.7 
0.1 

31.8 

Load 

177.4 
75.3 
88.4 

95.2 
132.0 
I 15.3 
91.7 
93.7 
86.2 

106.9 
166.4 
179.4 
182.4 

122.4 

98.1 
49.0 
73.1 

74.0 
52.3 
71.4 
43.1 
69.9 
32.3 
46.6 
67.3 
99.5 

I 11.6 

68.3 

%retention 

2.7 
9.0 

24.1 

26.2 
8.1 
0.3 

23.8 
12.1 
13.7 
6.1 

25.6 
24.8 
2.2 

13.7 

10.3 
15.9 
25.5 

24.0 
28.6 
24.8 
37.4 
21.4 
28.7 
7.9 

29.6 
24.9 
6.3 

22.3 

TABLE 8. Sedimentation and sinking rates in the Bay of Quinte. 

Depth 
(m) 

Sedimentation Sinking rate 
Location Year (%P·d-l) (m·d-l)b Source 

Glenora 

Conway 

Big Bay 
Big Bay 
Glenora 
Limnocorral 

20.0 

35.0 

5.0 
6.0 

20.2 
4.0 

aCorrected for resuspension. 

1967 0.87 
1968 1.32 
1967 0.67 
1968 0.54 
1977 2.41a 
1978 0.84a 
1978 0.29" 

2.9a 

bSinking rate = sedimentation rate X depth. 

adjustments (Fig. 1la). The results for the upper Bay gave some 
indication of how closely the CI budget can be balanced. Five of 
13 annual budgets and 9 of 13 summer budgets were within 
20%. The middle and lower Bay generally showed highly nega
tive retentions, as expected. The levels tended to be fairly 
stable, indicating that the sectional exchange flows did not vary 
widely, as shown for the whole Bay (Table 7). 

The reduction in point-source P loading was evident in the 
upper Bay summer budgets (Fig. lib). Elsewhere with P, effects 
were not discernible. Retention rates were highly variable, but 
some characteristics were observed. Upper Bay P budgets 

0.174 Johnson and Brinkhurst 1971 
0.264 
0.235 
0.189 
0.121 C. K. Minns (unpubl. data) 
0.050 
0.059 
0. I 15 Charlton I 975 

tended to exhibit negative retentions, particularly in the sum
mer, indicating that the sediments were a source of P. In the 
middle Bay, P retention was positive on average in the summer 
and the annual retention averaged near zero, and indicating that 
in the winter the sediments are a source of P removed by the high 
flushing regime. In contrast, lower Bay P retention averaged 
near zero in the summer, while indicating positive retention 
overall. In the lower Bay, summer retention was near zero 
because of the back flow-driven recirculation of P from the 
hypolimnion to the epilimnion. 

With N retention (Fig. llc), there appeared to be a shift from 

69 



70 

1 mg·m-2·d-

~ 
~ 500 

i 
:::> 500 
(f)~ 

~ 1000 
::::> 
0 

~ 1000 

~ 500 
...J :s z z 
<( ~ 500 

~ 
51000 

mg-m-2-d-1 
I-

ffi ::;: 
::;: 
::> 

~ 5 
;;:; 

(/) ~ 5 

...J :s z z 

I= 
::::> 
0 10 

<( ~ 5 
a. 
~ 
0 10 

(a) CHLORIDE 

+ve 

50 

-
} 
~ 

0 

50 

100 

-ve 
UPPER BAY 

+ve 

50 

. 0 

50 

100 
-ve 

67 69 72 74 76 78 80 

(b) PHOSPHORUS 

+ve 

~~ 
---~"50 

UPPER BAY 

100 

-ve 

+ve 

50 

-1-t+t-t-H+t-t-H-to 
.. ·· . 

50 

100 

rn .... r-~4. .. ~-ve 
6769 7274767880 

+ve 

2500 100 

0 0 

2500 , 100 . . 
VMIOOLE SAY 

200 

-ve 

+ve 

5000 100 

0 ~ 0 

w 5000 100 

/ 
I 200 .. , -ve 

67 J:'. 72 74 76 78 80 

YEAR 

+ve 

25 25 

o+t-t-H-1··· +H-1++-h~ H'-1-1-o 

25 25 

50 50 

MIDDLE BAY -ve 
1---

+ve 

100 nO. mn- ~- 25 

o,utlJ .. ~ ~ o 
100 25 

200 

I 

50 

~-rr .. no-rrhnlno~-ve 
87 69 72 74 i8 78 80 

2500 

0 

2500 

5000 

0 

5000 

25 

25 

100 

200 

. 
\-/ 

LOWER BAY 

hl 
~-·· . 

I 
67 69 7274 78 78 80 

+ve 

100 

100 

z 
200 0 

-ve ~ 
w 

+ve a: 
!z 

100 w 
0 

100 

200 
-ve 

+ve 

25 

25 

25 

~ 

50 

~-rrrrno-rrhnlno~-ve 
67 69 72 74 78 78 80 _L ____ _L __________ ~ 

YEAR 
(c) NITROGEN 

mg·m-2·d-1 

I-

ffi 
~ 
::> 

::> a.. 100 
;;:; 

(/) 1- 100 
::::> 

...J :s z 
~ 

~ 
0200 

1-
~100 
;;:; 

~ 100 
a. 
~ 
0200 

UPPER BAY 

+V9 

500 

o+tt+l-llff-l+t·+ 

500 

100 1000 

-ve 
MIDDLE BAY 

+ve 

10 500 

10 500 

20 1000 

-ve 

+ve 

•

+ve 

=1- •1- 10 

10 

-
20 a 

LOWER BAY 
-ve ~ 

!!! w 
+Ve c: 

1--+VB A J 
50 2000 1 1 

0 n-n 11-fl- A 0 

2000 ~rr hJt n 10 ; 

OlJUl~ J 

10 

u-L JJ-~U; W 
50 2000 v 10 2000 

100 4000 20 4000 

hn""rrrnHh1 .. ~-ve 
67 69 72 74 78 78 BO 

YEAR 

20 

h--,..-~no,...lhn-or~-ve 
87 69 72 74 76 78 80 

FIG. II. Sectional annual and summer inputs, outputs, and retention values for 1967-69 and 1972-81 
for (a) Cl (uncorrected), (b) P (corrected), and (c) N (corrected). 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
II 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

TABLE 9. Calculated summer mean sediment reflux rates 
(mg· m-2·d-l) for P and N in the three sections of the Bay. 

p N 

Year Upper Middle Lower Upper Middle Lower 

1967 9.7 9.3 5.3 160.1 134.9 137.7 
1968 10.3 8.6 0.7 126.6 99.8 92.0 
1969 10.8 11.0 14.1 178.7 20.5 84.1 
1972 7.7 10.3 7.6 100.8 79.9 116.8 
1973 11.3 17.0 1.1 122.0 87.0 82.8 
1974 10.3 10.6 5.1 117.8 83.8 -24.9 
1975 9.0 15.2 3.6 124.2 186.4 15.6 
1976 8.0 8.0 6.8 107 .8 117.2 24.3 
1977 9.2 8.5 5.0 115 . 1 105.3 45 .5 
1978 6.0 4.3 3.9 90.4 76.2 -11.0 
1979 8.1 2.8 1.7 124.6 95.6 -18 .6 
1980 5.7 8.0 -0.2 121.4 116.5 - 1.2 
1981 5.0 6.6 6.9 115.1 113.3 52.7 

zero to positive in the upper Bay after point-source P control, 
although the 1981 values dipped back toward the mean. In the 
middle and lower Bay sections, the range of retention values was 
much narrower ( ± 10%) compared with the upper Bay 
(±50%). The middle Bay tended to have positive retention in 
the summer, while averaging zero on an annual basis. The lower 
Bay annual retention was often close to zero, while recently, 
summer retention tended to be more negative than earlier. 

The calculated summer nutrient reflux rates (Table 9) showed 
the importance of sediment-water interaction. In the upper Bay 
the calculated sedimentation and reflux were greater (Fig. 12) 
than the external load and output (Fig. Jib). This reflux contrib
uted to the net loss calculated for many years. In the middle and 
lower Bay the calculated reflux rates were generally less than 
input-output. On an annual basis these rates would have been of 
much less significance given the high annual flushing rates . 
Reflux rates were noticeably lower after P control (Fig. 12a, 
12b). The middle and lower Bay reflux rates varied more widely, 
reflecting the uncertainties involved in the calculations. Overall, 
the range of calculated reflux rates spans the range encountered 
in oxygenated and anoxic situations elsewhere (Nurnberg 
1984). Anoxia does not occur anywhere in BOQ (Minns and 
Johnson 1986) although the surface ;;ediments are highly 
reduced (Damiani and Thomas 1974). 

To reduce the effect of uncertainty in the analysis, we calcu
lated composite annual and summer budgets for the pre
(1972-77) and post- (1978-81) control periods. The main 
uncertainties are winter (October to April), chemical con
centrations in the Bay, and the magnitude of water exchanges 
between the Bay and Lake Ontario, given they were calculated 
on the basis of concentration differences. The 1967-69 data 
were excluded, as there were much fewer water quality data 
available. The budgets were assembled using the conceptual 
model (Fig. 10), and absolute values for each quantity were 
calculated (kilograms per day). 

The composite budgets illustrate (Fig. 13) a number of fea
tures of and changes in the P and N budgets: (i) the P pool sizes 
thoughout the Bay have declined; (ii) theN pool size in the upper 
Bay has declined, but not elsewhere; (iii) sedimentation and 
reflux were generally of the same magnitude; (iv) Lake Ontario 
backflows dominated the input-ouput of nutrients in the middle 
and lower Bay; (v) prior to control, the upper Bay was a net 
exporter of P; since control, input has balanced output; (vi) the 
upper Bay shifted toward greater N retention after P control; and 
(vii) point-source P loading has decreased by 60-65%, while 
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FIG. 12. Calculated P release rates, May to September, 1972-81, by 
Bay section. 

point-source N loading has decreased by abo~t 10%. 

Discussion 

Loadings and Response 

External P loading, whether to the upper or whole Bay, ranks 
among the highest in the Great Lakes and is high compared with 
some other locations (Table I 0). In general, the bays of large 
lakes tended to be the focus for development in the past and thus 
received an unequal portion of increased P loading. Total annual 
loading has not declined appreciably in the Bay of Quinte since 
the introduction of P controls . However, when the influence of 
runoff is considered (Fig. 9), the percentage contribution of 
point-source inputs to total load has declined significantly, par
ticuh;trly in the critical summer period when runoff is low. 

There can be no doubt that BOQ was and is eutrophic, but 
existing models such as the critical loading concept (Vollen
weider 1976) are unable to cope with the conditions found there . 
Janus and Vollenweider ( 1981) pointed out that existing models 
relating loads and concentration of P cannot be used where 
hydraulic load is high and flushing regimes vary significantly 
seasonally. There can also be no doubt that the Bay has 
responded to reduced point-source loading: P concentrations are 
down (Robinson 1986), primary production has decreased, par
ticularly in the upper Bay (Millard and Johnson 1986), and algal 
biomass is lower (Nicholls et al. 1986). 

Considering the attributes by which the upper Bay differs 
from the rest of the Bay, e.g. shallowness and high flushing 
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FIG. 13. Average total pre- (1972-77) and post- (1978-81) control P and N budgets. The numbers are rates (kg·d-1) and correspond by position to I 
the budget components identified in Fig. 10. 
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TABLE 10. Comparative list of P loading data for various lakes and bays. 

Annual P load 
Location Period (g P·m-2·yr-1) Source 

Bay of Quinte 
Upper 1972-77 

1978-81 
Whole 1972-77 

1978-81 
Lake Superior 1971-72 
Lake Michigan 1971-72 
Lake Huron 1971-72 
Lake Erie 1971-72 
Lake Ontario 1971-72 
Lower Green Bay Mid-1970's 
Saginaw Bay Mid-1970's 
Western basin, Lake Erie Mid-1970's 
Lake Washington 1964 

1976 
Lake Norviken Precontrol 

Postcontrol 
Shagawa Lake Precontrol 
Gravenhurst Bay Precontrol 

Postcontrol 

versus the exchange backflows of Lake Ontraio, it is appropriate 
to discuss the two parts separately before drawing some general 
conclusions. 

Upper Bay 

The lack of positive Pretention (Fig. 13) in the upper Bay is 
the key to understanding P dynamics there. Phosphorus reflux 
from the sediment pool equals or exceeds the input from the 
water column via sedimentation. This, together with high flush
ing rates (Table 4), results in large quantities of P being 
exported. We contend that this situation has resulted from the 
interaction of two events, P enrichment of surface sediments 
over the last half century and the marked decline in the distribu
tion and abundance of submerged macrophytes (SMs) in the late 
1950's and early 1960's. 

Our model is stated as follows. Increased point-source, exter
nal P loading gradually caused P enrichment of the surface 
sediments, which, in tum, caused an increase in P reflux, 
internal loading, particularly in the summer when reducing 
conditions prevail at the sediment-water interface. Ambient 
water P concentration ([P],..) increased due to rising external, 
and later internal, loading. Increased [P] ... promoted the buildup 
of algae, which, in tum, increased light extinction, which deter
mines the depth distribution of SMs. Periods of low flushing 
exacerbate this situation. Low flushing was often associated 
with lower lake levels which further reduced the distribution of 
SMs, i.e. from the shoreline (currently, SMs occur in about 10% 
of the Bay area and the maximum possible extent has been 
estimated at about 20% (P. G. Sly and A. Crowder, pers. 
comm.)). The loss of SMs increased the effective wind fetch, 
allowing more sediment disturbance and freed sediment in the 
littoral zone which had formerly been sequestered along with its 
P. Then a greater movement of sediment led to increased export 
of sediment and P, and a greater mobility of resident sediment P. 
Thus, we arrive at the current state of affairs. 

Once SMs have been lost, they have a slow recovery rate, and 
once sediments have been enriched with P, their replacement by 
dilution with new sediment associated with an external lower P 
load is a slow process (likely decades). Sediments do not 
become a net sink for P until new sediment reduces the pool of P 

2.37 This study 
2.25 
2.07 
2.35 
0.03 Vollenweider 1975 
0.10 
O.o7 
1.10 
0.86 
1.26 Chapra and Sonzogni 1979 
1.04 
3.02 
2.33 Edmondson and Lehman 1981 
0.49 
4.00 Ahlgren 1980 
0.50 
0.73 Malueg eta!. 1975 

0.81-1.06 Dillon et a!. 1978 
0.31-0.46 

available for reflux. 
This model is an example of a cusp catastrophe (Fig. 14) 

(Woodcock and Davis 1978). This is a model where the response 
to one control factor is divergent depending on the level of a 
second control factor. At the extremes of the first factor, there are 
either smooth or abrupt shifts between states. Here, the first 
controlling factor is flushing rate, coupled with lake level, and 
the second is external P loading, coupled with internal loading. 
River nutrient loading is relatively unimportant because its 
associated flushing displaces equivalent amounts of nutrient 
(Johnson and Owen 1971). At low flushing rates, a hysteresis 
cycle is present, such that extreme loading changes are needed 
to switch between states. As loading increases, SM commu
nities persist and sediment enrichment lags. Once a threshold 
for significant loss of macrophytes is exceeded, minor changes 
in loading, thereafter, will not significantly alter either the SMs 
or sediment P levels. 

The support for this interpretation of events is a mixture of 
historical evidence from the Bay and analogy with evidence 
from elsewhere. 

Prior to the 1950's, the upper Bay had an abundance of SMs. 
Abundance is thought (A. E. Christie, pers. comm.) to have 
increased in the late 1940's and early 1950's asP loadings began 
to accelerate. Hurley and Christie ( 1977) reported that as late as 
1959, there were still luxuriant growths of SMs in areas of the 
Bay, such as the stretch from Trenton to Belleville. Soon after, 
during a period of low flow and low lake levels, SMs declined 
markedly and have remained so since (Crowder and Bristow 
1986). Whillan (1979) attributed a similar marked decline of 
SMs in Burlington Bay, at the western end of Lake Ontario, 
occurring in 1962 and onwards, to lower lake levels, although 
increasing nutrient loads were also occurring. 

The sequence of increasing and decreasing SMs associated 
with increasing eutrophication is similar to the order of events 
proposed by Wetzel and Hough (1973). Their sequence is one 
where overall primary production increases with increasing 
nutrient loadings, but the community of primary producers 
changes. First, there is a shift to greater contribution by SMs 
and associated epiphytic and eulittoral algae, and to a lesser 
extent by emergent macrophytes. At some point, the increase of 
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FIG. 14. Cusp catastrophe model of eutrophication in the upper Bay of 
Quinte where the control factors, nutrients, and flushing, interact to 
determine the trophic state. 

SMs is cut off by algal-induced light extinction. Finally, SMs 
decline sharply and blue-green algae dominate. Wetzel and 
Hough (1973) considered that SMs were directly outcompeted 
by phytoplankton. Phillips et al. (1978) have proposed that SMs 
are stifled by the stimulated overgrowth of epiphytes and fila
mentous algae and that the "victory" of phytoplankton is coin
cidental. 

SMs exert a stabilizing effect on their underlying sediments 
and reduce effective wind fetch in open water (Sculthorpe 
1967). They also enhance sediment accumulation. After a 
decline in SMs, increased wind-induced mixing of sediments 
has two effects: SMs are inhibited from regaining a "foothold" 
and there is a greater likelihood that sediment will be exported, 
particularly in a shallow system such as the upper Bay. Damiani 
and Thomas (1974) found that the sediments in the mud 
accumulation zone of the upper Bay (34% of the bottom area) 
are short of fine-grained clay-size particles compared with sedi
ments in Lake Ontario. 

Prior to the loss of SMs, we would have expected to accumu
late sediment and retain P. As eutrophication advanced (Minns 
1986), the surface sediments became enriched with nutrients. 
Current levels are two to three times higher than original levels, 
based on core data (Warwick 1980; R. L. Thomas, pers. 
comm.). In the upper Bay, the sediments, apart from a thin 
oxygenated layer, are highly reduced (mean eH = 0.100 V) and 
rich in organic matter (Damiani and Thomas 1974). The resus
pension reflux would be augmented in the summer by increased 
diffusive release of soluble P due to interface anoxia (Bums and 
Ross 1971) induced by increased inputs of organic matter due to 
primary production, higher temperatures, and periods of low 
wind stirring. Thus, as SMs decline, nutrient reflux, due to both 
resuspension and diffusion, peaks and matches or exceeds sedi
mentation. Our calculated reflux rates are similar to rates 
obtained by Lean and Charlton (1976) and Liao and Lean 
( 1978a, l978b) in controlled limnocorral experiments in BOQ, 
near Deseronto. The rates span the range recorded for oxyge
nated and anoxic systems (Numberg 1984). 

The control of the P budget in the upper Bay has shifted from 
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external to internal loading. While external P loading has been 
drastically reduced, internal P loading will decline slowly as 
sediment P is reduced. There is, of course, a link between 
external and internal loading. 

If the state of the upper Bay is described by a cusp catastro
phe, two recovery sequences can be considered. At low flushing 
rates, maximal reduction of point-source loading is needed to 
facilitate the recovery of macrophytes and reduction of sediment 
P. At high flushing rates, dilution effects improve water quality 
with even modest point-source reductions. Greater runoff 
reduces [P]w and is usually linked to greater sediment loads. 

Flushing rates have been close to the average since 1978. Up 
to 1982, there was no evidence of any increase in macrophytes 
(Crowder and Bristow 1986), although in 1983 there were 
reports of increased growth in the middle Bay around Picton. It 
is not clear if the level of P control is sufficient to promote 
further recovery in the future through reductions in sediment P 
and increased macrophytes. Minns's ( 1986) model suggests that 
loading has been returned to an early 1950's level, when 
eutrophication was underway. Thus, while summertime algal 
biomass and [P]w have been reduced, the upper Bay may be 
locked into its current degraded state. 

Middle and Lower Bay 

The middle and lower sections of the Bay together form a 
freshwater estuary, and thus many of the generalizations con
cerning estuaries should apply. The two-layer flow with strong 
vertical mixing in the middle Bay and at the Glenora gap 
(Freeman and Prinsenberg 1986) resembles the features of a 
partially mixed estuary (Odum 1970; Dyer 1973). As with 
estuaries, upstream topographical constrictions, such as the 
Glenora gap, produce more mixing and greater velocities. 
Absence of mud and silt accumulation at the gap (R. L. Thomas, 
pers. comm.) is consistent with this. Typically, nutrients 
accumulate at depths lower down in an estuary, as sinking matter 
decomposes and then backflow and upstream upwelling returns 
the dissolved nutrients to the surface water for reuse in further 
production. Odum (I 970, p. 357) described this phenomenon as 
a "nutrient trap", although "nutrient pump" may be a more 
appropriate term. 

In the lower BOQ, dissolved nutrients, e.g. soluble reactive 
P, do accumulate at depth during the summer (Robinson 1986). 
Lake Ontario waters are typically low in dissolved P in the 
summer, so the source of accumulation lies within the Bay. Part 
is due to sediment reflux, but there must also be considerable 
decomposition of organic matter as it falls through the hypolim
nion. Analysis of the oxygen depletion rates (Minns and 
Johnson 1986) in the lower Bay showed that the bulk of oxygen 
consumption took place in the water column. 

Estuaries are noted for their high levels of production (Ket
chum 1967; Odum 1970). BOQ is no exception. It has always 
been noted for its predominant contribution to the total fish 
harvest of Lake Ontario (Christie 1972). According to D. A. 
Hurley (pers. comm.), annual harvest in the Bay has generally 
been of the order of 10-20 kg· ha-l. yr- 1, much above the 5 
predicted by Ryder's (1965) morphoedaphic index, a widely 
accepted means of predicting sustainable yield in large tempe
rate lakes. High levels of production have also been recorded for 
phytoplankton (Millard and Johnson 1986), zooplankton 
(Cooley et a!. 1986), and benthos (Johnson and Brinkhurst 
1971 ). Efficient recirculation of nutrients in a highly dynamic 
system is consistent with low net retention of nutrients. 

In connection with the estuarine analogy, the role of flushing 
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must be considered. Dillon ( 1975) demonstrated, in reference to 
lakes, that flushing must be incorporated along with the factors 
loading and depth used by Vollenweider ( 1975) when defining 
trophic status. In estuaries, flushing takes on an added impor
tance, since the deep counterflows increase production. The 
adjusted budgets indicate that recirculation is several times 
greater than the upstream flow although it must be remembered 
that the upper Bay is the source of the "nutrient pump" 
nutrients. Lake Ontario is more dilute than the Bay, so that Bay
Lake Ontario exchanges cause a net loss of material. In fact, the 
Lake Ontario P concentrations have declined in the last few 
years (Internationasl Joint Commission 1978). The continuing 
combination of high flushing and nutrient regeneration engen
ders a stability of productivity which is apparent in the phy
toplankton of the lower Bay. Algal biomass and production did 
not change as much in the lower Bay in response toP control 
(Millard and Johnson 1986). 

Chapra (1979) has shown the importance of adjusting the 
usual nutrient-loading models for additional turbulent and 
advective exchanges when evaluating the trophic state of embay
ments. Specifically, he showed that in Saginaw Bay, an 
eutrophic bay on Lake Huron, the adjustment accounted for 
more than half the loading, similar to that observed in BOQ. In 
marine estuarine environments, the tides provide the energy for 
the mixing and exchanges. In large inland lakes, seiches and 
resonance provide this energy. Ahrnsbrak and Ragotzkie ( 1970) 
have described the effects of seiche-induced longitudinal mix
ing in Green Bay, Lake Michigan. They showed that the advec
tive effect of the Fox River inflow, the main input, was insignifi
cant in summer, but dominated in the winter. Similar phenomena 
have been demonstrated at Chequamegon Bay, Lake Superior, 
and South Bay, Lake Huron. Thus, the "nutrient pump" recir
culation of nutrients, comparable with sediment release in the 
upper Bay, is probably the most important component of the 
lower Bay's P budget. 

The physical processes operating in the lower Bay have 
significance in assessing the recovery pattern of the Bay as a 
whole. The counterflow and nutrient recycling make the lower 
Bay equally dependent on the upper Bay output and Lake 
Ontario exchanges, indicating that there should be a smaller 
response to reductions in external loadings upstream. This prog
nosis would also indicate that the oxygen depletion rates will 
respond slowly, if at all, to enhanced P removal at the point 
sources, since they should, to a large degree, reflect the 
"nutrient pump" phenomenon (Minns and Johnson 1986). 

Conclusion 

Warwick's ( 1980) paleolimnological analysis of a core taken 
below Glenora suggests that the lower Bay followed a course 
from oligotrophy in the late eighteenth century through to the 
mesoeutrophy of today. The upper Bay likely followed a similar 
course, but "broke through" (Fig. 14) to a hypereutrophic state. 
Minns's ( 1986) historical reconstruction illustrated the timing of 
this event. The combination of rapid urban growth and increased 
detergent use after 1945led to the conditions of the early 1960's. 
This present study illustrates the importance of external and 
internal loading, and recirculation of nutrients. While signifi
cant improvements in water quality have resulted from the 
controls on point-source inputs of P, there is every reason to 
expect further improvements as the internal reflux shifts to a new 
steady state with external loading. Many of the worst 
eutrophication problems of the Great Lakes and elsewhere occur 

in bays and estuaries, such as BOQ, and these are the places 
where our success in understanding and overcoming these prob
lems must be greatest. 

References 

AHLGREN, L 1980. A dilution model applied to a system of shallow eutrophic 
lakes after diversion of sewage effluents. Arch. Hydrobiol. 89: 17-32. 

AHRNSBRAK, W. E, AND R. A. RAGm'ZKIE. 1970. Mixing processes in Green 
Bay. Proc. 13th Conf. Great Lakes Res. 1970: 860-890. 

BuRNS, N. M., AND C. Ross. 1971. Nutrient relationships in a stratified 
eutrophic lake. Proc. 14th Conf. Great Lakes Res. 1971: 749-760. 

CHAPRA, S. C. 1979. Applying phosphorus loading models to embayments. 
Limnol. Oceano gr. 24(1 ): 168- 17 '-

1982. A budget model accounting for the positional availability of 
phosphorus in lakes. Water Res. 16: 205-209. 

CHAPRA, S. c.. AND w_ c. SoNZOGNI. 1979. Great Lakes total phosphorus 
budget for the mid 1970's. J. Water Pollut. Control Fed. 5 I: 2524-2533. 

CHARLTON, M. N _ 1975. Sedimentation: measurements in experimental enclo
sures. Verh. Int. Ver. LimnoL 19: 267-272. 

CHRISTIE, A. E. 1973a. Phytoplankton studies in the Bay of Quinte I. Physical 
chemical and phytoplankton characteristics. Ont. Minist. Environ. Res. 
Rep. No. W44: 55 p. 

1973b. Phytoplankton studies in the Bay of Quinte II. Relationships 
between seston-phosphorus, nitrogen, carbon and phytoplankton. Ont. 
Minist. Environ_ Res. Rep. No. W45: 30 p. 

CHRISTIE, W. J. 1972. Lake Ontario: effects of exploitation, introductions, and 
eutrophication on the salmonid community. J. Fish. Res. Board Can. 
29: 913-929. 

CooLEY, J. M., J. E. MooRE, AND W. T. GmuNG. 1986. Population dynamics, 
biomass, and production of the macrozooplankton in the Bay of Quinte 
during changes in phosphorus loadings, p. 166-176. ill C. K. Minns, 
D. A. Hurley, and K. H. Nicholls [ed.] Project Quinte: point-source 
phosphorus control and ecosystem response in the Bay of Quinte, Lake 
Ontario. Can. Spec. Pub!. Fish. Aqua!. Sci. 86: 270 p. 

CROWDER, A., AND M. BRISTOW. 1986. Aquatic macrophytes in the Bay of 
Quinte, 1972-82, p. 114-127. ill C. K. Minns, D. A. Hurley, and K. H. 
Nicholls [ed.] Project Quinte: point-source phosphorus control and eco
system response in the Bay of Quinte, Lake Ontario. Can. Spec. PubL 
Fish. Aqua!. Sci. 86: 270 p. 

DAMIANI, V., AND R_ L. THOMAS. 1974. The surficial sediments of the Big Bay 
section of the Bay of Quinte, Lake Ontario. Can. J. Earth Sci. II: 
1562-1576. 

DILLON, P. J. 1974. A critical review of Vollenweider's nutrient budget model 
and other related models. Water Res. Bull. 10(5): 969-989. 

1975 _ The phosphorus budget of Cameron Lake, Ontario: The impor
tance of flushing rate to the degree of eutrophy of lakes. Limnol. Oceano gr. 
20(1): 28-39. 

DILLON, p_ J., K. H. NICHOLLS, AND G. w_ RoBINSON. 1978. Phosphorus 
removal at Gravenhurst Bay, Ontario: an 8-year study on water quality 
changes. Verh. Int. Ver. Limnol. 20: 263-271. 

DYER, K. R. 1973. Estuaries: a physical introduction. Wiley, London. 140 p. 
EDMONDSON, W. T., AND J. J. LEHMAN. 198 I. The effect of changes in the 

nutrient income on the condition of Lake Washington. Limnol. Oceano gr. 
26: 1-29. 

FREEMAN, N. G., AND S. J. PRINSENBERG. 1986. Exchange flows in the 
Adolphus Reach/North Channel, p. 27-39. ill C. K. Minns, D. A. Hurley, 
and K. H. Nicholls [ed.] Project Quinte: point-source phosphorus control 
and ecosystem response in the Bay of Quinte, Lake Ontario. Can. Spec. 
Pub!. Fish. Aquat. Sci. 86: 270 p. 

HURLEY, D. A., AND W. J. CHRISTIE. 1977. Depreciation on the warmwater fish 
community in the Bay ofQuinte, Lake Ontario. J. Fish. Res. Board Can. 
34: 1849-1860_ 

INTERNATIONAL JOINT CoMMISSION. 1978. Great Lakes Water Quality Board 
Annual Report. International Joint Commission, Windsor, Ont. 

JANUS, L. L., AND R. A. VoLLENWEIDER. 1981. Summary Report: The OECD 
Co-operative Programme on Eutrophication (Canadian Contribution). 
DOE IWD Sci. Ser. No. 131. 

JoHNSON, M.G., AND R. 0. BRINKHURST. 1971. Production of benthic mac
roinvertebrates of Bay of Quinte and Lake Ontario. J. Fish. Res. Board 
Can. 28: 1699-1714. 

JoHNSON, M.G., ANDG. E. OwEN. 1971. Nutrientsandnutrientbudgets in the 
Bay of Quinte, Lake Ontario. J. Water Pollut. Control Fed. 43(5): 
836-853. 

KETCHUM, B. H. 1967. Phytoplankton nutrients in estuaries, p. 329-335. ill 
G. H. Lauf [ed.] Estuaries. AAAS, Washington, DC. 

75 



KuNTZ, K. W. 1980. Atmospheric bulk precipitation in the Great Lakes Basin. 
DOE IWD Sci. Ser. No. liS: 27 p. 

LEAN, D. R. S., AND M. N. CHARLTON. 1976. A study of phosphorus kinetics 
in a lake ecosystem, p. 283-294. In 1. 0. Nriagu [ed.] Environmental 
biogeochemistry. Vol. I. Ann Arbor Science Publishers Inc., Ann Arbor, 
MI. 

LtAO, C. F.-H., AND D. R. S. LEAN. 1978a. Nitrogen transformations with the 
trophogenic zone of Lakes. 1. Fish. Res. Board Can. 35: 1102-1108. 

1978b. Seasonal changes in nitrogen compartments of lakes under 
different loading conditions. J. Fish. Res. Board Can. 35: I 095-1101. 

MALUEG, 1. W., D. P. LARSEN, D. W. ScHULTZ, AND T. T. MERCIER. 1975. A 
six-year water, phosphorus and nitrogen budget for Shagawa Lake, Min
nesota. J. Environ. Qual. 4(2): 236-242. 

McCoMBIE, A. M. 1967. A recent study of the phytoplankton of the Bay of 
Quinte, 1963-64. Proc. lOth Conf. Great Lakes Res. 1967: 37-62. 

MEREDITH, D. D. 1975. Predictive models for Great Lakes hydrology. Water 
Res. Bull. II (3): 526-535. 

MtLLARD, E. S., AND M.G. JoHNSON. 1986. Effect of decreased phosphorus 
loading on primary production, chlorophyll a, and light extinction in the 
Bay of Quinte, Lake Ontario, 1972-82, p. 100-113. In C. K. Minns, 
D. A. Hurley, and K. H. Nicholls [ed.] Project Quinte: point-source 
phosphorus control and ecosystem response in the Bay of Quinte, Lake 
Ontario. Can. Spec. Publ. Fish. Aqua!. Sci. 86: 270 p. 

MtNNs, C. K. 1986. Total phosphorus loading to the Bay of Quinte between the 
years 1800 and 2000: a model study, p. 77-83. In C. K. Minns, D. A. 
Hurley, and K. H. Nicholls [ed.] Project Quintc: point-source phosphorus 
control and ecosystem response in the Bay of Quinte, Lake Ontario. Can. 
Spec. Publ. Fish. Aquat. Sci. 86: 270 p. 

MtNNS, C. K., AND M.G. JOHNSON. 1979. Thmporal variation in the nutrient 
export of rivers draining into the Bay of Quinte, Ontario, Canada. Water 
Res. Bull. 15(4): 1061-1072. 

1986. Temperature and oxygen conditions and oxygen depletion in the 
BayofQuinte, Lake Ontario, p. 40-49. In C. K. Minns, D. A. Hurley, and 
K. H. Nicholls [cd.] Project Quinte: point-source phosphorus control and 
ecosystem response in the Bay of Quinte, Lake Ontario. Can. Spec. Publ. 
Fish. Aqua!. Sci. 86: 270 p. 

NtcHOLLS, K. H., L. HEtNTSCH, E. CARNEY, 1. BEAVER, AND D. MID
DLETON. 1986. Some effects of phosphorus loading reductions on phy
toplankton in the Bay of Quinte, Lake Ontario, p. 145-158. In C. K. 
Minns, D. A. Hurley, and K. H. Nicholls [ed.] Project Quinte: point-source 
phosphorus control and ecosystem response in the Bay of Quinte, Lake 

76 

Ontario. Can. Spec. Publ. Fish. Aquat. Sci. 86: 270 p. 
NuRNBERG, G. K. 1984. The prediction of internal phosphorous load in lakes 

with anoxic hypolimnia. Limnol. Oceano gr. 29( I): Ill- 129. 
OouM, W. E. 1970. Insidious alteration of the estuarine environment..Trans. 

Amer. Fish. Soc. 99(4): 836-847. 
ONTARIO MINISTRY OF THE ENVIRONMENT. 1975. Outlines of analytical meth

ods. Ontario Ministry of the Environment, Toronto, Ont. 
PHILLIPS, G. L., D. F. EMtNsoN, ANDB. Moss. 1978. A mechanism to account 

for macrophyte decline in progressively eutrophicated fresh waters. Aqua!. 
Bot. 4: 103-126. 

PRtNSENBERG, S. 1. 1978. Free oscillations in the lower Bay of Quinte. Fish. 
Environ. Can. Res. Dcv. MS. Rep. Ser. No. 7: 93 p. 

RoBINSON, G. W. 1986. Water quality of the Bay of Quintc, Lake Ontario, 
before and after reductions in phosphorus loading, p. 50-58. In C. K. 
Minns, D. A. Hurley, and K. H. Nicholls [ed.] ProjectQuinte: point-source 
phosphorus control and ecosystem response in the Bay of Quinte, Lake 
Ontario. Can. Spec. Publ. Fish .. Aqua!. Sci. 86: 270 p. 

RYDER, R. A. 1965. A method for estimating the potential fish production of 
north-temperate lakes. Trans. Am. Fish. Soc. 94: 214-218. 

ScuLTHORPE, C. D. 1967. The biology of aquatic vascular plants. Arnold, 
London. 610 p. 

SHtOMt, M. T., AND K. W. KuNTZ. 1973. Great Lakes precipitation chemistry: 
Part I, Lake Ontario basin. Proc. 16th Conf. Great Lakes Res. 1973: 
581-602. 

VoLLENWEIDER, R. A. 1968. Scientific fundamentals of the eutrophication of 
lakes and flowing waters, with particular reference to phosphorus and 
nitrogen as factors in eutrophication. OECD Tech. Rep. DAS/CSI/68.27: 
159 p. 

1975. Input-output models (with special reference to the phosphorus 
loading concept in limnology). Schweiz. Z. Hydrol. 37: 53-84. 

1976. Advances in defining critical loading levels for phosphorus in 
lake eutrophication. Mem. Ist. ltal. Idrobiol. 33: 53-83. 

WARWICK, W. F. 1980. Paleolimnology of the Bay of Quinte, Lake Ontario: 
2800 years of cultural influence. Can. Bull. Fish. Aqua!. Sci. 206: 117 p. 

WETZEL, R. G., AND R. A. HouGH. 1973. Productivity and role of aquatic 
macrophytes in lakes. An assessment. Pol. Arch. Hydrobiol. 20: 9-19. 

WHtLLAN, T. H. 1979. Historic transformations of fish communities in three 
Great Lakes bays. J. Great Lakes Res. 5(2): 195-215. 

WooDCOCK, A., AND M. DAvts. 1978. Catastrophe theory. Avon Books, New 
York, NY. 151 p. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Total Phosphorus Loading to the Bay of Quinte 
Between the Years 1800 and 2000: 

A Model Study 

Charles K. Minns 
Department of Fisheries and Oceans, Great Lakes Fisheries Research Branch, Canada Centre for Inland Waters, 

Box 5050, Burlington, Ont. L7R 4A6 

Minns, C. K. 1986. Total phosphorus loading to the Bay of Quinte between the years 1800 and 2000: a model 
study, p. 77-83./n C. K. Minns, D.A. Hurley, and K. H. Nicholls [ed.] Project Quinte: point-source 
phosphorus control and ecosystem response in the Bay of Quinte, Lake Ontario. Can. Spec. Publ. 
Fish. Aquat. Sci. 86: 270 p. 

The models generally used, such as Vollenweider's, to evaluate phosphorus eutrophication in lakes and 
bays cannot be used on the Bay of Quinte because of its extreme morphometry and hydrology. Another, 
simple model is developed which uses population growth in urban centres and in the watershed to predict 
changes in river and point-source loadings of phosphorus. The role of the variable runoff is examined. 
Predicted annual loads and mean summer input concentrations are consistent with available data. The 
model demonstrates the importance of controlling point sources and shows how loading escalated after 
the 1940's because of increasing urban populations and the use of phosphate detergents. The model also 
shows how the control measures, first the reduction of P in detergents and then installation of testing 
treatment, greatly reduced point-source inputs. The model shows how low summer flows and high point
source inputs produce excessive P concentrations in the summer and demonstrates the importance of 
consistent control for the preservation of water quality. If all P removal facilities are operated efficiently, it is 
predicted that summer P concentrations in the Bay of Quinte will be kept below SO fl.g · L -1 well into the 
next century, under most flow conditions. 

Les modeles qu'on utilise generalement pour evaluer le phenomene d'eutrophisation par le phosphore 
dans les lacs et les baies (tels que celui de Vollenweider) ne peuvent etre employes dans Ia baie de Quinte 
en raison du caractere morphometrique et hydrologique tres prononce de celle-ci. On elabore un autre 
modele simple, qui fait appel a l'accroissement de Ia population dans les centres urbains et dans le bassin 
versant pour predire les changements dans Ia riviere et dans les charges ponctuelles de phosphore. On 
examine le role de Ia variabilite du ruissellement. Les charges annuelles prevues et les apports moyens 
pendant l'ete concordent avec les donnees disponibles. Le modele montre !'importance de reduire les 
sources ponctuelles et Ia fac;on dont les charges ont augmente apres les annees 40 en raison de l'accroisse
ment des populations urbaines et de !'utilisation de detersifs a base de phosphate. Le modele montre 
egalement de quelle fac;on les mesures de reduction, d'abord Ia diminution de Ia quantite de P dans les 
detersifs, puis !'installation d'un dispositif de traitement experimental, ont perm is de reduire considerable
ment les apports ponctuels. II montre aussi de quelle fac;on les faibles debits d'ete et les apports ponctuels 
importants entralnent des concentrations excessives de Pen ete et demontre !'importance d'un controle 
constant pour preserver Ia qualite de l'eau. Si I' on exploite efficacement tous les dispositifs utilises pour 
l'enlevement du P, on prevoit que les concentrations de P pendant l'ete dans Ia baie de Quinte 
demeureront inferieures a SO fl.g; L - 1 pendant une bonne partie du prochain siecle, pour ce qui est de Ia 
plupart des regimes d'ecoulement. 

Introduction 

In freshwater systems where eutrophication has occurred, 
and has perhaps been controlled, measurements of nutrient 
loading and concentration are usually available only for the 
current period when the problem receives attention. Selecting 
an appropriate level of nutrient control for a particular water 
body is difficult when data for the times before the problem 
developed are lacking. The practice has been to rely on 
empirical criteria such as those described by Vollenweider 
( 1968), which are based on comparisons among a large number 
of water bodies. However, this approach has limitations, 
especially when dealing with hydrological and morphometric 
extremes. Janus and Vollenweider (1981), in examining the 
results of the OECD Co-operative Programme on Eutrophica
tion, identified system characteristics which preclude the use of 
diagnostic methods developed to assess eutrophication in the 
OECD study. These characteristics include high flushing rates 
(> 2 • yr - 1), irregular seasonal or secular flushing regimes, 

high turbidity, and significant internal nutrient loading where 
dynamic equilibrium with respect to nutrient loadings has not 
been reached. Detailed analysis of nutrient budgets in the Bay of 
Quinte indicates that all the above conditions are present (Minns 
et a!. 1986). 

Another approach to setting nutrient control targets is to 
develop historical estimates of the loadings and concentrations, 
which can then be matched to reported trends of water quality 
deterioration. Chapra ( 1977, 1980) presented such an approach 
for the Great Lakes where population growth and land-use 
changes were used to estimate loadings. 

A similar modelling approach has been used in this study 
which predicts changes in total phosphorus loadings and input 
concentrations for the Bay of Quinte, from the period of human 
settlement, ca. 1800, through the present period and on to 2000. 
Loads and concentrations expected in the future are compared 
with values estimated for the past, and the expected degree of 
restoration assessed. The importance of secular and seasonal 
variation in runoff is examined. 

'77 



A,B 

400 

A Regional Population (thousands} 
B Urban Population (thousands} 
C Detergent Phosphorus (kg . capita -1

• yr -1 
} 

A 

B 

, 
/ 

c 

0.8 

0.6 

0.4 

/ 0.2 
/ 

~ 

0 
1860 1880 1900 1920 1940 1960 1980 2000 

YEAR 

FIG. I. 'Ifends in regional and urban population and detergent P use, 1800-2000. 

TABLE I. River drainage information for the Bay of Quinte watershed. 

Land use River [P] (mg·m-3) 

Drainage Period of Urban Agriculture Forest Sedimentary 
Present" OriginaJb 

River (km2) gauging (%) (%) (%) (%) 

Trent 12549 1950 on 1.0 36.1 59.7 53 41.3 17.2 
Moira 2 737 1916 on 0.6 26.6 69.4 30 32.6 14.0 
Salmon 898 1959 on 0.4 31.9 62.7 45 25.2 16.1 
Napanee 787 1916-25, 1.1 40.5 56.2 39 40.0 15.2 

1947 on 
Wilton 127 1966 on 0.3 74.5 23.3 100 63.2 23.7 

Total 18 182 1.0 37.1 58.7 

a Geometric mean of measured values, 1965-81, above the urban centres. 
b Derivation is described in the text. 

Loadings and Concentration Model 

Phosphorus inputs to the Bay were assumed to come from 
two sources, rivers and urban centres on the Bay. Atmospheric 
loading was ignored, since direct loading represents less than 
2% of recent total loading (Minns et a!. 1986). Obviously when 
river loadings were lower, the proportion could have been 
higher. However, at the Bay of Quinte river sources tend to 
overwhelm others and likely atmospheric loading was lower in 
earlier times. 

Point -source inputs were calculated on the basis of domestic P 
waste (CH, milligrams P per day) and the use of P containing 
cleaning compounds, mostly detergents (CD(t), milligrams P 
per day). This was multiplied by the urban population (N(t)) and 
by (I - R(t)), where R is the P removal efficiency at sewage 
treatment plants. Human P waste was set at 0.55 kg· capita-l· 
yr- 1 (1.51 mg · d- 1) (Dillon and Rigler 1975). This value was 
taken by Dillon and Rigler to represent per capita output given 
secondary treatment in a sewage treatment plant without P 
removal. The use of detergents was estimated for the period 
1935-80 (Fig. 1) based on material and production data com
plied by Statistics Canada (Pub!. No. 46-214). Urban inputs 
come from Trenton, Belleville, Deseronto, Napanee, and 
Picton. 

Census populations up to 1981 come from the records of the 
Legislature of Upper Canada and Statistics Canada (Fig. 1). 
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Urban growth from 1981 to 2000 was derived from projections 
of most probable populations produced by the Ontario Ministry 
of 'freasury, Economics and Intergovernmental Affairs. The 
main population growth in the future is expected to occur in 
Belleville and Trenton. 

Phosphorus removal efficiency (R) at sewage treatment plants 
was assumed to be zero from 1800 until 1977 and, initially, it 
was projected to be 0. 7 (equivalent to a final effluent with 1 mg 
P · L- 1) from 1978 onwards. In all years, all point-source P was 
assumed to be potential loading. 

Estimating P removal efficiency over such a long time span is 
difficult. In the nineteenth century there were no sewer systems, 
so a large part of point-source P was not discharged into the Bay; 
thus, the per capita P output, although adjusted to assume 
secondary treatment, probably overestimated this input. 
Belleville, the largest source, installed sewers at the beginning 
of the twentieth century, but probably not all of the population 
was served. Later, P discharges were reduced as some sewage 
treatment was implemented but at the same time were increased 
as more of the growing population was connected to the sewer 
system. The assumptions in the model are a compromise, and 
probably most accurate after 1940 when inputs increased 
sharply. 

Five gauged rivers flowing into the Bay account for 94% of 
the total drainage (Table 1). The smallest, Wilton Creek, was 
assumed to be representative of the several small drainage areas 
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TABLE 2. Estimated" low, mean, and high annual and summer flows (m3 · s -I). 

Annual Summer 

River Low Mean High Low Mean High 

Trent 81.5 132.6 215.5 28.5 61.0 130.7 
Moira 17.5 30.0 51.4 2.5 8.3 27.7 
Salmon 5.9 10.4 18.3 0.5 2.4 11.2 
Napanee 5.2 9.0 15.7 0.7 2.3 7.4 
Wilton 0.8 1.4 2.4 0.1 0.2 0.8 

Total 117.4 194.9 323.9 32.7 76.1 184.8 

"Low (fl.- 26-), mean (fl.), high (fl.+ 26-) from log-transformed data, 1916-81.. 

which make up the remaining 6%. Inflow for any period was 
calculated by summing the flows of the four large rivers and 
9.51 (ratio of Wilton and miscellaneous to Wilton drainage 
areas) times the Wilton Creek flow. Since the Moira River had 
been gauged the longest (since 1916), month by month 
loge/loge regressions of mean monthly flows were used to 
estimate mean monthly flow of the other rivers from 1916 to 
1981, where gaps existed. Logarithmic means and standard 
deviations were then used to estimate likely low, mean, and high 
annual runoff (Qa) and summer (June to September) runoff (Qs) 
(Table 2). Low and high flows were calculated from the mean ± 
two standard deviations. Therefore in the model, the low, mean, 
and high flows were used for the period 1800-2000. In addi
tion, the measured or estimated flows were used year by year, 
from 1916 to 1981. 

The land-use changes which affected river [P], and regional 
population growth, were assumed to have occurred syn
chronously in the drainage basin. Presettlement [P] values were 
used for 1800, and present-day values were used for 1971 
onwards. From 1801 to 1970, [P] values were changed between 
these two limits directly in proportion to the regional population 
(Fig. 1) of the counties which made up the bulk of the drainage 
area (Northumberland, Peterborough, Hastings, Lennox and 
Addington, Victoria, and Prince Edward). 

Presettlement [P] values were estimated using average values 
reported by Dillon (1974) and Dillon and Kirchner (1974) for 
unpopulated forested, igneous and sedimentary, watersheds 
which lie in the western part of the Trent River drainage. The 
average [P] values used were 9. 8 and 23.7 j..Lg · L - 1 for igneous 
and sedimentary basins, respectively, and the value for each 
river draining into the Bay was calculated according to the 
proportion of each rock type in its drainage (Table 1). Present
day values used were the log-mean of values recorded above the 
urban centres by the Ontario Ministry of the Environment, 
1965-81 (Table 1), and so were unaffected by urban runoff of 
sewage. 

The model equations are as follows: 

(I) La = [ ± Pi(t) Qai(t) + N(t) • (CH + C0 (t)) 
I 

X (1- R(t))]/ A 

(2) Ps = [ ± Pi(t) Qsi(t) + N(t)·(CH + C0 (t)) 
I 

X (1 - R(t)) ]/ !,Qsi(t) 

where La = annual P loading (milligrams per square metre per 
day), Ps = mean summer input [P] (micrograms per litre), Qai 
= annual flow (cubic metres per day) for river i, Qsi = summer 

flow (cubic metres per day) for river i, Pi(t) = [P] for river i in 
yea_r ~, N(t) = urban population in year t, C H = human P output 
(mill~grams per day), Cv(t) = detergent use (milligrams per 
day) m year t, R(t) = P removal efficiency in year t, and A = 
surface area of the Bay (square metres). 

Results 

The model predicted that annual P loading has increased 
markedly since 1800 (Fig. 2). The initial rise coincided with the 
deforestation of the drainage basin and the subsequent expan
sion of agriculture. Population growth faltered after 1880 
(Fig. 1) with the decline of the lumber industry and only 
resumed after the Depression of the 1930's. Regional population 
rose most sharply in the period 1940 to present with the main 
urban growth coming in the 1950's. The rise in urban population 
coincided with a rapid increase in the use of P-hased detergents 
(Fi~. 1). ~eak use came in 1968, with 0.73 kg P ·capita- 1, after 
a hnear mcrease from 1935. Phosphate use declined after the 
enactment of regulation and controls in 1971. 

In the model, the mean annual P loading went from 0.67 
?Ig · m- 2 • d- 1 in 1800, through 2. 36 in 1890, to a peak of 3.42 
m 1969. After detergent P reductions were in place, per capita 
use ranged from 0.25 to 0.38 kg· yr- 1 with a mean of 0.32 
which was assumed to apply for the period 1981-2000. Model 
P loading drops to a mean of 3.17 mg · m- 2 • d- 1 in 1977, and 
with the implementation of 0.7 removal in 1978, loading drops 
to 2.81. The model then predicts loading would rise again to 
2.96 in the year 2000. 

Predicted loadings were similar to measured loadings for the 
period 1965-81 (Fig. 3), presented by Minns et a!. (1986). 
Changes to land use have brought about the greatest absolute 
loading changes, from 1.1 mg · m - 2 • d- 1 in 1800 to 2.65 in 
the 1970's. Point-source input peaked at 0.81 mg · m -2 • d- 1 in 
1968-69, declined to 0.52 in 1977, and dropped to 0.16 in 1978 
with the implementation of 0.7 removal. 

Vollenweider (1976) defined critical P loading as follows: 

LC(mg·m-2 ·d- 1) = 10 to 20· (~a (1 + ~)) 
where Qa = runoff (cubic metres per day), A = area (square 
metres), and V = volume (cubic metres). For the Bay ofQuinte, 
Vollenweider's model predicts a critical loading range of 
1.1-2.2 mg P · m - 2 • d - 1, using mean annual runoff. 
However, the model predicted a mean load of 1.1 in 1800 and 
passed the 2.2 level by 1880. According to paleoecological 
results (Warwick 1980; Stoermer et a!. 1985) the Bay became 
eutrophic in the 1850-1900 period. However, the more obvious 
effects of eutrophication (loss of fish and macrophytes) did not 
occur until after 1940. This illustrates the limitations of general 
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Quinte, 1965-81. 

eutrophication models as pointed out by Janus and Vollenweider 
( 1981 ). 

Johnson and Owen ( 1971) pointed out the significance of net 
nutrient loading, in their analysis of the 1968 P budget for the 
Bay of Quinte. In the Bay, river inputs of Pare largely displayed 
by flushing due to the accompanying runoff. Point-source load
ing is highly concentrated and serves primarily to raise ambient 
concentrations. Runoff to the Bay is generally low in the sum
mer, when most biological activity occurs and thus when most 
problems due to eutrophication occur. Consequently, it is point
source loading which has the greatest impact upon the Bay's 
water quality. 
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The model predicted that the mean summer input con
centration (Ps) rose steadily from 17 J.Lg · L- I in 1800 to 
between 37 and 42 in the period 1880-1940 (Fig. 4). After 
1940, Ps rose to a peak of72 in 1969, declined to 61 in 1977, 
and dropped to 47 in 1978. By 2000, the model predicted a rise 
back to 53 J.Lg · L -I (line A, Fig. 4), assuming 70% removal 
efficiency was roughly equivalent to producing a final sewage 
effluent with 1 mg P · L- 1• In historical terms, the 1978 value 
was equivalent to returning to the 1950 state, and the 2000 value 
took the Bay back to the 1955 point. 

The model's year by year predictions of mean summer input 
concentration (Ps) also compare favourably with mean summer 
[P] values recorded in the Bay at Belleville in the upper Bay 
(Fig. 5) for the period 1972-81. If Pretention were occurring, 
in-Bay concentrations would be expected to be less than input 
concentrations. In the upper Bay of Quinte there was little 
retention in the 1972-81 period (Minns et al. 1986). 

Alternative future scenarios were then examined given the 
possibilities that (1) detergent P use would drop to 0.25 kg 
P ·capita- I • yr- 1 and/ or (2) a 90% P removal efficiency, 
equivalent to 0.5 mg P • L- I in final effluent. The latter is an 
option that is already in use at some treatment plants on the Bay 
during the summer months. The model predicts that further 
control of phosphate detergent use would have relatively little 
impact on Ps (Table 3). The effects of detergent phosphate 
restrictions will likely be offset by the rising use of automatic 
dishwashers, which generally rely on P-hased cleaning agents. 
In contrast, the model predicts that improving the removal 
efficiency at the sewage treatment plants would reduce the Ps in 
2000 to the 1946level (Table 3). A gradual shift from 70 to 90% 
removal between 1978 and 2000 would tend to produce a further 
decline in Ps (line B, Fig. 4). 

Model estimates of annual loading and Ps under low and high 
flow regimes (Fig. 2 and 4) illustrate the importance of runoff 
variability. In the case of Ps, as point-source contributions 
increased, the range of potential Ps increased markedly. Further, 
the year by year estimates from 1916 to 1981 show that sus
tained departures from the mean flow could exacerbate effects. 
While both annual and summer runoff are highly variable, there 
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tend to be runs of low summer flows such as occurred in the 
early 1960's (Fig. 6). 

Discussion 

These results put recent efforts to control P in the Bay of 
Quinte into a broader context. Evidence of advancing eu- · 
trophication was available from the late 1940's onward. Thcker 
(1948) showed the presence of a eutrophic algal community in 
the lower Bay along with measurable oxygen depletion in the 
hypolimnion. Johnson and Owen (1971) have described the 
conditions which existed in 1968 when recommendations were 
made for construction of new sewage treatment facilities. Hurley 
and Christie (1977) stated that in the 1950's, fishermen began to 
complain of algal slimes on gill nets, and Christie (1972) has 

loosely attributed the demise of the large walleye fishery to 
direct and/ or indirect effects of eutrophication in the 1950's. In 
addition, there is a general observation of the rise and fall of 
submergent macrophytes during the 1950's (W. J. Christie, 
Glenora Fisheries Station, pers. comm.). From the 1930's 
onward, the Belleville filtration plant had to use strainers to 
clean the water supply prior to treatment (D. A. Hurley, Glenora 
Fisheries Station, pers. comm.). These events are correlated 
with the growth of urban populations, installation of sewer 
systems, and the rise in the use of phosphate detergents. 

An earlier rise in the loading occurred as the land was cleared 
for agriculture, changing the Bay from meso-oligotrophic to 
eutrophic, as shown by Warwick (1980) in his detailed analysis 
of the chemical and biological chronology in a sediment core 
taken at Glenora in the lower Bay. The decline of the salmonids 
and then the coregonids in the nineteenth century lead to the 
development of a warm-water percid/esocid fishery. The Bay 
ecosystem was able to withstand that change in the period 
1800-1930, and yet still provide acceptable water quality and 
fisheries. However, the recent shift to hypereutrophy in the 
upper Bay degraded the water quality and fisheries beyond 
acceptable limits. · 

The introduction of detergent P limitations and the installa
tion of tertiary treatment plants have prevented the worst ex
cesses of hypereutrophication. However, future population 
growth will bring about a return of the 1950-55 conditions if 
additional measures for P control are not implemented. The 
alternative scenarios indicated that enhanced tertiary P removal 
equivalent to 90% (or 0.5 mg • L- 1 final effluent concentration) 
would significantly improve the situation. This has been the 
summertime objective since 1978. Studies by Johnson et al. 
(1978) on the relationship between land use activities and P 
loading have indicated that municipal point-source removal of 
total P down to 0.5 mg • L- 1 final effluent is the most cost
effective control measure for further reducing P loading once 
the 1. 0 mg · L- 1 objective has been met. 

To maintain satisfactory water quality, loading rates must be 
held constant, after allowing for runoff variation. This is diffi
cult to achieve if the population continues to grow, since P 
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FIG. 6. Estimated annual and summer runoff into the Bay of Quinte, 1916-81. 

TABLE 3. Predicted mean summer input P concentrations (Ps, [Lg · L- ') in the year 2000 under different P 
control scenarios and a range of flow regimes. 

Control scenario 

Premoval 
efficiency Detergent P use 

(%) (kg· capita- I • yr-1) Low 

70 0.321 69.3 
70 0.250 67.0 
90 0.321 50.2 
90 0.250 49.5 

a See Table 2. 

removal facilities are designed to produce effluents with a P 
concentration below an assigned target, but not designed to limit 
the volume of that effluent. On the Bay of Quinte, new tertiary 
treatment facilities have significantly reduced the current point
source loading, but that load will gradually increase with the 
increase in population. As indicated above, reduction of the final 
effluent concentration from 1 to 0.5 mg · L- 1 can contain the 
situation through to the year 2000. Beyond that, additional 
control measures will be needed. Studies reported by Johnson 
et a!. (1978) and IJC (1978) indicate that further control of 
point-source effluents is expensive and that the other significant 
sources of P, such as diffuse agricultural releases, must be 
controlled. In the Lake Ontario drainage, a large part of which is 
the Bay of Quinte drainage, agriculture is estimated to account 
for 66% of the diffuse river inputs (IJC 1978). In the lower Bay 
drainage, the land is farmed intensively and includes many dairy 
farms. The IJC report indicates that significant P loading reduc
tions could be achieved through improved farming practices and 
soil conservation measures. Overall, however, the largest reduc-
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Flow regime• 

Equivalent 
Mean High precontrol year 

52.7 45.0 1955 
51.7 44.6 1953 
44.5 41.6 1946 
44.2 41.5 1946 

tions can currently be achieved through effective point-source 
controls. 

The most drastic changes in the Bay of Quinte ecosystem are 
the decline of large piscivores, particularly the walleye 
(Stizostedion vitreum vitreum), the increasing algal biomass, 
and the rise and fall of submergent macrophytes. All these 
changes occurred in the 1950's, as the mean summer input [P] 
exceeded 50 J.Lg · L- 1 • This value has been indentified before as 
a critical level for macrophytes (Jupp and Spence 1977). Fur
thermore, Vollenweider (I 976) noted that increased growth of 
cladophora must be expected when the inflow concentration 
exceeds 40-50 J.Lg · L- 1. Therefore, it is logical that P control 
be directed to keeping the overall input concentration of P from 
rivers and point sources below that level, even when flows are 
low. Failure to maintain P control even for a few months in the 
summer for 1 or 2 yr of low runoff could prevent or retard the 
expected recovery process. The Bay has already responded 
quantitatively to reductions in P loading. The algal biomass has 
decreased (Nicholls et a!. 1986) and P concentrations have 
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decreased (Robinson 1986), and there are signs of a resurgence 
in the walleye stock (Hurley 1986). However, the Bay must be 
given time to recover, just as conditions took time to change 
from meso-oligotrophic to eutrophic (100 + yr) and from 
eutrophic to hypereutrophic in the upper Bay ( 10 + yr). 

Conclusions 

( 1) Development in the nineteenth century changed the Bay of 
Quinte from an oligomesotrophic system supporting salmonids 
and coregonids to a eutrophic one, supporting percids and 
esocids. This change is not perceived as being entirely deleteri
ous. 

(2) Development after 1940 led to the upper Bay becoming 
hypereutrophic with an associated loss of valued fish stocks. 

(3) Introduction of detergent controls and installation of terti
ary treatment at 1 mg P · L- 1 (0.5 in the summer time) effluent 
has prevented the worst excesses of hypereutrophication. 

(4) Future management should be directed to keeping the 
summer input P concentration below 50 mg · m- 3 , even in low 
river flow conditions. The reduction in the final effluent to 
0.5 mg P · L- 1 will aid this effort considerably. 
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A simple whole-lake phosphorus model is presented. Coupled mass balance equations for the water 
column and surface sediment phosphorus pools in a lake are described. The model is shown to be a 
descendent of the Vollenweider (1969. Arch. Hydrobiol. 66: 1-36) model. The concept of "apparent settling 
velocity" is replaced with an operationally defined concept determined by sedimentation, reflux (internal 
loading), and permanent deposition rates. The model is used in an analysis of the Bay of Quinte phosphorus 
budgets. The dominance of internal loading is supported. The effect of uncertainty in key model param
eters is shown. Use of the model for evaluation of lakes with changing phosphorus loads is recommended. 
Where reflux from the surface sediment pool is present, the response of lake water quality, as determined 
by phosphorus concentrations in the water column, will lag changes in external phosphorus loading rates. 
When external loading increases, the sediment pool retains phosphorus and minimizes the impact on 
water quality until it comes to steady state. When external loading decreases, the sediment pool delays the 
improvement in water quality because of reflux. 

On presente un modele simple de phosphore pour I' ensemble des lacs. On decrit les equations d'equilibre 
de masse appariees pour les reservoirs de phosphore se trouvant dans Ia colonne d'eau et dans les 
sediments de surface d'un lac. On montre que le modele est derive du modele de Vollenweider 
(1969. Arch. Hydrobiol. 66: 1-36). Le concept de «vitesse apparente de sedimentation» est rem place par 
un concept defini operationnellement qui est determine par Ia sedimentation, le reflux (charge interne) et 
les taux permanents de depot. On se sert du modele pour proceder a une analyse des bilans de phosphore 
de Ia baie de Quinte. La dominance de Ia charge interne est etayee. On montre l'effet de )'incertitude sur 
les parametres importants du modele. On recommande )'utilisation du modele pour evaluer les lacs ou les 
quantites de phosphore varient. Quand il y a reflux a partir du reservoir des sediments de surface, Ia qualite 
de l'eau dulac, telle que determinee par les concentrations de phosphore dans Ia colonne d'eau, ne suivra 
pas les changements des taux de chargement externe de phosphore. Quand le chargement externe 
augmente, le reservoir de sediments retient le phosphore et minimise les repercussions sur Ia qualite de 
l'eau jusqu'a ce qu'il devienne stable. Quand le chargement externe diminue, le reservoir de sediments 
retarde )'amelioration de Ia qualite de l'eau en raison de reflux. 

Introduction Lorenzen (1973) presented a set of models which accounted 
for both the release and sedimentation of Pin lakes. He followed 
this up with a trial application of his final model to Lake 
Washington (Lorenzen et al. 1976). Digiano and Snow (1977) 
presented another model involving gradient-driven exchange 
between water column and interstitial P. Dillon ( 1974) sug
gested such an approach, i.e. coupled equations to describe 
water column and sediment P dynamics. Here, a simpler model 
is proposed which includes a sediment P pool. The model is 
developed, compared with others, and applied to the Bay of 
Quinte. Finally, the implications of this approach to the study of 
P budgets in lakes are considered. 

Considerable success in the management of eutrophication 
has been made possible by the use of simple lake phosphorus (P) 
models (Vollenweider 1969; Dillon 1974) which only deal with 
an input-output analysis of P in the water column. Although 
there is ample evidence of the role of lake sediments as a source 
as well as a sink for P, there have been, as Nlirnberg (1984) 
pointed out, few attempts to deal explicitly with P exchange 
between the water column and bottom sediments in a simple 
model. There are examples in the literature, e.g. Emery et al. 
(1973) (Lake Sammamish) and Larsen et al. (1979) (Lake 
Shagawa), where lakes have failed to respond in the manner 
predicted by the Vollenweider model, when external P loading 
was greatly reduced. Sediments as a source of P were implicated 
in both cited examples. Imboden (1974) developed a two-layer 
model of the epilimnion and hypolimnion in a lake. He recog
nized that recovery might be delayed by release from enriched 
sediments but did not pursue an analysis of the role of the 
hypolimnion sediment P release term in his model. Snodgrass 
and O'Melia (1975) further developed the idea of a two-layer 
model but did not allow directly for a release of nutrients from 
the sediments, only that their loss term from the water column · 
can be negative. 
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· Earlier models relied on a term "net sedimentation" (Vollen
weider 1975), i.e. the net balance of gross sedimentation and 
sediment release or reflux, to complete the mass balance equa
tion for the water column of a lake. The lack of agreement 
between the earlier models and results usually arose from the 
requirement that gross sedimentation and reflux have a fixed 
relationship. This difficulty was usually overcome by addition of 
other factors or coefficients to the models. Vollenweider (1976) 
added a further component related to flushing, while Chapra 
( 1982) made the net sedimentation coefficient a hyperbolic 
function of mean depth. An alternative approach is the use of 
two simultaneous equations, one for the water column and one 
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FIG. I. Concept of a two-component whole-lake P model. 

for the sediment pool. 

The Model 

The dynamics of P pools in the water column and surface 
sediments of a lake (Fig. 1) can be described by two equations 
(see Appendix for definition of symbols): 

(1) pw = L- aPW- pPW + 'Yps 

= loading - sedimentation - flushing + reflux 

(2) P5 = aPw - 'Yps - 8P5 

= sedimentation - reflux - deposition. 

Loading comes from runoff, point sources, and the atmosphere. 
Sedimentation is that P which settles out of the water column 
into the surface sediments. Runoff replaces the water in the lake 
and removes P by flushing. Reflux is the release of nutrients by 
whatever mechanism (e.g. resuspension, diffusion, biotic 
migration) from the surface sediments into the water column. 
Below the mixed layer of surface sediments, there is a perma
nent accumulation of sediment (i.e. deposition) from which 
reflux is not possible. Incoming sediment continually renews the 
mixed layer, which then moves up to incorporate the new mate
rial and conserve its dimensions. 

Chapra and Reckhow (1983, p. 389-390) presented a similar 

set of equations for the allochthonous solids budget of a lake. 
However, their equations were only an intermediate step in the 
derivation of a more elaborate model and they did not analyze 
the simpler model. In a similar model, Lorenzen eta!. (1976) 
forced 8P sin equation (2) to be equal to aP w times a constant. In 
the model ofDigiano and Snow ( 1977) the reflux depends on the 
concentration gradient between water column P [P wJ and inter
stitial [P] and an adsorption equilibrium between [PJ and 
interstitial [P]. They ignored deposition. 

Equations (1) and (2) can be analyzed as follows. At steady 
state, 

(3) L-aPw-pPw+'YPs=O 

and 

(4) aPw - 'Yps - 8Ps = 0. 

Equation (4) can be rearranged to yield P5 as a function of P w· 
This function can then be substituted into (3) and (3) rearranged 
to yield P w as a function of L and the coefficients: 

(5) Pw = L/ [p + a8/ ('Y + 8)]. 

This is the result obtained by Vollenweider (1969) except that a 
is modified by the ratio 8/ ('Y + 8). 

Vollenweider (1969) proposed that the flux of P from the 
water column to the sediment be a proportion (a) of the P in the 
water column. In a completely mixed system, this is the same as 
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assuming that the P in the water column has a fixed settling rate 
( v, metres per year) such that a equals vIZ. This formulation 
has been used extensively (Imboden I974; Chapra 1977; Dillon 
1974). However, it was found (Vollenweider I976) that settling 
rates estimated from P budgets were considerably less than those 
obtained by direct measurement. Thus, the term "apparent 
settling velocity" (v') arose. Equation (5) offers a resolution of 
this difficulty. When the reflux term, 'Y, is greater than zero, as is 
likely in most cases (Nurnberg 1984), the settling rate is modi
fied by the ratio of deposition to reflux plus deposition. 

Equation (5) can be further rearranged by substitution. If both 
sides are divided by the lake volume {V), Q IV is substituted for 
a, and vIZ substituted for a, the result is 

This is again a familiar equation where the lake P concentration 
is a function of the specific loading rate (LP), the hydraulic load 
(qJ, and the settling rate (v) modified by i:i I ('Y + 8). If on one 
hand the reflux ( 'Y) is assumed to be zero, the equation reduces 
to that of Vollenweider (1969): 

(7) [P wJ = Lpl [qs + V]. 

On the other hand, as reflux increases, the ratio 81 ( 'Y + 8) tends 
towards zero, net retention of P in the sediments becomes 
negligible, and the lake concentration will equal the input 
concentration: 

Of course, these are steady-state conditions. If, as we expect, the 
reflux is greater than zero, [P wJ could violate the extremes of {7) 
and (8) given rapidly changing loading rates. If, over an interval, 
loading increased significantly, it is expected that the sediment 
pool would lag behind the water column in coming to a new 
steady state. In the interim, [P wJ might fall below the limit 
predicted by (7). Vice versa, with a decrease in loading, the 
sediment pool would lag again and in the interim, [P wJ might 
exceed the limit predicted by (8). 

To realize the significance of these equations, it is necessary 
to know the expected values of the settling rate (v) and the 
hydraulic load (q.). Imboden ( 1974) suggested that settling rates 
were in the range O.I-0.4m·d- 1• Snodgrass and O'Melia 
(1975) suggested that v had a base rate of 0.05 m·d- 1 which 
increased with the thickness of the lake layer according to the 
formula (I + 0. 05 times the layer thickness (metres)). So, for a 
layer of I 0 m, the rate would be 0.075 m · d- 1 , while for a layer 
of I 00 m the rate would be 0. 3 m · d- 1• Particles, detritus, and 
algae are expected to be the source of settling material. Accord
ing to Smith (1975) a 1-jLm-diameter cell, with a specific gravity 
close to unity, would sink ::::0.001 m·d- 1 , a 10-jLm cell 
::::-0.086 m·d- 1, and a 100-jLm cell ::::-0.43 m ·d- 1• Burns and 
Rosa {1980) reported settling velocities for I 0 species of phyto
plankton ranging from 0.07 to 0.31 m·d- 1• Reynolds (1984) 
reported rates of 0.2-1.2 m · d- 1 for large nonmotile algae. 
Sprules eta!. ( 1983) reported that most algae in 26lakes were in 
the 5-20 11-m range. 

The settling rate ( v ) can be estimated from the ratio of 
measured sedimentation rates and the average concentration ofP 
in the water column. Since it is only the downward flux (aP w) 
that is of interest, it is important to correct for resuspended 
sediment in sediment trap catches (Charlton 1975). A number of 
literature sources contained sufficient data to calculate a settling 
rate (Table I). The estimates averaged 0. 113 ± 0. 064 m · d- 1 
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TABLE I. Estimates of the settling rate (v) derived from P budget and 
sedimentation studies. 

Estimated 
Mean depth, Z settling rate, v 

Location (m) (m·d- 1) Source 

Lake Kinneret 25.0 0.19 Serruya 1975 

Lake of Lucerne 
(Horwer Bay) 42.6 0.02 Bloesch 1974 

Rot see 9.0 0.03 Bloesch 1974 
Lake Washington 32.9 0.15 Edmondson and 

Lehman 1981 

Lake Norrviken 5.4 0.13 Ahlgren 1972 
Bay of Quinte 9.7 0.16 Minns et al. 1986 
Limnocorral 4.0 0.12 Charlton 1975 

Mean ± so 0.1 13 ± 0.064 

(X ± so). This is equivalent to 40.9 ± 23.2 m · yr- 1 • For the 
rest of the analysis, I have assumed this is an estimate of v. 

The average settling rate (v, O.Il3 m·d- 1) is comparable 
with those reported above for various particles. Phosphorus 
settling rates, corrected for reflux, should vary as the proportion 
of total P incorporated in particles varies. The net flux (sedimen
tation + reflux) between the water column and the sediment will 
vary seasonally with changes in the depth and intensity of 
mixing in the water column, which can cause resuspension of 
sediment Pin particles, i.e. part of the reflux term in the model. 
However, the settling rate ( v) is not affected by the mixing 
regime, unlike the net or apparent settling velocity. Vollen
weider (1976) suggested that the apparent settling velocity ( v') 
was about lO m · yr- 1 • Chapra (1982) estimated that the max
imum apparent settling velocity was 24.5 and that in individual 
lakes was a function v' = v'max(l- exp(-0.075 Z)).·It 
follows from the model development here that at steady state, 

(9) v' = v·81 (8 + 'Y). 

On a transient basis, v' can be negative. 
It is usually considered that qs < v (Imboden 1974). Data 

presented by Turner et a!. (1983) support this contention. 
Snodgrass and Dillon (1983) pointed out that the relative magni
tudes of q s and v (or v') are important in determining the source 
of variability in [P wl This is an important consideration with 
regard to the retention coefficient (R) and the ratio of internal to 
external loading (R1E): 

(10) R 
v' v 

q,,. + v' v + qs('Y + 8)18 

'Y ps 'Y 
(II) RIE =-L-= 8 + qs(8 + 'Y)Iv 

As qsl v increases, bothR andRIEdecrease. Also of interest are 
the turnover times of the sediment and water column P pools: 

(I2) '~'w = Il[p + a8I('Y + 8)] 

{13) 'J's=li['Y+8]. 

A priori, it is expected that '~'s < 'I' w· 

Thus it is to be expected that lakes with a long history of 
nutrient enrichment will show a lagged recovery when nutrient 
loading is decreased because of P in the surface sediments 
(Schindler 1976). Examples of lagged recovery include Lake 
Norrviken (Ahlgren 1972), Shagawa Lake (Larsen eta!. I975), 
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TABLE 2. Phosphorus budget data for the Bay of Quinte. 

Parameter Period Upper bay Whole bay Source 

A
0 

(km2) 136.4 257.4 Minns et al. 1986 
Z (m) 1972-77 4.3 10.5 Minns et al. 1986 

1978-81 4.2 10.3 Minns et al. 1986 
LP (mg·m-2·yr-l) 1967-77 2486 ± 500 2252 ± 610 

1978-81 2254 2345 Minns et al. 1986 
p 1967-77 11.8 ± 1.8 7.3 ± 2.0 Minns et al. 1986 

1978-81 12.9 12.1 Minns et al. 1986 
Correlation LP with p 1967-77 0.833 0.851 Minns et al. 1986 
Mean [P,J (mg·m-3) 1972-77 64.7 39.1 Minns et al. 1986 

1978-81 45.6 30.9 Minns et al. 1986 
Mean-y-P, (mg·m-2·d-l) 1972-77 10.7 5.6 Minns et al. 1986 
SP, (mg·m2·d-l) 1.35 (0.28-3.55) 1.54 (0.32-4.05) Joshi and Fox 1985; 

Warwick 1980 
v' estimated from (9) 4.58 ± 2.61 8.83 ± 5.04 

the Bay of Quinte (Minns et a!. 1986), and possibly Lake 
Washington (Edmondson and Lehman 1981). 

Inclusion of the role of the sediments in predicting the recov
ery of lakes from excess P loading requires that the size of the 
active sediment pool ( P 5 ), the deposition ( () ), and the reflux ( -y) 
coefficients be determined. There are a large number of studies 
where the flux rate (-yP5 ) has been estimated (Niirnberg 1984). 
With the advent of radionuclide methods, there have been many 
studies where long-term sediment deposition ( ()p ,) has been 
estimated (cf. Robbins 1982). The greatest difficulty lies in 
determining the size of the sediment pool (P J. Robbins (1982) 
found that the mixed layer in the Great Lakes varied from I to 
15 em thick depending on the abundance and penetration of 
macrobenthos. In shallow situations, wave-induced sediment 
mixing is to be expected. 

In steady-state situations, the ratio ()PsI ( -y P s + ()P J would 
suffice for using equation (6) to predict [P ,vJ. In situations 
where loading is changing, it is necessary to know the size of the 
pool (P 

5
). 

Functionally, deposition is a burial process (Robbins 1982) 
and depends on the influx of new sediment from the watershed. 
So it is to be expected that the sediment load, and so deposition 
(3), will be a function of the hydraulic load (qs). This may 
explain, in part, why Vollenweider (1976) had some success in 
defining critical load with a function of u involving q s· 

Trial Application to the Bay of Quinte 

Application of this model to any situation requires that a 
number of parameters be estimated. If the situation involves 
evaluation of changing loads, it is essential that the size of the 
sediment pool be determined. If the object is to predict future P 
concentrations, some measure of uncertainty will be needed. 
Reckhow and Chapra (1983) suggested the use of first-order 
error analysis as a starting point. 

The Bay of Quinte is a large eutrophic bay at the eastern end of 
Lake Ontario. Since 1972, it has been the subject of an intensive 
study to assess its response to P management. Minns 'et a!. 
( 1986) have described the P loadings and budgets for the period 
1965-81. The bay was treated in three parts: uppe1; middle, and 
lower. There is a large drainage area and the upper bay has a high 
flushing rate ( 11.8 ± I. 8 · yr- 1 ). The middle and lower bay 
sections have exchange flows with Lake Ontario and so the 
whole bay also has a high flushing rate (7.3 ± 2.0·yr- 1). The 

upper bay is shallow (Z = 4.3 m, 1972-77), while the lower 
bay is deep, giving the whole bay a mean depth of 10.5 m 
( 1972-77). The budget analyses indicated that internal P load
ing dominated. In many years the upper bay exported more P 
than was imported. The sediments in the accumulation zones are 
highly enriched with P (1.494 mg· g- 1 in 1972, R. L. Thomas, 
IJC, Windsor, Ont., pers. comm.). Prior to 1972, point-source P 
loadings were as high as 300 kg· d- 1 • During the period 
1972-77, the loadings were about 200 kg· d- 1• After installa
tion of new treatment facilities in the winter of 1977-78, the 
loadings were about 80 kg· d- 1 • The prognosis was that until the 
internal loading dissipated (i.e. sediment P concentrations 
declined), the full effect of external P controls would not be 
realized. 

Initially, it is instructive to calculate the expected steady state 
using data for the period 1972-77. Most of the data needed 
(Table 2) are drawn from Minns et a!. ( 1986). The main 
unknown is the value of v' or v3 I ( () + -y ). Minns et a!. ( 1986) 
estimated the sediment reflux (-yP,) for 1972-77 by back
calculation with P budgets. Joshi and Fox ( 1985) and Warwick 
( 1980) have presented estimates of sediment deposition based 
on three and one cores, respectively, at points throughout the 
bay. They estimated sediment deposition at points in accumula
tion zones using radionuclide dating techniques. The rates 
ranged from 0.020 to 0.254 g·cm- 2·yr- 1 with a mean of 
0. 0965. Combined with estimates of the extent of the accumula
tion zone (34.1% in the upper bay, 39.0% for the whole bay) and 
the average P content of surface sediment ( 1.494 mg · g- 1) 

provided by R. L. Thomas (pers. comm.), the deposition of P 
(3PJ can be estimated: 1.35 mg P·m- 2·yr- 1 (range 
0.28-3.55) in the upper bay and 1.54 (range 0.32-4.05) in the 
whole bay. 

As a cross-check, the sediment deposition can also be esti
mated from the sediment load, i.e. the suspended solids load. 
From data in Ongley (1973), the mean suspended solids con
centration of runoff entering the Bay of Quinte was estimated to 
be II. 49 g · m- 3 . Using the flushing data for the upper bay, the 
annual sediment deposition is 0.1710 ± 0.026 g·cm- 2 ·yr- 1 

in the accumulation zone. Applied to the whole bay's accumula
tion zone, the deposition is 0.0792 ± 0.0121 g·cm- 2 ·yr- 1• 

The presumption is that the sediment load to the upper bay is not 
retained there but replaces sediment being transported to the 
lower bay and out into Lake Ontario. Damiani and Thomas 
(1974) showed that the upper bay sediments are lacking in very 
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TABLE 3. Steady-state predictions of [P w] (jLg·l - 1) for the Bay of 
Quinte, 1972-77 and 1978-81 (standard deviations estimated using 
first-order error analysis). 

Predictor Upper bay Whole bay 

Observed mean ( 1972-77) 64.7 39.1 

Predicted 
Lp/ qs (8) 49.0 ± 14.6 29.4 ± 13.5 
LP/ [qs + vB/ (8 + 'Y)] (6) 44.9 ± 13.1 26.3 ± 11.6 
Lp/[qs + v] (7) 27.1 ± 9.7 19.2 ± 8.26 

Observed mean (1978 -81) 45.6 30.9 

Predicted 
Equation (8) 41.6 18.8 
Equation (6) 38.4 17.6 
Equation (7) 23.7 14.2 

fine particles, which indicates (R. L. Thomas, pers. comm.) a 
disequilibrium between input and output. Overall, however, the 
sedimentation value of 0.0965 g·cm- 2·yr- 2 derived above 
does not appear unreasonable. 

The calculation of standard error below used in first-order 
error analysis involves only the contribution of standard devia
tions of LP, qs, and v. A single value of '6/('6 + 'Y) was 
calculated for the upper bay (0.112) and the whole bay (0.216). 
Assuming that v' is uncorrelated with L, and q_,., the expected 
steady-state values of [P wJ can be caicufated for equations (6), 
(7), and (8). The predictions (Table 3), despite wide confidence 
intervals, do not encompass the observed mean for the period 
1972-77. As expected, the Bay of Quinte does not appear to be 
close to a steady state. The decline in internal loading is lagging 
changes in external loading. 

Given that the bay appears not to be near steady state, it is 
obviously of interest to estimate the recovery time from the 
1972-77 state. This requires that the size of the active sediment 
pool be known. Joshi and Fox ( 1985) found there was evidence 
of considerable sediment mixing in the three cores they ana
lyzed. The caesium profiles indicated mixing down to 8-10 em. 
The 210Pb profiles were inconsistent and probably did not go 
deep enough to reveal the mixed layer. Warwick's (1980) core 
showed a mixed layer of only 2-3 em based on a 21°Pb profile. 
0. Johannsson (GLFRB, pers. comm.) has found chironomids 
as deep as 25 em in the sediments of the accumulation zone in 
the upper bay. According to Robbins (1982), that depth would 
approximate the mixed depth. The available data are not suffi
cient to firmly establish the mixed depth. 

Given the uncertainty regarding the size of the sediment pool, 
it seems best to examine how sensitive model predictions are to a 
range of depths. Taking the average conditions described above 
and three thicknesses of sediment layer, the results (Table 4) 
show that while the steady-state concentrations are unaffected, 
the sediment pool turnover time (I 3) increases with increasing 
thickness. The equations predict a dramatic increase in [P

5
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from 1.494 mg·g- 1 (the 1972 value) to 0.619 to 0.625. Analy
sis of limited sampling (N = 12) of surface sediments in the 
upper bay in 1977 showed a mean of 1.119 mg·g- 1 

(C. K. Minns, unpub!. data). Based on 1972-77 loadings, the 
predicted steady state of [P wJ was 44.9 J.Lg·l- 1 for the upper 
bay and 26.3 for the whole bay. After 1977, point-source 
loadings decreased and the observed P concentrations declined 
(Table 2). Of course, with lower loadings, for a given qs, the 
steady-state predictions ( 1978-81) also decrease (Table 3). The 
recovery is lagging even after 4 yr. So, the turnover time ( TJ 
must be relatively long and therefore the thickness of the mixed 
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sediment layer must be relatively high. 
The next stage in the application of the model to the Bay of 

Quinte will require (i) that a series of sediment cores be dated 
using 210Pb to establish the thickness of the mixed layer and the 
mean and standard deviation of deposition rates and (ii) that 
a subset of the surface sediment survey conducted by 
R. L. Thomas in 1972 be repeated to look for changes in the 
sediment P concentration. 

Clearly the Bay of Quinte is not near to a steady state with 
respect to P loading. This implies that if current P control 
strategies are kept in place, further improvements in water 
quality can be expected in the future. 

Discussion 

This simple model (equations (I) and (2)) has a number of 
advantages over its immediate ancestor, the Vollenweider ( 1969) 
model. The model has a complete accounting of the input and 
output of P for a lake. Inclusion of a sediment pool facilitates an 
explanation of the lagged response to P control encountered in 
systems with long enrichment histories. It offers a substitute for 
the concept of apparent settling velocity. This, in turn, allows 
for a wider range of retention values (R) depending on the 
relative size of the 'Y and '6 coefficients. 

The model is useful in that it focusses more attention on P 
reflux from sediments. The value of 'Y and how it varies with lake 
and loading characteristics is of great importance in determining 
the effectiveness of P control strategies. As Lorenzen et a!. 
(1976) showed with a similar model, if 'Y is greater than zero, 
recovery will be retarded. In the treatment here, it has been 
assumed that 'Y is a constant. If 'Y increased with rising [P 

8
], the 

decline in water quality due to increasing loading would be 
delayed but would be ultimately relatively worse than if 'Y were a 
constant. 

Replacement of the apparent settling velocity concept with 
one that separates sedimentation and reflux allows a better 
understanding of the retention coefficient (R). As loading 
decreases, retention will decrease for some time, but will even
tually return to similar levels, as was observed in Lake Wash
ington (Edmondson and Lehman 1981). 

No attempt has been made to further interpret the mechanism 
of sediment reflux. Whether it is due to diffusion, resuspension, 
or biotic transport is not critical to this analysis. It is more 
important that the fluxes of sedimentation, reflux, and deposi
tion be considered separately in the evaluation of lake P dynam
ics. The relative magnitude of these fluxes can greatly affect a 
lake's response to P management. 

The trial application of the model to the Bay of Quinte 
illustrates the difficulties to be encountered in situations where 
loading is changing. However, the model does lead to a useful 
integration of information and provides direction for future 
research. The prognosis is that improvements in water quality 
can be expected in the future with no further decreases in point
source P loading. 

This model incorporates the effect of sediment deposition and 
reflux on the dynamics of Pin the water column of a lake. If all 
parameters can be estimated, prediction of a lake's response to 
changing loading should be relatively simple. It is recom
mended that this successor to the Vollenweider model be used to 
assess the response of lakes to P loading management. 
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TABLE 4. Thmover time and steady-state predictions with a range of mixed sediment layer depths. 

Upper bay 

Initial Conditions 
pw (kg) 37889.7 

339090.4 
11.8 
9.5 

L (kg·yr-1) 
p(yr-1) 
rr (yr- 1) (vIZ) 
[P

5
] (mg·g-1) (1972) 

'Yp (kg·yr- I) (1972-77) 530564.0 

Sediment Assumptions 

Water content of mixed layer (%) 
Sediment solids density (g ·em- 3) 
Sediment input (g·cm-2 ·yr-1) 

10 20 

p s (kg) 1702493 3404986 

'Y 0.3120 0.1560 
B 0.0394 0.0197 
T w (yr) 0.08 0.08 
T s (yr) 2.85 5.69 
[P wJ (mg· m -3) 44.9 44.9 
[P s] (mg· g- I) 0.625 0.625 
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Appendix: Symbols 

P w Total amount of P in the water column (kg) 
Ps Total amount of Pin the mixed surface sediment layer (kg) 
[P wJ Concentration of Pin the water column (mg·m-3) 
[P s] Concentration of Pin surface sediment (mg· g- I) 
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p 

B 

'Y 
v 
~0 
z 
L 

LP 
q_, 

Q 
v 

Sedimentation coefficient, vIZ -(yr-1) 
Flushing coefficient, Ql V (yr-1) 
Deposition coefficient (yr-1) 
Reflux coefficient (yr-1) 
Lake volume (I Q6 m3) 

Lake area (km2) 

Mean depth, vI A
0 

(m) 
External loading (kg·yr-1) 
Specific surface loading, Ll A

0 
(mg·m-2·yr-l) 

Hydraulic load, Ql A
0 

(m·yr-1) 
Total yearly water discharge 
Settling velocity (m·yr-1) 
Thmover time, sediment 
Thmover time, water 
Retention coefficient 

Ratio internal to external loading 
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Seasonal Trends in Turnover Times of Orthophosphate in the 
Bay of Quinte, Lake Ontario 

E. S. Millard 
Department of Fisheries and Oceans, Great Lakes Fisheries Research Branch, Canada Centre for Inland Waters, 

Box 5050, Burlington, Ont. L7R 4A6 

Millard, E. S. 1986. Seasonal trends in turnover times of orthophosphate in the Bay of Quinte, Lake Ontario, 
p. 91-99. In C. K. Minns, D. A. Hurley, and K. H. Nicholls [ed.] Project Quinte: point-source 
phosphorus control and ecosystem response in the Bay of Quinte, Lake Ontario. Can. Spec. Pub I. 
Fish. Aquat. Sci. 86: 270 p. 

Orthophosphate turnover times were measured weekly throughout the Bay of Quinte, Lake Ontario, from 
May through September. The longest turnover times were in May but decreased to 5 min at some stations 
by early july. At this time, uptake was dominated by bacteria-size particles (0.45-1 f.Lm) in the middle and 
lower bay as well as nannoplankton (1-8 f.Lm) in the upper bay. Several factors suggested that the seston 
was phosphorus starved at this time. Total phosphorus, chlorophyll a, turnover times, and phosphorus 
uptake by larger particles(> 8 f.Lm) increased by August, indicating that phosphorus supply had increased. 
Turnover times were fastest in the middle and lower bay when thermal stratification occurred. The shallow, 
fully mixed upper bay stations that were close to high point-source phosphorus loadings had long turnover 
times most frequently. The highest frequency of rapid turnover times occurred in the middle bay where the 
distance from point-sources of phosphorus and strong thermal stratification lowered available phosphorus 
supply. 

Le temps d'elimination des orthophosphates a ete mesure chaque semaine, de mai' septembre, dans 
toute Ia baie de Quinte sur le lac Ontario. Le temps le pi';Js long a ete observe en mai, mais, a certaines 
stations, il diminuait a cinq minutes au debut de juillet. A cette epoque, !'absorption dans Ia baie etait 
surtout due a des particules de Ia taille des bacteries (0,45-1 f.Lm) dans les parties centrale et inferieure, 
ainsi qu'au nannoplancton (1-8 f.Lm) dans Ia partie superieure. Plusieurs facteurs semblent indiquer que le 
seston disposait alors d'une quantite insuffisante de phosphore. Au mois d'aout, I' apport de phosphore 
augmentait com me le montre l'accroissement du phosphore total, de Ia teneur en chlorophylle a, du temps 
d'elimination et de Ia quantite de phosphore fixe par les particules plus grosses (8 f.Lm). En periode de 
stratification thermique, I' elimination etait Ia plus rapide dans les parties inferieure et centrale de Ia baie. 
Aux stations situees dans Ia partie superieure, pres de fortes sources ponctuelles de phosphore, ou les 
eaux etaient peu profondes et homogenes, !'elimination etait tres souvent lente. C'est dans Ia partie 
centrale de Ia baie, loin des sources ponctuelles de phosphore, ou une stratification thermique importante 
attenuait l'apport de cet element, que !'elimination etait le plus souvent rapide. 

Introduction 

The high summer phytoplankton biomass in the upper Bay of 
Quinte prior to phosphorus controls at sewage treatment plants 
was due to high point-source phosphorus loadings and low 
flushing rates (Johnson and Owen 1971; Minns et al. 1986; 
Millard and Johnson 1986). Howevet; it was unclear when 
phosphorus controls were proposed (Johnson and Hurley 1986) 
whether proposed reductions were sufficient to limit algal 
growth and reduce standing crops. The purpose of this study was 
to assess the phosphorus demand of the phytoplankton through
out the Bay of Quinte, Lake Ontario, through frequent measure
ment of orthophosphate (P04 ) turnover time. The basic 
hypothesis was that determining seasonal trends in phosphorus 
demand could help determine the seasonal importance of phos
phorus supply and thus the role of phosphorus controls relative 
to other growth factors. 

1956; Levine and Schindler 1980). In contrast, slow turnover 
times indicate low biomass, adequate P04 supply, or limitation 
of algal growth by some other factor (Rigler 1966; Peters 1974; 
Lean and Nalewajko 1979; White et al. 1982). Phosphate turn
over time has been used by others to assess phosphorus limita
tion on a seasonal basis in an ultraoligotrophic lake (Chow
Fraser and Duthie 1983), in a comparison between an 
oligotrophic and eutrophic shield lake (Levine and Schindler, 
1980), and in the eastern and central basins in Lake Erie (Lean et 
al. 1983). 

Orthophosphate turnover time has been proposed as an index 
of phosphorus demand by the seston because it integrates the 
effects of available phosphorus, biomass of organisms, and 
cellular phosphorus content (Lean and Nalewajko 1979). Turn
over time is the time required by the seston to take up an amount 
of PO 4 equal to the total pool of PO 4 in the water (Riggs 1967). 
Rapid turnover times indicate a high demand for P04 because 
phytoplankton biomass is high or P04 supply is low (Rigler 

Lean and Nalewajko ( 1979) improved the use of turnover time 
in assessing phosphorus demand by proposing that the shape of 
the curve showing loss of 32P04 from the filtrate could help 
describe the degree of demand. They identified three types of 
curves: type 1 where uptake is log-linear during the first hour, 
type 2 where a steeper log-linear slope bends to an asymptote, 
and type 3 where two log-linear lines fit the data after the 
asymptote is subtracted. Type 1 curves indicate low phosphorus 
demand and type 2 high demand, and type 3 curves indicate 
extreme phosphorus depletion and occur rarely. A combination 
of turnover time and curve type was used in this study to assess 
the seasonal trend in phosphorus demand. In addition, frac
tionation of 32P04 uptake was done to determine the changes in 
the importance of bacteria, nanno-, and net-phytoplankton to 
phosphorus demand during the season. 

91 



TRENT 
RIVER 

LAKE ONTARIO 

10km 

SALMON 
RIVE 

NAPANEE 
RIVER 

-t-

PRINCE EDWARD BAY 

* SEWAGE EFFLUENT INPUT 
.A. PROJECT QUINTE CRUISE STATION 

FIG. 1. Bay ofQuinte and sampling locations; upper bay stations atT, B, BB, and N, middle bay stations are HB and P, and lower bay stations are 
GL, C, and LE. 

100rn_rr~~------------------------------------------------------------------------, 

-D-o_.o--o-- ---o----o-------- -o----- -------o------- -----o----- -- ----.o_ -------- ---D- -------- ___ o_-- _Q. 

5 June Type 1 TT=626 min 

w 
t:( 
a: 
~ 
u::: 10 

4 July Type 2 TT=7.8 min 
6 • • A= 7.6 '!'a 
a.. • • • N .. 

"' .. 15 August Type 2 TT=63min 
~ .. .. .. A= 4.4% .. .. 

1+------.-------,------.------.------,-------,------,------.------,,------,------.-~ 

0 20 40 60 80 100 120 140 160 180 200 220 

TIME (min) 
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Materials and Methods 

Composite, euphotic zone water samples for phosphate 
uptake experiments were collected weekly from nine stations 
from 8 May to 26 September 1978 (Fig. 1). The sampling 
schedule coincided with weekly Project Quinte sampling cruises 
(Millard and Johnson 1986). Samples were transported to the 
laboratory and experiments started within at least 3 h of sam
pling. 

Incubation temperatures were always kept at ±I °C of the 1-m 
ambient temperature for the upper bay stations (T, B, BB, N) 
and for all other stations after the end of June. However, during 
May and June, ambient temperatures differed by up to 7°C 
between the middle (HB) and lower bay (P, GL, C, LE) stations 
that were all sampled on the same day. However, temperature 
difference was less (2-3°C) among the lower bay stations. As a 
result, samples were incubated 2-4°C below ambient for station 
HB and l-2°C above for the lower bay in May and June. 

Carrier-free 32P04 (Amersham) was added to a 0.5-L sample 
in a chromic acid washed plastic bottle to give a total activity of 
10 000-15 000 dpm · mL -I. Aliquots (5 mL) were filtered 
through 24-mm, 0.45-f.Lm cellulose-nitrate filters (Sartorius) 
and then rinsed with about I mL of distilled water. Examples of 
typical filtering frequency curve type and length of experiments 
are presented in Fig. 2. Filters plus rinse water were collected 
and the radioactivity determined by counting the Cerenkov 
radiation (Brown 1971) on a Beckman LS8100 liquid scintilla
tion counter. The percentage of the initial tracer left in solution 
was calculated and plotted semilogarithmically versus time. The 
initial slope of this relationship approximates the rate constant 
for orthophosphate uptake and the reciprocal is the orthophosp
hate turnover time in minutes. When an asymptote was reached, 
curve-splitting techniques were used to determine the initial 
slope (Riggs 1967). All slopes were calculated by simple linear 
regression. Except for the distilled water rinse of filters, the 
procedure and treatment of data followed that outlined by Lean 
and Rigler (1974) and Lean and Nalewajko ( 1979). Any effect of 
the rinse would have probably been to consistently increase the 
amount of tracer in the filtrate. This could have occurred through 
lysis of delicate organisms, but this seems unlikely because of 
the brief exposure time of about I s. Alternately, washing of 
radioactivity in the water retained by the filter into the filtrate 
could have occurred (Lean and Burnison 1979). A consistently 
small increase of filtrate activity was unlikely to have signifi
cantly altered the calculation of the initital slopes. Parallel 
experiments with and without filtered lake water rinses have 
shown no effect on calculated turnover times (D. Lean, 
Environment Canada, pers. comm.). 

Fractionation of total 32PO 4 uptake into different size catego
ries was done weekly at stations B, N, HB, GL, and C. Frac
tionation was carried out at the end of each experiment when 
either isotopic equilibrium between the dissolved fraction and 
the seston had been reached, or in the case of experiments with 
slower uptake, after 3-5 h. Aliquots (15 mL) were filtered 
through 0.45-f.Lm membrane filters (total 32P04 uptake by the 
seston) as well as 1- and 8-f.Lm Nuclepore filters. These filters 
were used because of the inadequacy of membrane filters for 
particle size fractionation (Burnison 1975). Aliquots were also 
passed through 64-f.Lm nylon meshes before filtration through 
0.45-f.Lm membrane filters. The proportion of the total 32P04 
uptake by each size category (i.e. 0.45-1 f.Lm) was calculated 
from the difference between the activities retained. Filters were 
counted because most of the tracer was usually in the seston at 
the time of fractionation. All filters were counted with PCS fluor 

(Amersham) to increase efficiency and quench-corrected using 
the sample channels, ratio method. 

Composite, euphotic zone samples for chlorophyll a were 
collected at the same time as those for phosphorus uptake and 
filtered through GFC filters (Whatman Co.) (Millard and 
Johnson 1986). Filters were frozen and later analyzed by the 
Water Quality Branch, Canada Centre for Inland Waters, Bur
lington (Environment Canada 1979). Samples for total phos
phorus were collected on the weekly Project Quinte sampling 
cruises within 1-2 h of collections for tracer experiments 
(Robinson 1986). Mixing depths and thermal stability, the latter 
characterized by the solution (N2) of the Brunt- Viisala equation 
(Phillips 1966), were determined from vertical profiles of den
sity (Millard 1986). 

Results 

32PQ4 Turnover Times 

Turnover times for 32PO 4 were slow ( 130-1800 min) at all 
stations from early May until late June (Fig. 3). Turnover times 
started to decline on 20 June from station N lakeward to LE 
(7 .5-21.6 min) and remained low untill8 July. Turnover times 
during this period were the most rapid of the study, with many 
values < 10 min. An exception was the week of 26 June when 
very long turnover times (246-1552 min) occurred at these 
stations. Turnover times also decreased at stations T, B, and BB 
by late June but were not usually as rapid. However, a minimum 
turnover time for the study of 2.5 min, indicating extreme phos
phorus demand, was measured at station T on 26 June and 
turnover time was only 12.7 min on I 0 July at station B. Station 
BB had the longest minimum July turnover time of all locations 
(36 min). From late July to early August, turnover times 
increased to over I 00 min on at least one occasion at all stations 
except HB. Unlike other stations, turnover times from mid- to 
late August were short at stations N and HB (6.3-15.4 min). 
Except for isolated dates at stations B (9 August, turnover time 
= 10.6 min) and T (4 September, turnover time = 16.8 min), 
turnover times were not under 20 min during August and Sep
tember at any other stations. The average September turnover 
time was I 00 min at all stations except T and N where the 
averages were 41 and 46 min, respectively. 

Curve Type 

Examples of type 1 and 2 curves found at station N during this 
study are presented in Fig. 2. The type 2 curves show dif
ferences in asymptotes as .turnover time decreases. Type I 
curves were common in this study and occurred at all stations 
from early May until late June. Type 2 curves occurred from 
station HB down to LE from 19 June to 17 July when turnover 
times were shortest. During this same period, type 2 curves 
occurred at station N on the two dates when turnover times were 
< 10 min. Stations T and B had type 2 curves only twice during 
the study, while BB had neither a curve of this type nor a 
turnover time of< 20 min. Type 2 curves were most frequent at 
station HB. From late July until the end of September, type 1 
curves occurred on all dates at all stations except N and HB. 
These stations had type 2 curves on three consecutive dates in 
August when turnover times were rapid. 

Asymptote levels in midsummer in small lakes when phos
phorus kinetics are usually most rapid are typically 1-5% 
(Rigler 1964 ). In this study, asymptotes were usually slightly 
higher at 5-10%. On some occasions, the criterion for a type I 
curve, log-linear loss of 32P04 from the filtrate for 60 min was 

93 



May Jun Jul Aug Sep May Jun Jul Aug Sep 

FIG. 3. Seasonal trends in 32P04 turnover times at all stations in the Bay of Quinte. 

met, but an asymptote as low as 3.5% was eventually reached. 
Higher asymptotes have been found by Peters (1975) in Euro
pean lakes (22-70%) and by Nalewajko and Lee (1981) in Lake 
Superior (21- 26% ). Decline in asymptote level may reflect an 
increase in phosphorus demand due to high biomass or decrease 
in phosphorus supply. Nalewajko and Lee found that levels 
dropped in September when turnover times were shorter and 
increased when phosphate was added in enrichment experi
ments. 

Uptake of 32PO 4 by Size Categories 

Fractionation of 32PO 4 uptake was summarized by three main 
size categories: 0.45-1 j.Lm representing bacteria-size particles, 
1-8 j.Lm for smaller nannoplankton, and > 8 j.Lm, which 
probably included larger nannoplankton and netplankton. The 
basic seasonal trend in the relative contributions of each size 
fraction to the total phosphate uptake was similar throughout the 
Bay (Fig. 4). Larger phytoplankton(> 8 j.Lm) accounted for at 
least 40% and usually 60-100% of the uptake in May. Uptake 
by the very large phytoplankton (> 64 j.Lm) made up as much as 
50% of the total at times in May. This large size category usually 
accounted for < 15% of total uptake during the rest of the 
season. Uptake by particles> 8 1-Lm declined steadily in impor
tance to a minimum in early July of< 15% at all stations. The 
large phytoplankton (> 8 j.Lm) become much more jmportant 
during August and September (40-60% of the total phosphate 
uptake at that time). 

Uptake by the nannoplankton ( 1-8 j.Lm) became increasingly 
important from late June until early July in the upper bay, 
making up 45-60% of the total at station B. At station N this 
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fraction was most important in early June (50-60%), declined 
steadily in importance until the end of August (25-40%), and 
made up only 15-23% of the total uptake thereafter. Uptake by 
the 1-8 j.Lm fraction showed no seasonal trends at station HB 
and GL and varied between 25 and 35% during much of the 
study. However, the lowest percent uptake ( < 20%) by this 
fraction at HB and GL was in May and September when uptake 
by algae> 8 j.Lm was highest. Uptake by the 1-8 1-Lm fraction in 
June at station C was 30-40% of the total, similar to the upper 
bay. Unlike the rest of the bay, uptake in the 1-81-Lm fraction 
was highest at station C in August (30-40%). 

The proportion of the total phosphate uptake by bacteria-size 
particles (0.45-1 1-Lm) was inversely related to uptake by the 
larger phytoplankton (r = -0.86, P < 0.01, no difference 
with arc sine transformation). Uptake by this smallest size 
category was low in May, especially at stations HB and C 
(0-1 0% ). However, the importance of small particles increased 
during June and peaked in early July when orthophosphate 
turnover times were most rapid. By early July the 0.45-lj.Lm 
fraction accounted for 40-50% of the total phosphate uptake in 
the upper bay and over 80% in the lower bay. The importance of 
this size fraction decreased in August and accounted for about 
20-30% of total uptake by September. 

Total Phosphorus 

Only total phosphorus concentrations (total [P]) have been 
reported here, since estimates of soluble reactive phosphorus are 
known to overestimate orthophosphate concentrations (Rigler 
1966, 1968). Furthermore, the complex and rapid kinetics asso-
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FIG. 4. Percentage of total 32P04 uptake in different size categories at five stations in the Bay of Quinte. 

ciated with dissolved fractions of phosphorus (Lean 1973) make 
it difficult to discuss phosphorus availability using data on static 
concentrations. A complete presentation of nutrient con
centrations and loadings can be found in other papers in this 
volume (Minns et al. 1986; Robinson 1986). 

All stations, except C and LE, showed a marked increase in 
total [P] from May through September (Fig. 5). In the upper bay, 
total fP] fluctuated between 20 and 40 mg · m- 3 in May and 
June, and increased markedly during July and August 
(60-70 mg · m- 3) and continued to increase in September 

(80 mg · m- 3 ). Trends were similar in the middle bay but con
centrations were lower and tended to lag the upper bay. The 
largest changes in total [P] occurred in August and September. 
In the lower bay, total [P] fluctuated between 15 and 
20 mg · m- 3 over the entire season with no distinct pattern. 

Chlorophyll a 

In the upper bay, chlorophyll a (Chi a) was lowest during May 
(3-13 mg · m - 3) and increased slightly during June (6-27 
mg · m- 3). Concentrations were generally in the 5-1 0 
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FIG. 5. Seasonal trends in total phosphorus and Chi a concentrations at all stations in the Bay of Quinte. 

mg · m- 3 range in the middle and lower bay at this time. 
Chi a increased in the upper and middle bay by late July and 

peaked near the end of August. Maximum concentrations at 
stations T and BB were 24 and 20 mg · - m3 , but were higher at 
B and N at 34 and 60 mg · m- 3 respectively. In September, 
levels were 17-20 mg · m- 3 at stations T, B, and BB and 
slightly higher at station N (20- 36 mg · m- 3 ). Trends in Chi a at 
station HB were similar to station N with a slight lag in the July 
increase. August levels (31. 9 mg · m- 3 ) were higher than the 
upper bay stations other than N, and maximum levels occurred 
in late August and September (40-50 mg · m- 3 ). 

At stations P and GL, mean August Chi a was lower at 22 and 
16 mg · m- 3 , respectively, as were maximum levels (35-40 
mg · m- 3 ). Chi a at stations C and LE fluctuated from 2 to 8 
mg·m- 3 until September when levels reached 10-15 
mg· m- 3 . 

Mixing Depth and Water Column Stability 

The basic seasonal trend in vertical mixing depth (Zm) in the 
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middle and lower bay is from full column circulation in the 
spring, to a reduction in Zm during July and part of August, with 
a return to full circulation during September (Fig. 6). The reduc
tion in Zm at the shallower middle bay locations (HB, P) 
occurred in June but was delayed in the lower bay until early 
July. Z111 increased at HB and P in early August but declined 
on two consecutive sampling days in the middle of the month. 
Full circulation occurred from late August throughout Sep
tember in the middle bay. In the lower bay, Zm declined mark
edly from 5 to 18 July but increased gradually throughout 
August. The mid-August decline in Zm noted at HB and P was 
evident only at station GL and on only one sampling date. 

Generally, values for N2 were negatively related to Z
111 

on the 
middle and lower bay where thermal stratification occurs 
(Reynolds et al. 1984; Millard 1986). Values were minimal in 
May and September when full circulation occurred throughout 
the middle and lower bay. The maximum and average summer 
values declined progressing from station HB lakeward. The 
highest N2 values (1500 X 10- 6 to 2500 x 10-6 · s- 2), 
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FIG. 6. Seasonal trends in mixing depth (Z
111

) and water column stability (N2) at the middle (HB, P) and lower (GL, C, LE) bay stations. 

denoting a very stable water column, were most evident at 
station HB in June and July. Maximum values at stations GL, C, 
and LE were only 400 X 10- 6 to 700 X lO- 6 • s- 2). The mid
August decrease in Z

111 
at station HB and P was accompanied by 

an increase in N2 values. Unlike the middle bay, the August 
increase in Z

111 
in the lower bay was associated with maximal N2 

values for each station, indicating a better defined mixing depth. 

Discussion 

A classification scheme was used to place orthophosphate 
turnover times into one of three levels of phosphorus demand to 
quantify the seasonal demand at each station (Fig. 7). In this 
study, turnover times > 60 min indicated low phosphorus 
demand, values from 20 to 60 min moderate demand, and 
turnover times < 20 min high demand. These categories were 
based on results of several other studies. Lean and Pick (1981) 
suggested that turnover times of < 20 min mean that phosphate 
is limiting algal growth. Lean et al. ( 1983) stated that turnover 
times of I0-60 min are rapid and mean phosphorus is in great 
demand. Similarly, Nalewajko and Lee (1981) measured turn
over times of 14-40 min in Lake Superior during August and 
September and concluded that demand was moderate to high. 
Stations N and HB had high phosphorus demand most fre
quently, while the upper bay stations T, B, and BB had the 
fewest occasions with high phosphorus demand. Station BB 
showed the lowest phosphorus demand of all stations. The 
shortest turnover time at station BB was 25.6 min and turnover 
times fell in the moderate demand category on only three other 
occasions at this location. The lower bay stations also had 
turnover times that frequently fell in the lower demand category. 

The high phosphmus demand from station N lakeward to LE 

in late June and early July indicated that available phosphorus 
supplies were depleted. This was also the only period in the 
upper bay when demand was moderate to high. Available phos
phorus supplies were likely depleted by the annual spring 
diatom growth that occurs throughout the bay (Nicholls et al. 
1986). At this time, Stephanodiscus astraea (Ehr.) Grun., and to 
a lesser extent Synedra acus Kutz, Tabellaria fenestrata 
(Lyngbye) Klitz, Fragillaria crotonesis Kitt., and Melosira 
spp., dominate the phytoplankton community. This explains the 
importance of the larger size fractions in phosphorus uptake 
during May. Other evidence points to phosphorus limitation of 
algal growth at this time of the season. Nicholls et al. (1986) 
showed that both the length of the spring Stephanodiscus spp. 
growth period and the decline in silica levels were positively 
related to phosphorus concentrations. In addition rapid phos
phate turnover times, the importance of bacteria-size particles in 
phosphorus uptake, type 2 uptake curves and the relatively low 
Chi a levels are other factors that suggest phosphorus supply was 
critical in late June. Bacteria and small algae often dominate 
phosphorus uptake when turnover times are rapid (Rigler 1956). 
When bacteria dominate phosphotus uptake, turnover times do 
not directly reflect phosphorus demand by algae. However, 
since uptake by bacteria is easily saturated with small additions 
of phosphorus, bacteria-dominated uptake indicates that the 
entire plankton, including larger algae, is phosphorus deficient 
(Lean 1984). Short turnover times indicate high phosphorus 
demand relative to supply. When algal biomass is low and 
turnover times are rapid, further increases in standing crop may 
be prevented by phosphorus limitations on algal growth (Lean 
and Pick 1981; Lean et al. 1983). 

Throughout the bay there was an increase in phosphate turn
over times, total algal biomass, and a dominance of larger size 
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fractions in phosphate uptake by August, indicating an increase 
in available phosphorus. An increase in phosphorus supply can 
cause the transition from rapid phosphorus kinetics dominated 
by bacteria and small algae, that occurred in early July, to slower 
turnover times when larger algae take up much of the phosphate 
as in August (Lean and White 1983). 

The increase in total [P] in the upper bay during July and 
August (50-56 mg · m- 3) to double June values (Robinson 
1986) shows that phosphorus supply increased. Part of this 
increase in concentrations occurred annually because of low 
summer flow (Johnson and Owen I 971 ). However, in 1978 part 
of the summer increase in total [P] must have been due to 
sediment regeneration of phosphorus (Minns et a!. 1986). 

Higher phosphorus demand might have been expected in the 
lower bay because of lower total [P] compared with upper bay 
and therefore potentially less available phosphorus. Lower total 
[P] in the lower bay was caused by dilution of bay water by 
intrusions of Lake Ontario water (Minns et a!. I 986). Although 
these intrusions can occur as far up the bay as station HB, their 
effect is largely confined to stations GL, C, and LE (Freeman 
and Prinsen berg I 986). In constrast, lower algal growth rates 
because of a lag in warming and effects of deep mixing on net 
photosynthesis (Millard I 986) may have lowered phosphorus 
demand in the lower bay at times. Deep mixing in western Lake 
Erie (Lean and Nalewajko 1979) and Lake Superior (Nalewajko 
and Lee 1981) has been given as an explanation for low phos
phorus demand. 

The reduction in Z"' and increased stability of the water 
column in early July put additional stress on phosphorus sup
plies in the middle and lower bay. This may partially explain the 
more rapid turnover times compared with the upper bay during 
this period. Shorter mixed depths reduced the size of the avail
able phosphorus pool and shut off supplies of phosphorus from 
deep water or sediment regeneration. A decrease in Z"' probably 
caused the rapid turnover times at station HB and N in August. 
Shorter Z

111 
and higher ff2 occurred to a lesser extent at stations P 

and GL in August with less of an effect on phosphate turnover 
times (20-30 min). Timing of stratification is also thought to be 
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important in determining seasonal patterns of phosphorus lim
itation in Lake Erie (Lean et a!. 1983). 

Seston at stations N and HB had the highest phosphorus 
demand. In the middle bay this was due in part to earlier, 
stronger, and more persistent thermal stratification than in the 
lower bay. At station N, total [P] and point-source phosphorus 
loadings from Napanee were equal to those at station B farther 
up the bay. However, the difference in phosphorus demand 
indicates that available phosphorus was in shorter supply. The 
exposed location of stations B and BB may have increased the 
frequency of mobilization of phosphorus from sediments during 
windy weather. An added supply of available phosphorus such 
as this may account for the consistently low demand at these 
stations. The location of station N with respect to the Napanee 
River and the Napanee sewage treatment plant may also have 
been an important factor in reducing the effectiveness of this 
point source of phosphorus. Part of the available phosphorus 
from the Napanee sewage plant was probably taken up by dense 
algal and macrophyte growth along the Napanee River after the 
sewage outfall. In addition, the location of station N placed it 
more directly under the influence of higher flow from the upper 
bay than the low summer flow from the river. The high algal 
biomass at station N was a stress on available phosphorus supply 
and caused the rapid turnover times. Algal standing crops from 
station N through Long Reach to HB were dependent on rapid 
recycling of phosphorus and were probably more representative 
of the high phosphorus supply farther up the bay. The distance 
from effective point sources of available phosphorus was proba
bly of increasing importance progressing from the upper to 
middle bay regions. 

Rapid phosphate turnover times in the middle and lower bay 
indicated that phosphorus supply was immediately limiting to 
algal growth at times in the summer. This was not as apparent in 
the upper bay although turnover times did decrease in July and 
early August. In spite of this lower phosphorus demand and a 
late summer increase in phosphorus supply from sediment 
regeneration, seasonal primary production was lower in 1978 in 
the upper bay than in all years prior to phosphorus control 
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(Millard and Johnson 1986). It appears that over a time frame of 
weeks to months, turnover times may not have to become 
extremely rapid for changes in phosphmus supply to reduce 
algal standing crop and production. Further reductions in phos
phate turnover times sustained over a longer period would 
undoubtedly be reflected in even lower primary production. 
This may not be achieved until surface sediments in the upper 
bay export phosphorus and come into equilibrium with external 
phosphorus loadings (Minns et al. 1986). 
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A study was carried out in the Bay of Quinte, Lake Ontario from 1972 to 1982 to determine the effectiveness 
of phosphorus (P) controls (1978-82) at lowering chlorophyll a (Chi a) concentrations, primary production 
rates (Amax), and light extinction (EPAR). Prior to P controls, conditions in the upper bay placed it amongst 
some of the most eutrophic temperate-climate lakes in the world. Rapid increases to high peak values inCh I 
a (60-100 mg · m-3), A max (400-500 mg C · m-3 · h -1), and EPAR (2.75-3.75 · m-1) occurred each summer 
prior to P control. Following P controls, summer means and maxima for these parameters have declined 
substantially. Total gross primary production (May-September) has declined 37-46% in the upper bay and 
26-28% in the middle and lower bay. The gradient from upper to lower bay in parameters such as Chi a, 
Amax' and EPAR' directly influenced by algal density, was less pronounced after P control. Self-shading 
properties of the phytoplankton community reduced the differences between regions of the bay in integral 
primary production (2;A, mg C · m-2 · h-1) but this was even more evident with P control. River flow and 
point-source P loadings explained much of the variance in P concentrations and thus productivity in the 
upper bay. 

De 1972 a 1982, on a effectue une etude dans Ia baie de Quinte (lac Ontario) afin de determiner l'efficacite 
des mesures de reduction du phosphore (P) (de 1978 a 1982) pour diminuer les concentrations de 
chlorophylle a (Chi a), les taux de production primaire (Amaxl' et le degre d'extinction de Ia lumiere (Epar). 
Avant qu'on applique des mesures de reduction de P, les conditions dans Ia partie superieure de Ia baie 
pla<;aient celle-d dans Ia meme categorie que certains des lacs plus eutrophes des regions temperees du 
globe. Chaque ete, avant qu'on limite les apports de P, il y a eu une augmentation rap ide jusqu'a des valeurs 
maximales elevees de Chi a (60-100mg·m-3), d'Amax (400-500mg·m-3·h-1 de C) et de Epar 
(2,75-3,75 · m-1). Depuis les mesures de reduction de P, les moyennes et les maxima enregistres l'ete pour 
ces parametres ont diminue sensiblement. La production primaire brute totale (de mai a septembre) a 
diminue de 37 a 46% dans Ia partie superieure de Ia baie et de 26 a 28% dans les parties mediane et 
inferieure. Le taux de variation des parametres comme Ia Chi a, I'Amax et le Epar' qui sont influences 
directement par Ia densite des algues, a ete mains prononce entre les parties superieure et inferieure de Ia 
baie apres Ia reduction du P. La capacite qu'a Ia communaute phytoplanctonique de se proteger elle-meme 
du soleil a attenue les differences observees entre les diverses regions de Ia baie dans Ia production 
primaire integrale (2;A, mg · m - 2 · h - 1 de C), mais cela a ete encore plus evident suite a Ia reduction du P. Le 
debit des rivieres et les charges ponctuelles de P expliquaient une bonne partie de Ia variance des 
concentrations de Pet, par consequent, de Ia productivite dans Ia partie superieure de Ia baie. 

Introduction short time required by phytoplankton to adapt to many environ
mental influences (Harris 1980). However, another paper in tl.is 
issue deals with seasonal interrelationships of determinants of 
primary production in greater detail (Millard 1986b ). 

This paper describes seasonal trends as well as differences 
between years and locations for primary production, chlo
rophyll a (Chi a) and vertical light extinction. in the Bay of 
Quinte, Lake Ontario, from 1972 to 1982. This study was done 
within the framework of Project Quinte, a multi-agency project 
designed to look at the response of an eutrophic ecosystem to 
reductions in phosphorus (P) loading. The pre-P control period 
was 1972-77 with P control starting in 1978. Much of the data 
analysis and explanation in this paper deals with monthly and 
seasonal means. This is a lengthy time frame compared with the 
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One of the primary objectives of Project Quinte was to deter
mine to what extent the proposed reductions in P loadings 
(Johnson and Hurley 1986) would result in lower algal standing 
crops. At the start of Project Quinte it was clearly established 
that the key to controlling eutrophication was by reducing P 
loading (Vollenweider 1968; Schindler 1971; Likens 1972). P 
supply is the key because it determines the carrying capacity or 
maximum attainable algal biomass in most lakes (Schindler et 
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FIG. I. Bay ofQuinte and sampling locations; upper bay stations are T, B, and N, middle bay stations are HB and P, and lower bay stations are GL, 

C, and LE. 

al. 1973). Improved water quality due to reduction in P supply 
has since been documented for a number of lakes. The best 
known examples are Lake Washington (Edmondson 1977), 
Gravenhurst Bay, Lake Muskoka (Dillon et al. 1978), several 
Swedish lakes (Forsberg 1979) and the lower Madison lakes 
(Sonzogni et al. 1974 ). 

In the upper Bay of Quinte, high point-source P loadings 
(PSL) and reduced summer flushing rates (Johnson and Owen 
1971; Minns et al. 1986) created a eutrophic, polluted environ
ment (Rodhe 1969). The effectiveness of P controls in the 
shallow, well-mixed, upper bay where sediments were highly P 
enriched was uncertain (Johnson and Hurley 1986). There are 
numerous cases where recovery due to P control has been 
delayed because of sediment regeneration of P such as Lake 
Norrviken, Sweden (Ahlgren 1977), Shagawa Lake, Minnesota 
(Larsen et al. 1979), and Lakes Glaningen and Uttran, Sweden 
(Forsberg 1979). This study provided a chance to assess the 
importance of changes in P supply relative to other factors such 
as temperature, light, and mixing. Furthermore, the P control 
program for the Great Lakes benefited from a study of the 
effectiveness of such a program in a system where many 
unmanageable factors such as depth, temperature, low summer 
flushing, and P-enriched sediments favoured high primary 
production. 

Materials and Methods 

Sampling 

Sampling cruises were made weekly from May until the end 
of September at up to eight stations from 1972 to 1982 (Fig. 1). 

Stations were always visited in the same order to keep time of 
day constant. Stations T, B, and N were sampled on the first day, 
C, GL, HB, and P on the second, and LEon the third day in the 
years it was sampled (1975-78). Stations B, N, HB, GL, and C 
were sampled throughout the season in all years. Stations T and 
P were sampled weeki y from 1972 to 1978. In 1979 and 1980, T 
was sampled weekly in June and August only. Stations T, B, and 
N were considered to be upper bay, HB and P middle bay, and 
GL, C, and LE lower bay. 

Light Extinction 

Light measurements were made with a submarine photometer 
equipped with a selenium photocell, a diffusing filter, but no 
colour filters (Model268WA310, Kahl Scientific lnst. Co., San 
Diego, CA). Light profiles were made through the euphotic zone 
every 0.25-0.50 min the upper bay and every 0.50-1.00 min 
the lower bay. A deck-cell was used to check for constant 
incident light during each profile. Vertical extinction coeffi
cients for visible light were calculated by the method of Vollen
weider (1974). Euphotic zone depths (Zeu = 1% penetration) 
can be calculated as zeu = In 100/ SPAR· 

Chlorophyll a 

Composite samples were collected by lowering and raising 
bottles at a constant speed through an approximation of the 
euphotic zone (2 X Secchi disc visibility). Samples were fil
tered through 1.2-f,Lm membrane filters (Millipore Co.), frozen, 
and later analyzed at the Ministry of the Environment Labora
tory, Rexdale, Ont., using methods outlined in their manual 
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(Ministry of the Environment 1981). From 1977 to 1982, repli
cate samples were filtered through GF I C glass-fibre filters 
(Whatman Co.), frozen, and analyzed later at the Canada Centre 
for Inland Waters (Environment Canada 1979). This latter 
method involves grinding in 90% acetone and yields higher 
chlorophyll values than the membrane method (Long and Cooke 
1972). 

A regression between values obtained with the glass-fibre 
filter method and the membrane filter method showed that the 
latter method underestimated Chi a concentrations (Y = 0. 12 + 
l.30X, r = 0.92, n = 560). In fact, underestimates were often 
more serious at higher concentrations than predicted from the 
regression equation. However, the high correlation suggests that 
although peak concentrations were underestimated, seasonal 
trends were adequately described in earlier years. 

Primary Production 

Primary production rates were measured using the light-dark 
bottle oxygen method (Vollenweider 1974). Bottles were placed 
horizontally in a shipboard incubator exposed to the sun. The 
incubator was a shallow (12 em) wood box divided into six 
chambers with sheets of translucent plastic mounted in remov
able frames over each compartment. One chamber was left 
uncovered to represent surface light conditions. A gradient of 
percent transmission was made by varying the number of sheets 
over each compartment. Green cellophane was placed between 
the sheets in the chamber with the lowest transmission (3%) to 
get a greater reduction in transmission and simulate the usual 
dominance of green light at greater depths (Millard l986b). In 
198 I and 1982, a neutral-density plastic film was used instead of 
green cellophane to get the proper gradient of transmission in 
the last two chambers (7 and 3%). Each season, percent trans
mission of the screens for each chamber was measured with the 
photometer. Percent transmissions for the six chambers over the 
study period were approximately 100, 65-67,45-55, 20-26, 
7-16, and 3%. Surface water was pumped continuously 
through the box to maintain a constant temperature. 

Water samples were collected from depths corresponding to 
the percent transmission of each chamber found by interpolation 
on the percent transmission versus depth plot. N2 was bubbled 
through the water before filling the bottles to reduce oxygen 
concentration to 40-50% of saturation. This reduced the loss of 
oxygen in light bottles due to supersaturation during periods of 
intense photosynthesis. Two light and two dark bottles (300 mL 
BOD) were filled and incubated from each depth. A fifth bottle 
was also filled and the initial oxygen concentration measured. 
Bottles were incubated 3-4 h in the upper bay and 4-5 h in the 
lower bay. Oxygen concentrations at the end of incubations were 
measured using a YSI (Yellow Springs Instrument Co.) model 
54 oxygen meter and probe from 1972 to 1978. From 1979 to 
1982 an Orbisphere meter (Orbisphere Laboratories, 
Switzerland) was used. Rates of gross photosynthesis 
(mg 0 2 • m-3 · h- 1) were calculated and converted to carbon 
using a photosynthetic quotient of 1.25 (Ryther 1956). These 
rates were plotted at depths determined by the extinction coeffi
cient and chamber transmission and integrated to give area
based rates (mg C · m- 2 • h-1). 

Calculation of Daily Integral Primary Production 

Short-term measurements of integral production made in the 
incubator were expanded to daily rates (mg C · m - 2 • d- 1) using 
the semi-empirical model of Tailing (1957): 
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kkA = Amax _ 
-.-- · 0.9At (In 1

0 
- In 0.5/K). 

a Emin 

The light-saturated rate of gross primary production, Amax 

(mgC·m-3 ·h- 1), was determined from the depth profiles. 
The constant a corrects for the overestimate of penetration of 
total visible light when the extinction coefficient for the most 
penetrating part of the visible spectrum (Emin) is used. In this 
study, values for EPAR were obtained with an unfiltered photo
cell with a fairly equal response to light energy throughout most 
of the visible range. These estimates of EPAR agreed closely with 
estimates of EPAR made with a quantaspectrometer (Incentive 
Research and Development, Sweden) (Millard l986b). As a 
result, EpAR was used in the model instead of a· Emin· Data for 
day length (At) were obtained from meteorological tables 
(Smithsonian Institution 1951). The value 0.9 is an empirical 
factor used to correct for the effectiveness of day length on dull 
days and the slight overestimates that ar~e from using the mean 
incident light intensity during the day (/ '

0
) (Tailing 1957). The 

parameter I K defines the irradiance level at which light satura
tion of photosynthesis starts. Graphically, its value can be deter
mined from photosynthetic rate versus irradiance plots as the 
irradiance where extrapolation of the linear portion of the curve 
intersects the asymptote or light-saturated rate. It was difficult to 
obtain consistently reliable/K values using this method with our 
data because most profiles had only one or two points in the 
linear part of the curve. As a result, constant values of 3.0 g 
cal· cm-2 • h- 1 for the upper bay and 2.5 g cal· cm-2 • h- 1 for 
the lower bay of photosynthetically available radiation (PAR) 
were used in the model. In this and other studies, the light
independent ratio A maxi EPAR explains most of the variation in 
integral production (Bindloss I 974; Jewson 1976; Jones 1977; 
Harris et a!. 1980), suggesting that errors arising from using a 
constant IK value may not be that important over the course of 
the season if the estimate is reasonable (see Millard 1986b for 
further discussion). Irradiance was measured continuously with 
a Kipp and Zonen pyranometer located in the vicinity of the 
Ministry of Natural Resources Fisheries Station, Picton, Ont. 
Maintenance and calibration of the sensor and recording instru
ments were performed by the Technical Operations Section, 
Canada Centre for Inland Waters. Corrections of 46 and 10% 
were applied to total measured radiation to correct for propor
tions of PAR and reflection losses, respectively (Vollenweider 
1974). 

Symbols and Abbreviations 

PAR 
1'0 

Chlorophyll a (mg · m-3) 
Vertical extinction coefficient for visible light 
(400-700nm) (m-1) 
Light-saturated rate of gross primary production per 
unit volume of water (mg C · m-3 · h-1) 
Hourly rate of gross primary production per unit area 
(mg C · m-2 • h- 1) 
Daily rate of gross primary production per unit area 
(mgC·m- 2 ·d- 1) 
Photosynthetically available radiation ( 400-700 nm) 
Mean irradiance (PAR) just below the water surface 
during the incubation time (g cal· cm-2 • h- 1) 
Mean irradiance (PAR) just below the water surface 
during the day (g cal · em -2 • h-I) 
Irradiance (PAR) indicating the onset of light satura
tion of primary production (g cal· cm- 2 • h- 1) 
Day length (h) 
Depth of euphotic zone (m), l% penetration of I' o 
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FIG. 2. Seasonal trends in Chi a at stations representing the upper (B), middle (HB), and lower (C) Bay of 
Quinte from 1973 to 1982. Values are uncoJTected for phaeopigments from 1973 to 1976 and corrected 
from 1977 to 1982. 

Results 

Seasonal Variation 

Chlorophyll a 
Seasonal trends in Chi a for stations B, HB, and C have been 

presented as representative of the upper, middle, and lower 
regions of the bay (Fig. 2). 

Chi a in the upper bay during June was reduced following 
P control. Average concentrations declined from about 
20mg·m-3 (1975-77) to less than lOmg·m-3 in all post
control years. Concentrations increased during July and 
August, particularly in precontrol years when maximum values 
were usually greater than 60 mg · m-3 and as high as 
140 mg • m- 3 in 1973. September levels were often as high as 
July and August levels. September monthly mean Chi a 
declined from 28-101 mg · m-3 (x = 49.0) in precontrol years 
to a range of 22-43 mg • m-3 (x = 29.5) in postcontrol years. 
There was a tendency for maximum Chi a levels to occur later 
after P control. Maxima occurred in late August or early Sep
tember in four of the postcontrol years. In three of the precontrol 
years, maxima were reached between late July and early 
August. 

Spring Chi a levels in the middle bay were similar to the upper 
bay. June concentrations did not show the same reduction in 
postcontrol years that occurred in the upper bay. Concentrations 
increased in July, with highest monthly means and maxima 
usually occurring in August and September, although this trend 
was variable among all years. Chi a was not reduced during 
these months in the postcontrol period in the middle bay. 

Chi a was always lowest at station C where monthly means in 

May, June, and July were consistently under 6.0 mg · m-3 . 

Higher values occurred in August and September, but maxima 
were rarely greater than 15 mg · m- 3 . Mean concentrations for 
these months were less, from 6 to 13 mg · m-3 . There was 
considerable overlap between pre- and postcontrol con
centrations during the entire season in the lower bay. 

A max 
The lowest values for Amax in the upper bay occurred in May 

and June (Fig. 3). Rates were usually 50-150 mg C · m- 3 • h- 1 

in precontrol years and consistently less than I 00 mg 
C • m- 3 • h- 1 during these months in postcontrol years. The 
seasonal trend in Amax was usually dominated by dramatic 
increases during the summer in the upper bay. This was par
ticularly evident in 1973, 1975, and 1977, when Amax exceeded 
400 mg C · m- 3 • h- 1 and was over 500 mg C · m-3 • h- 1 at 
station N in 1975. Almost every postcontrol monthly mean for 
Amax was lower than in precontrol years in the upper bay. 
Furthermore, reductions in summer means and maxima for 
Amax• EPAR• and Chl a were most evident in the upper bay 
(Table 1). There was also a tendency for peak values of Amax to 
occur in August rather than July during postcontrol years, and in 
1981 there was no distinct peak in Amax at all. 

The seasonal trend was similar for A max at station HB, 
although summer rates were usually less than in the upper bay 
and changes often lagged the upper bay by 1-2 wk. Summer 
values of Amax in the precontrol period, particularly the high
production years in 1973, 1975, and 1977, often exceeded 
200mg C·m-3 ·h- 1, with extremes of over 300mg 
C · m-3 • h- 1. The distinction between the upper and middle 
bay in summer levels of Amax was less evident in postcontrol 
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FIG. 3. Seasonal trends in Amax' the light-saturated rate of primary production, at stations representing 
the upper (B), middle (HB), and lower (C) Bay of Quinte from 1972 to 1982. 

TABLE I. Maximum values in each year for Amax (mg C · m-3 · h- 1), EPAR (m- 1), and Chi a (mg · m-3) at five stations in the Bay of Quinte. 

B N 

Year A max EPAR Chi a A max EPAR Chi a A max 

1972 363 2.56 425 2.42 235 
1973 472 2.71 140 533 2.71 96 358 
1974 365 3.18 66 505 2.88 61 397 
1975 437 3.07 64 519 3.18 73 270 
1976 326 3.18 56 288 3.07 65 217 
1977 432 3.07 88 450 3.76 107 256 
1978 239 2.19 41 263 2.49 71 215 
1979 216 2.97 48 257 2.79 70 238 
1980 201 2.25 41 185 2.30 49 184 
1981 146 1.92 41 226 2.34 64 173 
1982 227 2.30 45 333 3.29 104 209 

years. There was also a tendency for a later rise to peak values of 
A max in postcontrol years, as in the upper bay. The level of A max 

remained high during September in the middle bay; however, 
rates were lower in postcontrol compared with precontrol years. 

The lowest levels of Amax at any time of the season occurred at 
station C. However, differences with other parts of the bay were 
least during May and June when rates were typically 20-50 mg 
C · m- 3 • h- 1• In June, A max showed less consistent reduction in 
the postcontrol versus precontrol periods at middle and lower 
bay stations than in the upper bay. The lower bay lacked the 
sharp increase in A max during the summer that was typical of the 
rest of the bay. Maximum values in the lower bay were typically 
80-lOOmg C·m-3·h- 1 and occurred in August and Sep
tember. There was no consistent reduction in summer means or 
extremes in the postcontrol period. 
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HB GL c 
EPAR Chi a A max EPAR Chi a A max EPAR Chi a 

2.00 153 1.18 147 1.10 
2.00 66 206 1.25 24 96 0.89 15 
2.63 36 152 1.40 28 76 1.03 13 
2.05 41 195 1.12 22 71 0.99 12 
2.09 48 163 1.25 28 87 0.94 20 
2.22 54 !57 1.15 27 73 0.76 10 
1.84 49 146 1.24 31 63 0.96 20 
2.71 66 125 1.35 33 74 0.94 18 
1.81 43 126 1.42 30 88 0.83 17 
2.30 40 106 1.21 28 68 0.87 17 
2.56 73 63 1.10 15 84 0.75 8 

Light extinction, EPAR 

Values for EPAR were lowest in the upper bay during May 
(0. 70-0.80 · m- 1) but reached 1.50-2.00 · m- 1 in June (Fig. 
4). However, in the postcontrol period, EPAR did not exceed 
1.50 · m- 1 in June, with little change in May values from 
previous years. Similar to Amax' EPAR increased markedly dur
ing the summer, particularly in precontrol years when values 
were frequently over 2.0 · m- 1 (Zeu = 2.3 m), with extremes 
exceeding 3.0 · m-l (Zeu = 1.5 m). Summer means and max
ima for EPAR have declined in postcontrol years. For example, 
July monthly means have declined from close to or over 
2.0 · m- 1 in the precontrol years to 1.34-1.58 · m- 1 in the 
postcontrol period. 

Seasonal trends in EPAR were similar in the middle bay. 
Values were slightly less during May and June compared with 
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FIG. 4. Seasonal trends in ePAR' the vertical extinction coefficient for visible light, at stations represent
ing the upper (B), middle (HB), and lower (C) Bay of Quinte from 1972 to 1982. 

the upper bay and declined less during the postcontrol compared 
with the precontrol period than at station B. Values for ePAR 

increased in July to about 1.00-1.80 · m- 1 and were highest in 
most years during August and September at 1.50-2.00 · m- 1 

(Zeu = 3.1 - 2.3 m), with extremes of over 2.00 · m- 1• No 
consistent declines in post- versus precontrol periods were noted 
for summer values of ePAR' 

Transparency was greatest in the lower bay, as indicated by 
the much lower values for ePAR· The majority of values ranged 
from 0.40 to 0.80 · m- 1 (Zeu = 11.5-5.8 m), with no distinct 
seasonal trends evident. In contrast with the other parts of the 
bay, ePAR was often highest during May and early June in the 
lower bay. Values fluctuated during the summer and increased 
slightly during late August or early September in some years. 
There was no change in ePAR for the postcontrol compared with 
the precontrol period during any part of the season. 

Integral Primary Production 

Primary production profiles from the incubator usually · 
showed the classic shape obtained with the in situ technique. 
Surface rates (unfiltered chamber) were often photoinhibited, 
with the light -saturated region well defined in two to four of the 
chambers, depending on light intensity. Rates declined expo
nentially with depth, and rates from the two chambers with 
lowest transmission (3 and 10%) usually occurred in this part of 
the profile. Except on extremely overcast days, rates from the 
last chamber were greater than zero, so profiles were always 
extrapolated to the depth of Zeu· Profiles were not always accu
rately defined in the linear part of the photosynthesis- irradiance 
profile, particularly on bright days when only one rate (3% 
chamber) fell in this part of the curve. Also, profiles were not as 
accurate in the early part of the season in the lower bay when 

production rates were very low at some depths. Overall, esti
mates of integral primary production were reasonably accurate. 
The model ofThlling (1957), 

.._, Amax /~ 

.::..A =--·In--
Emin'a 0.5h' 

is known to show good agreement with hourly integral rates 
obtained with the in situ method (Rodhe 1965; Jewson 1976; 
Jones 1977). We also found good agreement (r = 0.93, n = 

1578) between the model and the incubator method: !A model 
= 1.422 + 0. 996 !A incubator. The low intercept and slope of 
almost 1. 0 indicates that our method provided reasonably accu-
rate estimates of integral primary production. · 

Values for Amax were much higher in the upper than the lower 
bay because of the higher standing crops, but zeu was greatly 
reduced due to high light extinction (Fig. 5). In comparison, the 
lower bay lacked the extremes of standing crop and production 
on a volume basis, but the upper to lower bay gradient was 
reduced when these parameters were integrated over Zeu· Con
sequently, seasonal trends and differences between years and 
stations in !A were not as evident as withAmax' ePAR> and Chi a 
(Fig. 6). 

In the upper bay, monthly means for !A were lowest in May 
(87-129mg C·m-2 ·h- 1 ) and June (164-222mg 
C · m- 2 • h- 1 during precontrol years, declining below these 
ranges in postcontrol years. Integral production increased sub
stantially in July and August, particularly before P control. The 
value of !A was often greater than 300 mg C · m - 2 • h-I at this 
time and in 1973 was over 400 mg C · m - 2 • h-I for both 
months. In precontrol years, !!A averaged 3.50-4.00 g 
C · m - 2 • d- 1 in July and August and was over 5. 00 g 
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Fla. 5. Comparative depth profiles of primary production at all stations in the Bay of Quinte for the period August 5-8, 1975. 

C · m-2 • h- 1 in July 1973. However, in postcontrol years, IA 
was often less than 200 mg C · m-2 • h- 1 and IIA declined 
( ~ 40%) in July and August. 

Values for IA during May in the middle bay were similar to 
the upper bay in both pre- and postcontrol periods (53-143 mg 
C·m-2 ·h- 1). A slight decline was noted in postcontrol 
(95-155mg C·m-2 ·h- 1) compared with the precontrol 
period (140-196 mg C · m-2 • h- 1) in June. Daily rates showed 
little change in May and June during the study at the middle bay, 
averaging 1.00 and 1.60 g C · m-2 • d- 1 for these months, 
respectively. As in the upper bay, IA increased markedly from 
July to September. In precontrol years, IA was usually over 
220 mg C · m-2 • h- 1 and often exceeded 300 mg C · m-2 • h- 1 

in these months. However, monthly mean IA exceeded 200 mg 
C · m-2 • h- 1 during July in only one postcontrol year (1981) 
and was less than 300 mg C • m-2 • h- 1 for August in all post
control years except 1980. Values ofiiA declined 40, 25, and 
20% from precontrol monthly means of 2. 79, 3.09, and 2.49 g 
C · m- 2 • d- 1 in July, August, and September, respectively, for 
the postcontrol period in the middle bay. 

The value of IA in the lower bay during May was similar to 
the other regions. In June, IA increased but rates were lower 
than at other stations, with monthly means ranging from 94 to 
150 mg C • m- 2 • h- 1 in precontrol years. In June of two post
control years (1978 and 1980), IA was less than 75 mg 
C • m- 2 • h- 1• The value ofiiA was similar in the lower bay in 
May and June to that in other parts of the bay. Levels of IA did 
not increase as rapidly during July as at other locations. Highest 
rates for IA in the lower bay occurred in August and September 
in most years. Maximum values for IA showed little change 
over the entire study, exceeding a monthly mean of 300 mg 
C · m - 2 • h- 1 on only one occasion. The range in monthly 
means for IA from July through September overlapped the pre
and postcontrol periods, but the lowest monthly means for IA 
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occurred in the postcontrol period in the lower bay. Values for 
IIA were similar to those in the middle bay in both pre- and 
postcontrol periods from July to September. 

Seasonal Gross Primary Production 

The total production for the season (g C · m-2) was estimated 
by integrating the area enclosed by the plot of weekly estimates 
of IIA (Table 2). The length of the season differed slightly 
between years, but most started May 1 and ended October 1 , 
running 22-24 wk. The differences in season length were slight 
and were usually the result of different starting or ending times 
(May, October). The effect of P removal was most noticeable on 
summer means and maxima, so it is unlikely that these dif
ferences in season length were very important in noting dif
ferences between pre- and postcontrol periods. The effect of P 
removal on seasonal gross production was most pronounced in 
the upper bay. As noted previously for other parameters, 1973 
and 1975 were the most productive years, with seasonal produc
tion of about 500 g C · m - 2 • At station B, gross production in all 
seasons during the precontrol period exceeded 350 C · m-2 • In 
contrast, seasonal production was 306 g C · m-2 during the 
highest postcontrol season, 1978. The low value for 1981 may 
be an underestimate because data for IIA were unavailable for 
July. The accuracy of a production estimate of 44.0 g C · m-2 

for July obtained by extrapolating from July 1 to August 4 is 
certainly suspect. However, the ratio Amaxf E, the principal 
determinant of integral production (Tailing 1965), averaged 62 
for the month. This ratio was 58 for July 1980, when data for 
IIA were available weekly and production was estimated at 
43.08 g C · m- 2 . Thus the low seasonal primary production in 
1981 may not be in great error and is similar to results in their 
postcontrol years. The average seasonal gross production for the 
postcontrol period was 46 and 37% lower than the precontrol 
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FIG. 6. Season trends in !A, the hourly rate of integral primary production, at stations representing the 
upper (B), middle (HB), and lower (C) Bay of Quinte from 1972 to 1982. 

TABLE 2. Total gross primary production (g C · m-2) for the May to 
September period at eight stations in the Bay of Quinte from 1972 to 
1982 (- = not sampled). 

Year T B N HB p GL c LE 

1972 307 404 370 338 390 400 351 
1973 469 520 501 386 412 417 306 
1974 273 375 356 350 405 395 289 
1975 358 514 470 433 431 412 303 323 
1976 264 353 320 330 358 394 298 320 
1977 317 417 376 344 361 ,343 318 314 
1978 211 306 259 308 338 303 213 239 
1979 1353 237 289 235 272 249 
1980 1673 221 214 284 314 243 
1981 194 278 250 264 225 
1982 231 242 252 254 248 

3 Production for June and August. 

period at station B and N, respectively. These same averages 
showed a 26-28% decline in the middle and lower bay. Sea
sonal gross production at each of the middle and lower bay 
stations was lower in all postcontrol compared with precontrol 
years. 

Differences Between Years 

One-way analysis of variance and Duncan's multiple range 
test were performed on seasonal means calculated from the 
weekly data for Amax• £PAR• Chi a, and ~A from the five main 
stations (B, N, HB, GL, and C). 

Changes in seasonal means of these parameters following 
implementation of P control have been most noticeable in the 
upper bay (Fig. 7). For example, at station B, Amax was signifi
cantly higher in all precontrol years compared with each post-

control year. Similarly, station N had several high production 
years (1973, 1975, 1977). However, A max was significantly 
lower in 1974 and 1976 compared with the postcontrol period. 
At the middle and lower bay locations there was considerable 
overlap in seasonal means for Amax between the two periods. 
Howeve1~ like the upper bay, Amax in 1973 and 1975 was higher 
than in all postcontrol years. Differences between the two 
periods were least evident at station C. Seasonal means at station 
C from 1973 to 1977 inclusive were significantly higher than 
only one postcontrol year. The value of Amax was most fre
quently lower in 1978 and 1982 when compared with precontrol 
years at the middle and lower bay locations. 

Interyear comparisons at station B for £PAR were similar to 
those for A max. Other than 1972, all precontrol years had 
significantly higher seasonal means for £PAR than postcontrol 
years. There were no significant differences in £PAR over all 
years (1972-82) in the middle bay and few in the lower bay. 

Only station B showed a consistent difference in ~A between 
the two periods. Like Amax• seasonal means in ~A at stations N 
and HB in 1973 and 1975 were consistently higher than in 
postcontrol years. All other stations showed considerable over
lap between the pre- and postcontrol periods in values of ~A. 

Seasonal means for Chi a showed the fewest significant 
differences between years. Chi a was consistently higher in 
1973, 1975, and 1977 at station B and in 1973 and 1975 at 
station N in the upper bay compared with postcontrol years. Few 
significant differences were noted in Chi a levels among years in 
the middle and lower bay. 

Differences Between Stations 

The same statistical treatment of data was used to look for 
groupings of stations within each year. Stations could be 
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FIG. 7. Histograms of seasonal means for Amax' ePAR> Chi a, and ~A at all stations sampled during the 
study from 1972 to 1982. Hatched bars represent the pre-P control period, 1972-76, and the white bars 
represent the postcontrol period, 1977-82. 

grouped as representing similar conditions when there was no 
significant difference in seasonal means for a parameter. 

Before P control, a consistent grouping of stations occurred 
that coincided with the three main regions of the bay. This was 
particularly evident for EPAR' which showed distinct groupings 
and the best upper to lower bay gradient (Millard 1986b ). 
Stations B and N consistently showed no differences for any 
variables. Station T could often be included, particularly for 
EPAR> to form an upper bay grouping. For Amax and Chi a, 
station T grouped most frequently with the middle bay stations 
HB and P. Prior toP control, HB was clearly distinct from the 
upper bay for EPAR. Stations HB, P, and GL separated from each 
other for EPAR' but station HB consistently grouped with station 
P and in three years with GL with respect to Amax and Chi a. 
Station P was a transition area between the middle (HB) and 
lower bay (GL). In the lower bay, stations C and LE could be 
grouped for all variables. Station GL could be grouped with C 
and LE for a lower bay grouping that encompassed most of 
Adolphus Reach for A max and Chi a. However, GL was usually 
distinct from the rest of the lower bay with respect to EPAR. The 
most distinct groupings of stations for A max occurred in the most 
productive year, 1975. The only pairs of stations with no signifi
cant difference were C-LE and B-N. All other stations were 
significantly different from one another and from these two 
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groupings. 
There were fewer significant differences between stations 

after P control for the variables directly related to algal biomass 
(Amax' EPAR' Chi a). Consequently, the gradient in productivity 
from the upper to lower bay was less distinct. This was the case 
for };A throughout the study. Significant differences between 
regions in the bay occurred less frequently for IA than other 
variables. However, this was even more evident in the post
control period when there were almost no significant differences 
in };A between stations in any year. 

One of the more notable changes in the postcontrol period was 
the linking of HB in the middle bay to upper bay stations with 
respect toAmax and Chi a. This trend was less evident for EPAR 

because station N tended to have higher values for EPAR 

although there was no difference between station B in the upper 
bay and HB. In the postcontrol period there appeared to be only 
two distinct regions, the upper and middle bay (B, N, and HB) 
and the lower bay or Adlophus Reach (GL, C). 

Relationships 

Simple and multiple linear regressions were calculated using 
monthly means (1972-81) because weekly data for flow and P 
loading were unavailable (Table 3). The change in importance of 
certain independent variables from upper and lower bay was 
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TABLE 3. Results of regressions using monthly means for important variables ([P] 
mg P · m-2 · d-1; ns = nonsignificant). 

mg · m-3; In flow 

Stations 

B 
HB 
c 
B,HB,C 
B 
HB 
c 
B,HB,C 
B 
HB 
c 

Dependent 
variable 

llA 

lA 

a 

21.16 
219.17 
445.14 
246.90 
-9.11 

7.58 
-0.96 
-9.11 

-94.24 
19.04 

-4.30 

lA 

Chi a 

10.32 
9.40 
8.80 
9.48 
2.68 
2.52 
2.52 
2.68 
4.02 
4.31 
2.44 

86.8 
87.3 
82.8 
85.9 
95.2 
88.3 
85.6 
95.2 
67.1 
63.6 
15.3 

Thmperature 7.38 
ns 
2.04 

4.8 

59.8 

Regression 
F-value 

316.92 
330.76 
231.76 
901.09 
948.96 
362.59 
284.55 
948.96 

53.76 
75.11 
63.18 

R2(%) 

B 1.14 
0.87 

Chi a 0.022 62.9 73.1 

86.8 
87.3 
82.8 
85.89 
95.2 
88.3 
85.6 
95.2 
71.9 
63.6 
75.1 
62.9 
71.4 HB 0.023 71.4 107.2 

c 
B Chi a 
HB 
c 
B [P] 
HB 
c 
B [P] 
HB 
c 
B lA 
HB 
c 
B 
HB 
c 

-8.96 
-28.15 
-4.08 
107.17 

74.3 
0.041 

272.16 
278.51 
199.58 
199.43 
145.35 
40.27 

[P] 
[P] 
In flow 
TL 

PSL 

PSL 

PSL 

ns 
0.53 
0.46 
1.67 
ns 
ns 
ns 

51.03 
0.03 
ns 

167.72 
80.83 
59.57 

181.01 
75.83 
18.40 

shown by using data from stations B, HB, and C. In some cases, 
variables were significant in one region of the bay but not in 
another and this has been indicated. Certain variables were used 
as both dependent and independent because a progression of 
cause-effect links was formed. For example, in the upper bay, 
Chi a was dependent on total P concentrations ([P]) which were 
best explained by flow and point-source P loading (PSL). The 
two regressions could have been replaced by one relating Chl a 
to flow and point-source P loading, but the influence of these 
variables is expressed through [P] so the progressive depen
dence·has been shown. Observed values of IA and those pre
dicted by Talling's model agreed very closely (Millard 1986b). 
As a result, measured IA explained much of the variance of 
IIA and was related to day rates through the day length. 

Similar values for the multiple correlation coefficient (R2 ) 

were obtained throughout the bay for the regression of Amax 

versus Chl a and temperature. However, the role of each variable 
differed markedly between the upper and lower bay. Tem
perature explained only a small part of the variance in Amax in 
the upper bay compared with Chi a, while in the lower bay the 
relative importance was reversed. 

In the upper bay, Chi a was closely related to [P], but the 
relationship deteriorates from upper to lower bay. In fact, at 
station C, [P] was not a significant explanatory variable for Chi 
a. Temperature had a similar effect on the total R2 with Chl a in 
both the middle and lower bay. In the lower bay, In flow was 
positively related to Chi a because levels were often higher in the 
spring when river flows were highest. The influence of flow may 
have been direct because flushing was rapid enough that either 

71. 3 Temperature 
40.2 
13.3 

In flow 

25.6 In flow 
21.0 

21.2 In flow 
7.2 
5.6 

26.7 In flow 
10.9 
11.8 

ns 
1.56 15.6 
0.48 17.1 

-20.66 37.4 
ns 
ns 

-19.52 37.4 
-0.005 6.2 

ns 
-76.59 43.3 
-60.95 38.8 
-37.95 21.5 
-75.19 45.6 
-38.73 27.6 
-5.70 8.9 

106.6 
17.3 
9.2 

28.73 

40.15 
8.8 

42.77 
20.01 

8.72 
61.55 
14.70 
6.13 

71.3 
55.8 
30.4 
37.4 

63.1 
27.2 

64.5 
46.0 
27.1 
72.4 
38.5 
20.7 

algal biomass or [P] required for growth was exported from the 
upper bay and could have increased levels of either variable in 
the lower bay. 

Total P loadings (TL = rivers + point-source) did not 
contribute significantly to regressions with [P] because they 
were highly correlated with river flows (r = 0.93) which had a 
negative influence on [P]. On the other hand, the combination of 
PSL (25.6%) and ln flow (37.4%) explained 63.1% of the 
variance in [P] in the upper bay. In the middle bay, PSL had a 
similar influence, while ln flow was significant, but explained 
only 6.2% of the variance in [P]. In contrast, neither of these 
variables was a significant predictive variable for [P] in the lower 
bay. Similar to [P], much of the variance in A max (72.4%) and 
IA (64.5%) was explained by In flow and PSL, indicating that 
the effect was through [P]. 

Discussion 

The extreme eutrophy of the upper Bay of Quinte prior to P 
removal was evident when compared with other parts of the 
Great Lakes and productive lakes worldwide (Table 4). From 
1972 to 1977, the upper bay was probably the most productive 
embayment in the Great Lakes. Primary production rates and 
Chl a equalled some of the most eutrophic temperate-climate 
lakes documented in the literature. However, the extreme pro
ductivity of Ethiopian soda lakes greatly exceeds that of lakes in 
temperate regions. 

The reductions following P control in summer levels of pri
mary production and Chi a were undoubtedly due to the reduc-
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TABLE 4. Comparison of maximum values of Chi a and primary production• in the Bay of Quinte with other eutrophic lakes. 

Chla A max };A };};A 
(mg· m-3) (mgC·m-3-h- 1) (mg C · m-2 · h- 1) (gC·m-2·d-l) Reference 

Great Lakes 
Lake Ontario inshore 13-14 24 120 1.08 Glooschenko et al. 1974 
Bay of Quinte 

Station B 140 472 679 7.60 This study 
Station HB 66 397 561 6.20 
Station C 20 147 505 5.50 

Hamilton Harbour 50 160 220 Harris et al. 1980 
Lake Huron Saginaw Bay 67 158 Munawar and Munawar 1982 
Lake Erie western basin 20 150 400 4.76 Glooschenko et al. 197 4 

Temperature-climate lakes 
Lake 227, ELA Canada 180 2.90 Schindler and Fee 1973 
Lake Minnetonka, Minnesota 60 300-560 4.00-7.60 Megard 1972 
Lough Neagh, Ireland 
Kinnego Bay 300 585 420 4.30 Jewson 1976 
Loch Leven, Scotland 200 300-350 480 6.30 Bindloss 1974, 1976 
Lake Norrvikken, Sweden 100-400 400-600 3.98 Ahlgren 1970 
Lake Vombsjon, Sweden 75-100 450 550 4.50 Gelin 1975 

African lakes 
Lake George, Uganda 1000 1500 660 3.00-5.00 Ganf 1974, I 975 
Lake Mcllwaine, South Africa 95 653 635 6.03 Robarts I 979 
Lake Elmenteita, Kenya 367 594 167 1.78 Melack and Kilham I 974; Kalff 1983 
Lake Aranguadi, Ethiopia 2170 8919 546 17.Ib Tailing et a!. I 973, table I 
Lake Kilotes, Ethiopia 4I2 3041 720 3.72b Tailing et al. I973, table I 
3 Results from studies using oxygen methods were converted to C uptake using a photosynthetic quotient of 1.25. 
bCalculated from diurnal measurements of in situ oxygen concentration. 

TABLE 5. July-August means (1972- 81) for primary production (};};A, A max), Chi a, P loading and concentration [P], river flow, daily radiation 
(I 0 ), and water temperature at station B (P loading = mg · m-2 · d- 1; flow = 106 mJ · d- 1; I 0 = total solar radiation = g cal · em -2 · d- 1 ). 

Year };};A A max Chla Total 

1972 3512 210 2.80 
1973 4577 337 46 1.51 
1974 3137 224 22 1.33 
1975 4256 341 44 1.4I 
1976 3256 266 37 1.79 
1977 3530 286 47 1.04 
1978 3011 I 56 22 0.58 
1979 2053 139 32 0.94 
1980 I880 124 22 1.17 
1981 1795 109 28 1.00 

tion in PSL. Average PSL was reduced 67% resulting in declines 
of 46 and 37% at stations B and N, respectively, in seasonal 
gross primary production in the post-P control period (Table 5). 
TL did not show the same reduction because of the influence of 
river loadings (TL-PSL) which showed no consistent trend over 
the study period. Flow had a moderating effect on [P] through 
dilution and helped offset the effects of low-flow, high-con
centration PSL (Johnson and Owen 1971; Minns eta!. 1986). As 
a result, river P loadings had little net effect on [P] because they 
were highly correlated with flow, although they were equal to or 
greater than PSL in some years, i.e. 1973 and 1979. This 
explains why TL was not significant in regressions with [P]. 
High PSL in the upper bay coupled with lower summer flows 
caused the summer increase in [P]. It is not surprising, then, that 
the most productive seasons (1973, 1975, 1977) were years 
when the July-August PSL were highest and flows low. In 
constrast, PSL were si~ilar in the other precontrol years (1972, 

I10 

P loading 

Point Temperature 
source [P] Flow /0 (OC) 

0.91 72 13.4 459 22.4 
0.74 108 4.28 480 24.3 
0.65 85 5.21 491 22.7 
1.02 105 2.18 487 23.6 
0.85 91 5.69 446 22.0 
0.68 101 2.36 482 22.6 
0.29 53 2.01 502 23.6 
0.22 52 3.62 471 22.2 
0.26 52 9.30 471 23.3 
0.31 54 5.99 463 23.9 

1974, I 976), but flows were higher. It is interesting that in 1973 
neither PSL nor flow was as extreme as in 1975, yet IIA,Amax• 
and Chi a were as high. It is possible that higher temperature and 
extended periods of hot sunny weather may have contributed to 
the high productivity. Flow explained a greater part of the 
variance in [P] than PSL. However, the limiting effect of PSL 
below some threshold was evident in 1978. During this first 
season of P control, summer flows were the lowest observed 
during the study, yet marked reductions in primary production 
and Chi a were observed. 

In addition to its dilution of [P], flow influenced biomass 
dynamics as a direct loss factor in April and May. At this time, 
5-12% · d- 1 of the standing crop was exported via outflow. 
Furthermore, the high spring flow reduced the gradient in [P] 
from upper to lower bay compared with the summer because of 
the direct influence of upper bay water. As flows subsided during 
the summer, the two regions became dissimilar because con-
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centrations in the lower bay were diluted by intrusions of low
concentration Lake Ontario water (Minns et al. 1986). This may 
explain why neither flow, TL, nor PSL explained any of the 
variance in [P] in the lower bay. The lower Chi a in the lower bay 
is likely due to the lower [P] although a significant relationship 
between these two variables for station C data alone did not 
exist. 

Despite the reductions in [P], conditions are still eutrophic in 
the upper bay. Summer [P] remained high ( 40-60 j-Lg · L- 1) 

after P control started, but values over 80 j-Lg · L- 1 have been 
rare since 1978. Furthermore, over 35% of the variance in [P] 
was unexplained by flow and PSL, suggesting that other factors, 
such as sediment P regeneration, were important in P supply in 
the upper bay. Millard (1986a) found that by late June 1978, 
turnover times for orthophosphate were rapid, with uptake dom
inated by bacteria-sized particles. This type of situation indi
cated that the entire seston including algae was P limited (Lean 
et al. 1983; Lean 1984). During that season, Millard found that 
the proportion of total phosphate uptake by larger particles 
increased by late July as total biomass and that of larger algae 
increased (Nicholls et al. 1986). These changes indicated that P 
supply increased, probably from sediment regeneration. In the 
short term, large algae become increasingly important in P 
uptake asP levels increase (Lean and White 1983; Lean 1984) 
and large algae often dominate communities when nutrient 
supply is high (Parsons and Takahashi 1973). PSL showed little 
seasonal variation, but accounted for part of the summer 
increase in [P] because of a buildup as flows declined during the 
summer. However, at the lower PSL since 1978, calculations 
showed that [P] should have decreased during the summer if 
there had been no sediment regeneration (C. K. Minns, pers. 
comm.). This decline in summer [P] could have occurred 
because sedimentation losses would have been greater than the 
usual increase in [P] at lower flow. 

The timing and magnitude of summer peaks in phytoplankton 
biomass were probably linked to seasonal patterns in internal P 
loading from the sediments. Calculated regeneration rates of P 
were high in the upper bay, often exceeding external inputs 
(Minns et a!. 1986). Research on P dynamics in limnocorrals in 
the upper bay also showed that regeneration rates could be high 
(Lean and Charlton 1976). Millard (1976) suggested that in the 
limnocorrals, sediment regeneration of P was part of a positive
feedback cycle that was triggered by production and sedimenta
tion of organic matter. In this cycle, the initial development of 
biomass in the spring and early summer was driven by external P 
loading. The triggering effect for regeneration was probably the 
loss of the thin oxygenated microzone at the sediment surface. 
Sediments in the upper bay are both enriched with P and highly 
reduced (Damiani and Thomas 1974; Minns et al. 1986). A 
period of calm weather coupled with high seston levels could 
have caused increased sedimentation, loss of oxygen at the 
sediment surface through decomposition and respiration, and 
diffusive release of soluble P. Also, calm weather would have 
reduced circulation and renewal of oxygen at the sediment 
surface. Once regeneration was triggered, algal biomass 
became uncoupled from external P loading because of the vast 
internal supply of P. Lowering external P loading reduced the 
early development of standing crops that could sediment and 
trigger P release. The trend to later and less drastic peaks in P 
concentrations, production, and biomass may have been the 
result of delayed regeneration as a result of reduced PSL. Other 
modes of P regeneration such as disturbance of sediments during 
windy weather may have also been in effect simultaneously 
(Wright 1976). In the upper Bay of Quinte, the role of sediments 

in nutrient regeneration must be considered as a critical factor 
limiting the rate of recovery. 

One of the most striking features about the Bay of Quinte was 
the distinct gradient from upper to lower bay in [P] and volume
based measurements of algal standing crops and production. 
Although the smaller algal densities in the lower bay were 
partially the result of lower [P], other factors such as lower 
temperature, deep vertical mixing, and intrusion of lake water 
were important in this part of the bay (Millard 1986b; Freeman 
and Prinsenberg 1986). In contrast, !A was remarkably similar 
throughout the bay, a consequence of strong self-shading prop
erties of the phytoplankton communities in the upper bay. The 
ratioAmaxl EPAR which explained much of the variance in !,A is 
known to be a stabilizing determinant of integral production 
(Tailing 1965). As a result, less than proportionate increases in 
!,A occur in response to changes in standing crop (Tailing 1965; 
Harris et al. 1980). For example, the coefficient of variation for 
this expression was only 19.6% compared with 60.9% for Amax 
using the data from Fig. 5. As algal crops increased, the nega
tive effect of self-shading was an increase in EPAR and shorten
ing of the euphotic zone. However, biomass increases also 
caused higher Amax and thus, Amaxf EPAR remained fairly con
stant. In contrast, at the lower phytoplankton densities found in 
the lower bay, euphotic zone depths were greater but Amax was 
reduced. 

Chi a was a dominant factor in light extinction in the upper 
and middle bay, a prerequisite for high photosynthetic yields per 
unit area (Bannister 1974). Although detailed aspects of the 
EPAR versus Chi a relationship are presented elsewhere (Millard 
1986b ), it is worth noting that both background light extinction 
(intercept, EPAR versus Chi a) and the incremental effect 
changes in Chl a have on EPAR (slope) were high in the Bay of 
Quinte compared with other waters (Bindloss 1976; Jewson 
1976). High values for these parameters reduced the size of algal 
standing crops in zeu> thereby limiting potential photosynthetic 
yields. 

Mean monthly radiation in our study did not contribute sig
nificantly in regressions with Chi a and Amax as the dependent 
variable. This was the result of the small variance in monthly 
radiation over the study (1972- 82). There has been no signifi
cant difference between years in mean seasonal radiation 
(May-September inclusive) during the study. The most produc
tive months (July-August) had coefficients of variation of 6. 9 
and 3.5%, respectively, for the average over the study of the 
mean radiation for each of these months. In the other months 
(May, June, September), about 80% of the monthly means were 
within 10% of the grand mean for the respective month over all 
years. Of course, irradiance was highly variable on a shorter 
time scale of hours to days. Variability in irradiance was proba
bly most important when fluctuations were more rapid than the 
time requried for phytoplankton populations to adapt to a chang
ing light regime (Harris et al. 1980). In the Bay of Quinte, PSL 
and flushing rates were much more important factors in deter
mining seasonal production than meteorological factors such as 
irradiance and temperature. In a global analysis of factors affect
ing production, Schindler (1978) similarly concluded that flush
ing and P loading, not radiation, were the keys to controlling 
eutrophication. In the upper Bay of Quinte, sediment regenera
tion of P is also an important factor governing productivity. 
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By 1972, eutrophication had caused a shallow euphotic zone, limiting the area of submerged macrophytes 
to 2m depth in the upper bay and 4 m near Lake Ontario. In the 1950s, smaller algal biomass had been 
associated with deeper, larger weedbeds. Standing crop, species richness, and cover were relatively low 
throughout the Bay in 1972-82, particularly in the Belleville- Big Bay region. Following phosphorus control, 
cover increased in 1979, but decreased in 1982. In Hay Bay, species richness decreased and chlorophyll a in 
the water column increased after phosphorus control. Concurrently with eutrophication, Myriophyllum 
spicatum invaded and become a dominant plant in the submerged community. Phosphate in standing 
crops of submerged macrophytes and cattail marshes was estimated in 1979. 

En 1972, l'eutrophisation avait cree une zone euphotique peu profonde, limitant le secteur ou se trouvent 
les macrophytes submerges a2 m dans Ia partie superieure de Ia baie eta 4 m pres dulac Ontario. Dans les 
annees 1950, a une plus faible biomasse des algues correspondaient des lits de vegetation plus profonds et 
plus importants. La biomasse, Ia diversite des especes et le couvert ont ete relativement faibles dans toute 
Ia baie entre 1972 et 1982, specialement dans Ia region de Belleville-baie Big. Suite a Ia limitation du 
phosphore, le couvert a augmente en 1979, mais a diminue en 1982. Dans Ia baie Hay, Ia diversite des 
especes a diminue et Ia quantite de chlorophylle a dans Ia colonne d' eau a augmente apres qu'on eOt reduit 
les apports de phosphore. En meme temps que !'eutrophication, il y a eu invasion de Myriophyllum 
spicatum, qui est devenu une plante dominante dans Ia communaute des plantes submergees. On a evalue 
en 19791e phosphate present dans Ia biomasse des macrophytes submergees et des marais a quenouilles. 

Introduction 

Extensive wetlands dominated by emergent plants alternate 
with bare rocky shores to form the shoreline of the Bay of 
Quinte, with submerged weekbeds extending offshore in some 
areas. When phosphorus control was instituted in the 1970s, it 
was known that submerged weed beds had been larger and 
denser in the 1950s and early 1960s, and had declined in the late 
1960s (J. Christie and D. Hurley, Glenora Fisheries Station, 
pers. comm.). Our field work was designed to detect possible 
changes following control of point sources of phosphorus, in 
community composition, diversity, cover, and standing crop of 
submerged plants. 

The three topics of this paper are (I) evidence of changes in 
macrophytes prior to 1971, (2) changes during 1972-82, and 
(3) an estimate of the magnitude of the phosphorus pool in the 
standing crop of emergent and submergent plants in 1979. Such 
an estimate is essential for future numerical modelling of the 
ecosystem. An benchmark data, types of reproduction and the 
stem length of one species were recorded. 

Since Projec't Quinte began, changes in species richness and 
biomass have been described in several lakes during eutrophica
tion. Generally, enrichment leads at first to increased mac
rophytic growth, but water opacity due to algal growth and/or 
turbidity later causes a decline in weedbeds (Bannister and 
Bubeck 1978; Best 1982; Eaton and Kardos 1978; Jupp and 
Spence 1977; Oglesby 1978; Phillips et al. 1978; Schaffner and 
Oglesby 1978; Spence 1975; Weller 1981). In the Bay ofQuinte, 
algal standing crop is known to have increased during the 
reported decline in macrophytes (Nicholls et al. 1986). The 
same trends have been observed in both North America and 
Europe, and the example closest to the Bay of Quinte is the 
Finger Lakes in New York (Bloomfield 1978). 
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While the process of eutrophication has been widely de
scribed since the 1970s, recovery due to removal of phosphorus 
has not. We postulated that phosphorus control would decrease 
algal biomass, leading to better water transparency and to an 
increase in macrophytes. 

Macrophytes prior to 1972 

The earliest record of the vegetation is that of John Macoun 
(1878, 1883-90), who listed 37 aquatic plant species in the Bay, 
some of which were probably never on the shoreline. Nomen
clature in this paper follows Scoggan ( 1978), and Macoun 's 
usage has been brought up to date. Eighteen of the species were 
present in 1972-82, including N ajas fiexilis, Potamogeton illin
oensis, P. zosterifolius, Zannichellia palustris, Vallisneria 
americana, and Ceratophyllum demersum among the sub
merged plants. Emergent species still in the Bay included Spar
ganium eurycarpum, Glyceria canadensis, Phragmites 
australis, and Cyperus strigosus Cattail (Typha latifolia) was 
listed by Macoun as common across Canada, and not mentioned 
specifically in this area. Wild rice, Zizania aquatica, was 
described as "very abundant in the Bay of Quinte." 

Plants listed by Macoun as abundant in the Belleville area 
included Potamogeton gramineus, P. illinoensis, P. praelongus, 
and Zannichellia palustris, none of which were found at Belle
ville in 1972-82. 

Christie and Hurley have described lush weed beds in the 
1950s followed by decline in the mid-1960s. A search for 
quantitive evidence of this trend has been frustrating. The Great 
Lakes Pilot books (Canadian Hydrographic Service) of 1957 
and 1968 described the same weed beds, and these are still 
extant. While the Ontario Ministry of Environment (OME) is 
known to have issued large numbers of permits for the destruc-
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FIG. I. Sites of transects in the Bay of Quinte, 1972-82. 

tion of aquatic weeds in the early 1960s (G. Owen, OME, 
Kingston, Ont., pers. comm.), records have not survived. 

In the 1950s, when marsh habitats for wildlife were described 
by Peters (1951 ), stands of wild rice were abundant in Hay Bay. 
Large stands also grew in the Rossmore-Belleville area at that 
time (A. Revill, Belleville, Ont., pers. comm.). 

To sum up this fragmentary evidence, there seems to have 
been some loss of species richness over the past century, with 
the most noticeable change being a loss of rice beds since the 
1950s. Areas formerly occupied by rice beds are now dominated 
by cattails. 

Paleoecological records do not shed any light on these 
changes, although an earlier expansion of cattails occurred some 
200 yr ago (Terasmae and Mirynech 1964). 

Macrophytes from 1972 to 1982 

Methods 

Submerged plants were sampled by divers in 1972, 1973, 
1974, and after phosphorus control, in 1979 and 1982. Sam
pling was done twice in the summer, but all results given are 
from late July, the time of maximum biomass. Species frequen
cies, species richness, diversity, and cover were calculated from 
data collected along transects because random sampling points 
used too much diving time. Transects were located at Trenton 
(1), Belleville (2), Big Bay (3), Hay Bay (4), and Conway (5) 
(Fig. 1), in the same locations used for collection of physical, 
chemical, and algal data (Robinson 1986). At 29-m intervals 
along each transect, the substrate, depth, and transparency 
(Secchi disc values) were recorded, since all these influence 
species composition and abundance. The method of sampling 
plants was a modified form of point transect (Wood 1975; Smith 
1980); 28 knots 1.5 em in diameter were placed at intervals of 
1 m on a line 29 m long. Starting at one shore, the line was 
staked by the divers at both ends, and any plants touching a knot 
were collected into a plastic bag. The bags were brought to a 
boat and the plants identified and counted. Notes on stem 
length, presence of flowers or winter buds, etc., were made. 
Then one end of the line was swung around, aligned by com
pass, and pegged down further along the next section of transect; 
the process was repeated until the second shore had been 
reached or until there had been no plants in three consecutive 29-
m portions of the transect. In 1972-74, single lines were used; 
in 1979-82, replicate samples were obtained with parallel 
transects which the divers tried to keep 1 m apart (the opacity of 
water sometimes made this difficult). Transects were begun at 

0.5 m depth to eliminate areas possibly exposed at low water. 
Transects are described as Trenton North (Trenton N), Hay 

Bay East (Hay Bay E), etc. To obtain comparative values of 
cover, etc., transects which were not sampled regularly were 
used at areas inside the bay such as Picton, at Wolfe and Simcoe 
Islands in Lake Ontario, and at neighbouring lakes in eastern 
Ontario (Crowder et al. 1977 a). 

Transect data are less suitable for analysis of species rela
tionships than data from quadrats, but provide a relatively rapid 
method of making areal or temporal comparisons (Wood 1975). 
From the transect data, frequency (the percentage of vegetated 
sampling points at which a particular species occurred), abun
dance (the number of individuals of all species, expressed as 
percentages), and cover (the percentage of points covered by any 
species of plant, as a measure of density) were calculated. Data 
was analysed using the SPSS package (Nie et al. 1975). Signifi
cance was defined asp< 0.05. Duncan's and Tukey's tests were 
used for comparison of means of standing crop. 

Diversity was examined using species richness (S) 
(McNaughton and Wolf 1979) and the Shannon- Wiener index 
(H') for two inshore transect lines at each site (Smith 1980): 

s (ll•) ( ll·) H' = L "iJ log2 "iJ . 
j=l 

Diversity measures for macrophytes are inexact because of 
fragmentation of plants and difference in sizes. Lemnaceae, 
Characeae, and bryophytes were omitted from the calculations. 

Similarity between transects in different years and sites was 
tested using the Jaccard coefficient (S

1 
= pip + m where p = 

positive matches and m = mismatches) (Sokal and Sneath 
1973). 

Transects were extended into marshes, after phosphmus con
trol, to sample emergent vegetation. The shoreline above 0.5 m 
depth in areas without marshes were not sampled, resulting in an 
underestimate of floating-leaved vegetation (Nymphaea, 
Nurphar, etc.) and littoral species (Equisetumjluviatile, Scirpus 
validus, Sagittaria spp., and Sparganium spp.). 

Results 

Substrates 
Profiles of transects were shown in Bristow et al. (1977). 

Limestone was observed along the transects at Trenton S, Belle
ville Nand S, and Big BayS. Boulders occurred along Trenton 
N and S, Belleville N, Big Bay N, Hay Bay E, and Conway N. 
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TABLE I. Depth of transects, calculated as percentages of sampling points within 0.5-m zones. 

Depth (m) Trenton Belleville Big Bay Hay Bay Conway 

0.5-1 10 6 12 II 9 
1.1-1.5 27 II 21 24 II 
1.6-2.0 34 II 28 25 II 
2.1-2.5 19 24 14 17 20 
2.6-3.0 10 15 9 12 12 
3.1-3.5 4 8 5 4 12 
3.6-4.0 0 7 2 3 6 
4.0 + 4 17 9 5 18 

TABLE 2. Means of Secchi disc measurements (m) made at 29-m intervals along each of five transects in July 
during four years of the decade 1972-82. Means for each site combining the four years and for each year 
combining all sites are also given. 

Bay of Quinte 
Trenton Belleville Big Bay Hay Bay Conway Mean 

1972 l.l 1.2 0.9 
1974 0.9 0.8 0.9 
1979 1.2 1.2 0.9 
1982 1.0 1.0 1.1 
1972-82 

mean 1.05 1.07 0.95 

Sediment occurred at Trenton Nand S, Belleville Nand S, Big 
Bay N, Hay Bay E, and Conway S. 

Marsh substrates ranged from inorganic sediment (Conway, 
Belleville) to peat (Belleville, Hay Bay). Peat occurred solidly 
and as floating mats; detached peat islands with cattails were 
observed in the Trenton, Belleville, and Hay Bay areas. Where 
headlands or islands occur, the ups team side is generally eroded 
and the downstream aggraded in both emergent and submerged 
vegetational zones. 

Depth of transects 
Depths of each transect were expressed as percentages of 

sampling points at 0.5-m depth intervals, which allows com
parison of transects of differing length. The shallowest lines 
were at Trenton, Big Bay, and Hay Bay (Table 1). Belleville and 
Conway transects were comparable in the proportion of sam
pling sites at depths of less than 1 m. In the bay, rooted plants 
were not found below 4 m, and rarely below 3m. 

Water transparency 
Mean Secchi disc measurements for late July are shown in 

Table 2. Light penetration values in vegetated transects were 
compared with values for the open water at the transect sites 
(Robinson 1986; Millard and Johnson 1986) and proved to be 
0.1 m less. Secchi disc values at Conway differed significantly 
from those in the rest of the bay (Table 2). During the decade, 
values at Bay Bay tended to be lower than elsewhere {Table 2). 
The Belleville and Hay Bay transects, which had different plant 
cover, had similar Secchi disc values. 

Values for 1979, after the start of phosphorus control, showed 
greater light penetration than in 1982 except in Big Bay. In 
1982, divers observed similar values in Big Bay, Conway, and 
Belleville and noticed that the turbidity was caused by algae in 
Big Bay and Conway but by nonalgal organic particulates at 
Belleville. 

Abundance of species 
The relative abundance of submerged macrophytes on all 

transects during 1972-82 (n = 4380) is given below (Myrio-
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0.8 2.5 1.3 
1.2 2.3 1.2 
1.3 2.8 1.5 
1.0 1.8 1.2 

1.07 2.10 

phyllum spicatum and M. exalbescens are lumped together and 
bryophytes, Characeae, and Lemnaceae have been omitted): 

Myrophyllum spp. 
Elodea canadensis 
Heteranthera dubia 
Najas guadalupensis 
Vallisneria americana 
Potamogeton pusillus 
Najas fiexilis 
P. friesii 
Ceratophyllum demersum 
P. richardsonii 
Ranunculus aquatilis 
P. crispus 
P. pectinatus 
Alisma gramineum 
P. zosterifolius 
P. gramineus 
Zannichellia palustris 

Plant communities and life histories 

26.9 
23.3 
11.2 
10.6 
8.2 
3.9 
3.8 
3.6 
2.3 
1.8 
0.5 

< 0.5 

Species found on the transects are listed in Table 3, with 
common names. Records of previous occurrence are given in 
the last column. 

Plants found in wetland areas but not on transects included 
Potamogeton illinoensis, Sagittaria latifolia, Sparganium 
eurycarpum, Phragmites australis, Cyperus diandrus, Scirpus 
cyperinus, Nymphaea odorata, and Utricularia vulgaris. All of 
these species had previously been found in the Hay Bay marshes 
by Palilionis ( 1977). 

Transects were continued into the marshes in 1982, as far as 
the shrub zone which is generally waterlogged only during 
spring flooding. The most abundant shrubs were Alnus rugosa, 
Comus racemosa, C .stolonifera, Salix spp., and Spiraea alba. 

The temporal response of a community to environmental 
change depends partly on the longevity of its constituent spe
cies. Most of the Quinte plants were rooted perennials, amongst 
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TABLE 3. List of plants found on transects in 1972-82 with common names, life forms, observed overwintering forms, observed seeds or 
spores, and previous records of occurrence in the Bay of Quinte. Life forms: S = submerged, F = floating leaved, E = emergent; 
overwintering forms: U = unchanged, R = rhizome, Ro = rosette, T = turion, WB = winterbud; reproduction: Se = seeds, Sp = spores; 
records: M = Macoun 1883-90, P = Palilionis 1977. 

I Common Life Overwintering Seeds or 
name forms forms spores Records 

Chara bratmii Gm. Stonewort S alga u Sp 
C. globularis Thuiu. Stonewort S alga u Sp 

I Nitellaflexilis (L.) Ag. Stonewort S alga u Sp 
Drepanocladus spp. Moss S moss u 
Ricciajluitans L. Liverwort SF liverwort u 
Typha latifo/ia L. Cattail E R Se M, p 

I 
Najas flexilis (Willd.) Bushy pond weed 

Rostk. & Schmidt s Se M 
N. guadalupensis (Spreng.) Bushy pond weed s Se 

Magnus 

I 
Potamogeton crispus L. Pond weed s WB, R Se 
P. friesii Rupr. Pond weed s WB Se 
P. pectinatlls L. Sago pondweed s T Se 
P. pusillus L. Pond weed s WB Se 
P. perfoliatus L. ssp. Clasping leaf 

I richardsonii (Benn.) Hult. pond weed s R Se M 
P. zosterifolius Schum. ssp. Flat stemmed 

zosteriform is (Fern.) Hult. pond weed s R, WB Se M 
Zannichellia palustris L. Horned 

I 
pond weed s R Se M 

Alisma gramineum Gmel. Water plantain S, E Ro, U Se 
A. plantago-aquatica L. Water plantain S, E Ro Se p 

Sagittaria latifolia Willd. Arrowhead E U,WB Se 

I 
Elodea canadensis Michx. s U,WB 
Va/lisneria americana Michx. Water celery s T, R Se M 
Hydrocharis morsus-ranae L. Frog bit F T Se 
Calamagrostis canadensis Bluejoint E R Se 

(Michx.) Nutt. 

I Phalaris artmdinacea L. Reed canary 
grass E R Se 

Glyceria spp. Manna grass E R Se M, p 

Carex spp. Sedge E R Se M, p 

I 
Eleocharis acicu/aris (L.) Needle rush S, E R Se 

R. and S. 
Lemna minor L. Duckweed F T, U 
L. trisulca L. Star duckweed s u 

I 
Spirodela polyrhiza (L.) Big duckweed F T, U 

Schleid. 
Heteranthera dubia (Jacq.) Mud plantain s R Se M 

MacM. 
}uncus sp. Rush E R M 

I Polygommz amphibium L. Smartweed F, E R Se M 
Ceratophyllum demerswn L. Hornwort 

coontail s T Se M 
Nuphar variegatwn Durand Yellow water 

I 
lily F R Se 

Rammculus aquatilis L. Water crowfoot s u Se M 
Cardamine pensylvanica Muhl. Bittercress E Se M 
Callitriche hermaphroditica L. Water starwort s u Se M 

I 
Impatiens capensis Meerb. Jewelweed E Se 
Hypericum virginicum L. Marsh St. 

John's wort E Ro Se 
Epilobizmz sp. Willow herb E Se 
Myriophyllum spicatum L. Eurasian 

I mil foil s u Se 
M. exalbescens Fern. Mil foil s T Se (?M) 
Sium suave Walt. Water parsnip E Se 
Asclepias exaltata L. Milkweed E R Se 

I 
Cuscuta gronovii Willd. Dodder E Se 
Lycopus americanus Muhl. Water horehound E R Se 
Scutellaria epi/obiifolia Skull cap E R 

Hamilton 

I 
Utricularia intermedia Hayne Bladderwort s T Se M 
U.minorL. Bladderwort s T 
Galium triflorwn Michx. Bedstraw E R Se 
Campanu/a aparinoides Pursh Marsh bluebell E ? Se 
Solidago sp. Goldenrod E R 
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FIG. 2. Percentage cover of vegetation during 1972-82 at both ends of 
five transects. Missing samples arc shown; other sites without histo
grams did not have any plant cover. For the years 1979 and 1982, cover 
on replicated transects is shown by contiguous histograms. 

which rootless Ceratophyllum, duckweeds, and bryophytes 
drifted. Only three species had an annual turnover (Najasftexilis 
and, in the emergent zone, Cardamine pensylvanica and Impa
tiens capensis) (Table 3). Most species reproduced both by seeds 
and asexually (Table 3). The overwintering portion varied from 
whole plants (e.g. Elodea) to turions. Field observations and 
experiments showed that spring growth began at water tem
peratures of approximately I 0°C; Eurasian milfoil was unique in 
its rapid early growth under ice in February and March (S. 
Painter, pers. comm.). 

Reproductive stages found in the Bay were recorded as 
benchmark data (Table 3) because the balance between sexual 
and vegetative reproduction can be affected by water trans
parency. 

In sheltered water, large weed beds were observed to persist 
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from year to year, while on more disturbed shores the plants 
were destroyed by waves or ice scouring. Experimental plant
ings in Big Bay were uprooted by waves (Bristow et a!. 1977). 

Vegetation cover 
The percentage of knots of which any vegetation occurred 

was calculated as representing cover (0-100% ). In post-phos
phorus control years the transects were replicated; the only site 
of which there was a large difference between the two lines was 
at Hay Bay in 1982 (Fig. 2). 

The Belleville-Big Bay area had lower cover values than 
both the upper Bay at Trenton and the lower bay. In comparison 
with sites outside the Bay in 1972, cover (0-53%) was sparse; at 
that time it ranged from 79 to 100% in four sites in Lake Ontario 
(Bristow et a!. 1977). The difference was not due to substrate, 
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TABLE 4. Percentage frequency in marsh transects I, 2, and 2a in 1982 (2 and 2a are parallel replicates; + = < I%; sediment type: S = silt, 
P = peat, PM = floating peat mat, L = limestone). 

Hay 
Belleville Bay Conway 

I 2 2a I 2 2a 

Number of sampling points 87 29 29 87 58 29 29 

I 
Typha latifolia L. 82.0 55.0 58.8 79.3 84.5 58.6 58.6 
Alisma plantago-aquatica Orne!. 13.8 13.8 
Elodea canadensis Michx. 3.4 
Hydrocharis morsus-ranae L. 50.6 5.0 23.5 

I 
Calamagrostis canadensis (Michx.) Nutt. 5.9 1.1 6.8 
Phalaris arundinacea L. 1.7 
Glyceria spp. 3.4 
Carex spp. 3.4 
Eleocharis acicu/aris (L.) R. & S. 3.4 

I Lemna minor L. + + + + 
Lemna trisulca L. + 
Spirodela polyrhiza (L.) Schleid. + 
Heteranthera dubia (Jacq.) MacM. 3.4 

I }uncus sp. 1.1 
Polygomun sp. 3.4 
Ceratophyllum demersum L. 3.4 3.4 
Cardamine pensylvmzica Muhl. 6.9 

I Callitriche lzermaplzroditica L. 2.3 
Impatiens capensis Meerb. 15.0 23.5 3.4 3.5 6.9 10.3 
Hypericum virginicus L. 5.7 
Epilobium sp. 5.0 2.3 

I Sium suave Walt. 2.3 
Asclepius exaltata L. 1.1 
Cuscuta gronovii Willd. 2.3 
Lycopus americanus Muhl. 2.3 5.7 

I Scutellaria epilobiifolia Hamilton 10.0 
Utricularia intermedia Hayne 3.4 
Utricularia minor L. 1.1 
Galium trijiorum Michx. 5.0 3.5 

I Campanula aparinoides Pursh. 10.3 5.2 
Solidago sp. 1.7 
Ricciaj/uitans L. + + + + 
Musci + + + + + + 

I Sediment type p S, L S, L PM p s s 

I which was similar to the limestone sites within tlie Bay. Highest below are for July, and assume that water transparency is the 
cover was found in sedimented areas; however, on the Trenton only factor controlling depth distribution of macrophytes. 
transect in 1982, plants grew on bare limestone but not on the 

I 
sediment at the same depth. Assumed depth of 

Lumping together pre-phosphorus control years and post- euphotic zone 
phosphorus control years, cover values increased (.X for 
1972-74 = 22.0 ± 20.4;ifor 1979-81 = 58.9 ± 68.4), but Transect 2m 4m 

I the difference in means was not significant at the 0.05 level 'frenton 71 96 
because of the high variance (t = 0.098). While no overall 

Belleville 28 83 
temporal improvement occurred, the values in Belleville, Big 

Big Bay 60 95 

I 
Bay, and Hay Bay E were greater in 1979 than in 1982. 

Hay Bay 60 96 
The highest precontrol values were at Trenton N and Conway 

N. Postcontrol values, which ranged from 0 to 100%, were 
Conway 31 82 

highest at Trenton N and Hay Bay. Comparison of actual cover (Fig. 2) with above values showed 

I 
In an attempt to ex plain the lower cover found in the Belleville that all transects except Big Bay reached predicted cover for a 

and Big Bay area, a predicted cover value was calculated for zone of 2m or more during 1979-82. The main factor limiting 
each transect using two possible values for the depth of the growth in the Belleville-Big Bay area is therefore not the 
euphotic zone, and the known depth of the transect (Table 1). morphometry of the basin in these areas. The predicted cover 

I The values used for the calculations were euphotic zones of 2 or values also indicate that differences between transects should be 
4 m; these values approximated the water transparency found in more marked with a shallow euphotic zone (range with 2 m = 

the upper bay and at Conway, respectively, during the decade 43%, with 4 m = 14%). 

I 
(cf. Table 2). The predicted cover values (percentages) given Cover in the marsh vegetation was estimated by intercepts 
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along transects in the usual method for terrestrial transects and 
can exceed 100% where there is more than one layer of vegeta
tion (Smith 1980). The range of values in 1982 was 86-144%. 

Dominant plants: intersite and interyear differences 
Relative abundance data showed the dominant plants to be 

Myriophyllum spicatum, Elodea canadensis, Heteranthera 
dubia, Najas guadalupensis, and Vallisneria americana. The 
percentage frequency of these dominants, together with Pota
mogetonfriessii and Ceratophyllum demersum, was calculated 
for vegetated transect points for four years, 1972, 1974, 1979, 
and 1982 (Fig. 3). Percentage frequency in 1982 was calculated 
for emergent vegetation (Table 4). 

Myriophyllum spicatum was found in all years at Trenton N, 
Belleville N, and Conway N and in the other transects except in 
1982. We have followed Aiken (Aiken eta!. 1979; Aiken 1981) 
in retaining species status for both the Eurasian M. spicatum L. 
and the native M. exalbescens Fern. Both species were present 
in 1971 , but were not differentiated in our field data until 197 5. 
Myriophyllum spicatum is an introduced species which spread 
widely in North America during the 1960s and 1970s (Aiken et 
a!. 1979; Carpenter 1980). Its populations generally peak in 
5-10 yr. Its occurrence at the Bay transects during 1972-82 
was as follows: 

Percentage of samples with 
Eurasian milfoil 

Number of samples 

1972 

6.47 
896 

1982 

9.2 
523 

1979 

10.8 
1148 

1982 

10.1 
1344 

In Hay Bay, Big Bay, and Trenton it has become less frequent 
(Fig. 3), but in Belleville (and in Picton Harbour) it has 
increased in the 1980s. Its distribution did not appear to be 
related to sediment type. 

As might be expected of perennial rooted plants, species 
tended to persist during the decade at particular sites; for exam
ple, Najas guadalupensis was present in 1972, 1974, 1979, and 
1982 at Trenton N, but did not occur at all on the Belleville N, 
Big Bay N, and Hay Bay E transects (Fig. 3). 

In the Trenton, Hay Bay, and Conway transects, year-to-year 
fluctuations in the frequency of dominant species were less 
extreme than in Belleville and Big Bay. The frequency values 
should be considered in relation to cover (Fig. 2); the marked 
fluctuations in annual frequency of Heteranthera at Big Bay and 
of Myriophyllum and Elodea at Belleville occurred in transects 
with very little cover. Myriophyllum spicatum and Heteranthera 
dubia were dominant where the community was most stressed. 

None of the dominants showed a consistent temporal trend in 
frequency at all transects. 

In the emergent vegetation, in 1982, cattail (Typha latifolia) 
was dominant at Belleville, Hay Bay, and Conway (Table 4). 
Impatiens capensis, an annual generally occupying patches of 
mud between the cattails, was also present in all three sites. At 
Belleville, an invasive species (frogbit, Hydrocharis morsus
ranae) had a high frequency in one transect. The spread of this 
species in North America since 1939 has been recorded by Dare 
(1954, 1968); in Europe, it occurs in silted backwaters or meso
trophic peat dykes (Haslam 1978). 

Diversity 
Two measures of diversity were used to compare transects, 

species richness (S) and the Shannon- Wiener index (H'). Sis 
the number of species per sampling unit or area and contains no 
information on the evenness component of the community and it 

is useful for water plants because of their indeterminate growth 
and the difficulty of distinguishing individual plants: 

S (number of species per 116 transect points) 

Submerged 
transects 1972 1973 1974 1979(2) 1982(2) Mean 

Trenton N. 8 11 8,6 9,8 8.3 
Belleville N. 5 4 5,6 2,5 4.5 
Big Bay N. 2 3 3 1,1 2.0 
Hay Bay E. 11 6 8, 7 6,6 7.3 
Conway N. 8 10 5, 7 5,3 6.3 

Marsh transects 
Belleville 1 8 
Belleville 2 and 2a 6,5 
Hay Bay 18 
Conway 1 11 
Conway 2 and 2a 10, 7 

The bay showed three subdivisions in regard to species 
richness. West of Trenton it was high; during the decade, 16 
species were found on the Trenton transect, although not more 
than 11 in one year. McCombie (1967) showed that, in the 1960s, 
the head of the Bay was not as eutrophic as the rest of the area. In 
the Belleville-Big Bay area, S was very low, as was cover. In the 
lower bay, S was not so high as at Trenton and showed a decline 
during the decade; the total number of submerged species found 
on the Conway transects was 11. Comparing mean values for 
1972-74 with those from 1979-82, there was a nonsignificant 
change from 6.8 to 6.3. 

In wetland transects, species richness was greater in Hay Bay 
(20 species, including mosses) than in Belleville (8) or Conway 
(11). The Belleville marsh transect showed the same property as 
the underwater transects in that area. Species richness was 
presumably lower because of the dominance of frogbit and 
milfoil on these transects. 

The Shannon- Wiener index (H') was used to calculate diver
sities for two inshore lengths of transect at each site (Table 5). 
The most diverse site in a single year was Trenton N, and the 
least diverse site (excluding the Big Bay and Belleville transects 
which had insufficient plants for calculation of H') was 
Trenton S. 

Values of H' and distance offshore for selected transects are 
shown graphically in Fig. 4. While the same type of pattern was 
evident in 1972 and 1982 in Hay Bay E and Conway N, this was 
not so at Trenton N. In most of the transects the highest H' value 
tended to occur offshore. A possible explanation may be that the 
immediate shoreline is disturbed or stressed by waves and ice, 
reducing diversity. In Hay Bay and Conway the diversity dimin
ished towards the offshore end of the transects, as deeper water 
was reached. 

Similarity coefficients 
Different years and different transects were compared, using 

the Jaccard coefficient Sj (Table 6). Interyear similarity was low 
at all sites. Within-year similarity between the ends of transects 
was low, with the exception of Big Bay Nand Sin 1979 (which 
had low species richness). 

High similarity was found between the following sites: Hay 
Bay W 1979 and Big Bay N 1979, Conway N 1982 and Conway 
S 1979, Conway S 1979 and Trenton N 1982. These pairs of 
transects were all in post-phosphorus control years. They were 
not matched in cover or diversity (H'). 

The Jaccard coefficient values can be interpreted to mean that 
all the transects belonged to one community type which had 
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TABLE 5. Diversity (H') on transects (58 min length) starting at 0.5 min depth and running offshore. Lemnaceae, bryophytes, and Characeae 
are omitted. 

Hay Hay Big Big 
Conway Conway Bay Bay Bay Bay Belleville Belleville Trenton Trenton 

Year s N E w s N s N s N 

1972 1.254 1.011 1.851 No plants No plants No plants 1.314 0.000 1.413 
1974 0.839 1.552 1.443 No plants 0.736 No plants 0.693 No plants 1.872 
1979A 0.808 0.773 1.499 1.052 0.575 0.703 No plants 1.553 0.000 1.631 
1979B 1.360 1.039 0.917 0.956 
1982A 0.929 1.113 1.482 1.181 0.000 No plants 0.540 0.901 0.876 
1982B 0.935 1.151 1.328 0.960 0.000 1.342 0.693 

2.0 HAY BAY E 2.0 HAY BAY W 2.0 
CONWAY N 

1.5 1.5 1.5 

~"" H' H' 

1.0 1.0 

H' 

~.,. 1.0 

0.5 1972 0.5 0.5 

0 0 
0 

30 90 150 210 30 90 30 90 15D 

DISTANCE OFFSHORE fm) 
DISTANCE OFFSHORE (m) 

2.0 
TRENTON N 

1.5 

30 90 150 210 270 330 390 

DiSTANCE OFFSHORE (m) 

FIG. 4. Diversity (H') of the plant community and distance offshore at Hay Bay, Conway N, and 
TrentonN. 

high variance from place to place and year to year. Patchiness of 
the vegetational mosaic was also evident from replicated tran
sects, for example in the variation in frequency of Myriophyllum 
spicatum· at Belleville (Fig. 3). 

Standing Crop, Plant Plasticity, and Phosphate 
Content 

Methods 

Sampling submerged macrophytes 
To measure standing crop, samples of submerged vegetation 

were collected into a plastic bag by a diver from an area of 
25 X 25 em. Sites (20 per annum) were randomly chosen from 
a grid covering the Bay, which resulted in a large number of 
fruitless dives; in 1979 and 1982 the grid was therefore confined 
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to the euphotic zone. Plants were washed and ovendried using 
the method of Craig (1976). Each sample was dried at 150°C in a 
forced draught oven to constant weight (usually 48 h). Samples 
were collected in a desiccator before weighing. Subsamples 
used to determine ash weight were placed in a muffle furnace at 
550°C for 30 min, cooled in a desiccator, and weighed. 

Emergent plants for standing crop measurement were col
lected along transects (see Macrophytes from 1972 to 1982, 
Methods). 

To estimate possible changes in plant form as water clarity 
changed, stem length of Elodea canadensis was measured using 
10 randomly collected specimens from each transect at I m 
depth. For phosphate analysis, chopped roots and shoots were 
mixed together (for submerged plants, the mixture from bio
mass samples were used; for emergents only Typha latifolia was 
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TABLE 6. Jaccard similiarity coefficients (S) within and between ends of transects during 1972, 1974, 1979, 1982. The most similar communities have a 

coefficient of 0. 750. HB = Hay Bay, C = Conway, BB = Big Bay, B = Belleville, T = Trenton. 

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ z z z z z z z ~ z z z z ~ ~ ~ z z z 
J'Q J'Q J'Q J'Q J'Q J'Q J'Q J'Q J'Q J'Q 
~ ~ ~ ~ ~ ~ u u u u u u u u J'Q J'Q J'Q J'Q J'Q J'Q J'Q J'Q ~ ~ ~ ~ ~ ~ 

HB E 72 0.384 0.33 0.286 0.181 0.231 0.333 0.273 0.154 0.231 0.333 0.286 0.273 0.167 0.273 0.182 0.091 0.250 0.333 0.182 0.308 0.083 0.091 0.154 0.231 0.538 0.308 0.167 

HB E 74 0.556 0.500 0.500 0.375 0.333 0.500 0.250 0.333 0.375 0.444 0.286 0.286 0.125 0.286 0.167 0.429 0.571 0.333 0.625 0.143 0.167 0.250 0.222 0.364 0.500 0.286 

HB E 79 0.454 0.500 0.625 0.182 0.250 0.375 0.455 0.300 0.250 0.375 0.222 0 0.333 0.111 0.444 0.273 0.222 0.600 0.222 0.111 0.250 0.167 0.308 0.500 0.333 

HB E 82 0.286 0.375 0.200 0.125 0.250 0.333 0.272 0.300 0.250 0.286 0 0.111 0.143 0.222 0.200 0.286 0.400 0 0.143 0.375 0.222 0.214 0.300 0.111 

HB W 79 0.286 0.111 0.167 0.333 0.429 0.186 0.222 0.167 0.167 0 0.750 0.250 0.600 0.286 0.200 0.571 0.500 0 0.333 0.286 0.167 0.667 0.400 

HB W 82 0.100 0.143 0.286 0.333 0.260 0.200 0.167 0.143 0 0.167 0.200 0.500 0.250 0.400 0.500 0.167 0.200 0.500 0.111 0.154 0.429 0.333 

c s 72 0.500 0.429 0.333 0.375 0.300 0.286 0.500 0.250 0.111 0 0.222 0.500 0.125 0.273 0.125 0.143 0.100 0.200 0.309 0.182 0.250 

c s 74 0.400 0.400 0.333 0.429 0.500 0.500 0.200 0.200 0 0.400 0.600 0.250 0.250 0.250 0.333 0 0.143 0.300 0.286 0.500 

c s 79 0.167 0.286 0.222 0.400 0.750 0 0.400 0 0.600 0.286 0.200 0.375 0.500 0.200 0.333 0.125 0.167 0.429 0.750 

c s 82 0.222 0.222 0.286 0.500 0 0.286 0 0.429 0.222 0.143 0.444 0.333 0.167 0.250 0.100 0.143 0.500 0.500 

C N 72 0.333 0.333 0.333 0 0.286 0.167 0.429 0.571 0.333 0.444 0.143 0.167 0.111 0.571 0.455 0.500 0.286 

C N 74 0.250 0.250 0.100 0.222 0.125 0.333 0.444 0.250 0.273 0.111 0.125 0.091 0.300 0.385 0.273 0.222 

C N 79 0.500 0 0.200 0 0.400 0.333 0.250 0.250 0.250 0.333 0 0.143 0.182 0.286 0.500 

C N 82 0 0.167 0 0.333 0.286 0.200 0.222 0.200 0.250 0.143 0.125 0.167 0.250 0.400 

BB N 74 0 0 0 0.143 0 0 0 0 0 0 0.182 0 0 

BB N 79 0.333 0.750 0.333 0.250 0.429 0.667 0 0.400 0.333 0.182 0.500 0.500 

BB N 82 0.250 0.200 0.500 0.167 0 0 0.250 0.200 0.100 0.167 0 

BB S 79 0.500 0.500 0.571 0.500 0.250 0.333 0.500 0.173 0.667 0.750 

B N 72 0.400 0.500 0.167 0.200 0.125 0.429 0.500 0.375 0.333 

B N 74 0.286 0 0.500 0.200 0.200 0.200 0.333 0.250 

B N 79 0.286 0.143 0.375 0.333 0.308 0.625 0.429 

B N 82 0 0.200 0.67 0.091 0.333 0.667 

T S. 72 0 0 0.100 0.167 0.667 

T S 82 0.125 0. 77 0.250 0.167 

T N 72 0.500 0.375 0.143 

T N 74 0.333 0.182 

T N 79 0.500 

T N 82 

- - -



used). Samples from I 0 sites were mixed together. Total phos
phate was analysed after extraction of air-dried ground material 
with sulphuric acid and potassium persulphate; in I979, analysis 
was done by the Ontario Ministry of the Environment. 

Area of submerged and emergent macrophytes 
An aerial survey was flowen by the Ontario Centre for Remote 

Sensing at the time of maximal biomass in late July 1979. 
Colour prints were made from a series of I8 flight lines varying 
from 0.5 to I 8 km in length. In these prints it was possible to 
distinguish three types of emergent vegetation and two of sub
merged or floating-leaved plants. Ground truth for the zones was 
gathered in the field in 1979 and was also based on previous field 
work. 

The vegetational zones were transferred to a 1 : 50 000 map 
(Ontario 31 C/3 and C/4). At this scale it was impossible to work 
with more than two categories, and the zones were accordingly 
lumped as (1) floating-leaved and submerged vegetation and 
(2) emergent reed beds, dominated by Typha latifolia, including 
grass-dominated areas and excluding shrubby areas. 

Three problems were encountered in transferring the infor
mation to the map. ( 1) Shorelines in photographs and on the map 
did not coincide because of changes in water level, drainage, 
building of jetties, etc. This was corrected by using charts and 
detailed maps of areas such as Carrying Place. (2) The flight line 
was aligned in such a way that the upper portions of marshes 
were omitted. Contour lines were used to extrapolate the level of 
the shrub zone through these marshes, which were visited to 
determine their floristic composition. The most considerable 
areas not included in the aerial survey were approximately 
1500 ha of wetland west of Muscote Bay and in the upper part of 
Marysville Creek marsh. (3) Rippling and cloud reflection dis
torted the image of submerged weed beds in some areas so that it 
was not possible to find their offshore limits. In these areas the 
bottom level of the euphotic zone was drawn onto the naviga
tional chart and was assumed to be the offshore limit for plants. 

Area of plant cover was underestimated in all areas where the 
photographs were unclear. 

The plant zones were traced, the tracings were transferred 
onto a computer, and the areas were calculated in square metres. 

Results 

Measures of standing crops 
Standing crop (organic weight) was measured at randomly 

chosen points and the number of sample sites that contained 
plants was small (n = 55). The overall mean for I972, I973, 
1979, and 1982 was 26. I2 g · m- 2 . Annual means and ranges 
were as follows: 

Number of samples Mean (g · m - 2 ) Range 

1972 5 37.2 0.1-I11.0 
I973 I4 20.3 O.I-145 
I979 I7 35.I 6.0-II6.0 
1982 19 I8.7 7.0-86.0 

Using Thkey's and Duncan's multiple range tests, no two pairs of 
means were significantly different. 

In wetland transects, Typha latifolia occurred with a fre
quency of 55-86% and was much the largest plant. For these 
transects, only cattails were used in measuring standing crop, 
which had a mean of I.5 km · - 2 in 1979. This value was typical 
for cattails (Taylor and Crowder 1983). 
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Plant plasticity 
It was anticipated that reduced algal density might change 

macrophyte growth, resulting in significant differences in plant 
form. Elodea canadensis was chosen as a representative domi
nant and native species. Mean values for stem lengths (cen
timetres) of 10 randomly collected plants from the same depth 
on each transect, for years before and after phosphorus control, 
were calculated: 

Transect 1972 1979 

Trenton 54.67 44.88 
Belleville 33.00 30.25 
Big Bay 22.75 
Hay Bay 3I.29 48.00 
Conway 24.50 48.00 

Although there was a trend for high values to occur in Trenton 
and Hay Bay, there were no significant differences between 
means for sites or years because of high variance. 

Estimation of area and phosphate content of submerged and 
emergent plant 

From I979 photographs, the area of submerged and floating
leaved macrophytes was calculated to be 6 272 000 m2 (627 ha) 
and the area of the cattail community 2 824 000 m2 (2824 ha). 

_ An additional 1250 ha of cattails west of Muscote Bay and in 
Marysville Creek Marsh, in places which had not been covered 
by the flight lines, was estimated from the I982 topographic map 
and field information. Total marshland was therefore estimated 
at 4074 ha. 

Mean standing crop of the submerged zone was calculated as 
28 g · m- 2 in 1979. Boyd's value of 0.28% (Boyd 1970) phos
phate was used to estimate the phosphate content of submerged 
vegetation as 494 kg P (0.49 t). 

Phosphate content of the cattail plants from three transects 
averaged 1.47 mg P · g- 1 (range 0.77-1.78). Comparable 
values for phosphorus content of cattails have been given by 
Boyd (I970), Klopatek (I978), Dykyjova and Ulehlova (I978), 
and Van der Valk and Davis (1978). The standing crop in the 
emergent zone was estimated at 1.5 km · m- 2 (cf. Whigham et 
al. I978; Taylor and Crowder 1983). The content of total phos
phorus in the standing crop of 4074 ha of wetlands was calcu
lated to be 89891.7 km (89.89 t). 

Discussion 

The community of macrophytes in the Bay of Quinte lost 
some species between the 1880s and I 950s. During the rapid 
eutrophication of the 1950s and early 1960s, its biomass and 
area increased, but by I972 much of the submerged zone had 
become sparsely vegetated. During I 972, plants grew to a depth 
of only 2m, except at Conway where the bottom limit was 4 m. 

Percentage cover on transects had a mean value of22% during 
1972-82, which was low in comparison with similarly sampled 
areas in Lake Ontario (Wolfe Island and Simcoe Island, 75%) 
and in mesotrophic lakes in the region (100%) (Crowder et al. 
1977a). In the postcontrol period, cover increased, but not 
significantly because of high variance. An increase in I979 at 
Belleville and Big Bay was followed by a decrease in I 982. 
Standing crop (mean value 26 g · m - 2 ) was also low throughout 
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the decade; a comparative value from a mesotrophic lake in the 
region (Lake Opinicon) was 248 g · m- 2 • Variance was high, 
but this is usual in macrophytic communities; LeCren and 
McConnell ( 1980) reported a range of 1- 1154 g • m- 2 in the 
literature. Stem length in Elodea showed no difference in pre
and post-control years; lengths ranged from 22 to 55 em, and 
plants from Wolfe Island had a mean of 32 em. 

Species richness (S) in submerged areas was low in com
parison with mesotrophic lakes in the region (Crowder et al. 
1977a, 1977b). No general improvement in species richness or 
diversity (H') occurred after phosphorus control and, indeed, in 
Hay Bay richness decreased. Species richness of emergent areas 
(ranging from 5 at Belleville to 18 at Hay Bay) wa:s lower than in 
comparable marshes in the region e.g. Lake Opinicon, 22; 
Wiltse Marsh, 26). 

While individual species tended to persist on particular tran
sects, a comparison of cover, biomass, relative frequency, spe
cies richness, and diversity showed that weed beds were not 
homogeneous and that species groupings were not stable from 
year to year. The Jaccard coefficient of similarity (S)) indicated 
some increase in similarity between transects after phosphorus 
control, for example, between Trenton and Conway. Trenton and 
Hay Bay were most alike in cover values, and Robinson's cluster 
analysis of chemical data showed that these two sites clustered 
together at the first level, using either chlorophyll a or nitrogen 
as a criterion (Robinson 1986). Belleville and Hay Bay were 
notable for barrenness and low diversity throughout the study; 
this part of the Bay has the longest history of eutrophication and 
pollution (Mudroch and Capobianco 1980; Sly 1986). 

The five underwater transects were chosen by Project Quinte, 
but appeared to give a representative view of the Bay, except for 
the omission of an area of lush vegetation near Forrester's 
Island. The time and cost of diving, essential for sampling the 
bottom flora in such murky water, were limiting factors. The 
technique used established Najas guadalupensis, previously 
considered rare in eastern Ontario, as a common species. 
Because transects were started at a depth of 0.5 m, the floating
leaved plants were underrepresented, in shallow backwaters, the 
number of species were often observed to be high. 

During the decade, the dominant plants were Myriophyllum 
spicatum, Heteranthera dubia, Najas guadalupensis, and Val
lisneria americana. These species occur in eutrophic sites in 
Ontario (Crowder et al. 1977a; Miller 1979) and elsewhere 
(Mickle 1977; Best 1982). The contemporaneous development 
of eutrophication and invasion by Eurasian milfoil has been 
observed in many other sites such as Chesapeake Bay and the 
Finger Lakes (Oglesby 1978). Myriophyllum spicatum tolerates 
both turbidity and pollution (Oglesby 1978; Adams and 
McCracken 1974; LeCren and McConnelll980; Kimbel1982) 
and begins growth in the Bay of Quinte earlier in spring than its 
competitors. As the milfoil increases, there is generally a 
decrease in diversity, and particularly a loss of species of 
Potamogeton (Nichols and Mori 1971; Bloomfield 1978). Three 
species of Potamogeton growing at Belleville a century ago (P. 
gramineus, P. pe1joliatus, and P. zosterifolius) were not found 
in 1972-82, and only 6 species occurred on transects in com
parison with 11 species in comparable samples from local 
mesotrophic lakes (Crowder et al. 1977a, 1977b). On a small 
scale, the same phenomenon was found in the emergent vegeta
tion at Belleville, where frogbit (Hydrocharis morsus-ranae), 
another introduced aquatic weed, was found with low diversity. 
Typha latifolia dominated the emergent marshes, as on many 
Lake Ontario shorelines (Sparling 1979; Pringle 1980; Mudroch 
1981; Maltby 1982; Environment Canada and Ontario Ministry 

of Natural Resources 1984). 
Increasing nutrient levels presumably caused the increase in 

weed beds reported during the 1950s and early 1960s. When a 
hypereutrophic state was reached, decreased transparency of the 
water column, due to algal biomass, suppressed the mac
rophytes. In 1979, only 14% of the area of the Bay was occupied 
by submerged plants, which did not grow below a depth of 2m, 
except at Conway. At Conway the vegetated zone was 4 m in 
depth; had similar light conditions prevailed throughout the 
middle and upper Bay, 40% of its area could have been occupied 
by macrophytes. This estimate, based on morphometry, should 
perhaps realistically be reduced to 30% to allow for shores 
exposed to waves or ice scouring (Forest et al. 1978; Keddy 
1983). Water transparency has increased as algal biomass has 
diminished during the post-phosphorus control period (Robin
son 1986; Millard and Johnson 1986), so that the macrophytes 
might have been expected to recover. In our transects in the 
shallows, however, the expected increase in water transparency 
was not found, presumably because of suspended sediment. The 
macrophytes have not, therefore, been able to recolonize their 
former habitats in deeper water. 

Anomalies found in the macrophyte data, such as higher 
cover in 1979 than in 1982 at Belleville and Big Bay, were found 
in other data sets. In 1982, phosphorus loading was higher than 
in 1979 at Trenton, Belleville, and Napanee (Owen 1983), and 
Robinson (1986) has pointed out that sewage plants do not 
maintain a uniform efficiency. Another anomaly was decreased 
species richness occurring in Hay Bay. Here, chlorophyll a has 
in fact increased, cutting out the light available for macrophytes; 
point sources are not the problem in Hay Bay, but increased 
agricultural runoff of phosphoms (Bynoe 1979; Percival 1979). 
The macrophytes appear to be very sensitive indicators of water 
quality, as Forest et al. ( 1978) have pointed out: "critical indica
tors of eutrophication are clarity of water and depth of rooted 
vegetation." 

In 1979 it was conservatively estimated that the phosphate 
content of the standing crop of submerged weed beds was 0.49 t 
and that of the emergent wetlands 89.89 t. The observed over
wintering state of the plants suggests that most of the submerged 
biomass is turned over annually. In the wetlands, however, the 
phosphorus is largely sequestered in rhizomes. Some areas of 
the wetlands are accumulating peat, but the peat and cattails can 
break off as islands, carrying their phosphate content out to 
Lake Ontario. 

While there is a considerable literature on the effects of 
increasing eutrophication on macrophytes, the data presented 
here are unusual in recording the early stage of phosphorus 
control. The community has not made any rapid recovery, 
although there has been a trend towards increased cover. Its 
diversity remains low, partly because the Eurasian milfoil inva
sion has not yet declined, partly perhaps because there was a loss 
of sediment and propagules during the hypereutrophic phase. 
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Effect of Light Climate, Photosynthetic Capacity, and Respiration 
on Gross Integral Primary Production and Net Primary 
Production Potential in the Bay of Quinte, Lake Ontario 

E. S. Millard 
Department of Fisheries and Oceans, Great Lakes Fisheries Research Branch, Canada Centre for Inland Waters, 

Box 5050, Burlington, Ont. L7R 2A6 

Millard, E. S. 1986. Effect of light climate, photosynthetic capacity, and respiration on gross integral primary 
production and net primary production potential in the Bay of Quinte, Lake Ontario, p. 128-138. 
In C. K. Minns, D. A. Hurley, and K. H. Nicholls [ed.] Project Quinte: point-source phosphorus 
control and ecosystem response in the Bay of Quinte, Lake Ontario. Can. Spec. Publ. Fish. Aquat. 
Sci. 86: 270 p. 

Primary production, chlorophyll a (Chi a), light extinction, mixing depths, and community respiration were 
measured throughout the Bay of Quinte, Lake Ontario, from 1973 to 1982. Model estimates of hourly 
integral primary production (:hA) agreed closely with measured values using a shipboard incubator. Most of 
the variance (82.8%) was explained by P max· Chi a/cPAR' the ratio of standing crop times its collective 
photosynthetic capacity over the extinction coefficient for photosynthetically available radiation. Chi a had 
an important effect on light penetration throughout the bay. Nonalgal sources of light extinction (Ew) were 
high in the upper bay (0.92 · m-1) but declined in the lower bay (0.43 · m-1). High values for Ew and e5 , the 
self-shading coefficient (0.023 In units· mg Chi a-1 · m-2), reduced the euphotic zone content of Chi a (:hB) 
compared with other lakes. This negative effect on :hA was offset by high values for P max (3-7 mg C · mg 
Chi a-1 · h-1). Prior to phosphorus control, values for :hB and Chi a reached theoretical maxima in the upper 
bay. The underwater light climate had become limiting to further increases in standing crop due to high 
light extinction caused by high phosphorus loading. In contrast, the seasonal trend in vertical mixing 
depths controlled the potential for net primary production in the lower bay: 

La production primaire, Ia teneur en chlorophylle a (Chi a) )'extinction lumineuse, Ia profondeur de 
melange et Ia respiration ant ete determinees dans toute Ia baie de Quinte (lac Ontario) de 1972 a 1982. Les 
estimations par modele de Ia production primaire integree sur une base horaire (:hA) correspondent de 
pres aux valeurs determinees a l'aide d'une etuve a bard. La plus grande partie de Ia variance (82,8 %) 
s'expliquait par P max· Chi a/ePAR' le rapport entre Ia biomasse multipliee par Ia capacite photosynthetique 
collective et le coefficient d'extinction pour le rayonnement photosynthetiquement disponible. La teneur 
en Chi a avait un effet important sur Ia penetration de Ia lumiere dans les eaux de toute Ia baie. L'extinction 
lumineuse non provoquee par les algues (Ew) etait elevee dans Ia partie superieure de Ia baie (0,92 m-1), 
mais plus faible dans Ia partie inferieure (0,43 · m-1). Aux valeurs elevees de ew et de e

5
, le coefficient 

d'auto-ombrage (0,023 unite In· mg Chi a-1 · m-2), Ia teneur en Chi a (:hB) de Ia zone euphotique etait 
faible comparativement a celles d'autres lacs. Cet effet negatif sur :hA etait compense par des valeurs 
elevees de P max (3-7 mg C · mg Chi a -1 · h -1). Les valeurs de :hB et de Chi a avaient atteint leur maximum 
theorique dans Ia partie superieure de Ia baie avant le debut de Ia lutte contre le phosphore. Le regime 
photique sous-marin etait devenu un facteur limitatif de toute augmentation ulterieure de Ia biomasse a 
cause de l'importante extinction lumineuse decoulant de Ia charge elevee de phosphore. En revanche, 
dans Ia partie inferieure de Ia baie, !'allure saisonniere du melange des eaux regissait Ia capacite de 
production primaire nette. 

Introduction variables such as temperature, flow, and phosphorus loading 
controlled total seasonal primary productivity. However, they 
did not explain the spatial or temporal importance of properties 
of the phytoplankton community that contributed to short-term 
variability in primary production. In this paper the semiem
pirical model of Tailing (1957b) describing integral photo
synthesis was used to assess the relative importance of key 
determinants of this process. 

The key to growth and survival of phytoplankton populations 
is the balance achieved between photosynthetic gain and respira
tory loss of carbon over the mixed layer. The main purpose of 
this paper is to show how properties of the phytoplankton 
community such as size of standing crops (chlorophyll a (Chi 
a)), photosynthetic capacity and respiration rates, interacted 
with physical environmental factors such as irradiance, mixed 
depth, and light extinction to influence this balance seasonally 
in the Bay ofQuinte. The critical-depth model of Tailing (1971) 
was used to assess when the interaction of these factors over the 
season favoured net column photosynthesis. 

In another paper in this issue, Millard and Johnson (1986) 
present seasonal trends for chlorophyll a, primary production 
rates, and light extinction (1972-82) in the Bay of Quinte. 
These authors used monthly and seasonal means to show how 
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Potential growth-limiting factors for phytoplankton differed 
markedly between the upper and lower regions in the Bay of 
Quinte. The upper bay is shallow and well-mixed with high 
phosphorus concentrations and a shallow euphotic depth. In 
contrast, the lower bay is deep with lower phosphorus con
centrations and a deeper euphotic zone. In the lower bay, the 
underwater light climate is controlled by seasonal changes in 
mixing depth rather than changes in euphotic zone depth due to 
changes in algal density as in the upper bay. 
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FIG. I. Bay ofQuinte and sampling locations; upper bay stations are T, B, and N, middle bay stations are HB and P, and lower bay stations are GL, 
C, and LE. 

Materials and Methods 

Sampling 

Weekly sampling cruises were made from early May until the 
end of September or mid-October from 1972 to 1982. In some 
years, up to eight stations were visited throughout the bay, but 
five main stations (B, N, HB, GL, C) were sampled each season 
(Fig. 1 ). Greater detail on sampling and primary methods can be 
found in Millard and Johnson ( 1986). 

Chlorophyll a 

Composite water samples for Chi a analyses were collected 
through a depth equal to twice the Secchi disc visibility to 
approximate the depth of the euphotic zone. Aliquots 
(0.2-1.0 L) were filtered through GF/C glass-fibre filters 
(Whatman Co.), frozen, and analyzed later by the water Quality 
Branch, Environment Canada (for methods, see Environment 
Canada 1979). This method was used from 1977 to 1982. In 
earlier years (1973-76), samples were filtered through 1.2-j.Lm 
membrane filters (Millipore Co.), frozen, and analyzed later at 
the Ontario Ministry of the Environment Laboratory, Rexdale, 
Ont. (Ministry of the Environment 1981) (see Millard and 
Johnson 1986 for comparison of methods). No chlorophyll data 
were available in 1972. 

Light Extinction and Irradiance 

Profiles of downwelling irradiance were measured with a 
submarine photometer equipped with a selenium photocell, 
cosine collector, and neutral-density, diffusing filter but no 

colour filters (model268WA3 10, Kahl Scientific lnst. Co., San 
Diego, CA). The photocell had a relatively constant response 
over most of its range of spectral sensitivity (400-700 nm). 
Comparisons were made at various stations throughout the 
1976, 1977, and 1978 field seasons with a quantaspectrometer 
(model QSM 2420, Incentive Research and Development, 
Sweden). The quantaspectrometer provided a trace of spectral 
distribution of quanta in the 400-700 nm range that was divided 
into three main spectral blocks. Areas in each block and for the 
whole visible range were integrated planimetrically and used to 
determine extinction coefficients for total (ET 400-700 nm), 
blue (400-500 nm), green (500-600 nm), and red light 
(600- 700 nm). Vertical extinction coefficients were calculated 
according to Vollenweider (1974). Extinction coefficients for 
total visible light measured with the photometer (EPAR) com
pared well with those measured by the spectroradiometer (ET). 
There was no significant difference between estimates from 
different stations during 1977 and 1978 using a paired t-test 
(n = 87, P = 0.01). The mean ratio for EPAR/ ET was 1.01 ± 
0.16 (n = 121). When the 1976 spectroradiometer data were 
included, there was a significant difference (P = 0.05) between 
the two estimates although the mean ratio was not that much 
higher ( l. 07 ± 0. II, n = 35). Data from 1976 contained more 
high values (>2.0 · m- 1) than the other years, suggesting that 
EPAR values may have been slight overestimates when extinction 
was high. Overall, EPAR was probably an accurate estimate of 
extinction of total visible light. 

Incident radiation was measured continuously with a 
pyranometer (Kipp and Zonen, Netherlands) located in the 
vicinity of the Ontario Ministry of Natural Resources, Fisheries 
Research Station, Picton, Ont. Subsurface irradiance of photo-
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synthetically available radiation (PAR) was calculated assuming 
that PAR was 46% of total measured radiation and reflection 
losses were 10% (Vollenweider 1974). 

Primary Production 
Primary production was measured using the light-dark bottle 

oxygen method in a shipboard incubator exposed to sunlight. A 
light gradient was made by varying the number of sheets of 
neutral-coloured plastic over each of five chambers. The sixth 
chamber was left uncovered to represent surface conditions. 

Two light and two dark bottles (300 mLBOD) were incubated 
horizontally in each chamber. The oxygen concentration at the 
start of incubations was measured. Community respiration 
(Ream) was calculated from the average of oxygen changes in all 
dark bottles. Bottles were incubated 3-4 in the upper bay and 
4-5 in the lower bay. Nitrogen gas was bubbled through the 
water before bottles were filled to reduce oxygen concentration 
to 40-50% of saturation and thus minimize loss of oxygen in 
light bottles. Stations were always visited in the same order to 
keep the time of day constant for each station. Most of the 
incubations were conducted between 08:00 and 16:00 (Eastern 
Standard Time), and incubations for some of the stations (B, 
GL, C, LE) were always between 09:00 and 15:00. 

A depth profile of in situ gross primary production rates was 
simulated by plotting volume-based rates from each chamber at 
a depth determined from the extinction coefficient and percent 
light transmission for that chamber. These profiles were inte
grated to get mg C • m - 2 • h- 1 using a photosynthetic quotient 
of 1.25 (Ryther 1956). 

Primary Production and Critical Depth Models 

Hourly integral photosynthetic rates (A) were also calculated 
using a modification of Tailing's (1957b) semiempirical model 

"" Chi a·Pmax [ Ih J 
L.L.A = ·In --

~>rAR 0.5/K . 
Tailing used the extinction coefficient for the most penetrating 
spectral block (Em;n) times a constant factor a to describe the 
attenuation of PAR. In this study, estimates of light extinction 
made with the photometer agreed closely with a more precise 
measure of extinction of PAR. As a result, EPAR measured with 
the photometer was used routinely in the model calculations. 

The critical depth model of Tailing ( 1971) was used to assess 
when conditions of irradiance, mixing depth, light extinction, 
respiration, and photosynthetic capacity were favourable for net 
column photosynthesis over a 24-h period. The critical depth 
model was derived from Tailing's (1957b) model used to calcu
late daily rates of gross photosynthesis for the water column 

Ch 1 a · P max • In 2 
2:2:A = · [L.D.H.] 

ErAR 

and 

[
In i 0 - In 0.5h] 

[L.D.H.] = 0.9 · .!lt In 2 . 

At the column compensation point, gross photosynthesis and 
respiration for the mixed depth are equal so that :Z:ZA is equal to 
Chi a · r • P max • Z111 • 24 h. The equations can be rearranged to 
solve for a critical value (qc) that compares irradiance and the 
underwater light climate against relative respiration rates to 
determine when net photosynthesis is possible so that at the 
column compensation point: 

[L.D.H.] 
= 24r. 
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Data for day length (Llt) were obtained from meteorological 
tables (Smithsonian Institution 1951 ). The value 0. 9 is an 
empirical factor used to correct for the effectiveness of 
daylength on dull days and the slight overestimates that arise 
from using the mean incident light intensity during the day (I '

0
) 

(Tailing 1957b). Since EPAR was used instead of ~>min· a, the 
solution for qc is compared with 24 r', not a· 24r' as originally 
indicated by Tailing. The proportionality between the critical 
ratio and respiration is not changed because EPAR is greater than 
Emin and the effect of deleting a cancels out. 

Millard and Johnson (1986) used constant values of I K of 2.5 
and 3.0 g cal· cm-2 • h- 1 for the lower and upper bays, respec
tively, in their calculation of:Z:ZA using Tailing's model. Graph
ically, I K can be determined from photosynthetic rate versus 
irradiance plots as the irradiance where extrapolation of the 
linear portion of the curve intersects the asymptote or light
saturated rate. However, it was difficult to obtain accurate 
weekly estimates of /K from the incubator data because in most 
years there was insufficient data for the light-limited portion of 
the production profile. Values for IK derived graphically were 
quite variable but indicated that a mean/ K for May to September 
was in the range 2.0-4.0 g cal· cm-2 • h- 1. 

In 1981 and 1982, irradiances in two of the incubator cham
bers were more consistently in the linear portion of the photo
synthesis-light curve than in other years. The slope of the line 
between primary production rates in these two chambers was 
extrapolated to light saturation and used to calculate I k based on 
the irradiance during incubation. 

Mixed Depth and Column Stability 

Depth profiles of temperature throughout the water column 
were obtained with a Hydrolab (model TD02 Austin, TX) 
temperature-oxygen probe. Density was calculated every 
0.5 m and the mixing depth taken as the depth of the maximum 
density gradient. A criterion of0.08 kg· m-3 • m- 1 was chosen 
as the minimum density gradient required to delineate a mixed 
depth. At 10°C, this criterion was met with a thermal gradient of 
0.8-0.9°C · m- 1, while at 20°C, 0.4°C · m- 1 was sufficient. 
Our criterion for choice of a mixed depth was similar to other 
studies (Harris et a!. 1980; Reynolds and Wiseman 1982; 
Reynolds et al. 1984) If the density gradient was <0.08 
kg· m-3 • m- 1 the mixing depth was considered to be equal to 
station depth. Thermal stability in the water column and thus 
resistance to mixing was characterized by N2, the solution of the 
Brunt- Viis alii equation for frequency of vertical oscillation of a 
water column for a given displacement from equilibrium 
(Phillips 1966; Harris 1983): 

N2 = (g/ p) (3p/3Z) s-2 

where g is gravitational acceleration, (3p/3Z) is the mean 
density gradient through a water column of depth Z, and pis the 
mean density of that water column. Water column depths used to 
calculate!P were 9, 9, 18, 27 and 54 m for stations HP, P, GL, 
C, and LE, respectively. 

Symbols and Abbreviations 

Chi a 
:ZB 
LBmax 

Chlorophyll a (mg · m-3 ) 

Euphotic zone content of Chi a (mg · m- 2) 

Theoretical upper limit to :ZB; calculated in this study 
as 3.9/ ~>.,. 
Vertical extinction coefficient for visible light 
(400- 700 nm) measured with a photometer (m- 1) 
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Ew 

!,A 

pmax 

[L.D.H.] 
I' 0 

r' 
r 

Results 

Vertical extinction coefficient for visible light mea
sured with a quantaspectrometer 
Vertical extinction coefficient for the most penetrat
ing spectral block 
Background light extinction coefficient (m- 1); they
intercept in the EPAR vs. Chi a regression 
Self-shading coefficient, increment in EPAR for a unit 
increase in Chi a (In units· mg Chi a- 1 • m- 2) 

Light-saturated rate of primary production (mg 
C·m-3 ·h- 1) 

Hourly integral rate of primary production 
(mgc·-2 ·h- 1) 

Photosynthetic capacity of the phytoplankton com
munity from Amaxl Chi a (mg C · mg Chi a- 1 • h- 1) 

Light-division-hours (see Materials and Methods) 
Irradiance of photosynthetically available radiation 
(PAR) just below the water surface during primary 
production incubations (g cal· cm- 2 • h- 1) 

Mean subsurface irradiance over the day length!:!.. t (g 
cal· cm- 2 • h- 1) 

Irradiance where light saturation of photosynthesis 
begins (g cal· cm-2 • h- 1) 

Depth of euphotic zone, 1% penetration of subsurface 
irradiance (m) 
Depth of vertical mixing (m) 
Optical depth of mixed layer (EPAR • Z,jln 2) 
Community respiration rates (mg 0 2 • m- 3 • h- 1) 

Rcom expressed per unit Chi a (mg 0 2 • mg Chi 
a-1.h-1) 

Relative respiration rate from Rcoml Amax 
Correlation coefficient 

Model Estimates of !,A 

Overall, excellent agreement was found between !-A mea
sured in the incubator and !-A calculated with Tailing's model 
using constant values for IK (!-A model = 1.42 + 0.97 !-A 
incubator, r = 0.93, all weekly values n = 1578) (Fig. 2). 

Monthly means for I K estimated from the 1981-82 data (n = 
137) were 2.12 ± 1.22, 2.74 ± 1.42, 3.22 ± 1.35, 3.59 ± 
1.26,and2.71 ± 1.33gcal·cm-2 ·h- 1 forMaytoSeptember, 
respectively. The seasonal average of 2.88 g cal· cm-2 • h- 1 

based on these estimates was very close to the constant values 
for IK used in model calculations. 

The constant IK values compare favourably with average 
values (2.0-3.0 g cal· cm- 2 • h- 1) found in studies done at 
similar temperatures (Bindloss 1974; Jewson 1976; Jones 1977; 
Harris 1978). In addition, the chosen I K values gave the best fit 
in regressions with measured !,A at each station. Although this 
criterion was somewhat subjective, since others had found close 
agreement between measured and calculated !-A with Tailing's 
model (Jewson 1976; Jones 1977), it was further evidence that 
our I K values were reasonable estimates. The direct estimates of 
IK were too variable and not based on sufficient data to show a 
difference in IK between stations. However, the consistently 
lower temperatures in the lower bay and the dependence of IKon 
temperature (Tailing 1957a) suggested that lowering IK slightly 
for the lower bay was justified. 

Using the monthly estimates of IK would have introduced a 
seasonal effect of temperature on I K and thus !-A but would have 
had only a slight effect overall. For example, at station B (n = 

234, 1972-82), using the monthly IK values would have 
increased model estimates of!-A by an average of only 3.0% and 
lowered model estimates of !-A by 4. 8% at station C compared 
with results with the constant value. 

Importance of Determinants of !,A 

The ratio Chi a· P maxi EPAR was the most important compo
nent of Tailing's model in estimates of !-A. In a simple linear 
regression this ratio explained 82.8% of the variance in 
incubator estimates of !,A using all weekly data for all stations 
(!,A = 5.15 + 2.45 Chi a • P maxi EPAR> r = 0.91, ll = 1616, 
P = 0.01). This indicates that overall the light function part of 
the model was not that important in model estimates of !-A. 
Integral production was insensitive to fluctuations in irradiance 
during midday incubations because intensities were usually well 
above IK. The IK values used in the model appear to be reason
able estimates, and over a season probably introduced little error 
into model estimates of!-A. However, on a weekly basis, choice 
of a constant I K may have caused some serious discrepancies 
between observed and modelled !,A. The monthly IK estimates 
correspond to the seasonal trend in water temperatures and 
indicate that I K was lower in the spring and higher in the summer 
than the constant values. Consequently, model estimates may 
have underestimated !,A in the spring and overestimated in the 
summer. 

The light-saturated rate of primary production Amax is equal 
to the product of standing crop as measured by Chi a and its 
collective photosynthetic capacity (P max' mg C · mg Chi 
a- 1 • h- 1). Amax was positively related to Chi a (Millard and 
Johnson 1986) indicating that changes in standing crop, not 
Pmax' probably accounted for more of the variability in !-A. The 
relationship between A max and Chi a uncorrected for phaeopig
mentswasAmax = 4.86 + 3.96Ch!a(r = 0.92,n = 786,P< 
0.01). Using corrected Chi a would have made only a slight 
difference to the slope in this relationship (4.10) and increased 
monthly means for P max by about 15-20%. 

Pmax fluctuated between 3 and 7 mg C · mg Chi a- 1 • h- 1 

from June to September throughout the bay and at times was 
remarkably constant throughout this period (Fig. 3). P max was 
usually lower at peak Chi a and declined during September in 
some years (1977, 1978). P max was variable between both 
stations and years with no clear difference between upper and 
lower bay. However, Amax was influenced more by changes in 
Chi a in the upper bay than in the lower bay because of the 
dramatic summer increases in algal standing crop that occurred 
without large changes in P max· For example, comparing sea
sonal variances in Chi a (1977-82) between stations Band C 
with a simple F -test showed highly significant differences (P = 
0.01) in each year (F range 7 .6-73.2). The differences were 
still highly significant if only the period of higher Chi a levels 
(July-September) was considered. In contrast, P max was more 
variable in the lower bay and, therefore, of more relative impor
tance in determining variation inAmax and thus !-A. The F-tests 
on the seasonal variances in P max at stations B and N compared 
with C showed significantly higher variance in the lower bay in 
three of the six years (P = 0.05). 

Variability in P max was not consistently well explained by 
other variables in linear regressions. The relationship between 
log P max and log temperature was significant in some earlier 
years but was barely significant or insignificant in others. A 
significant relationship between these variables was found for 
the 1973-77 period (log p max = -0.028 + 0.657log temp., r 
= 0.43, n = 861,P = 0.01)butnotforthe 1978-82period. 
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TABLE I. Results of regressions of ePAR• Ep and Emin vs. Chi a 
(uncorrected for phaeopigments) where ePAR = ew + es ·Chi a (*sig
nificant P = 0.05; all other regressions significant P = 0.01). 

Stations Ew Es r 1l 

Photometer ePAR 
T 0.92 0.031 0.89 63 
B,N 0.92 0.024 0.86 250 
HB,P 0.68 0.023 0.89 172 
GL,C,LE 0.43 0.023 0.75 303 

Quantaspectrometer emin 
T,B,N 0.75 0.020 0.85 29 
HB,P 0.72 0.014 0.47* 19 
T, B, N, HB, P 0.71 0.019 0.77 48 
GL,C,LE 0.34 0.022 0.63 48 

Quantaspectrometer eT 
T,B,N 0.89 0.020 0.89 29 
HB,P 0.80 0.018 0.57 19 
T, B, N, HB, P 0.83 0.020 0.82 48 
GL,C,LE 0.44 0.024 0.67 48 

Influence of Algal Standing Crops on Light Extinction 

The regressions of vertical extinction coefficients for photo
synthetically available radiation (sPAR) on Chi a were highly 
significant throughout the bay (Thble 1 ). The intercepts ( s,.,' 
background light extinction) and slopes (s/ self-shading coeffi
cient) in these regressions are fundamental to defining !Bmax• 
the theoretical upper limit to euphotic zone content of Chi a 
(Tailing, 1960, 1965). Originally, E

5 
was defined by Thlling in 

terms of smin• the extinction coefficient for the most penetrating 
part of the spectrum. Estimates of Es using Emin from spec
troradiometer measurements indicated that there was little dif
ference from estimates with sPAR. 

On most occasions, green light was the most penetrating 
spectral block (smin) but the differences from extinction coeffi
cients for red light were slight in the more productive upper and 
middle bay. In 19 of 167 profiles done for spectral analysis, red 
light was s . and only two of these were in the lower bay. A rum 
shift from green to red light as Emin in productive lakes has also 
been found by others (Ganf 1974; Bindloss 1976; Jewson 1977). 
The poorer relationship and lower Es using spectroradiometer 
data at the middle bay stations were likely due to the smaller 
number of measurements. When data from these stations were 
combined with upper bay data, no difference in either Es or Ew 
was noted compared with upper bay data only. An average for Es 
throughout the bay was between 0.020 and 0.024 but an average 
value may have been higher at the extreme upper end of the bay 
(station T). 

They-intercept ( s) in the sPAR versus Chi a regressions was 
an average estimate of background light extinction or extinction 
due to sources other than Chi a. A well-defined gradient in Ew 
from the upper (0.92 · m- 1) though the middle (0.68 · m- 1) to 
the lower bay (0 .43 · m- 1) was evident. 

Euphotic Zone Depth and its Chi a Content 

Euphotic zone depths (Zeu) were shallowest in the upper bay, 
especially before phosphorus control, but were deeper after 
controls were started (Thble 2). There was a distinct gradient to 
deeper Z progressing from upper to lower bay. Thlling ( 1965) 
definedz" as b/s . (b = 3.7), and this relationship has been 
found to b~ applic~bl~ for a variety of lakes (Tailing 1965; Ganf 
1974; Bindloss 1976; Robarts 1979). The appropriate value forb 
is important because it is used to derive !Btnax• the maximum 

TABLE 2. Average euphotic zone depths (m) in the Bay of Quinte (all 
weekly values averaged for specified periods). 

Station 

T 
B 
N 

T 
B 
N 

HB 
p 
GL 
c 
LE 

Mean SD 

Pre-phosphorus control, 1972-77 

2.65 0.87 
2.71 0.95 
2.73 0.94 

Post-phosphoms control, 1978-82 

3.37 0.88 
3.45 1.00 
3.21 1.04 

All years, 1972-82 

3.63 1.16 
4.27 1.15 
5.66 1.36 
7.73 1.69 
9.01 2.22 

Range 

1.40-4.30 
1.45-5.50 
1.22-5.80 

1.70-3.80 
1.55-5.10 
1.40-5.50 

1.70-11.3 
1.62-7.43 
3.24-10.47 
4.19-13.54 
5.01-16.45 

amount of Chi a that can exist in Zeu and thus contribute to 
production in the water column. Comparison of Zeu estimated 
from Ey and b/ Emin• measured with the spectro~adiometer, 
indicated that a value of 3. 9 for b was more appropnate for the 
Bay of Quinte, similar to other studies (Jones 1977; Jews~n 
1977). According to Thlling (1965), !Bmax occurs when sPAR IS 

due only to Chi a and is equal to b/ Es or 3.9/0.023 = 170 mg 
Chi a· m- 2 for the Bay of Quinte. At !Bmax• complete self
shading occurs and further increases in Chi a have no effect on 
!B because of the opposing effect of reduced Zeu· 

The values for s,.. for the upper, middle, and lower bay 
represented an additional40, 30, and 19 mg · m- 2 of euphotic 
zone Chi a (s,.Jss). Estimates of !Bmax that subtract the chlo; 
rophyll equivalent of s"' would be 130, 140, and 151 mg · m
for the upper, middle, and lower bay, respectively. Measured 
levels of !B met or exceeded these levels most frequently in the 
upper bay during the pre-phosphorus control period. 

Water Column Stability, Mixing, and Optical Depths 

Stratification was most stable at station HB in the middle bay, 
as indicated by the higher mean values for N2 from June through 
August (921-1754 x w-6 • s- 2) when stratification occurred 
(Thble 3). Mixing depths (Z

111
) increased and stability during 

stratification decreased, progressing lakeward from station HB. 
Usually Z deepened and N2 declined as stratification weak-, 111 

ened in late August and September (Fig. 4). However, the 
deeper, more consistent Z

111 
in the summer at stations GL 

(10-15 m) and C (15-20 m) were often associated with sea
sonal maxima for N2. The length of time that full circulation (Zm 
= station depth) persisted in the spring was longer for the 
deeper stations. At HB, z, shortened through May to minimum 
values in June with similar conditions occurring at GL. At 
stations C and LE it was early July before Zm declined and N2 
values were much lower than at the shallower stations. 

Optical depth (Z d) is a dimensionless quantity (sPAR· Zm/ 
In 2) that describes the effects of both light extinction and mixing 
depth on the underwater light climate (Thlling 1971 ). The impor
tance Of EPAR and Zm to Zod differed from upper and lower ~ay 
(Thble 4). In the upper bay, sPAR increased with algal standmg 
crops to produce an optically deep water column in spite of the 
shallow depth. For example, prior to phosphorus control, sum
mer Z d in the upper bay was as high at times as the middle and 
lower bay when Z111 was much deeper. Summer values for Zact in 
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Fla. 4. Seasonal trends in mixing depths (2
111

) and water column stability (N2) in the middle and lower 
Bay of Quinte in 1976 and 1977. 

TABLE 3. June to August averages for mixing depth (2
111

) andN2 at the 
middle and lower bay stations. 

Year Z
111 

1972 6.4 
1973 6.2 
1974 6.7 
1975 6.7 
1976 5.5 
1977 5.2 
1978 6.6 
1979 5.8 
1980 5.2 
1981 5.0 
1982 3.3 

HB p 

1443 6.2 925 
1396 4.9 1012 
921 7.4 417 

1177 6.4 811 
1351 7.3 776 
1150 6.2 855 
1185 4.6 646 
1160 
1064 
1099 
1754 

GL 

9.5 553 
10.7 493 
11.2 464 
10.5 548 
10.1 436 
10.1 415 
12.4 466 
7.5 526 

11.7 551 
10.5 524 
8.9 647 

c 

14.8 411 
14.7 514 
17.3 355 
16.1 512 
20.7 343 
17.4 367 
18.2 394 
14.8 391 
17.3 421 
13.3 414 
13.4 296 

LE 

16.7 299 
28.5 218 
22.0 229 
21.2 238 

X 5.7 1245 6.) 777 10.3 511 16.2 402 22.1 246 

the upper bay declined after phosphorus control due to improved 
transparency (Millard and Johnson 1986). The advantage of 
deeper euphotic zone depth to zod in the lower bay was offset 
throughout much of the season by deep mixing, particularly in 
spring and fall when full column circulation existed. In addition, 
light attenuation was highest in the spring at station C. The onset 
of stratification by July in the lower bay was extremely important 
because it reduced Zm and thus Zoct· Optical depth was at its 
maximum throughout the bay in September because EPAR 

remained high in the upper and middle bay and zm increased at 
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all the deeper stations. 

Respiration 

Weekly estimates of community respiration rates (Rcom) were 
quite variable. Errors in the detection of small changes in 
oxygen concentrations during short incubations were likely an 
important source of variability. However, when Chi a was higher 
during summer, changes in oxygen concentration were easily 
detected. Monthly means for Rcom' specific respiration rates 
(Rchl' mg 0 2 • mg Chi a- 1 • h- 1), and respiration rates relative 
to A max (r') were averaged over all years to determine seasonal 
and regional differences (Table 5). Values of Rchl and r' were 
higher in the spring and in the lower bay, situations where Chi a 
was lowest. This suggested that there was a strong nonalgal 
component to Rcom throughout the bay. 

In an attempt to separate nonalgal contributions from Rcom• 

monthly means for Rcom were plotted against corrected Chi a for 
all stations averaged over the 1977-82 period (Fig. 5). The 
intercept in this regression (28.65 mg 0 2 • m-3 • h- 1) is an 
estimate of Rcom due to non algal sources, and the slope (1.48 mg 
0 2 • mg Chi a- 1 • h- 1) is the average RchJ' High Rcom in May 
compared with levels of Chi a show that background sources of 
respiration were higher at this time of the year than the seasonal 
estimate. Compared with measured monthly means of Rcom' the 
y-intercept was high and would have accounted for at least 55% 
of Rcom during the spring in the upper bay and 35% during the 
summer. In the lower bay this background rate could have made 
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TABLE 4. Monthly means for light extinction coefficients, mixing depths, and optical depths. 

May June July August September 

Period Station EPAR zm zod EPAR zm zod EPAR z/11 zod EPAR zm zod EPAR zm zod 

1972-77 T 1.29 4.1 7.7 1.58 4.1 9.4 2.12 4.1 12.6 2.27 4.1 13.5 2.30 4.1 13.8 
B 1.21 5.4 9.5 1.48 5.4 11.6 2.03 5.4 15.8 2.29 5.4 17.9 2.28 5.4 17.9 
N 1.22 5.7 9.9 1.47 5.7 11.9 2.02 5.7 16.2 2.18 5.7 17.6 2.35 5.7 19.2 

1978-82 T 1.19 3.7 6.2 I. 11 3.7 5.9 1.46 3.7 7.7 1.75 3.7 9.4 2.06 3.7 10.7 
B 1.08 5.1 7.9 1.08 5.1 7.9 1.43 5.1 10.4 1.79 5.1 13.1 1.79 5.1 13.1 
N 1.04 5.4 8.1 1.21 5.4 9.4 1.75 5.4 13.6 1.90 5.4 14.7 1.92 5.4 15.0 

1972-82 HB 1.06 7.2 ll.8 1.06 4.5 7.1 1.39 5.1 9.9 1.51 7.2 15.7 1.70 9.2 19.4 
p 1.05 7.6 12.1 0.96 5.1 7.8 1.08 5.6 10.2 1.15 7.6 12.5 1.33 9.3 18.2 
GL 0.84 13.2 16.2 0.75 9.1 9.7 0.79 7.7 8.5 0.95 13.9 18.8 0.93 18.4 24.4 
c 0.70 23.7 22.7 0.59 20.8 17.2 0.62 11.9 10.1 0.62 16.6 14.7 0.61 23.0 20.1 
LE 0.67 39.2 35.9 0.53 31.0 23.6 0.55 16.6 12.3 0.51 18.8 13.7 0.49 27.8 18.6 

TABLE 5. Monthly community (Rcom), chlorophyll-based (Rch1), and relative respiration rates (r') for the upper and lower bay. 

B c 
Variable• May June July Aug Sept May June July Aug Sept 

Rcom 52 51 82 79 71 48 38 40 45 38 
Rcht 

Corrected 8.63 5.98 4.81 3.12 2.28 9.26 8.79 8.37 5.41 5.41 
Uncorrected 6.73 4.86 3.76 2.54 1.98 5.59 5.59 5.51 3.97 4.19 

r' 0.45 0.24 0.18 0.13 0.13 0.63 0.22 0.40 0.26 0.25 

•Rcht was averaged over the 1977-82 period. Values are calculated with Chi a corrected and uncorrected for phaeopigments. Rcom and r' were 
averaged from 1972-82. 

up 75% of Rcom· 
This background respiration made it difficult to equate esti

mates of r' to algal respiration during part of the season. A 
seasonal average for r' of0.11 due to algae was determined from 
the ratio of the slopes from the Rcom and Amax versus Chl a 
(corrected) regressions where r' = 1.48 mg 0 2 • mg Chl 
a-• · h- 1 / 13.65 mg 0 2 • mg Chl a- -1 · h- 1• This estimate is in 
the upper range of values usually found for r' (Tailing 1971 ). 
This may have resulted from collecting most of the data over a 
relatively warm and narrow temperature range. Weekly values 
of r' were often between 0.05 and 0.10 during the summer in the 
upper bay when background sources were relatively less impor
tant. For example, 43% of all the weekly estimates of r' in the 
upper bay were <0.10, and most of these occurred from July to 
September. A significant relationship between respiration rates 
and temperature was not found. 

Interaction of Light Climate, Optical Depth, and Respiration 
and the Potential for Net Photosynthesis 

When the critical ratio (qc) calculated from the critical depth 
equation was less than 24r', the combination of environmental 
factors and physiological properties of the phytoplankton com
munity was not favourable for net photosynthesis. Likewise, if 
qc exceeded the critical value (2.4 if r' = 0.10), net photo
synthesis was possible. The interaction of the variables deter
mining qc are illustrated in a plot ofZ

0
d versus [L.D.H.] (Fig. 6). 

Values for the critical ratios determined by r' are indicated by 
the broken lines. Points falling above the critical line represent 
situations when net photosynthesis was not possible, and the 
opposite is true for points below the line. At r' = 0.10, net 
photosynthesis would have been unlikely anywhere in the bay 
during September under average light and mixing conditions. In 
the middle and lower bay prior to phosphorus control, an r' of 
less than 0.075 was required for net photosynthesis. Under 

average conditions, net photosynthesis was possible at all sta
tions during the season at r' = 0.05. 

Grand monthly means for cPAR and Z111 were obtained from 
Table 4. Monthly estimates of [L.D.H.] were based on daily 
radiation data from the 1977-82 period. The grand means for 
monthly [L.D.H.] from May to September were 42.3 ± 2.2, 
43.5 ± 1.6, 44.9 ± 0.9, 38.7 ± 0.6, and 31.3 ± 2.8 in the 
upper bay. The means for [L.D.H.] were slightly higher in the 
lower bay because of the lower IK and were 45.6, 47.2, 48.4, 
42.0, and 34.4 from May to September. In the upper bay, pre
and post-phosphorus control periods were separated because 
cPAR declined significantly in the postcontrol period (Millard 
and Johnson 1986). 

Discussion 

Growth of phytoplankton communities is dependent on gross 
production summed for the euphotic zone balanced against 
community respiration. In the Bay of Quinte, P max was a key 
determinant of integral production. Therefore, P max was an 
important collective physiological property influencing the 
potential for growth of the phytoplankton community. Average 
values in the Bay of Quinte for P max of 4-5 mg C · mg Chi 
a- 1 • h- 1 appear to be in the upper range of values found in other 
temperate waters (Glooschenko et al. 1974; Jewson 1976; Har
ris 1978). A strong relationship between P max and temperature 
was not evident in this study, but low Pmax values often occurred 
during September when temperatures dropped. The relationship 
may have been poor because of the narrow temperature range for 
data collection compared with other studies (Bindloss 1974; 
Jones 1977). Average values for P max in the Bay of Quinte 
agreed closely with the range of 12-15 mg 0 2 • mg Chi 
a-• · h- 1 at 20°C predicted by the relationship of Harris and 
Piccini (1977). 
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The P max was consistently high throughout the bay in spite of 
the differences in phosphorus concentrations (Robinson 1986) 
suggesting that nutrients were not limiting. Effects of nutrient 
limitations on P max have been reported (Curl and Small 1965; 
Glooschenko and Curl 1971 ), but most studies suggest that 
temperature has a greater influence (Harris 1978; Falkowski 
1981). 

High ..c ... and Bs reduced !.B compared with other waters. 
However, high values for Pmax offset the potential negative 
effect that reduced euphotic zone content of chlorophyll would 
have had on integral photosynthesis. High P max was probably 
due to both high nutrient supply and temperatures, particularly 
in the upper bay. As a result, values for Amax (Chi a· P max) and 
lA were among the highest found in the literature for produc
tive, temperate-climate lakes (Millard and Johnson 1986). Dif
ferences in lA throughout the bay were slight considering the 
differences in volume-based measures of standing crop and 
production. In the lower bay, deeper Zeu occurred in response to 
lower Chi a and s .... The increase in Zcu compensated !.A for 
lower A max because of lower Chi a and a possible decline in P max 

at the lower temperatures. 
Seasonal constraints on production occurred by September 

because of the natural decline in effective irradiance ([L.D .H.]). 
~oth day length (~t) and the mean light intensity during the day 
(I 

0
) determine [L.D.H.] and both declined significantly by 

September. Therefore, upper limits to llA ~hanged seasonally 
because of geographic limitations on ~t and I 

0
• However, adap

tation to changing irradiance by lowering I K would have par
tially offset the effect on [L.D.H.]. In the late spring and early 
summer when [L.D.H.] was highest, the upper limit to !,!,A was 
probably set by the photosynthetic capacity (P max) and euphotic 
zone content of Chi a (!.B). 

Parameters such as the self-shading (s) and background light 
extinction (s,.,) coefficients were important properties of the 
phytoplankton community. They defined the euphotic zone con
tent of Chi a (!.B) and thus the amount of phytoplankton that 
could contribute to gross photosynthesis for the water column. 
Estimates of both Bs and particularly s,.. in the upper bay were 
high compared with other bodies of water (Field and Effler 
1983 ), thus reducing lB max. Furthermore, lB max and thus 
integral production were likely to vary depending on changes in 
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FIG. 6. Interaction of the logarithmic function of daily radiation 
[L.D.H.] and the optical depth of the mixed layer (EPAR • Z

111
/ln 2). 

Critical values of the ratio between these variables are shown by lines 
for different levels of the relative respiration rate (r'). Points are num
bered consecutively from May to September for each station. The 
points are identified as station B, 1972-77 (1-5); N, 1972-77 (6-10); 
B, 1978-82 (11-15); N, 1978-82 (16-20); HB, all years (21-25); 
GL, all years (26-30); and C, all years (31-35). 

species composition and their effect on Bs (Kirk 1975a, 1975b). 
There was a distinct gradient in s ... from upper to lower bay. 

Sources of Bw were the water itself, dissolved nonchlorophyll 
colouring substances, and nonalgal particulate matter. Sediment 
resuspension in the shallow, well-mixed, upper bay may have 
contributed to high and variable Bw. In addition, the high river 
flow in the spring may have increased s ... throughout the bay and 
may account for the higher light extinction in the lower bay in 
May (Millard and Johnson 1986). The underwater light climate 
can be greatly influenced by Bw making it an environmental 
property as important as radiation, temperature, or nutrient 
supply (Bannister 1974 ). 

In the Bay of Quinte, the underwater light climate was poten
tially limiting to net photosynthesis at times during the season. 
However, the relative importance of BPAR and zm to the under
water light climate differed from upper to lower bay. In the 
extreme lower bay (station C), deep Zm in May and September 
may have limited phytoplankton growth. In July and August the 
shortening of Zm was a critical factor for algal growth in the 
lower bay. Here, mixing depth was probably a more important 
factor than nutrients in controlling phytoplankton growth over 
most of the season. Algal standing crops in the lower bay were 
not limited by phosphorus until midsummer when water column 
stability (lfl) increased and Z111 was shallower (Millard 1986). 

Although low values for qc indicated growth-limiting condi
tions in the lower bay in September, Chi a often remained at 
July- August levels well into September in spite of deeper 
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mixing depths (Millard and Johnson 1986; Nicholls et al. 1986). 
There are several explanations for this apparent paradox. Vari
ables used in the critical depth model were long-term averages. 
As a result, the predictive value of the model for any particular 
year was limited. Changes in standing crop would have to be 
related to short-term changes in qc to demonstrate cause and 
effect (Jewson 1976). The value in the approach used here was to 
compare the seasonal and spatial potential importance of 
changes in key factors such as mixing depth. 

Effective mixing depths may not always have been as deep in 
the lower bay as the weekly estimates indicated, particularly in 
spring and fall when temperature profiles were quite unifmm. 
Short-term reduction in Z

111 
during calm periods may have 

occurred without changing weekly values. As a result, total 
biomass could have remained stable if species in the community 
were adapted to these conditions. Haffner et al. (1980) pointed 
out that the actual magnitude of Z111 may not be as important as 
the freqency of changes. 

The critical depth model of Tailing ( 1971) was very sensitive 
to r'. In the Bay of Quinte from July to September when Chi a 
was highest, r' was often lower than the estimated seasonal 
average of 0.11. Standing crops remained high in September 
when deep Z

111 
and lower [L.D.H.] meant that r' had to be less 

than 0.075 for growth to occur. This suggests that the com
munity adapted to the constraints placed on growth by the 
environment. This process probably occurred via two mecha
nisms. Some populations present in summer may have had 
lower respiration rates in response to lower September tem
peratures (Tailing 1957a; Gibson 1975; Minns and Johnson 
1986). On the other hand, rapid environmental change may limit 
the ability of species to adapt physiologically and the com
munity adapts through species succession (Haffner et al. 1980; 
Harris et al. 1980). In the lower bay, phytoplankton commu
nities were constantly adapting to the frequent changes that 
occurred in water column stability caused by both wind and 
intrusions of Lake Ontario water (Freeman and Prinsenberg 
1986). The fluctuating and diverse phytoplankton community in 
the lower bay (Nicholls et al. 1986) was a product of this variable 
environment similar to the situation found in Hamilton Harbor, 
Lake Ontario (Haffner et al. 1980). Although average levels of 
Chi a were often similar in summer and early fall, changes in 
species composition indicated that the community responded to 
the changing light climate. Certain species such as Step
hanodiscus astraea (Ehr.) Grun. and Oscillatoria aghardi Gom. 
appeared in the fall assemblage (K.H. Nicholls, unpubl. data). 
These species often flourish under optically deep conditions 
(Haffner 1977; Haffner et a! 1980; Reynolds 1984 ). Harris 
( 1978) pointed out that species growing in deeply mixed col
umns often exhibit some of the lowest values for r'. He sug
gested that the physiological properties of these species match 
the requirements of the environment. Heavy diatoms such as 
Melosira spp. and Stephanodiscus spp. that are abundant in the 
spring, but disappear in the lower bay as Z111 shortens in summer, 
also became more abundant in the fall. In most years, standing 
crops did decline by late September or early October, suggesting 
either a lag in response to deeper zm or the effect that lower 
temperatures may have on Pmax or a combined effect of these 
factors. 

Prior to phosphorus control in the upper bay the underwater 
light climate in the summer was limiting for net photosynthesis 
due to increased EPAR and not Z,. as in the lower bay. Changes in 
EPAR were due mostly to development of dense algal standing 
crops. The limitation of net photosynthesis at high standing 
crops and 'LB levels close to the theoretical maximum (!,BmaJ 

suggests that crop development was in equilibrium with the light 
extinction properties of the water and phytoplankton com
munity. Since Z

111 
was essentially constant and summer values of 

[L.D.H.] were not usually limiting, the critical depth equation 
can be rearranged so that for any r' there was a critical EPAR that 
defined an upper limit to standing crop set by the light climate. 
At an average summer [L.D.H.] of 42, a Z

111 
of 5.0 m, and an r' 

of 0.075 for the upper bay, the critical EPAR was 3.23 · m- 1• 

This was equivalent to 100 mg Chi a· m-3 using the average 
values forE"' andEs in the upper bay of0.92 · m- 1 and 0.023ln 
units· mg Chi a- 1 • m-2 , respectively. On 12 occasions, all in 
the pre-phosphorus control period, EPAR > 3.00 · m- 1 was 
measured. However, the average Chi a for these times was only 
54 mg · m - 3 . Factors such as an increase in E"' or Es or poor 
extraction of Chi a ( 1972-76) may have been important. On the 
other hand, there were four occasions when Chi a was greater 
than 100 mg · m- 3 and several others over 80 mg · m- 3 . If r' 
were 0.10, the lower estimates of critical EPAR (2.43 · m- 1) and 
Chi a (66 mg · m-3 ) were observed much more frequently and 
almost entirely prior to phosphorus control. This suggests that 
prior to phosphorus control, peaks in algal standing crop in the 
upper bay tended to be light limited. This situation arose 
because of the high phosphorus supply but was also dependent 
on algal respiration rates. However, peak standing crops were 
dominated by Melosira granulata (Ehr.) Ralfs and were subject 
to extreme fluctuations (Nicholls et al. 1986). This heavy diatom 
requires constant turbulence to remain in the water column and 
may have suffered high sedimentation losses during calm peri
ods, thus accounting for the high variability in weekly biomass 
(Lund 1954, 1955). 

Prior to phosphorus control, high phosphorus supply and low 
summer flow (Millard and Johnson 1986; Minns et al 1986) 
made the upper bay a nutrient-saturated environment where 
nutrient limitation of phytoplankton growth was unlikely. Limits 
to size of euphotic zone standing crops and integral primary 
production were determined by background light extinction, 
self-shading properties, and photosynthetic capacity of the com
munity as well as biomass loss factors. In the lower bay, it is 
likely that the mixing regime has always been the factor most 
controlling to algal growth. 
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Nitrogen and Phosphorus limitation to Phytoplankton in the Bay 
of Quinte and Implications for Phosphorus loading Controls 

K. H. Nicholls and E. C. Carney 
Ontario Ministry of the Environment, Aquatic Ecosystems Section, 

P.O. Box 213, Rexda/e, Ont. M9W SLI 

Nicholls, K. H., and E. C. Carney. 1986. Nitrogen and phosphorus limitation to phytoplankton in the Bay of 
Quinte and implications for phosphorus loading controls, p. 139-144. In C.K. Minns, D.A. Hurley, 
and K.H. Nicholls [ed.]. Project Quinte: point-source phosphorus control and ecosystem 
response in the Bay of Quinte, Lake Ontario. Can. Spec. Publ. Fish. Aquat. Sci. 86: 270 p. 

Nutrient addition experiments with the green alga Monoraphidium griffithii during August 1975 demon
strated that nitrogen was limiting to phytoplankton growth in the highly eutrophic upper Bay of Quinte and 
that phosphorus was limiting in the mesotrophic lower Bay of Quinte near Lake Ontario. The total and 
inorganic N/ P ratios existing at the time were also in agreement with generally accepted values indicative of 
N limitation in the upper bay and P limitation in the lower bay. Periods of likely N limitation were shown to 
be much less frequent after implementation of a programme to reduce P loading to the Bay of Quinte and 
coincided with a marked reduction in biomass of N-fixing planktonic algae. A simple model illustrating the 
effects of point source P loading reductions inN-limited waters was developed. It is important that lake 
management personnel understand that N limitation is a feature of highly eutrophied waters enriched by 
excessive P loading and that P loading control can be as effective in these situations as in P-limited systems. 

Des experiences sur I' apport de bioelements avec l'algue verte Monoraphidium griffithii menees en aout 
1975 ont revele que !'azote limitait Ia croissance phytoplanctonique dans Ia partie superieure de Ia baie de 
Quinte, fortement eutrophe, et que le phosphore etait limitatif dans Ia partie inferieure mesotrophe de Ia 
baie, pres du lac Ontario. Les rapports entre Net P total et inorganique ace moment-la concordaient aussi 
avec les valeu rs generalement acceptees indicatrices d'une restriction liee aN dans Ia baie superieure eta P 
dans Ia baie inferieure. On a demontre que les periodes de restriction possible liee aN sont beaucoup 
moins frequentes depuis Ia realisation d'un programme visant a reduire Ia charge de phosphore dans Ia 
baie de Quinte et qu'elles co"incidaient avec une baisse marquee de Ia biomasse d'algues planctoniques 
fixatrices deN. On a elabore un modele simple concernant les effets de Ia reduction de Ia charge de P a Ia 
source ponctuelle sur des eaux limitees par N. II est important que le personnel responsable de Ia gestion 
de lacs comprenne que Ia restriction liee a !'azote est une caracteristique des eaux fortement eutrophes 
enrichis par une charge excessive de phosphore et que le contr61e de Ia charge de phosphore peut etre 
aussi efficace dans ces situations que dans des systemes limites par le phosphore. 

Introduction 

Control of algal growth by N limitation at certain times of the 
year may be a common feature of eutrophic lakes (Nicholls 
1976; Forsberg et al. 1978; Schelske et al. 1978; Home 1979). 
In the Bay of Quinte, summer concentrations of nitrate were 
often undetectable ( < 10 J.Lg NIL) during the early 1970's 
(Robinson 1986). Since the implementation of a programme to 
reduce municipal loadings of P to the Bay of Quinte from 
sewage treatment plants (Minns et al. 1986) there have been 
increases in summer levels of inorganic N in the Bay of Quinte 
(Robinson 1986), which Nicholls et al. (1986) attributed to 
decreased utilization by phytoplankton. 

Bay of Quinte) and at station C (Conway, near Lake Ontario) and 
analyses of nutrients and phytoplankton have been described by 
Robinson ( 1986) and Nicholls et al. (1986). 

Since Millard ( 1986) suggested that phytoplankton growth in 
the Bay of Quinte was P limited after P loading controls were 
implemented, the question of nutrient limitation prior to 1978 is 
especially important because there have been suggestions that P 
loading controls may not be effective in waters where algae 
growth is limited by N (Home 1979; Vincent 1981). 

This study reports on bioassays done during 1975 to deter
mine the relative importance of N and P as limiting nutrients in 
the upper, highly eutrophic and lower mesotrophic Bay of 
Quinte of Lake Ontario, prior to major reductions in P loading. 

Methods 

Sample collections at station B (near Belleville in the upper 

For the algal assay, euphotic zone samples were collected on 
August 11 at station B and August 12 at station C in 1975, stored 
in the dark on ice, and retumed to Toronto on August 14. The 
samples were sterilized by slow filtration (0.5 atm (50. 7 kPa)) 
through prewashed Millipore filters of0.22-J.Lm porosity. Sam
ples were prepared in triplicate for four treatments: a control (no 
nutrients added), N-spike, P-spike, and N + P-spike. Volumes of 
media and nutrient spikes were adjusted with sterile distilled 
water to yield final volumes of 100 mL: 

Volume (mL) 

Control N-spike P-spike N+P-spike 

Sample 97 97 97 97 
Distilled water 2 I I 0 
N solution 0 I 0 1 
P solution 0 0 1 1 
Inoculum (Monoraphidium) 1 I I 1 
Total 100 100 100 100 

Nitrogen and phosphorus spikes were added as solutions of 
KH2P04 and NaN03 to yield additions of 1125 J.Lg NIL and 
50 J.Lg PI L to the final media. 

We selected M onoraphidium grijjithii (Berkel) Kom-Legn. as 
the test organism, since a healthy stock culture had been main
tained in our laboratory for several months in P.A.A.P. medium 
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TABLE I. Chemical composition (N, P, Na, and K, mg/ L) of the algal assay media prepared in triplicate from filtered 
samples collected at the Belleville and Conway locations, August II and 12, 1975. The media were not analyzed, but data 
are based on results of analyses of additional filtered samples collected at the same time at the Belleville and Conway 
location, and effects of chemical additions (spikes) are assumed to be directly additive. The total N / P ratios (unfiltered) 
found at the time were 8.3 and 18 at Belleville and Conway, respectively. 

Belleville Conway 

Control N-spike P-spike N+P-spike Control N-spike P-spike N+P-spike 

Dissolved reactive P 0.023 0.023 0.073 
N03--N 0.005 1.130 0.005 
N02--N 0.004 0.004 0.004 
NH3-N 0.100 0.100 0.100 
Total inorganic N 0.109 1.234 0.109 
Na 4.4 6.3 4.4 
K 0.80 0.80 0.86 
Inorganic N/ P 4.7 53.6 1.5 
Na/K 5.5 7.9 6.1 

a b 

104 104 

0> 
.._ 
a> 

.0 .0 
E E 
::J ::J Belleville z z 

Conway a; control 
a; control 0 0 

JJ max = 0.6 

103 JJmax = 1.1 103 

10 20 30 10 20 30 

Days Days 

FIG. 1. Growth of the test alga M. griffithii in filtered Bay of Quinte 
water from (a) station C near Lake Ontario and (b) station B in the upper 
Bay of Quinte. 

(United States Environmental Protection Agency 1971 ), and 
because M. grif.fithii occurred naturally in the Bay of Quinte 
(Nicholls and Carney 1979). 

Cells of a 7-d-old stock culture of M. grif.fithii were washed 
with sterile 0.5% NaCl solution to remove external nutrients and 
then rinsed several times with sterile distilled water onto a 
prewashed 0.45-j.Lm-porosity membrane filter; the filter was 
then placed in 50 mL of sterile distilled water and mechanically 
shaken for 1 d to minimize nutrient carry-over effects. The 
inoculum volume was adjusted so that the initial concentration 
of cells was about 500/mL for all treatments. 

Incubation was in 250-mL sterile flasks at 23°C and continu
ous illumination was by "cool white" fluorescent lamps provid
ing 4300 lx to the flasks which were anchored on a mechanical 
shaker reciprocating at 80 strokes/min. The flasks were stop
pered with nonabsorbent cotton. Daily counts were performed 
microscopically on subsamples in a Sedgewick-Rafter counting 
chamber during the exponential growth phase and every 2-3 d 
thereafter. Counting was discontinued after 35 d or when there 
were no longer significant changes in cell number. Algal 
response to the nutrient additions was assessed as maximum 
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0.073 0.006 0.006 0.056 0.056 
1.130 0.005 1.130 0.005 I. 130 
0.004 0.005 0.005 0.005 0.005 
0.100 0.040 0.040 0.040 0.040 
1.234 0.050 1.175 0.050 1.175 
6.3 11.5 13.4 11.5 13.4 
0.86 1.0 1.0 1.06 1.06 

16.9 8.3 195.8 0.9 21.0 
7.3 11.5 13.4 10.8 12.6 

a 

Conway 

b .... A 

,;:;:;-~-

104 N - spike 
104 

0> 
JJmax = <1 

.0 
E 

0> 
.0 

Conway E 
::J 
z 

::J P - spike z 
a> 
0 

a; 
JJ max = 1.5 0 

103 103 

~ 

10 20 30 10 20 30 

Days Days 

FIG. 2. Growth of the test alga M. griffithii in filtered Bay of Quinte 
water (station C) plus added (a) nitrate and (b) phosphate. 

yield, and as maximum specific growth rate (fLmaJ, where 

In (X2 /X1) 

fL = tz - tl 

and X2 = cell number at end of a selected time period (exponen
tial growth phase), X1 = cell number at beginning of selected 
time period, and t2 - t 1 = time in days during corresponding 
interval. 

Results and Discussion 

The nutrient additions to the filtered Bay of Quinte water 
resulted in a 3- to 10-fold increase in dissolved reactive Pin the 
P-spiked media, and about a 10- to 20-fold increase in inorganic 
N in the nitrate-spiked media. Ratios of inorganic NIP ranged 
from approximately 1 to 200, depending on treatment (spiked or 
not). However, neither the levels of Na and K nor the ratios of 
Na/K were altered appreciably (Table 1). 

Growth of Monoraphidium in the control media (filtered Bay 
of Quinte water) showed good replicability, and maximum 
yields of about 7 X 103 and 22 X 103 cells/ mL were achieved 
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Flo. 3. Growth of the test alga M. griffithii in filtered Bay of Quinte 
water (station B) plus added (a) nitrate and (b) phosphate. 

after about 25 d in water from stations C and B, respectively 
(Fig. 1): 

Control 
N-spike 
P-spike 
N+P-spike 

Yieldmax (X J03 cells/ mL; x ± I so) 

Belleville (B) Conway (C) 

21.9 ± 5.3 
523.3 ± 61.9 

36.2 ± 4.0 
355.0 ± 91.9 

7.0 ± 1.8 
2.5 ± 0.4 

29.6 ± 3.7 
284.4 ± 120.7 

In contrast with the controls, the yields in theN-spiked media 
from Conway were significantly lower than in the controls, 
while the P-spiked media from the same site showed yields and 
f1max values that were significantly higher than the controls 
(Fig. 2). The f1max of the Monoraphidium in the N-spiked 
medium from Belleville was two times higher than the controls 
or the P-spiked or theN+ P-spiked media from Belleville (Fig. 3 
and 4). The maximum yields in the N-spiked Belleville media 
were also very much higher than the other Belleville media. 

Total cell yields in the Belleville media spiked with P alone 
were not significantly different from those in the control media. 
Yields in the Conway media with added N + P were signifi
cantly higher than with Padded alone (compare Fig. 2b and 4b; 
all tests of significance were based on t-tests at P < 0.05). 

Based on both f1max and yield, the Monoraphidium bioassay 
of filtered Bay of Quinte water clearly shows N limitation at an 
inorganic NIP ratio of 4. 7 in the eutrophic upper Bay of Quinte 
and P limitation at an inorganic N/P ratio of 8.3 in the meso
trophic lower bay (Table 1). Total NIP ratios (unfiltered) exist
ing at the time in the upper (Belleville) and lower (Conway) Bay 
of Quinte were 8.3 and 18, respectively. O'Brien (1972) cau
tioned that changes in growth rate are probably more important 
than differences in yield when evaluating results from nutrient 
addition experiments. Less emphasis should be placed on cell 

a b 

105 105 

.._ 
Q) .._ 
.0 Q) 

E .0 
:::J E 
z :::J z 
Q) Q) 0 0 

Conway 
104 104 N+P - spike 

Belleville 
N+P- spike JJ max = 1.0 

)J max = 0.6 

103 

10 20 30 10 20 30 
Days Days 

FIG. 4. Growth of the test alga M. griffithii in filtered Bay of Quinte 
water with added nitrate and phosphate from (a) station C and (b) station 
B. 

yields because, as nutrients are added, one nutrient (or other 
limiting factor) can replace another as the test organism grows 
(Zevenboom and Mur 1978). This was most evident in the 
responses of Monoraphidium toN and P additions of filtered 
Conway water (Fig. 4b ). Phosphorus was initially limiting but N 
became limiting at cell yields of about 3.0 X 104 cells/mL with 
added P. With both Nand Padded, yields of 1.5 X 105 to 4 X 

105 cells/ mL were achieved. 
Nutrient enrichment experiments are the most widely used 

methods for determining nutrient limitation in lakes (Schelske 
1984). The usual procedures, using P and N spiking of lake 
water containing either test organisms or natural phytoplankton 
assemblages, have been employed so frequently that it is now 
probably safe to generalize about N or P limitation based on 
chemical analyses of dissolved and total N and P .in lake water. 
Chiaudani and Vighi (1974), Forsberg et al. (1978), and Vincent 
( 1981) all suggested that N will be limiting if the inorganic NIP 
ratios are <5-6. Similarly, Rinne and Tarkiainen (1978) and 
Forsberg et al. ( 1978) suggested that total NIP ratios < 10 imply 
N limitation and ratios > 17 imply P limitation. Clearly, there 
can be no well-defined or universal distinction between a ratio 
indicative of N or P limitation in the range 10-17 because it is 
known that different algal species show different optimum ratios 
of N and P (Rhee and Gotham 1980). Waters with total NIP 
ratios in this range may show either N or P limitation depending 
on the species composition of the phytoplankton and other 
factors. The NIP ratios existing in the Bay of Quinte at the time 
of the algal assays during August 1975 are in agreement with 
those published values (see above) associated with N limitation 
for the upper bay and P limitation for the lower bay. 

It is instructive now to examine differences in the NIP ratios 
and biomasses of N-fixing algae (Anabaena and Aph
anizomenon spp.) in the upper Bay of Quinte before and after 
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FIG. 5. Total and inorganic NIP ratios and biomass of N-fixing algae (Anabaena + 
Aphanizomenon spp.) at station B in the Bay of Quinte during the May-October periods of 
1975 and 1978. The blackened portions indicate periods of probable N limitation based on 
inorganic Nl P ratios of <5 and total Nl P rati9s <I 0. 

reductions in P loading. Data from station B, 1975 (site and year 
of the algal assays), and station B, 1978, immediately following 
major reductions in P loading were selected to illustrate the 
marked decline in N-fixing planktonic algae (Fig. 5). The 
response at station B was typical of the response at other sam
pling sites in the upper Bay of Quinte (Nicholls eta!. 1986). The 
decline of N-fixing algae was associated with much less frequent 
occurrence of N-Iimited conditions in 1978 compared with 1975 
(Fig. 5). During 1975, there were probably very few occasions 
when N was not limiting. In contrast, at no time during 1978 did 
measurements of inorganic NIP ratios and total NIP ratios 
simultaneously suggest N limitation (Fig. 5). 

Nitrogen-fixing algae are favoured over other species when 
inorganic N is limiting (Schindler 1977); their decline, when 
NIP ratios increase to levels not usually associated with N 
limitation, is therefore to be expected. However, much of the 
decline in biomass of N-fixing species in the Bay of Quinte was 
attributed to the direct effects of P loading controls and lower P 
concentrations (Nicholls et al. 1986). Some further interpreta
tion of the P reduction effects can be made from the relative 
abundance of Anabaena and Aphanizomenon spp. before and 
after reductions in P loading: 

Anabaena + Aphanizomenon spp. (%of total biomass) 

Quinte station 1972-77 1978-81 

T 12 19 
B 14 17 
N 30 36 

HB 25 36 
GL 15 27 
c 13 22 

At all six sampling sites, the N-fixing algae constituted a 
higher proportion of the total phytoplankton after P loading 
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reductions than before. This suggests that the P removal effect 
on biomass of non-N-fixing algae was greater than the combined 
effects of P removal and NIP ratio increases on N -fixing algae. 
Smith (1983) has shown, in a review of world data, that blue
green algae were abundant in lakes with total NIP ratios lower 
than 29:1. Ratios in the upper Bay of Quinte, after P loading 
controls were initiated, averaged 14-17 (Robinson 1986). It is 
likely, therefore, that further reductions in P loading (and the 
resulting further increases in inorganic NIP ratios) will be 
necessary to fully exploit the potential for a major shift from N
fixing algae to more desirable species in the Bay of Quinte. 

P Loading Reductions and N-Limited Waters 

It has been suggested (Home 1979; Vincent 1981) that P 
management strategies might be "inappropriately focused" in 
cases where lake waters are N limited. Therefore, with the 
implementation of P loading, the change in status from one of 
predominantly N limitation to one of P limitation in the inner 
Bay of Quinte has important implications for nutrient manage
ment policies. 

Clearly, P loading controls are effective in N-limited waters 
and the reason seems best illustrated by a simple model of N, P, 
and phytoplankton in a hypothetical N-limited lake (Fig. 6). 
Some assumptions of the model are (1) algal growth is not 
influenced by toxicants or other unusual factors, (2) algal 
growth is N limited as a result of point source inputs with low 
NIP ratios (i.e. excessive P supplies), {3) internal sources of 
nutrients are relatively minor compared with external sources, 
{4) other sources of nutrients are relatively low-concentration, 
high-volume inputs with higher NIP ratios(> 15), (5) the lake 
has a water residence time that is not excessively long ( < 10 yr), 
and (6) other biotic communities are relatively stable (e.g. no 
drastic year-to-year differences in fish predation and zoo-
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FIG. 6. Model of N, P, and phytoplankton in an N-limited lake 
(between t 1 and t3 ) and under conditions of P limitation (after t3 ), 

subsequent toP loading reductions at t2 . 

plankton grazing pressures on phytoplankton). 
Over the time interval t 1-t2 , while lake water N /P ratios are 

within the range associated with N limitation (a), phytoplankton 
densities are held at some average level P 1 (Fig. 6). In this 
equilibrium state, the phytoplankton is unresponsive to any 
increases in P concentration. If at t2 , point source P loading is 
reduced, the phytoplankton is still unresponsive to decreases in 
P loading until the decreasing P concentrations result (at t3 ) in an 
increase in the lake water NIP ratio above that upper limit (b) 
associated with N limitation (total NIP approximately 10-17). 
Since the algae are P limited after t3 , further reductions in P 
loading (and P concentration) will achieve a decrease in produc
tion and biomass of phytoplankton until some new steady state is 
reached (t4). As well, reductions in P after t3 will directly cause 
increases in NIP ratios, and thus may contribute to an alteration 
of phytoplankton composition (a shift away from N-fixing blue
green algae). 

Because the lake and its other inputs act as dilution mecha
nisms, it may be more reasonable to consider the total reduction 
in P loading as occurring at t2 , so that the interval t2 -t4 will be 
determined by the lake's (or at least its epilimnion) flushing rate 
and the NIP ratios of its other major sources (direct precipita
tion, land drainage). It is also important to emphasize that the 
decrease in phytoplankton (P 1 to P 2) is achieved by decreasing 
lake water P concentration from t3 to t4 , not by increasing NIP 
ratios over the same time interval. A further increase in NIP 
ratios above b is not required to cause a decrease in phy
toplankton, but will usually occur because P removal processes 
in sewage treatment plants are more effective on P than on N. 
Furthermore, the increase in N/P ratios between t2 and t3 , 

leading to a P-limited state, must be achieved by reducing P, not 
by increasing N. If N loading and N concentration in lake water 
were increased during t2 -t3 , a P-limited state would be achieved 
at t3 , but only after increased phytoplankton growth (above P 1 ), 

which of course is not desirable, given the objectives of the 
exercise. 

In N-limited lakes where low N /P ratios exist because of 
excessive P inputs, managers should not dismiss P loading 
control as an unworkable solution to eutrophication problems. 
Information about average P levels and NIP ratios in the major 

sources and in the lake water during the growing season, as well 
as lake morphometric and hydrologic data, can be used to 
estimate the P loading reductions required to increase NIP 
ratios to a level associated with a P-Iimited state (see Vollen
weider and Kerekes (1981)), for formulae relating lake flushing 
rate, P loading and retention to lake water P concentrations). 
Further calculations to show P loading reductions required to 
achieve some measure of trophic state "improvement" can be 
made from empirical relationships between P concentration, 
phytoplankton density, and Secchi disc visibility (e.g. Nicholls 
and Dillon 1978; Canfield and Bachmann 1981). 

In the Bay of Quinte, which flushes several times with the 
annual spring mnoff, the rise in NIP ratios through the P 
limitation threshold (b in Fig. 6) must have been achieved very 
quickly. Major reductions in P loading were achieved between 
the 1977 and 1978 study periods, so that by the spring of 1978 
the bay had already apparently established its new status with 
respect toN I P ratios and P concentrations. Phosphoms loading 
reductions to the N-Iimited upper Bay ofQuinte were successful 
in achieving lower phytoplankton densities because decreased P 
supplies raised the NIP ratios beyond the N- limitation thresh
old and established a P-limited state in the upper bay. 
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Some Effects of Phosphorus Loading Reductions on 
Phytoplankton in the Bay of Quinte, Lake Ontario 

K. H. Nicholls, L. Heintsch, E. Carney, j. Beaver, and D. Middleton 
Ontario Ministry of the Environment, Aquatic Ecosystems Section, 
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loading reductions on phytoplankton in the Bay of Quinte, Lake Ontario, p. 145-158. In C. K. 
Minns, D. A. Hurley, and K. H. Nicholls [ed.] Project Quinte: point-source phosphorus control 
and ecosystem response in the Bay of Quinte, Lake Ontario. Can. Spec. Publ. Fish. Aquat. Sci. 
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The phytoplankton at several sites within the Bay of Quinte was monitored over the period 1972-81 in 
relation to several other limnological and hydrobiological investigations comprising "Project Quinte." Prior 
to 1978, phytoplankton biovolumes (averaging about 12 mm3 I L) and species composition in the upper Bay 
of Quinte indicated a highly eutrophic status. The equation of the line describing the linear relationship 
between average May-October total phosphorus concentrations and average phytoplankton biovolumes 
at all sampling sites was as follows: phytoplankton (mm3IL) = 0.19 x total P (f.l.giL) - 1.8 (n = 69; 
r = 0.90). Reductions of 50-60% in total phosphorus loading for municipal sources during late 1977 resulted 
in similar percentage reductions in average May-October phytoplankton densities. The dominant taxa 
(Melosira, Stephanodiscus, Anabaena, and Aphanizomenon spp.) have all responded with significantly 
lower seasonal maxima as well as lower May-October average biomasses. As well, there was a significant 
shortening of the periods of growth of bloom-forming species. Prior to major reduction in phosphorus 
loading, the Bay of Quinte could be conveniently divided into upper, middle, and lower sections based on 
phytoplankton communities. After 1977, the distinction between upper and middle sections was not 
apparent. The altered phytoplankton communities were potentially more "functional" in supporting the 
aquatic food chain, and the algal related benefits of less severe odour problems and filter clogging at 
municipal water treatment facilities also were apparent after 1977. 

Le phytoplancton de plusieurs endroits de Ia baie de Quinte a fait I' objet d'une surveillance de 1972 a 1981, 
de pair avec d'autres etudes limnologiques et hydrobiologiques effectuees dans le cadre du «Pro jet de Ia 
baie de Quinte ».Avant 1978, les concentrations volumiques de phytoplancton (en moyenne de 12 mm3 I L) 
et Ia composition des especes de Ia partie superieure de Ia baie indiquaient une forte eutrophisation. 
L'equation de Ia courbe decrivant Ia relation lineaire entre Ia concentration moyenne du phosphore total 
entre mai et octobre et le volume biologique moyen du phytoplancton a tous les points de prelevement 
eta it: phytoplancton (mm3 I L) = 0,19 X p total (fLgl L) - 1,8 (n = 69, r = 0,90). Les reductions de 50 a 60% 
de Ia charge en phosphore total en provenance de sources urbaines, obtenues vers Ia fin de 1977, se sont 
traduites par des pourcentages de reduction semblables des densites moyennes du phytoplancton entre 
mai et octobre. Les taxons dominants (Melosira, Stephanodiscus, Anabaena et Aphanizomenon spp.) ont 
tous reagi en presentant des maximums saisonniers significativement moins eleves ainsi qu'une biomasse 
moyenne plus faible entre mai et octobre. On a aussi note un raccourcissement appreciable des peri odes 
de croissance des especes envahissantes. Avant les importantes reductions des charges de phosphore, il 
etait pratique de diviser Ia baie de Quinte en zones superieure, mediane et inferieure en se basant sur les 
communautes phytoplanctoniques. Apres 1977, Ia difference entre les zones superieure et mediane n'etait 
plus evidente. Les communautes phytoplanctoniques modifiees semblaient etre plus « fonctionnelles » 
dans leur r6le de base de Ia chaine alimentaire aquatique et I' on a aussi note, apres cette annee, certains 
avantages connexes comme une reduction des mauvaises odeurs et du colmatage des filtres des usines 
d'epuration causes par les algues. 

Introduction 
Kalff and Knoechel 1978). 

The proliferation of planktonic algae is an important man
ifestation of nutrient enrichment of lakes. Early experience 
demonstrated that the major categories of trophic state definition 
(oligotrophy, mesotrophy, eutrophy) were associated with well
defined ranges of total phytoplankton biomass (Vollenweider 
1968). The importance of lake water phosphorus concentration 
as a factor determining yield of algal pigments has been shown 
for groups of lakes with wide ranges of phosphorus con
centrations (Oglesby 1977; Schindler 1978; Nicholls and Dillon 
1978; Canfield and Bachmann 1981; Janus and Vollenweider 
1981). Similar relationships between total phytoplankton bio
mass and total phosphorus concentration are assumed to exist, 
but have rarely been demonstrated (Nicholls and Dillon 1978; 

There are also few examples of long-term investigation of 
phytoplankton composition and biomass within lakes experi
encing large increases or decreases in phosphorus loading 
(Schindler and Fee 1974; Dillon et al. 1978; Edmondson 1979 
and earlier papers; Nicholls et al 1980; Olsen and Willen 1980; 
Cronberg 1982). This has been an unfortunate omission because 
the biomass and composition of phytoplankton communities 
relates directly to several aspects of water use by humans (drink
ing water supply, aesthetic enjoyment) and aquatic food chain 
function. 

Several of the symptoms of the Bay of Quinte's highly 
eutrophic state (Johnson and Hurley 1986) are associated with 
the phytoplankton. As early as 1904, surface accumulations of 
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Lake Ontario 

FIG. I. The Bay of Quinte, Lake Ontario, showing locations of principal sampling sites (T, B, N, HB, 
GL, C, and LE). 

blue-green algae were noted in the upper Bay of Quinte and their 
potential health risks in drinking water supplies were discussed 
(The Daily Ontarian, Belleville, December 17, 1904). During 
the 1930's, problems at the Belleville water treatment plant, 
related to algae in the Bay of Quinte, apparently became more 
severe and resulted in more frequent filter clogging and odour 
problems (Ontario Department of Health, unpubl. files, 1938). 
By 1958, it became necessary to renovate the water treatment 
operations at the Belleville plant with the addition of four 
microstrainers ahead of the sand filtration units. 1)rpically, the 
microstainers were employed for 4-5 mo of every year during 
the 1950's, 1960's, and early 1970's. During the early 1950's, 
commercial fishermen in the Bay of Quinte first noticed fouling 
of their nets by algal "slime" (Hurley and Christie 1977). 

The first detailed investigation of phytoplankton in the Bay of 
Quinte was in 1945 near Lake Ontario (Tucker 1948). This was 
followed by similar studies by McCombie ( 1967) who included 
work in the upper and middle Bay of Quinte for the first time in 
1963-64. McCombie (1967) demonstrated a pronounced gra
dient in trophic state between upper and lower areas of the Bay of 
Quinte based on phytoplankton density. He also found no con
clusive evidence for change since 1945 at the mouth of the Bay 
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of Quinte (see also Nicholls and Heintsch 1986). Shortly there
after (in 1967 -68), Christie (1973a, 1973b) studied the sea
sonal distribution of plytoplankton and major nutrients at three 
locations in the bay. Nicholls and Carney (1979) undertook a 
detailed assessment of Bay of Quinte phytoplankton taxonomy 
with emphasis on the frequency of occurrence and maximum 
densities achieved by common and rare taxa during the 
May-October period of 1975. 

The phytoplankton investigation reported in this paper was 
begun in 1972 as a component of "Project Quinte" (see other 
papers in this issue). The major objective was to examine the 
phytoplankton biomass and composition at several sites in the 
Bay of Quinte over an extended period of several years prior to 
and following implementation of a phosphorus reduction pro
gramme at municipal sewage treatment plants discharging 
treated effluent. A major reduction was achieved in total phos
phorus inputs from municipal sewage treatment plants in late 
1977. The municipal "point-source" input averaged 165 kg P/d 
during 1972-77 and 70 kg P/d during 1978-81 (Minns et al. 
1986). An attempt has been made to relate the resulting changes 
in phytoplankton to the general "suitability" of the Bay of 
Quinte for human use and aquatic food chain function. 
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Methods 

Phytoplankton samples at each of the eight stations in the Bay 
of Quinte (Fig. 1) were obtained weekly, May-October, as 
composites of the euphotic zone by lowering and raising a 
weighted 1-L bottle with a restricted inlet through a depth 
corresponding to 2 times the Secchi disc visibility. An assess
ment of the usefulness of some of the sampling sites led to the 
deletion of some of the stations part way through the project. 
The resulting data base for the purposes of this paper is as 
follows: station T, 1972-80; stations B, N, HB, GL, and C, 
1972-81; station P 1972-79; station LE, 1975-77. Station T 
was sampled in June and August only in 1979 and 1980. 

Samples were fixed with glacial acetic acid-Lugol's iodine 
solution immediately after collection. Cursory examination of 
the samples in the Toronto laboratory resulted in either a direct 
subsampling (25 mL, unconcentrated) or a 4-10 times con
centration by sedimentation in I 00- to 250-mL graduated cylin
ders for storage in 25-mL screw-capped vials before analysis. 
All samples collected under the auspices of Project Quinte have 
been retained in the Ministry of Environment's historical sample 
repository. 

During 1972, the original phytoplankton analyses were made 
after transferring 1-mL aliquots of the 25-mL stored samples to 
Sedgewick-Rafter cells; identification and counting were made 
at 200 X magnification with a compound microscope, and cell 
density was expressed as areal standard units (ASU). In 1973, a 
decision was made to express algal densities as cell volumes for 
the duration of Project Quinte. Consequently, samples collected 
in 1973 were analyzed with Sedgewick-Rafter cells but density 
was expressed as cell volume. Approximately 25% of the 1972 
samples (about limo at all stations) were reanalyzed with results 
expressed as cell volume. Analyses since 1973 have been done 
with inverted microscopes (at 300-600 X) and Utermohl-type 
counting chambers. 

All samples collected between 1972 and 1979 (inclusive) 
were analyzed individually; only those from station B during 
1980 and 1981 were analyzed individually, while samples from 
all stations were pooled before analysis in 1980 and 1981. 
Pooling was done so that a single combined sample representing 
the entire May-October period was analyzed for each station 
and yielded a measure of the May-October "average" biomass 
and composition. 

Cell volumes were determined directly from cell measure
ments and counts. Generally, between 30 and 50 "units" (cells, 
filaments, colonies) of the taxa contributing most to total bio
mass were counted and measured. Completed counts totalled 
200-500 units and were considered adequate for acceptable 
precision (Lund et a!. 1958; Willen 1976). 

It is apparent that the 1972-73 methods of analysis led to 
underestimation or nondetection of some very small forms; 
however, reanalysis of six of the 1973 samples at the higher 
magnification of the inverted microscope showed increases in 
total biovolume of only 3-18%, most of which was attributed to 
counting imprecision rather than to the change of method. 

Several people have assisted with analyses over the year of the 
study (co-authors of this paper). Although this factor has not 
been addressed specifically with Quinte samples, it has been 
assessed as part of the regular data quality assurance checks of 
the Taxonomy Unit and is not considered to have significantly 
influenced the Project Quinte results. Taxonomic references and 
procedures have been described in Nicholls and Carney ( 1979). 

Samples of "raw" water for phytoplankton analysis at the 
Belleville water treatment plant were collected at the low-lift 

well inside the plant during May-Octoberof 1963-65 and 1970 
to the present. Infrequent collections and analyses were also 
made during other years but are not reported here. Collections 
were usually made weekly or biweekly, but more frequent 
collections were made during periods when plant operation was 
affected by algae. May-October means were unweighted by 
prior calculation of biweekly or monthly averages. 

Analyses of the intake samples followed APHA ( 1960) using 
the Sedgewick- Rafter counting chamber and expression of the 
results as ASU per millilitre, where I ASU is equal to 400 J.Lm2 

of an optical cross-sectional area of algal material. The intake 
was located approximately 0.5 km offshore at 4-5 m water 
depth; it is approximately 5 km west of Station B (Fig. l). 

Data anlayses include t-tests, regression analyses, and analy
sis of variance with Program No. 406 ofCompucorp model342. 
Percentage similarities (at the algal class level) were calculated 
after Nicholls ( 1985) with a I: 1 weighting of the proportionality 
and total density factors. Clustering of percentage similarity 
values as dendrograms followed Sorensen's ( 1948) method for 
complete linkage. The method for two-dimensional ordination 
(polar ordination) is after Bray and Curtis ( 1957) except that the 
lengths of the ordination axes were determined by Beals' ( 1960) 
formulae after subtraction from the 100% threshold (not Beals' 
85% threshold; see also Whittaker 1967). 

Results 

Dominant Classes and Species 

Several important features characterize the Bay of Quinte 
phytoplankton in the vicinity of Belleville. Most noticeable are 
the extremely high midsummer densities, especially during the 
1972-77 period. Summer maxima greater than 30 mm3/L at 
station B and 15 000 ASU/mL in the intake samples were not 
uncommon (Fig. 2). The instability of these maxima was also 
apparent; week-to-week changes of 100-300% were frequent 
(Fig. 2). During the 1972-77 period, microstrainers were rou
tinely in use in the Belleville water treatment plant for most of 
the ice-free period ( 4-5 mo ). 

In both the Belleville intake and the station B samples, similar 
trends in species dominance were evident. Springtime (May) 
samples were dominated by Stephanodiscus astraea (Ehr.) 
Grun. 1 with lesser quantities of S. hantzschii Grun. and S. 
invisitatus Hohn and Hellerman. By midsummer, Melosira 
granulata (Eh1:) Ralfs had assumed dominance and ~as respon
sible in all years for the recorded maxima. Blue-green algae, of 
which Anabaena spiroides Klebahn + var. crassa Lemm. and 
Aphanizomenon fios-aquae (L.) Ralfs were most important, 
contributed substantially to total phytoplankton density during 
the midsummer to fall periods. 

Declines in all of these dominant species occurred following 
phosphorus loading controls in late 1977 resulting in overall 
reductions in the May-October total phytoplankton densities 
(Fig. 2). On average, total post-phosphorus control phyto
plankton densities were about 50% lower at both station B and in 
the Belleville intake samples than average pre-phosphorus con
trol values (Fig. 3). Microstrainers in the Belleville plant have 
been in use for only a few weeks every summer since 1977. 

The magnitudes of the average May-October phytoplankton 

lStephanodiscus astraea (Ehr.) Grun. has been shown to be an 
invalid name (Hakansson and Locker 1981). Until a suitable species 
epithet is determined, we retained the name "S. astraea" for the Bay of 
Quinte population referred to in this paper. 

147 



S' 
X 

_J 

~ 
(<} 

E 
E 1 

_J 

E .;;-1 
E 
E 

Belleville water Intake 

1978 1980 

FIG. 2. Total phytoplankton densities measured as areal standard units (ASU) in the raw water of the 
Belleville water treatment plant and as total cell volume (mm3/L) at other stations in the Bay of Quinte, 
1972-81. 
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FIG. 3. Average (May-October) densities of tota phytoplankton in 
samples collected (a) through the Belleville water treatment plant 
intake and (b) at station B in the upper Bay of Quinte. 
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biomasses have been determined to a large extent by the diatom 
Melosira. The domination of the phytoplankton in the upper 
Bay of Quinte (station B) by Melosira is illustrated by the 
significant correlation between average May-October biomass 
and summer maximum Melosira (Fig. 4). The smallest Melo
sira maximum recorded since 1972 (11.7 mm3/L) was during 
August of 1981; the greatest was 41 mm3/L during August of 
1976 (Fig. 5). During several years (1973, 1974, 1976, 1977, 
1979, 1980) there is some evidence of a spring growth period 
followed by an early summer decline before the development of 
the main midsummer population (Fig. 5). In all cases, the sum
mer maxima exceeded spring maxima by about one order of 
magnitude. 

There has been a significant shortening of the periods of 
substantial growth of several taxa, as well as an overall decline 
in densities of the dominant species since 1977. For example, 
the length of the spring growth period of the dominant diatom 
S. astraea has shortened from an average of 10 wk during 
1973-77 to an average of6 wk during 1978-81 (Fig. 6). In all 
years, densities of S. astraea were consistently less than 
0.3 mm3/L during August and September (Fig. 5) when Melo
sira was prominent. There is some suggestion that S. astraea 
may be an autumn species, too, because during two years (1974 
and 1977), significant peaks were recorded in October (Fig. 5). 
However, regular sampling into the October-November periods 
was not done; hence, the consistent occurrence of this phe
nomenon cannot be confirmed. 

The growth periods of the two most important bloom-forming 
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FIG. 4. Relationship between summer maximum Melosira and the 
average May-October total phytoplankton biomass for the years 
1973-81 at station B. 
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FIG. 5. Densities of Melosira (M. granu/ata + M. ambigua) and 
Stepltanodiscus spp. (mainly S. astraea) during May-October of 
1973-81 at station B. 
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FIG. 8. Average ( ± so) of the Cryptomonas biovolume at station B during May-October of 1973-81. 
Mean values at right (mm3fm3) arc arranged from highest ( 1977) to lowest ( 1981) so that values joined by 
the same line are not significantly different (P < 0.05) by analysis of variance and LSD tests. 

blue-green algae, Anabaena and Aphanizomenon (including 
Raphidiopsis; see taxonomic notes in Nicholls and Carney 
I 979), have shortened since 1977. The number of weeks with 
Anabaena biomass> 0. I mm3/L was 13 for 1973-77 and 
I I for I 978-81. Similarly, the number of weeks with 
Aphanizomenon + Raphidiopsis biomass> 0. I mm3/L was I3 
for I973-77 and 9 for I978-8l. May-October combined 
average biomasses of these taxa declined from 2.2 mm3/L dur
ing I973-77 to 1.4 mm3/L during 1978-81 at the three upper 
bay stations, T, B, and N. 

Anabaena and Aphanizomenon have shown similar seasonal 
developments; their initial major population increases have gen
erally coincided, although there have been considerable year-to
year differences in the timing. Development of the first major 
pulse has occurred as early as May (1973) or as late as July 
( 1979), but has usually taken place in June (Fig. 7). The summer 
maxima of the Anabaena-Aphanizomenon complex have been 
dominated by Anabaena during seven years of the I 973-81 
period (Fig. 7). 

The dominant dinoflagellate was Diplopsalis acuta Entz. 
Unfortunately, this species was not always recognized by all of 
the laboratory staff and very often it was included with "uniden
tified Dinophyceae" during phytoplankton enumerations. 
However, for some years, good records are available and densi
ties exceeding 2 mm3/L were often recorded during 1973-77. 
Since 1978, D. acuta maximum densities have ranged from 0.3 
to 1.2 mm3/L. It was typically a mid- to late summer form. 

Several species of Cryptomonas have been recorded in the 
Bay of Quinte (Nicholls and Carney 1979) but the dominant is 
probably C. erosa Ehr. Collectively, species of this genus have, 
on occasion, achieved very high densities. For example, in July 
of 1973 and 1977, Cryptomonas spp. biomasses of 2. 8 and 
1.2 mm3/L, respectively, were recorded. Densities were lower 
during the 1978-81 peiod, averaging 0.16mm3/L compared 
with a May-October average of 0.36 mm3/L during 1973-77. 
The 1974 average of0.20 mm3/L was not significantly different 
from averages for 1978-81 (Fig. 8). 

Major differences in phytoplankton density exist within the 
Bay of Quinte. There has been a clear gradient from upper to 
lower bay with densities of algae at station T, B, and N about 5 
times higher than at stations C and LE near Lake Ontario 
(Fig. 9). In most years the uppermost station (T) has shown 
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lower average densities than the other two upper bay stations; 
only in 1977 was average density at station T greater than at all 
other sites (Fig. 9). Since 1977, declines of24-60% in average 
phytoplankton density have materialized (Fig. 9; Table I). Prior 
to phosphorus control in late 1977, the Bay of Quinte could 
be conveniently divided into upper (T, B, and N), middle (HB 
and P), and lower (GL and C) sections based on average 
May-October total phytoplankton densities. After 1977, the 
distinction between the upper and middle sections was not 
apparent. There were no significant differences in average bio
masses at stations T, B, N, and HB (station P was not sampled) 
during the 1978-81 period (Fig. 10). 

Among the major classes of algae the largest reductions have 
been in the diatoms (Bacillariophyceae) which comprised 73 
and 70%, respectively, of the total phytoplankton biomass at 
stations T and B during I 972-77, but 61 and 63% during 
1978-81. Most of this reduction in diatom representation has 
been compensated for by increases in representation by blue
green algae (Cyanophyceae). At stations T and B, blue-green 
algae comprised 17 and 18% of the total during 1972-77, but 
increased to 26 and 25% during 1978-81. Similar shifts in 
dominant classes at other Bay of Quinte stations are also appar
ent (Fig. 9). Notwithstanding the shifts in proportional repre
sentation by major classes, it should be emphasized that 
declines since 1977 in all major classes except the Chrysophy
ceae are apparent (Table I). 

Because changes in the phytoplankton since phosphorus con
trol in I977 have involved declines in total densities as well as 
shifts in the proportionality of major classes, it is useful to relate 
the 1972-77 and 1978-81 periods to the combined changes in 
both of these community properties (total density and propor
tionality of taxonomic content). This was achieved as a two
dimensional ordination (Fig. I I a) such that straight line dis
tances between the points in the ordination field are inversely 
proportional to calculated similarities (Fig. lib) giving equal 
weighting to proportionality of class content and total density 
(Nicholls I 985). It is apparent that the phytoplankton commu
nities of the upper bay stations T, B, and N (I 972-77) are most 
similar among themselves and least similar to the lower bay 
stations CandLE (including GL ( 1978-81)). Of all stations, B 
and T ( 1972-77) are most similar. Lower similarities of these 
stations with N (1972-77) probably relate more to the higher 
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FIG. 9. Average May - October phytoplankton den ity and class com
position , keyed as follows : Bac , Bacillariophyceae; Cy, 
Cyanophyceae, Din, Dinophyceae; Chi. Chlorophyceae; Cry, Cryp
tophyceae; others include Euglenophyceae. Chrysophyceae, and 
Xanthophyceae. The only representative of the Prymnesiophyceae, 
Chrysochromulina parva , was included in the Chrysophyceae for con
venience. 

proportion of blue-green algae at N (Fig. 9) than to total biomass 
differences, which are less significant in the calculations of 
percentage similarity. After phosphorus load ing controls in 
1977 the upper bay stations, T B, and N were much more 
similar to the lower bay stations in ratios of algal cia es and total 
phytoplankton densities . Similar changes are apparent for the 
middle bay stations HB and GL (Fig. II a). 

Nutrient- Phytoplankton Relationships 

A general trend to increasing total phosphorus over the ice
free periods was apparent at upper and middle bay station 
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FIG . 10. Dendrograms of Bay of Quinte stations after a clustering of 
Student 's 1 values for all poss ible pairs of stati ons based on 
May- October average phytoplankton biomass during pre- ( 1972-77) 
and post-phosphorus ( 1978-8 1) control periods. Stations linked at 
lower Student 's 1 values have more similar means than those linked at 
higher values . Only those stat ions linked at Student 's 1 values less than 
those indicated by the broken line have mean biomasses which are not 
significantly different (P < 0.05). 

(Robinson 1986). At station B, these seasonal trends have not 
always coincided with the trends in total phytoplankton density, 
although in some years (e.g. 1975) the trends in phytoplankton 
closely parallelled total phosphorus (Fig. 12). In 1978, the 
generally increa ing trend in total pho phorus, over the 
May-October period , was not at all related to total phyto
plankton biomass values over the same period. Highest densities 
of algae were found over a 4-wk period in late July and early 
August. These were immediately followed by biomass values 
which were , for several weeks, among the lowest recorded for 
the summer, despite the presence of the highest total phosphorus 
values of the summer (Fig. 12). The same seasonal trend in total 
phosphorus was observed in 1979 but the peaks in phyto
plankton occurred in August and September when total pho -
phorus was also highest. Total phosphorus values during June 
and July of 1979 were associated with unusually low phy
toplankton densities based on total phosphorus to phytoplankton 
ratios of other years (Fig . 12). 

In contrast with total phosphorus, both si lica and nitrate 
nitrogen showed substantial increases since 1977 (Robinson 
1986). These trends reflect the rec iprocal relationships of these 
di sso lved nutrients with total phytoplankton and diatoms 
(Fig. 13). The increase in average si lica concentration in the 
inner bay of 3.8 times corresponded with the 66% reduction in 
diatoms (diatom bioma s was 3.0 times greater before 1978). 

Anomalies that were apparent with the easonal distribution 
of total phosphorus and phytoplankton data were to orne extent 
also found with the si lica and diatom data , especially after 1977 . 
Major declines in si lica were usually a ociated with diatom 
peaks such as occurred during June of 1975 , July and August of 
1976, and September of 1979 (Fig. 14). However, substantial 
decrea ·es in si lica have occurred which were apparently not 
associated with significant diatom growth (e.g. May of 1978 and 
1979). Another anomalous period was between May and August 
of 1979 when a consi tent increase in silica coincided with 
increasing diatom biomasses (Fig. 14). 
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TABLE I. Average phytoplankton class densities (mm3JL) at the Bay of Quinte sampling sites over the periods 1972-77 (pre-phosphorus 
control) and 1978-81 (post-phosphorus control), showing the percentage reduction in the total phytoplankton.a 

1972-77 1978-81 

T B N HB p GL c LE T B N HB GL c 
Cyanophyceae 2.0 2.3 4.4 3.07 1.81 1.09 0.51 0.41 1.2 1.67 2.64 2.5 1.06 0.36 
Dinophyceae 0.37 0.47 0.49 0.55 0.54 0.35 0.27 0.12 0.27 0.19 0.33 0.1 0.09 0.02 
Cryptophyceae 0.20 0.39 0.67 0.56 0.55 0.47 0.38 0.34 0.14 0.2 0.36 0.56 0.53 0.20 
Chrysophyceae 0.07 0.07 0.06 0.09 0.06 0.05 0.04 0.08 0.14 0.08 0.06 0.06 0.04 O.Q3 
Chlorophyceae 0.45 0.62 0.61 0.74 0.55 0.39 0.26 0.27 0.14 0.24 0.23 0.35 0.19 0.11 
Bacillariophyceae 8.58 9.25 5.2 3.71 3.56 2.1 1.0 0.81 2.85 4.18 2.77 1.52 1.5 0.78 
lbtal 11.7 13.1 11.5 8.7 7.0 4.5 2.5 2.0 4.7 6.6 6.3 5.1 3.4 1.5 
%reduction 60 50 45 41 24 60 

aEuglenophyceae and Xanthophyceae were negligible and were omitted from this table. All results are arithmetic means of weekly analyses 
(May-October) except (I) 1972, when samples were analyzed approximately monthly, and (2) during 1978-81, when samples from all stations 
except B were pooled before analyses. Samples from T were collected during June and September of 1979 and 1980 and were not collected 
during 1981. 
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FIG. II. (a) Two-dimensional ordination of Bay of Quinte sampling stations before and after phosphorus 
loading reductions ("a" and "b" after a station symbol, e.g. Tb and Ta, refers to "before" and "after"). 
(b) Regression of straight line distance between pairs of stations in the ordination field on their calculated 
percentage similarities based on all possible combinations of four randomly selected stations. The highly 
significant correlation coefficient (r = - 0.97) meant that a third ordination axis was not needed. 

At all Bay of Quinte stations, May-October average total 
phytoplankton biomass was significantly correlated (P < 0. 00 I) 
with average total phosphorus (Fig. 15). Expressed in predictive 
terms relevant to changes in phosphorus concentrations, a 
change of 6 jLg P/L was associated with a change in phy
toplankton biomass (in the same direction) of I mm3/L. 

The responses of the major classes of algae to phosphorus 
loading controls in the Bay of Quinte have been different. The 
greatest response has been with the diatoms (Fig. 16) showing a 
phosphorus to biomass ratio of 7 11-m P/mm3. The blue-green 
algae had the next highest rate of decrease per unit of phosphorus 
with a phosphorus to biomass ratio of 20 11-g P/mm3. Response 
among the other groups has been slight compared with the 
diatoms and blue-green algae (Fig. 16). The phosphorus to 
biomass ratio among the sum of the Dinophyceae, Cryp
tophyceae, Chrysophyceae, Chlorophyceae, and Euglenophy
ceae was 57 11-g P/mm3. 

After phosphorus reductions in I 977, the Chrysophyceae 
increased (as a percentage of the total phytoplankton biomass) 
at stations T, B, N, HB, GL, and C, by 5, 2, 4, I. I, 1.1, and 
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1.3 times, respectively. This increased representation by 
Chrysophyceae since 1977 is in agreement with the proportion 
of the total phytoplankton contributed by this group in other 
lakes with different or changing phosphorus concentrations 
(Fig. 17). 

Of the major functions and consequences of phytoplankton 
development in lakes, those influencing the aesthetic appear
ance and potability of lake water and those influencing food 
chain function are probably the most relevant elements. The 
dominant algae implicated in these two roles are those that are 
toxic, form floating surface accumulations, and are not "food 
chain functional," and those forms that are relatively small with 
rapid growth rates and have high nutritional value for planktonic 
crustacea. More specifically, colonial bloom-forming blue
green algae (Anabaena, Aphanizomenon, Raphidiopsis, Micro
cystis, Coelosphaerium, Lyngbya, Oscillatofia, etc.) comprise 
the first group, while cryptomonads and chrysomonads proba
bly contribute most to the second group. 

A potentially useful index is proposed which expresses the 
acceptability of the phytoplankton community in terms of its 
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FIG. 12. Seasonal trends in total phosphorus (mg/L) and phyto
plankton (mm3/L) during two years immediately before (1975, 1976) 
and two years immediately after (1978, 1979) phosphorus loading 
reductions. 
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FIG. 13. Reciprocal relationships between total phytoplankton bio
mass and nitrate-nitrogen and diatom biomass and silica concentrations 
as average values before and after reductions in phosphoms loading 
(1972-77vs. 1978-81). 

food chain acceptability and human use aspects. This index, 
termed the "F" value, is simply calculated as the quotient of 
May-October average biomass of Chrysophyceae + Cryp
tophyceae divided by average biomass of blue-green bloom 
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FIG. 14. Seasonal trends in dissolved reactive silicate (mg/L) and 
diatom biomass (mm3/L) during two years immediately before (1975, 
1976) and two years immediately after (1978, 1979) phosphorus load
ing reductions. 

formers. Preliminary use of this index suggests that F values 
range over several orders of magnitude in Ontario lakes and are 
related to average lake water phosphorus concentrations. As an 
approximate guideline, values>> 1 reflect a more "desirable" 
phytoplankton community than values < < 1. In the Bay of 
Quinte, F values have increased since municipal phosphorus 
loading decreased in 1977 (Fig. 18). 

Discussion 

May-October average phytoplankton biomasses in the Bay 
of Quinte are among the highest reported for north temperate 
eutrophic lakes. Those waters with higher biomasses are small 
fertilized lakes and ponds or lakes situated in fertile soils and 
receiving excessive nutrient loads from muniCipal and/or agri
cultural sources (Schindler and Comita 1972; Olrik 1973; 
Schindler et al. 1973; Cook and McComas 1974; Barica 1975; 
Nicholls 1976a; Coveney et al. 1977; Cronberg 1982). The 
upper Bay of Quinte, during 1972-77, had higher average 
phytoplankton biomasses than any other similarly large embay
ment or open water area of the Laurentian Great Lakes 
(Munawar and Munawar 1981 and references therein). 

Week-to-week fluctuations in total phytoplankton were more 
closely related to total phosphoms concentrations before phos
phorus loading controls than after. This may be because sewage 
treatment plant effluent after 1977 contained a higher ratio of 
biologically unavailable phosphorus to available phosphorus; 
so, a high proportion of the total phosphorus after 1977 at the 
Bay of Quinte stations was of no immediate use to phyto
plankton. Phosphorus in dissolved "reactive" form is usually 
all readily available for phytoplankton, and Robinson (1986) 
showed a substantial decrease in dissolved reactive phosphorus 
after 1977 in the bay. Certainly these relationships will be 
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FIG. 15. Relationship between May-October averaging total phos
phorus concentrations (!Lg P/L) and average total phytoplankton den
sity (mm3JL) at Bay of Quinte sampling stations T (1972-80), B, 
N, HB, GL, and C (1972-81), P (1972-79), and LE (1975-77). The 
equation is as follows: phytoplankton (mm3/L) = 0. 19 x total P 
(jLg/L) - 1.8 (n = 69; r = 0.90). 

influenced by short-term or local events, such as sewage treat
ment plant by-pass during heavy rainfall, and consequent 
increases in loading of biologically available phosphorus. Sum
mer storms affecting the resuspension of bottom sediment (total 
phosphorus) and the disruption of diffusion gradients in dis
solved phosphorus in the water column (Wright 1976; De Groot 
1981) may also influence the short-term total phosphorus to 
phytoplankton ratios. No attempts to explain all of these short
term (within year) fluctuations in total phosphorus and phy
toplankton have been made, but it is clear from the rapid 
response of May-October average phytoplankton densities that 
control of phosphorus loading from sewage treatment plants has 
been effective. Although the municipal point sources contribute 
only a small proportion of the total phosphorus loading to the 
bay (Minns et al. 1986), the consequence of these relatively low
flow, high-concentration phosophorus inputs has been dramat
ically demonstrated by the phytoplankton response after 1977 
and is in accordance with earlier predictions (Johnson and Owen 
1971). 

The decrease after 1977 in phytoplankton biomass followed a 
clear gradient between the upper bay and Adolphus Reach with 
reductions of 60, 50, 45, 41, and 24% at sampling stations 
between Trenton and Glenora. The trend probably indicates the 
proximity of the sampling stations to point sources of phos
phorus and also reflects the magnitude of the phosphorus load
ing reductions. The Napanee, Hay Bay, and Glenora stations are 
progressively farther away from major point sources than are the 
upper bay stations, and the progressively deeper water (greater 
volume) at these sites further diminished the effect of phos
phorus loading reductions. 

A 60% decrease in phytoplankton biomass at the Conway 
station after 1977 destroys the continuity of the trend from upper 
to lower bay and at first seems anomalous; however, Lake 
Ontario waters undoubtedly influence the phytoplankton at the 
Conway site (McCombie 1967; Nicholls and Heintsch 1986) 
and there have been substantial reductions in phosphorus con
centrations in Lake Ontario since 1977 (Dobson 1981). 

The major response to phosphorus reductions in the Bay of 
Quinte was with the diatoms. Concentrations of silica below 
150-200 j.Lg Si/L are often associated with declines in diatom 
populations and, in the presence of adequate levels of other 
major nutrients, have been found limiting (Lund 1971; Nicholls 
1976a; Haffner 1977; LaZerte 1980). Silica levels this low in the 
Bay of Quinte were never recorded (Robinson 1986), although 
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FIG. 16. Regressions of total phytoplankton, diatoms, blue-green 
algae, and the sum of the Dinophyceae (D.), Cryptophyceae (Cr.), 
Chrysophyceae (Chr.), Chlorophyceae (Chi.), and Euglenophyceae 
(E.) on the May-October total phosphorus concentrations during pre
(1972- 77) and post-phosphorus (1978-81) control periods (change 
indicated by arrows). All four relationships are significant at P < 0.05, 
with correlation coefficients of 0. 97, 0. 90, 0. 79, and 0.64, respec
tively. 

the influence of seasonal diatom growth on declining silica 
levels was evident in every year since 1972. Losses other than 
through diatom sedimentation are probably negligible. The only 
other major biological sink is the scaled Chrysophyceae 
(Klaveness and Guillard 1975) which have been poorly repre
sented in the Bay ofQuinte. Bailey-Watts (1976) concluded that 
at certain times of the year, dissolution of sedimented diatom 
frustules was a more important source of silica than external 
loading. This is also likely true in the Bay ofQuinte where very 
rapid increases in silica have been observed following major 
"crashes" of diatom peaks. After reduced phosphorus loading · 
in 1977, the much higher silica levels appear less related to 
diatom dynamics (much lower diatom densities) and must be 
related to variations in sources of silica (river inputs, interal 
regeneration). 

It is unlikely that silica alone brought about the decline of the 
springS. astraea population; silica levels were rarely low 
enough. Nitrate-nitrogen, on the other hand, had declined to 
undetectable levels by early summer during most of 1972-77 
period. Swale (1963) and Nicholls (1976a) believed that spring 
S. hantzschii populations were limited by inorganic nitrogen. 

During 1978, Millard (1986) showed that the greatest demand 
for phosphorus by algae coincided with the decline of the S. 
astraea population. It is likely then that the spring S. astraea 
was controlled by nitrogen or phosphorus before phosphorus 
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FIG. 17. Density of chrysophycean species as a percentage of total 
phytoplankton (data for other lakes from Nicholls 1976b). 

loading controls, and by phosphorus after controls if Millard's 
findings can be assumed to represent the post-phosphmus con
trol period. Stephanodiscus astraea is a large and relatively 
heavy diatom, and as early summer water temperatures in
creased, the associated increased sinking rates probably also 
contributed to its loss from the algal community (see also 
Haffner 1977). 

The factor contributing to the decline of the springS. astraea 
population could not have acted in the same way on Melosira, 
which usually experienced its main increase immediately after 
the demise of S. astraea. Kilham (1971) suggested that the 
seasonal sequence of planktonic diatoms can be explained by the 
silica requirements of different species. Based on a literature 
review, he found that S. astraea became dominant at low silica 
concentrations (0.3 mg Si/L), while M.' granulata did so at 
much higher values (6 mg Si/L). He concluded that the high 
silica diatoms (e.g. Melosira) would never replace the low silica 
diatoms (e.g. S. astraea) as levels of silica decreased. In the Bay 
of Quinte, Melosira always replaced S. astraea by summer. The 
role of other nutrients (nitrogen, phosphorus) in Kilham 's 
hypothesis was not evaluated, but later work (Tilman 1977, 
1981; Kilham and Tilman 1979) showed that the relative abun-. 
dances of diatom species were often dependent on the changing 
ratios of silica to phosphorus and that the results of competition 
experiments involving two or more species could be predicted 
from knowledge of nutrient requirements of each species. 

In contrast with S. astraea, Melosira was able to develop high 
densities in the Bay of Quinte despite scarce amounts of 
inorganic nitrogen. If inorganic nitrogen levels continue the 
increase begun after 1977, some changes in seasonal distribu
tion of S. astraea and Melosira may result. Because silica to 
phosphorus ratios have dramatically increased since 1977, some 
further changes may develop in the relative abundance of other 
diatom species (e.g. Cyclotella meneghiniana Kutz., Fragilaria 
crotonensis Kitton) which have been of only minor importance 
previously. 
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FIG. 18. Relationship between the average May-October total phos
phorus concentrations and the F index calculated as the sum of the 
Cryptophyceae and Chrysophyceae, divided by the blue-green 
bloomer average biomass (data from Kawartha lakes and Gravenhurst 
Bay from Nicholls 1976b) and Dillon eta!. (1978); data from Halibur
ton lakes unpublished). Arrows indicate changes after phosphmus 
loading reductions. 

During August of 1975, inorganic nitrogen levels at station B 
were shown to be limiting to algal growth (Nicholls and Carney 
1986). Summer nitrate-nitrogen concentrations were still fre
quently at undetectable levels after phosphorus loading reduc
tions in 1977 (Robinson 1986), and nitrogen may still be 
limiting at certain times, especially in the upper bay. 

The decline of nitrogen-fixing algae (Anabaena + Aphan
izomenon) has been proportionately less than of other groups 
such as diatoms, green algae, or dinoflagellates. This is further 
evidence for continuing nitrogen limitation, since it is generally 
accepted that nitrogen-fixing algae are favoured under such 
conditions (Schindler 1977; Horne 1979). The observed correla
tion (r = - 0.38) between biomass of nitrogen-fixing algae and 
nitrogen to phosphorus ratios throughout the Bay of Quinte, 
although statistically significant (P < 0.05), was less significant 
than the correlation of nitrogen-fixing algae with total phos
phorus (r = 0.513). Declines in nitrogen-fixing algae were 
more likely related directly to lower phosphorus supply than to 
the increases in inorganic nitrogen. The observed increases in 
nitrogen to phosphorus ratios since 1977 (Robinson 1986) were 
probably not great enough to precipitate a major shift away from 
nitrogen-fixing algae to those forms better able to compete for 
nutrients and other growth factors in the presence of adequate 
amounts of dissolved inorganic nitrogen. 

It is not clear at this time if such a compositional shift should 
be anticipated in the near future. Neither is it clear how the 
changing nutrient ratios will affect Microcystis, another par
ticularly offensive blue-green, but non-nitrogen fixing alga in 
the Bay of Quinte. Lean et al. (1978) found that additions of 
organic nitrogen to a large (I 00 m3 ) enclosure in the Bay of 
Quinte stimulated growth of Microcystis aeruginosa over nitro
gen-fixing species. Horne ( 1979) suggested that there may be 
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some "irreducible" level of blue-green algae in restored lakes; 
however, this may depend on final steady-state nitrogen to 
phosphorus ratios. Smith ( 1983) reported a markedly lower 
contribution by blue-green algae in lakes with total nitrogen to 
phosphorus ratios greater than 29. Experience in Ontario with 
phosphorus loading controls has demonstrated that the major 
response of the phytoplankton was with blue-green nitrogen
fixing algae (Dillon et al. 1978; Michalski and Conroy 1973). 
Further support for these findings were those of Jones ( 1979) 
who discovered that the growth of A. flos-aquae in eutrophic 
waters was related to the duration of the depletion of nitrate
nitrogen in the water. Also, Schindler ( 1977) showed that fertil
ization of a lake with the low nitrogen to phosphorus ratio 
fertilizer promoted the growth of the nitrogen-fixer A. fios
aquae. 

In the Bay of Quinte, a further substantial increase in ambient 
inorganic nitrogen may be necessary to diminish noticeably the 
competitive advantage which the nitrogen-fixing algae now 
apparently have. Further reductions in phosphorus loading will 
be necessary to achieve this, but an additional increase in 
inorganic nitrogen will undoubtedly also be encouraged by a 
continued increase in atmospheric deposition of NO x which has 
likely contributed to major increases in N03 - N in Lake 
Ontario (Dobson 1981) in the past two decades. 

The decrease since 1977 in bloom forming blue-green algae 
and associated enhancement of aesthetic quality in the Bay of 
Quinte is undoubtedly associated with improved quality of the 
"raw" water at the Belleville water treatment plan. Odour 
problems, in the past associated mainly with high densities of 
Aphanizomenon and Anabaena, have been less severe since 
1977. Other major benefits related more generally to plant 
operation include much less dependence on microstrainers for 
removal of algae ahead of the sand filtration beds. Micro
strainers (four units totalling 3 X 104m3/d) were used for a 4-
to-5-mo period during the summers of the 1960's and 1970's; 
but, since 1977, the micros trainers have been needed for only 
4-6 wk each year when densities of Melosira, Anabaena, and 
Aphanizomenon caused clogging of sand filter beds. 

As a result of the phosphorus reduction program, the potential 
cost savings to municipalities dependent on the Bay of Quinte 
for potable water are probably substantial. Discussions had 
taken place in the late 1960's and early 1970's concerning a 
drinking water pipeline from Lake Ontario to Belleville (Ontario 
Ministry of the Environment and Belleville Utilities Commis
sion, data and correspondence files). Clearly, had the phyto
plankton densities not declined after 1977, the pipeline or other 
similarly costly proposals would have been given more serious 
consideration. 

The other major consequences of the blue-green algal reduc
tions in the Bay of Quinte relate to the "food chain" and the 
suitability of the phytoplankton community as a food source for 
higher trophic levels. Although some secondary producers, 
such as anuran larvae, are apparently able to ingest blue-green 
algae as readily as other algae (Seale and Beckvar 1980), Arnold 
( 1971 ), Porter ( 1977), and others have shown that colonial blue
greens such as Anabaena spp. are poorly utilized or rejected by 
suspension feeders such as microcrustacean zooplankton orga
nisms which are generally considered the next major "link" 
(above algae) in aquatic systems. It is conceivable that high 
densities of filamentous forms could interfere with the normal 
filtration mechanisms of cladocerans and lead to suboptimal 
levels of food intake by these organisms even in the presence of 
adequate supplies of suitable food items. Chrysomonads and 
cryptomonads, which are mainly small, unicellular species 
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lacking rigid cellulose walls, but storing lipids, oils (e.g. lami
narin), and/or starches, are probably used to best nutritional 
advantage by filter- feeding zooplankton in the Bay of Quinte and 
other waters. No doubt other taxa are utilized as well (e.g. 
coccoid greens) but probably less efficiently. 

The blue-green bloomers, on the other hand, likely represent 
the algal group with the lowest food chain utility. These algae 
are (mainly) large colonial forms, many of which are toxin 
producers, thus adding to their undesirability in aquatic systems 
(Carmichael 1981 ). Again, there are unquestionably other taxa 
which are poorly utilized, such as large diatoms and dinoflagel
lates, but in the interest of developing a simple index (F index) 
which can be used to indicate the desirability of the phyto
plankton composition in energy flow and food chain function, 
only the three groups (Chrysophyceae, Cryptophyceae, and 
blue-green bloomers) were used. 

Relative increases in the Chrysophyceae after 1977 in the Bay 
of Quinte suggest that species of this group are better able to 
compete for nutrients under phosphorus-limiting conditions. 
Increases in Chrysophyceae were also observed in Gravenurst 
Bay following phosophorus loading controls (Dillon et al. 
1978), and De Noyelles and O'Brien ( 1978) found that fertiliza
tion of ponds led to decreases in Chrysophyceae but increases in 
green and blue-green algae. The increases in the F index in the 
Bay of Quinte indicate a shift in community structure to one 
which is more food chain functional. 
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A Comparison of the Net Phytoplankton in the Lower Bay of 
Quinte Near Indian Point, 1945 and 1981 

K. H. Nicholls and L. Heintsch 
Ontario Ministry of the Environment, Water Resources Branch, 

P. 0. Box 213, Rexda/e, Ont. M9W SL 1 

Nicholls, K. H., and L. Heintsch. 1986. A comparison of the net phytoplankton in the lower Bay of Quinte 
near Indian Point, 1945 and 1981, p. 159-165. In C. K. Minns, D. A. Hurley, and K. H. Nicholls [ed.] 
Project Quinte: point-source phosphorus control and ecosystem response in the Bay of Quinte, 
Lake Ontario. Can. Spec. Publ. Fish. Aquat. Sci. 86: 270 p. 

Birge and Juday plankton trap collections of net phytoplankton from the lower Bay of Quinte were made in 
1981 in order to duplicate collections and analyses made by A. Tucker at the same site in 1945. By 1945, a 
significant eutrophication of the Bay of Quinte had taken place but had not yet reached the worse-case 
conditions of the 1950's and 1960's. Differences in average densities of total phytoplankton, diatoms, green 
algae, and blue-green algae during the june-October periods of 1945 and 1981 were not statistically 
significant (t-tests, P,;;; 0.05). The genera recorded by Tucker in 1945 were again the dominant components 
of the phytoplankton in 1981. The inclusion of 35 additional genera and several small unidentified 
chrysomonads found in 1981, but either not present or not detected in 1945, did not alter significantly the 
total phytoplankton density of 1981 relative to the 1945 average density. The june-October average density 
of the diatom Fragilaria was significantly greater in 1981 than in 1945, while the early summer (June and July) 
average density of Melosira was significantly greater in 1945. Blue-green algae, predominantly 
Aphanizomenon and lesser densities of Anabaena and Lyngbya, were significantly more abundant during 
the early summer of 1981 than during 1945, suggesting a more eutrophic status in 1981 than in 1945. 
However, recent data from the same region (1973-1977) suggest that similar changes have occurred 
independently of major changes in phosphorus loading and may, therefore, be within the range of 
"normal" year-to-year variability. 

En 1981, Birge et Juday ont effectue des collectes de microphytoplancton dans Ia partie inferieure de Ia baie 
de Quinte, a l'aide d'un filet a plancton, en vue de repeter les collectes et les analyses faites par A. Tucker au 
me me endroit en 1945. Vers 1945, il y avait eutrophisation prononcee de Ia baie de Quinte, mais elle n'avait 
pas encore atteint les niveaux observes pendant les annees 50 et 60. Les differences enregistrees dans les 
densites moyennes du phytoplancton total, des diatomees, des algues vertes et des algues bleues entre les 
mois de juin et octobre en 1945 et en 1981 n'etaient pas significatives du point de vue statistique (tests de t, 
P,;;; 0,05). Les elements dominants du phytoplancton en 1981 comprenaient les memes genres que ceux qui 
avaient ete signales par Tucker en 1945. Le fait d'inclure 35 genres additionnels et plusieurs petites 
chrysophycees non identifiees decouvertes en 1981, qui n'etaient pas presentes ou n'avaient pas ete 
decelees en 1945, n'a pas modifie de fac;on sensible Ia densite du phytoplancton total en 1981 par rapport a 
Ia densite moyenne enregistree en 1945. La densite moyenne de Ia diatomee Fragi/aria entre juin et octobre 
etait beau coup plus grande en 1981 qu'en 1945, alors que Ia den site moyenne de Melosira au debut de l'ete 
(juin et juillet) etait beaucoup plus grande en 1945. Les algues bleues, principalementAphanizomenon, de 
meme que Anabaena et Lyngbya en densites plus faibles, etaient beau coup plus abondantes au debut de 
l'ete 1981 qu'en 1945, ce qui porte a croire que l'eutrophisation etait plus prononcee en 1981 qu'en 1945. 
Cependant, des donnees recentes proven ant de Ia meme region (de 1973 a 1977) laissent supposer que des 
changements semblables ont eu lieu independamment des changements importants dans les apports de 
phosphore et qu'ils pourraient par consequent se situer dans l'echelle des variations« normales >> obs~r
vees d'une annee a l'autre. 

Introduction 

Aside from evidence obtained through paleolimnological 
investigations (e.g. Harris and Vollenweider 1982; Stoermer et 
a!. 1985), there are few long-term data available for the assess
ment of changes in phytoplankton and trophic status of the Great 
Lakes (Nicholls 1981). In the summer of 1945, Allan Tucker 
collected phytoplankton at the lower end of Adolphus Reach in 
the Bay of Quinte near Indian Point (Tucker 1948). The results of 
these early artalyses were felt to be relevant to modern day 
phytoplankton densities and composition at this site, since con
siderable changes in human population and associated nutrient 
loading to the Bay of Quinte have taken place in the intervening 
35 yr (Johnson and Owen 1971); Minns 1986). More recently, a 

significant reduction in phosphorus loading from municipal 
sewage treatment plants has been achieved (Minns et al. 1986), 
and corresponding changes in the phytoplankton of the Bay of 
Quinte have resulted (Nicholls et a!. 1986). 

This study of the phytoplankton of the lower Bay of Quinte 
was undertaken in 1981 so that the modern day net phytoplank
ton community could be compared with results from an identical 
study completed prior to the development of major trophic status 
and fisheries problems. Most of the discussion of total phyto
plankton- trophic state relationships (including nannoplankton) 
in the Bay of Quinte is presented in Nicholls et a!. ( 1986). The 
objective of this paper is to compare the abundance of large (net) 
phytoplankton species (1945 vs. 1981 ), identifiable and quan
tifiable by Tucker's (1947, 1948) methods. 
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F1o. I. Upper: bimonthly average water temperatures in the upper Bay ofQuinte for the April-September periods of 1943 to 1981 sampled through 
the Belleville municipal water intake. Lower: bimonthly total precipitation at Belleville over the same period. 

Methods 

Sampling and analysis procedures followed those outlined by 
Tucker (1948). At weekly intervals from June to October, 
Tucker's 1945 station (44°07' IO"N, 71°52' IO"W) was 
sampled at 0, 10, 20, 30, and 40 m depth using a 10-L Birge and 
Juday plankton trap fitted with number 20 bolting cloth. We 
fixed phytoplankton samples immediately after collection with 
Lugol's solution. Tucker apparently did not use Lugol's solu
tion. However, differences in results attributable to different 
fixatives and preservatives are only important as they relate to 
long-term storage of samples and the preservation of some small 
flagellates and other delicate forms; neither condition was 
important in this study of net phytoplankton. 

Analyses followed Thcker's unit system (his table 5) except 
that an inverted microscope with magnifications of 300 and 
600 X was used for enumeration. Those taxa found in 1981 but 
apparently not considered by Tucker were assigned unit values 
based on morphology relative to those taxa listed by Tucker (his 
table 5; single cells and single colonies = I unit, 100 or 300 fLm 
length of filamentous forms (depending on the genus) = I unit). 
In assigning unit values to genera recorded in 1981 but not in 
1945, some reluctance to follow Tucker's guidelines entirely 
(i.e. single cell = I unit) for small forms not recorded by him 
led to our separate tabulation of some species (mainly chryso
monads) and their exclusion from the total for purposes of direct 
comparison of the two data sets. These additional taxa were 
treated separately in statistical comparisons of 1981 and 1945 
results, since it was found that the detection of many of the 
additional smaller sized taxa in 1981 samples was a direct result 
of using the higher magnification of the inverted microscope. 

For comparative purposes (1945 vs. 1981), 1981 counts of 
Stephanodiscus binderanus (Kutz.) Krieger were included in 
Melosira, since its removal from Melosira (as M. binderana 
Kutz.) has been recognized only relatively recently (Round 
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1972). Other taxonomic considerations were as reported in 
Nicholls and Carney ( 1979). 

Since Thcker (1948) reported very few data (as numbers), we 
also referred to his thesis tables 7-42 (Tucker 1947) for statis
tical comparisons with 1981 data. These comparisons were 
made with t-tests, the use of which was justified by the approx
imately normal though very broad distribution of some data. 

Water temperatures (Hydrolab) and Secchi disc visibilities 
recorded in 1981 at nearby Project Quinte Station C were not 
duplicated at Tucker's station in 1981 , since data collected 
during June-August of 1980 showed no significant differences 
between these two adjacent sites. 

Results 

Climate, Water Temperature, and Secchi Disc Visibility 

Long-term records of precipitation at Belleville and of Bay of 
Quinte water temperatures recorded at the Belleville municipal 
water intake show considerable year-to-year variability over the 
1943-81 period (Fig. 1 ). For example, the midsummer periods 
of 1947 and 1980 were unusually wet, while 1946 and 1979 
were unusually dry. Extremes of precipitation and temperature 
were not evident for either 1945 or 1981, and comparisons of 
phytoplankton composition and densities can probably be made 
independently of weather effects for these two years. 

From the data available, a detailed comparison of water 
temperatures in the lower Bay of Quinte in 1945 and 1981 is dif
ficult, owing to irregularity of data collection and the apparent 
influence of incursions of Lake Ontario water into the Bay of 
Quinte (Freeman and Prinsenberg 1986). However, no major 
differences between the two years in vertical thermal regimes 
are apparent (Fig. 2). The surface waters may have warmed 
sooner in 1981 than in 1945, with temperatures of the upper 
20 m ranging between 8 and 13 oc on 3 June 1981 , but only 
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Flo. 2. Vertical water temperature profiles (smoothed from original data) at the Indian Point sampling 
station in the outer Bay of Quinte during 1945 and at adjacent Project Quintc Station C during 1981. 
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F10. 3. Secchi disc visibilities at the Indian Point sampling station in 
the outer Bay of Quinte during 1945 and at adjacent Project Quinte 
Station C during 1981. 

3-6°C on 3 June 1945 (Tucker 1948). However, Tltcker 
( 1947, his table 7) reported water temperatures for 3 June 1945 
of 11, I 0, 9, and 9°C at the surface, 10 m, 20 m, and 48 m, 
respectively; the 3 June data of Tucker ( 1948, his fig. 3; our 
Fig. 2) may therefore be in error. The other notable difference in 
temperatures of the two years was the location of the thermocline 
which was never strongly developed in either year, but was 
positioned about 5 m higher in the water column in 1981 than in 
1945 (Fig. 2), undoubtedly as a result of the faster rate of 
warming of the surface waters in 1981 . By the end of September 
of 1945, the water column was homothermous at about l4°C, 
but had not yet completely mixed by this date during 1981 
(Fig. 2). 

Secchi disc visibilities (Fig. 3) during 1945, averaging 
3.5 ± 1.3 m, were significantly better than those recorded 
for the June-October period of 1981 (2.6 ± 0.5m), owing 
mainly to three high values during the last 2 wk of July 1945 

(t-test, P ~ 0.05). 

Phytoplankton 

There were no significant differences between the 1945 and 
1981 June-October average densities of total phytoplankton, 
green algae, blue-green algae, and diatoms (Thble 1 ). Total 
phytoplankton maxima occurring in July of 1945 and September 
of 1981 were nearly identical. Of the three dominant classes, 
diatoms were the most important component of the total during 
both years (73 and 60%), followed by blue-green algae (16 and 
24%) and green algae (9 and 6%). 

Many of the characteristics of the 1981 diatom community 
appear to be little changed from 1945. The three dominant 
genera in 1945, Melosira, Tabellaria, and Fragilaria, were 
again the most important during 1981 although their relative 
densities were altered somewhat (Table 1 ). In particular, the 
1981 Fragilaria average density of2138 units· L- 1 was signifi
cantly greater than the 1151 units· L- 1 recorded for 1945. The 
seasonality of Melosira was quite different between the two 
years (Fig. 4); the early summer (June and July) average den
sity was significantly greater during 1945 than during 1981 
(Table 1). In contrast, the seasonality of Tabellaria (Fig. 4) and 
Asterionella appears to have changed little; both were early 
summer forms. The Asterionella maximum of 2435 units· L- 1 

occurred on 3 June 1981 and declined thereafter so that densities 
of less than 166 units· L- 1 were present after the third week of 
June. Similarly, the Tabellaria maxima (Table I) occurred in 
June of both 1945 and 1981 and were followed by much lower 
densities, none of which in 1981 exceeded 530 units· L- 1 after 
mid-July. 

Diatoma (Thcker's Odontidium) showed highest densities in 
early June of 1981 (952, 475, and 300 units· L-Ion the first 
three sampling dates, but then declined and, except for two 
September values of287 and 321 units· L- 1, was generally Jess 
than 50 units · L- 1 for the rest of the sampling period. 

Other diatom genera including Navicula, Stephanodiscus, 
and Synedra, which were minor components of the flora in 
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TABLE I. Maximum and mean ± I so phytoplankton densities (units· L- I during the June through 
September periods of 1945 and 1981 (except where indicated). Data are from averages of five sampling 
depths near Indian Point. Only where indicated are differences significant. 

1945 1981 

Maximum Mean± I so Maximum Mean± I so 

Total phytoplankton" 20798 10874±5619 24 285 9 506 ± 4 794 
Green algae 6 844 948 ± 2004 1727 583 ± 508 
Blue-green algae 10695 I 760 ± 3 340 8 371 2284 ± 2122 
Diatoms 18 374 7941 ± 5 469 14 187 5 749 ± 3 834 
Melosira 8 766 3080 ± 2540 II 268 I 589 ± 3 017 
Tabellaria 6417 2080 ± 2 208 6 148 I 130 ± I 637 
Fragilariab 4616 I 151 ± I 220 5 831 2494 ± I 602 
Microcystis 2 860 664 ± I 040 480 101 ± 118 
Aphanizomenon 7 309 907 ± 2 238 6777 I 443 ± I 626 
Blue-green algaec 

(June and July) 154 49 ± 62 2544 I 427 ± 783 
Aphanizomenonc 

(June and July) <10 <10 I 190 702 ± 372 
Melosirad 

(June and July) 8 766 3 836 ± 2 811 970 365 ± 299 

aQnly those taxa considered by Thcker (his table 5) were included in the 1981 totals. 
bThe 1981 average was significantly greater than the 1945 average (t-test, P < 0.05). None of the other 

June-September 1981 averages differed significantly from those for 1945. 
cSignificantly greater in 1981 than in 1945 (t-test, P < 0.001). 
dSignificantly greater in 1945 than in 1981 (t-test, P < 0.01). 
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F1a. 4. Densities of dominant phytoplankton taxa at the Indian Point sampling site in the Bay of Quinte, 
1945 and 1981. Data include only those genera recorded by Tucker ( 1948) and are the arithmetic means of 
the five sampling depths. 

1945, were of similar status in 1981. Their combined density on 
any sampling date during 1981 never exceeded 450 units· L- 1• 

Anabaena was the second most dominant cyanophyte during 
1981, and with an average June-October density of 420 
units· L- 1 appears to have been substantially more abundant 
than in 1945. Tucker (1948) reported its regular occurrence but 
"in very small quantities" not exceeding 420 units· L- 1• Ana
baena densities of 1232 and 1576 units· L- 1 were found on 24 
June and 1 July 1981. 

The dominant blue-green alga at Thcker's sampling station in 
1945 and again in 198 I was Aphanizomenon. Maximum densi
ties during both years were comparable and mean values did not 
differ significantly (Table 1). However, the early summer densi
ties during 1981, which ranged between 400 and 1 I 90 
units· L- 1, were clearly higher than during the same period of 
1945 when the genus was essentially absent (Fig. 4; Table I). In 
samples collected in 1963. and 1964, McCombie (I 967) also 
noted an earlier development of blue-green algae than that 
reported by Tucker ( 1948). 
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Next in order of dominance among the Cyanophyceae in 1981 
were Lyngbya, Microcystis, and Coelosphaerium, with average 
densities of 188 ± 352, 150 ± 276, and 129 ± 236 
units • L - 1 , respectively. 

As in 1945, Mougeotia was the most important green alga in 
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TABLE 2. Densities (units· L -I) of other genera (in addition to those 
listed by Tucker) found in at least five samples during 1981 and with 
June-October average densities greater than 75 units · L- 1. Values 
listed are from averages of five depths sampled at Tucker's (1948) 
station. 

Maximum Mean± I so 

Chlorophycae 
Oedogonium I 809 276 ± 474 
Ulothrix 569 154 ± 157 
Chlamydomonas 729 153 ± 209 

Cyanophyceae 
Phormidium 558 79 ± 145 
Oscil/atoria 856 147 ± 216 

Bacillariophyceae 
Cyclotel/a I 019 95 ± 243 

Cryptophyceae 
Clyptomonas 2988 278 ± 699 
Rhodomonas 3 676 373 ± 884 

TABLE 3. Maximum and mean ± I so phytoplankton densities 
(units· L -I) during the June through September period of 1981 (except 
where indicated). Data are from averages of five sampling depths near 
Indian Point. 

Total phytoplankton" 
Green algae 
Blue-green algae 
Diatoms 
Blue-green algach 

(June and July) 

Maximum Mean ± I so 

26644 
3 192 
9 071 

14506 
2633 

II 423 ± 5 999 
I 325 ± 788 
2 524 ± 2 326 
5 898 ± 3 936 
I 535 ± 786 

"All taxa except small unidentified chrysomonads were included in 
the total (i.e. the genera recorded for 1945 (Tucker's table 5) as well as 
35 additional genera found in 1981). 

bSignificantly different from 1945 (t-test, P < 0.001). 

1981 and, with a June-October average of 393 ± 477 
units· L- 1, contributed most to the Chlorophyceae. The max
ima for this genus (1312 and 1643 units· L - 1) occurred on 8 
and 23 July. Pediastrum and Scenedesmus were late summer 
green algae with combined maxima of less than 450 units · L- 1 

in mid-Septembe1: 
Among other groups of algae, Dinobryon (the only 

chrysophyte listed by Tucker) was very important during the 
early summer of 1981, with a maximum of 5380 units • L- 1 on 
l July when it comprised 54% of the total phytoplankton den
sity. Dinobryon achieved densities of between 3650 and 
5380 units· L- 1 for three consecutive weeks, although the 
June- October average was only 847 units· L- 1. In 1945, 
Dinobryon never exceeded 440 units· L- 1• 

The two genera of dinoflagellates reported by Tucker ( 1948), 
Ceratiwn and Peridinium, "neither of which exceeded 572 units 
L- 1" in 1945, were also relatively unimportant in 1981, with 
maximum and average densities of 135 and 17, and 127 and 30 
units · L- 1, respectively. 

Taxa Not Reported by Tucker and Depth Distribution 

In addition to the taxa present in Tucker's samples, the 1981 
samples contained 35 other genera, as well as some unidentified 
forms. Fewer than one half of these were quantitatively impor
tant (Table 2). The addition of these taxa to those recorded by 
Tucker results in only relatively small increases in density of the 

major algal classes found for 1981 (Table 3). These slightly 
higher densities do not alter any of the levels of significant 
difference between 1945 and 1981 (Table l ). 

For comparative purposes ( 1945 vs. 1981 ), another group of 
algae kept separate from the 1981 totals were the very small 
chrysomonads (2-5 J.Lm diameter) which cannot be identified at 
the microscope magnification ( 160 X) used by Tucket: With the 
higher magnifications of the inverted microscope, this group 
was found to include single cells of Uroglena, Chromulina, 
Ochromonas, Kephyrion, Chrysochromulina, and others whose 
contribution to the total phytoplankton cell volume was clearly 
insignificant in these net-filtered samples. For example, the two 
highest densities of small chrysomonads occurred on 24 June 
and l July, with an average density of 8760 cells · L- 1. On these 
two dates, their average contribution to total phytoplankton 
volume was only 1%. 

Although it seemed unreasonable to assign unit values to each 
small chrysomonad cell as Tucker did for other much larger 
single cells and colonies of cells in his collections, this was done 
and yielded an average density of 1286 ± 3569 units· L- 1 

during the June-October period (average of five sampling 
depths) which still did not alter significantly the 1981 grand 
mean relative to 1945 (t-test). 

The highest densities of phytoplankton in 1945 and 1981 were 
usually found in the upper l 0 m; however, on several dates, there 
was little difference in algal densities between the surface waters 
and 40 m (Fig. 5 and 6). The vertical distribution was most 
marked during July and August when very low algal densities at 
30-40 m (relative to the 0-10 m values) were accompanied by 
the greatest range in vertical water temperatures of 8-l2°C 
(Fig. 2). 

The temporal change in some vertical profiles suggests a 
sedimentation loss of certain diatoms during 1981. For example, 
the mid-July increase in Fragilaria from about l 050 units · L- 1 

on 8 July (average of five depths) to its summer maximum of 
5830 on 17 July was essentially restricted to the upper lO m. Its 
subsequent decline was characterized by a deepening to 20m of 
the bulk of the population by 23 July and a further loss, presum
ably by continued sedimentation, to an average of 1500 
units· L -t by 30 July (Fig. 5). Similarly, the seasonal max
imum of Melosira of ll 270 units· L- 1 (average of five depths) 
developed by 17 September at which time it contributed 80% of 
the diatom density. Subsequent declines in total density were 
most marked in surface samples on 23 and 30 September, but 
increased densities were noted at 30 m on the same dates 
(Fig. 5). 

Inclusion of the 35 additional genera found during 1981 with 
those genera found by Tucker did not alter appreciably the 
general pattern of vertical distribution found for Tucker's genera 
alone (compare Fig. 6 and 7). 

Discussion 

There were apparently only small differences in the densities 
of dominant phytoplankton species between 1945 and 1981 in 
the lower Bay of Quinte. The most significant difference 
between 1945 and 1981 relates to the early summer develop
ment of blue-green algae. An important question to be answered 
is: can this difference be explained by normal year-to-year 
variability, or does it represent a real long-term change? 

Some insight into year-to-year variability can be obtained 
from examination of data from nearby Station C in the outer Bay 
of Quinte (Nicholls et a!. 1986) over the period 1973-77. By 
analysis of variance and paired t-tests, the June-July average 
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Fro. 5. Vertical distribution of dominant phytoplankton taxa at the Indian Point sampling site in the Bay 
of Quinte, 1945. Reproduced from Thcker ( 1948). 
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Fro. 6. Vertical distribution of dominant phytoplankton taxa at the Indian Point sampling site in the Bay of Quinte, 1981. Data include only those 
genera recorded by Thcker (1948). Density scale as in Fig. 5. 

Fro. 7. Vertical distribution of all recorded phytoplankton in the 1981 samples (except for small unidentified chrysomonads) at the Indian Point 
sampling site in the Bay of Quinte, 1981. Data include the taxa recorded by Tucker ( 1948) and 35 additional genera. As in Table 3, data on other 
classes (Chrysophyceae, Dinophyceae, and Cryptophyceae) were included in the total phytoplankton but were not illustrated separately. Density 
scale as in Fig. 5. 
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cyanophycean biovolume during 1977 was significantly less 
(P < 0.05) than the June-July average of the other four years. 
The June-July averages of 1973-76 were not significantly 
different among themselves. There were no major differences in 
water temperatures and precipitation during the spring and early 
summer periods of these years (Fig. I); neither were there 
significant changes in phosphorus loading (Minns eta!. 1986). It 
appears that a significant year-to-year difference in early sum
mer biomass of blue-green algae can arise for reasons not related 
to a change in phosphorus loading. It is possible therefore that 
the much greater June-July blue-green algal density during 
1981 compared with 1945 may not relate to real long-term 
change in phosphorus loading. 

Another important question is: how well does Tucker's Indian 
Point sampling station represent the lower Bay of Quinte, and is 
the phytoplankton of this area influenced greatly by independent 
changes in eastern Lake Ontario? 

Those differences that were found between 1945 and 1981 
(i.e. significantly higher early summer densities of blue-green 
algae and of the diatom Fragilaria and lower densities of the 
diatom Melosira), while perhaps within the range of expected 
year-to-year variability, could also indicate changes in Lake 
Ontario trophic status. Nicholls eta!. ( 1986) noted a progressive 
decrease in the degree of response of Bay of Quinte phytoplank
ton to phosphorus loading controls along a five-station gradient 
from the upper Bay of Quinte to Glenora in the lower bay. 
Howeve1; the response at the sixth station at Conway near the 
mouth of the Bay of Quinte was as great as at the upper bay 
stations. This was attributed to a response of Lake Ontario 
phytoplankton to phosphorus loading controls implemented in 
Lake Ontario over the same time period. 

The nearshore waters of eastern Lake Ontario during spring 
and early summer are characterized by abundance of Stephano
discus binderanus ( = Melosira binderana) (Munawar and 
Munawar 1975; Ontario Ministry of the Environment, unpubl. 
Kingston intake data). The ratios of all other Melosira species to 
S. binderanus at Tucker's station on 3 June and 10 June 1981 
were 12: I and I 0: I (by filament length), respectively. In 
contrast, the ratios at upper Bay of Quinte Station B were 
400-600: I. Stephanodiscus binderanus was very rare in the 
upper Bay of Quinte, and counts of good precision at Station B 
were not obtained; nevertheless, it is clear that the abundance of 
S. binderanus at Tucker's station is consistent with its known 
distribution in nearshore Lake Ontario and is in contrast with its 
scarcity in the upper Bay of Quinte. The phytoplankton at 
Tucker's station therefore undoubtedly constitutes a blend of 
eastern Lake Ontario and lower Bay of Quinte assemblages with 
a dominant influence of Lake Ontario at certain times of the year 
depending on hydrological and wind influences. Long-term 
changes that may have occurred in the upper Bay of Quinte 
phytoplankton over the 1945-81 period are sure to be less easily 
related to changes at the Indian Point sampling site near Lake 
Ontario because of the influence of Lake Ontario. 

It is important to realize that this 1945 vs. 1981 comparison 
does not represent a clear "before and after" scenario. The 
importance of bloom-forming blue-green algae in Tucker's sam
ples suggests that by 1945 the Indian Point region of Lake 
Ontario- Bay of Quinte was already greatly influenced by 
eutrophication. In fact, the first recorded evidence of blue-green 
blooms in the Bay of Quinte predate Tucker's study by four 
decades (Nicholls et a!. 1986). It should be emphasized, there-

fore, that the 1945 data provide us with an opportunity to 
compare present data with an earlier period after significant 
effects of eutrophication had already taken place. These 1945 
conditions likely preceded worse conditions which developed 
after significant human population growth and more widespread 
use of phosphate detergents in the Bay ofQuinte basin during the 
1950's and 1960's. 

Similarly, 1981 does not represent the Bay of Quinte at its 
worst. By 1981 the combined effects of phosphorus loading 
controls in Lake Ontario and in the Bay of Quinte had achieved 
significant reduction in total phytoplankton biomass in the outer 
Bay of Quinte (Nicholls et al. 1986) such that the densities of the 
most abundant net phytoplankton algae were very similar to 
those found in 1945. 
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The Bay of Quinte on Lake Ontario has become "culturally eutrophic" in the last 100 yr because of excess 
input of phosphorus. The macrozooplankton community is dominated by small-bodied cladocerans such 
as Eubosmina coregoni, Bosmina longirostris, and Chydorus sphaericus in both the shallow hypereutrophic 
upper part of the bay and in the deeper mesotrophic lower part of the bay. It was anticipated that species 
composition and production by zooplankton would change in response to scheduled reduction in phos
phorus removal which began in 1978. As of the 1983 field season, no such major changes have been 
recorded. It may be that predation of zooplankton plays a greater role than trophy in determining overall 
production and species composition at this point of the bay's recovery. 

La baie de Quinte du lac Ontario a ete eutrophisee au cours des 100 dernieres annees par des rejets 
anthrogenes excessifs de phosphore. La communaute macrozooplanctonique est dominee par de petits 
cladoceres tels Eubosmina coregoni, Bosmina longirostris et Chydorus sphaericus, ceci tant dans sa partie 
superieure hyper-eutrophe peu profonde que dans sa partie inferieure mesotrophe plus profonde. On 
avait prevu une modification de Ia composition des especes et de Ia production du zooplancton en fonction 
du calendrier des mesures de reduction des rejets de phosphore appliquees en 1978. Aucune variation 
appreciable n'a cependant pu etre notee au cours de Ia saison de travaux sur le terrain de 1983. II est 
possible que Ia predation du zooplancton so it plus determinante, au niveau de Ia production globale et de 
Ia composition en especes, que ne I' est l'enrichissement, a cette etape-ci du retablissement de Ia baie. 

Introduction changes did occur would be restricted to the upper part of the 
system because the water quality in the lower bay was not 
expected to change as a result of the planned phosphorus con
trol. A decision was taken early in the program to monitor 
stations in the upper and lower bay and also at an intermediate 
station between the two extremes. 

"Project Quinte" (Johnson and Hurley 1986) is a multiyear 
study of the response of the Bay of Quinte ecosystem, badly 
degraded by cultural eutrophication, to a phosphorus reduction 
program. This study presented us with an opportunity to quan
tify responses by the zooplankton to anticipated changes in the 
Bay of Quinte's trophic status. The purpose of this paper is to 
describe the species composition and production of the macro
zooplankton community before and after the implementation of 
tertiary phosphorus control in 1978. 

Preliminary sampling on this community had been carried out 
in the mid-1960s and again early in the 1970s. These data, most 
of which have never been published, indicated that the Bay of 
Quinte was totally dominated by small-bodied cladocerans in 
the shallow upper or hypereutrophic part of the system. Our own 
sampling, which began in 1975, before any control of phos
phorus was implemented (Minns et al. 1986), confirmed these 
findings. 

We postulated that phosphorus control would have an impact 
on the phytoplankton and fish communities and this would in 
turn lead to quantifiable changes in the zooplankton. Assuming 
the bay became measurably less eutrophic, we anticipated that 
changes were likely to occur in one or more of the following 
ways: a change in overall species composition with a shift away 
from the total domination of the system by small cladocerans 
such as Eubosmina, Bosmina, and Chydorus and a drop in 
overall secondary production. We anticipated that whatever 
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The Bay of Quinte ecosystem has been described in detail in 
other papers in this volume (Robinson 1986; Hurley 1986; 
Nicholls et al. 1986). Briefly summarized, the upper bay 
(as represented by sampling stations Belleville and Napanee 
(Fig. I)) is shallow with a maximum depth of approximately 
5 m, and in the years prior to the implementation of tertiary 
phosphorus treatment in 1978 (i.e. pretreatment years of 1975 
and 1976 for this study) was hypereutrophic. In the post-treat
ment years from 1979 to the present the water quality could best 
be described as eutrophic. The midpart of the Bay of Quinte 
ecosystem, as represented by our Hay Bay station, has a maxi
mum depth of approximately 11.5 m and in both pre- and post-. 
treatment years could be characterized as eutrophic although 
there were measurable improvements in water quality following 
phosphorus control. The lower bay stations of Glenora and 
Conway have maximum depth of21 and 32m, respectively. The 
water quality of these two stations was only slightly changed in 
the post-treatment years at Glenora and not at all at Conway. 

Materials and Methods 

All zooplankton samples were collected during the weekly 
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FIG. I. Bay of Quinte showing the "Project Quinte" cruise stations where zooplankton were collected. 

Project Quinte sampling cruises from May to September as 
described by Millard and Johnson ( 1986). Data will be presented 
based on samples collected at the Belleville, Napanee, Hay Bay, 
Glenora, and Conway stations in 1975, 1976, 1979, 1980, and 
1981 and from Belleville and Conway in 1982 and 1983. 

From the very beginning of this study, every effort was made 
to standardize procedures so that results from year to year would 
be directly comparable. In 1982 and 1983, decreasing budgets 
necessitated that samples be collected biweekly instead of 
weekly and from two stations instead of five, but all other 
aspects have remained identical since the· first samples were 
collected and enumerated in 1975. 

All samples were collected with a 30-L Schindler-type 
sampler (Schindler 1969) fitted with a 75-f.Lm mesh and bucket 
and preserved in 10% neutral formalin. At the Belleville and 
Napanee stations, samples were collected every metre begin
ning at I m to within 1 m of the bottom (usually four samples 
each cruise) and at Hay Bay every metre in the top 3m and at the 
6- and 8-m levels (five samples per cruise). At Glenora and 
Conway, samples were taken at the 1-, 3-, 5-, 8-, 10- and 15-m 
levels at both stations with further samples being taken at 18 mat 
the Glenora station and at the 20-, 25-, and 30-m levels at 
Conway. In all production and biomass calculations, species 
abundances were estimated from depth-weighted means. 

The proportion of any species of zooplankton enumerated was 
dependent on its density. The fraction counted generally ranged 
from 1 I I 0 at upper bay stations to I I 4 at lower bay stations, but 
could be smaller or greater when animals were particularly 
dense or scarce. Subsamples were taken by emptying the entire 
sample into a beaker, thoroughly mixing, and then pouring out 
an aliquot into a graduated cylinder. This subsample was then 
transferred onto a 4 X 6 X 1 em gridded dish. At least 300 

animals in any subsample were enumerated. 
To estimate zooplankton production it is necessary to know 

the rate at which eggs develop in relation to water temperature. 
For our study we derived egg development curves for several 
species using the procedure of Cooley ( 1978) in some cases and 
literature values for others. A single curve was generated for 
Bosmina longirostris and Eubosmina coregoni (as described in 
Deevey and Deevey 1971) using the eggs of both species indis
criminately. Eggs were incubated at 4, 7, 10, 14, and 23°C, but 
the final curve was derived from average development times 
determined at all but the coldest temperature, which was omitted 
because of excessive mortality. Individual curves were produced 
for Chydorus sphaericus at all of the above temperatures and for 
Ceriodaphnia lacustris from 10 to 23°C as above and also 
at 27°C. 

Literature values were used to derive the same relationship for 
Diaphanosoma birgei and Daphnia retrocurva. For the latter, a 
generalized curve was estimated by using nine different sets of 
data for Daphnia sp. found in the literature (Allan 1977; Geiling 
1969; Hall 1964; Korinek 1970; George and Edwards 1974; 
Munro and White 1975; Elster and Schwoerbel 1970; and 
Esslova 1959). More data are available for Daphnia sp. but these 
representatives were selected because each set represented a 
single curve for a particular species. For Diaphanosoma birgei a 
generalized curve was estimated using values found in Elster 
and Vollenweider (1961) and Gras and Saint-Jean (1969). 

Single egg development curves were developed for all 
cyclopoids and for all calanoids by treating all the eggs as 
though they were from a single species. This approach was 
adopted because it was impossible during the enumeration pro
cess to speciate the immature instars of the various copepod 
species found in the Bay of Quinte and because they are numer-
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TABLE I . Egg development curves used in estimating K in equation I . 
All curves are expressed as Belehn1deks' equation K = a(T - a)b, 
where K = development time in hours, T = temperature, and a, b, and 
a are fitted constants. 

Mean Constants individual equation used in dry weight 
used Bclehn1dek's equation 

Species or group (f.Lm) a a b 

Bosmina longirostris 1.2 3 750 848 -I5.4 -3.II 
Eubosmina coregoni 1.8 3 750 848 -I5.4 -3.1I 
Daphnia retrocurva 4.2 65 9I2 -6.I -2.I2 
Ceriodaphnia lacustris 1.9 I 763 3.7 -1.28 
Chydorus Jphaericus 0.6 I38 279 -4.9 -2.43 
Diaphanosoma birgei 4.0 I 767 -1.9 -1.08 
All cyclopoids 3.3 7 590 -3.4 -I.40 
All caianoids 9.0 38474 -3.7 -2.00 

ically of much lesser importance than the cladocerans men
tioned previously. We felt it was better to deal with these species 
as groups in this way rather than ignore them totally. To arrive at 
a single curve for each species group we first assumed that b in 
Belehnidek 's equation was - 1.4 for cyclopoids and - 2. 0 for 
calanoids (Cooley and Minns 1978). We then forced a fit of this 
equation to available data on egg development rates for species 
known to exist in the Bay of Quinte. The egg development rate 
data used in estimating production in this study are summarized 
in Thble 1. 

Estimates of population parameters were calculated using the 
general approach first described by Elster ( 1954) as modified by 
Edmondson (1969) for rotifers and corrected by Paloheimo 
(1974). 

More recently, Borgmann eta!. (1984) have further modified 
and refined this approach. The instantaneous rate of reproduc
tion b over an interval can be calculated using Paloheimo's 
(1974) equation as 

(I) 

where E0 and E1 are the total number of eggs in the population at 
the beginning and end, respectively, of an interval oft days, N0 
and N1 are the total number of adults and juveniles, and K is the 
mean egg development time over the interval based on an 
estimate of the mean water temperature over the interval. The 
mean instantaneous rate of population change r over the same 
interval can be calculated from 

(2) lnN1 - lnN0 

t 

Once band rare known, then the mean instantaneous death 
rated over the interval can be calculated from 

(3) r = b - d. 

As explained by Borgmann eta!. (1984), the total number of 
animals dying in the interval (i.e. D 1) can be calculated as 

(4) D
1 

= .!.!.__ (N1 - N0 ) providing r = 0. 
r 

If r = 0, then N1 = N0 and D 1 is given by 

D1 = d·N·t for r = 0 over interval t. 
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In practice, as with Borgmann et a!. (1984), we used this 
equation whenever r was less than 0. 005 and set N equal to the 
mean of N0 and Nr 

To estimate the production of biomass in interval t (expressed 
as production lost from the system due to mortality), we multi
pliedD1 by the mean dry weight w of each individual species (or 
species group): 

This weight was assumed constant for each species or species 
group (see Table 1) and was taken from the unpublished data of 
J. B. Wilson and N.H. F. Watson of our laboratory. 

To estimate mean population biomasses B1 for interval t, we 
multiplied the two successive population estimates N0 and N1 at 
the beginning and end of the interval by w (which we assumed to 
be constant over the year) and averaged them: 

(6) B = I ·w. 

If the product of B
1 

and interval length is summed for each 
interval over the entire season and divided by the length of the 
season, an estimate of the seasonal mean biomass or B is 
obtained. If the total seasonal production (in our study, gener
ally from May through September) which is the sum of all P

1 
is 

divided by the length of the season we obtain an estimate of the 
mean daily biomass production or P. The often used PI B 
coefficient is a production rate expressing the daily addition to 
existing biomass, in this case averaged over an entire season. 
The reciprocal of this coefficient is the mean daily turnover time 
and expresses (assuming B is constant) how long it takes to 
replace the existing biomass. 

For all of the above calculations each population estimate 
(whether total adults and juveniles or total eggs) was obtained 
from the mean of three successive sampling dates, a technique 
whereby the data are "smoothed" to minimize the influence that 
any single aberrant sampling day might have on overall esti
mates. 

In the above calculations the data were truncated to correct for 
unrealistic conditions. On occasion, especially when abun
dances were low, the death rate calculated from equation 3 was 
negative and for purposes of the remaining calculations was set 
to 0 (see Table 1). We recognize that a bias is introduced into the 
estimates of species production doing this, but given the other 
uncertainties in a variety of assumptions we feel any error 
introduced is negligible. 

To illustrate how population production and biomass esti
mates are calculated, we offer the following example. In Fig. 2 
the population dynamics of Bosmina longirostris are illustrated 
for the Glenora station in 1981. The data illustrated are used to 
construct a table to estimate production and biomass, as shown 
in Table 2. In our study, similar tables were prepared for six 
individual cladoceran species, and for all cyclopoids, and for all 
calanoids treated as a group as though they were a single 
species. These tables were calculated for each main sampling 
station in each of the five years when all stations were sampled 
and for Belleville and Conway in 1982 and 1983. We believe that 
these 1982 and 1983 estimates of production are directly com
parable with other years of this study even though samples were 
taken biweekly in these years. We checked for bias by 
recalculating seasonal production in all years using every other 
series of zooplankton samples collected, and obtained similar 
results. 
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FIG. 2. Population dynamics of Bosmina longirostris at Glenora in 1981 used to illustrate how data were 
"smoothed" prior to calculating production. See also the data summarized in Table 2. 

Results 

Species Composition 

All five stations in all years were dominated numerically by 
cladocerans (Table 3), in particular by Eubosmina coregoni, 
Bosmina longirostris, and Chydorus sphaericus. In most sam
ples at any time of the year these three species represent 80% or 
more of all cladocerans present. If Daphnia retrocurva, 
Ceriodaphnia lacustris, and Diaplzanosoma birgei are included 
the figure is closer to 99%. 

Immature cyclopoid nauplii and copepodites were also abun
dant in most samples. The numerical importance of cyclopoids 
was more pronounced in the lower bay where over the course of 
any season the immature forms accounted for 43% of all ani
mals. The corresponding figure for the upper bay was 82% for 
cladocerans and 17% for cyclopoids. The remaining I% of 
animals were calanoids. 

Over the seven years of this study many other species have 
been found in samples, including six species of Daphnia, at 
least four species of Ceriodaphnia, numerous chydorids, eight 
species of cyclopoids, and eight calanoids including five diapto
mids (Table 3). 

Species Abundance 

The dominance of Bosmina and Eubosmina in this system is 
obvious from the data on standing crop, expressed as seasonal 
mean biomass averaged over the entire sampling season (Fig. 3). 
These data also show the decreasing proportional abundance of 
cladocerans going from the upper bay stations of Belleville and 
N apanee into the lower bay stations of Glenora and Conway and 
the increasing proportional abundance of cyclopoids. In addi
tion there are no obvious changes in seasonal mean biomass 
between the two pretreatment years and any of the five post
treatment years. There is a definite gradient of lower overall 
seasonal mean biomass in every year of study as one moves from 
the shallow eutrophic upper bay to the deeper meso trophic lower 

bay. 
The abundance of the three dominants (Eubosmina, 

Bosmina, and Chydorus) in the Bay of Quinte ecosystem is 
highly variable from year to year and from station to station 
(Fig. 4a and 4b). If we assume that Belleville is representative of 
the upper bay and Conway is representative of the lower bay, it 
can be seen that in most years at both stations these three species 
account for most of the cladocera found in the samples. At 
Conway during all years of this study, Bosmina longirostris was 
overwhelmingly the dominant species from May into August at 
which time another species may or may not replace it. In 1982 
the population of this species exploded in mid-July and con
tinued to dominate samples through most of August. At Belle
ville the species composition of the three numerical dominants 
over the seven years of study has been more variable. In one 
pretreatment year (1976) and one postphosphorus treatment 
year (1983), Bosmina longirostris dominated the species com
position in early summer and late fall, respectively. Over three 
of the other five years of sampling, while common, it was a 
minor contributor to the overall cladoceran abundance and in 
1981 and 1982 it was codominant with Eubosmina. Although 
not shown in Fig. 4a and 4b, we have similar data from the other 
three cruise stations of Napanee, Hay Bay, and Glenora. Those 
data are as variable but consistent with what was observed at 
Belleville and Conway. 

The other dominant in this system, Chydorus sphaericus, 
unlike most other species in the Bay of Quinte, is a common 
open-water inhabitant throughout most of the year including 
winter. Its abundance at upper bay stations peaks in July and 
August and slightly later at the cooler lower bay stations. 

In 1983, Daphnia retrocurva assumed at Belleville a numer
ical importance unprecedented in any previous year at any other 
station (Fig. 4a). In mid-June it assumed the role of dominant 
cladoceran in the system. Following this peak its numbers 
dropped rapidly, and by mid-August it was a minor constituent 
of the zooplankton community. Even with this resurgence, 
overall in 1983 its mean daily abundance was only slightly 
higher than in 1979 and 1982 and its seasonal production was 
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TABLE 2. An example to illustrate how annual production is calculated for dominant species in the Bay of Quinte. This example is for Bo~mina 

1 longirostris at the Glenora station in 1981. 

No. of No. of No. of 
Date anim/L anim/L eggs/L b r d=b-r D, B p 

(1981) (raw) (smooth) (smooth) (day -I) (day- 1) (day - 1) (L-1) (JLg/L) (JLg/L) 

June 3 71.7 etc. 
II 163.8 118.3 85.7 

0.0587 0.0578 0.00095 0.814 171.5 0.977 
17 119.6 167.4 95.4 

0.0491 0.0694 0.0• 0.0 263.7 0.0 
24 218.9 272.1 117.6 

0.0513 -0.0035 0.0548 104.4 322.7 125.3 
July 478.0 265.5 94.0 

0.0708 0.0172 0.5365 106.0 339.1 127.2 
8 99.9 299.5 95.7 

0.0721 0.0401 0.0320 77.4 417.7 92.9 
15 320.7 396.5 117.7 

0.0746 0.0052 0.06945 225.0 485.9 269.9 
23 769.0 413.2 124.5 

-0.0993 -0.0425 0.1418 354.9 432.1 425.8 
30 150.0 306.8 97.5 

0.0934 -0.2995 0.3929 335.8 214.6 402.9 
Aug.5 1.4 50.9 10.4 

12 1.1 etc. 

NarE: mean individual dry weight assumed to be 1.2 JLg. 
•Because calculated b - r is less than 0.005, dis set at 0. 

Summary by month 

Production 

Total (JLg/L) Mean (JLg·L-I·d-1) Mean biomass (JLg/L) 

May 0 0 37.3 
June 141.2 4.7 201.9 
July 1000.9 32.3 411.2 
Aug. 413.9 13.4 42.8 
Sept. 17.5 0.8 10.5 
Total 1573.5 

Nam: For this example, production was estimated over an interval that began on May 12 (day 132) and ended on September 23 (day 266). 
Total interval length = 266 - 132 = 134 d. 
Mean daily production/ seasonal mean biomass = 1573.5/134/157.3 = 0.075 or mean daily turnover rate = 13.3 d. 
Seasonal mean biomass is calculated from ""iB·t/""it = 21079.3/134 = 157.3 JLg/L. 

actually less than in those years while only slightly above 1975. 
Although Daphnia galeata mendotae is not considered a 

dominant in this ecosystem its abundance appears to have 
responded positively to the control of phosphorus (Table 4). At 
Belleville and Napanee its abundance has increased on average 
approximately 15 and 35 times, respectively, in the years of 
postphosphorus control. The smaller increases in the lower bay 
are most likely related to some increase in recruitment from the 
upper stations. 

Species Contribution to Production 

Over the seven sampling years, the relative contribution of 
each species to overall seasonal production is similar to the 
relative contribution to seasonal mean biomass (Fig. 5). In the 
first three years (1979-81) following phosphorus control there 
appeared to be a slight drop in overall production by the macro
zooplankton in the upper bay stations of Belleville and possibly 
Napanee (Table 5). The lower bay stations of Glenora and 
Conway showed no obvious trend, which was expected since the 
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overall water quality including phosphorus levels of these sta
tions changed little if at all following phosphorus control 
(Robinson 1986). In 1982 and 1983 the total seasonal produc
tion appears to have increased substantially at Belleville 
(Fig. 5). This occurred at a time when the water quality at Belle
ville was still improving (Robinson 1986). In these same two 
years, seasonal production was also increasing in the lower bay 
station of Conway where the primary production and chloro
phyll (Millard and Johnson 1986) and total phosphorus con
centrations (Robinson 1986) have remained unchanged from 
pretreatment years. 

In the upper bay, at Belleville and Napanee, Bosmina and 
Eubosmina together contributed from 41 to 72% with an average 
of approximately 61% at both stations over the period of this 
study. There is no discernible change in pre- and post-treatment 
years. However, in any given year the individual contribution by 
either species was substantial. 

There appears to be a relationship between the dominance of 
these two species relative to each other and possibly to trophy 
(Fig. 5). Generally when Eubosmina's contribution to total pro-
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TABLE 3. Relative abundance of limnetic macrozooplankton species 
found in the Bay of Quinte during the period of study (1975-83) (1, 
numerical dominant; 2, common; 3, rare or absent in some years). 

Species 

Cladocerans 
Bosmina longirostris 
Eubosmina coregoni 
Daphnia retrocurva 
Daphnia longiremis 
Daphnia galeata medotae 
Daphnia pu/ex 
Daphnia ambigua 
Daphnia catawba 
Ceriodaplmia /acustris 
Ceriodaplmia quadra11gu/a 
Ceriodaphnia sp. 
Chydorus sphaericus 
Diaphanosoma birgei 
Diaphanosoma sp. 
Holopedium gibberum 
Alana guttata 
Sida crystallilla 
Polyphemus pediculus 
Leptodora kindtii 

Cyclopoids 
Cyclops bicuspidatus tlwmasi 
Cyclops vernalis 
Cyclops scutifer 
Tropocyc/ops prasinus mexicanus 
M esocyclops edax 
Eucyclops agilis 
Eucyclops ~peratus 

Calanoids 
Limnaea/anus macrums 

Diaptomus sicilis 

Diaptomus oregonensis 
Diaptomus siciloides 
Diaptomus minutus 
Diaptomus ashlandii 
Ewytemora affinis 
Epischura lacustris 

Relative abundance 

I 
I 

1-2 
2 
2 
2 
3 
3 

1-2 
3 
3 
I 

1-2 
3 

2-3 
2 
3 
3 
2 

I 
2-3 

3 
I 
I 
2 
3 

2-3 
(lower bay only) 

2-3 
(lower bay only) 

2 
2 
2 

2-3 
2 

2-3 

duction is strong Bosmina will be weak as in 1975 and 1980 at 
Belleville. The reverse was hue at Conway in 1976 and 1980 
and at Glenora in 1976. Eubosmina in the upper bay never 
accounted for less than 23% of the total seasonal production 
with means of 42 and 33%, respectively, at Belleville and 
Napanee. In the mesotrophic lower bay stations the means were 
20 and 13% at Glenora and Conway, respectively, and 
Eubosmina rarely accounted for more than 20% of the total 
production. 

After Eubosmina and Bosmina, Daphnia retrocurva is the 
next major contributor to overall production in the bay. This is in 
spite of Chydorus's numerical superiority in most years at most 
stations and results from the fact that Daphnia retrocurva is on 
average seven times heavier than C hydorus (Table I). Daphnia's 
contribution to seasonal production is also variable from year to 
year and station to station. At Belleville the range was 13-42% 
with an average of 22%. At all other stations the range was 
5-26% with an overall average near 14%. 

Chydorus contributed little to overall production in this sys-

TABLE 4. Mean seasonal abundance (numbers/ m3) of Daphnia 
ga/eata mendotae in the Bay of Quinte. The mean seasonal abundance 
is a time-weighted average calculated by dividing the area under the 
curve of abundance plotted against time and dividing by the length of 
the sampling season. 

Station 

Belleville 
Napanee 
Hay Bay 
Glenora 
Conway 

__J -Ol 
2: 

Pretreatment 

1975 1976 

286 3 
44 51 
44 51 
33 9 
79 3 

CONWAY 

Post-treatment 

1979 1980 1981 

513 4356 813 
585 3036 1798 
187 2295 
468 350 
315 104 

~ Cyclopoids 

D OlherCiadocera 

~ Bosmina longiroslris 

.. Eubosmina coregoni 

560 
50 
25 

1982 1983 

5454 2179 

41 247 

FIG. 3. Seasonal mean population biomass for major species in the Bay 
of Quinte averaged over the entire sampling season (usually May 
through September). Other Cladocera include Daphnia retrocurva, 
Ceriodaph11ia lacustris, Chydorus sp/wericus, and Diaphanosoma 
birgei. The cyclopoids are represented primarily by Cyclops bicuspida
tus tlwmasi, Tropocyclops prasinus mexicanus, and M esocyc/ops edax. 

tern despite its large numbers. The relative contribution to total 
production was related to trophy. In the mesotrophic lower bay 
the total contribution was always near 1 or 2%. In the midbay it 
was 3-7% and in the upper bay it varied from 4 to 11% at Belle-

171 



w 
0: 
ti:i 
::; 
u 
ffi 
::J u 

ffi a. 

"b 
E 
~ 
:§ 
0 
> 
iS 
~ 
u. 
0 

ffi co 
::; 
::J z 

6 1975 

3 

0 

6 1979 

3 

0 

6 1981 

3 

6 1983 

(a) BELLEVILLE 

6 1976 

6 1980 

Total Cladocera 
Bosmina longirostris 
Eubosmina coregoni 
Chydorus sphaericus 
Daphnia retrocurva 

FIG. 4. Population dynamics for major macrozooplankton species at (a) Belleville and (b) Conway in the 
Bay of Quinte. Daphnia retrocurva is included at Belleville for 1983 only. These curves have been plotted 
using "unsmoothed" data. 

ville with an average of 6% and from 7 to 9% at Napanee. 
The other two common cladocerans, Ceriodaphnia lacustris 

and Diaphanosoma birgei, consistently played a minor role in 
the system and in most years at most stations accounted for 10% 
or less of the total seasonal production as did the cyclopoids in 
the upper and midbay sections. In the lower bay the cyclopoids 
played a greater proportional role in production occasionally 
accounting for 15-20% of the total. Calanoids never accounted 
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for more than 4% at any station in any year and in the upper bay 
often represented less than 1% of the seasonal production. 

Mean Daily Thrnover Times 

The P / B coefficient we have calculated is a seasonal mean 
and indicates the daily addition to existing biomass. The inverse 
of this coefficient gives an estimate of the time in days required 
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for the population to replace its biomass on average over the 
season from May to September. We have further averaged these 
times over the seven years of this study (Table 6) for the six 
dominant cladocerans in the Quinte ecosystem. These clearly 
reflect a gradient of increasing turnover times for each species as 
one travels from the shallow warmer and more eutrophic upper 
bay to the Conway station. Both Eubosmina and Bosmina more 
than double their times whereas Daphnia retrocurva has only a 
44% increase from the Belleville to the Glenora station. The 
shortest turnover times are found with Ceriodaphnia and the 
slowest with Diaphanosoma. Most species show great sim
ilarity in times at the two upper and at the two lower stations with 
the midbay station of Hay Bay between these two extremes. 

Discussion 

When we became involved in the zooplankton sampling part 
of Project Quinte in 1975, we, like others in the group, had 
expectations as to how the system would respond to the phos
phorus reductions. We recognized that reduced chlorophyll 
levels were likely, but would they be low enough to cause a shift 
in species composition and abundance? Would the continued 
contribution of phosphorus in the sediments of the upper bay 
stations negate any overall reductions from point source load
ings and for how long? Fish populations were likely to respond 
to phosphorus reductions which could in tum dramatically alter 
zooplankton composition because of the changes in predatory 
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TABLE 5. Estimates of the percent contribution to seasonal production a (May through September) for major species or groups of species in the Bay of 

I Quinte ecosystem. Total seasonal production is expressed as 11-g/ dry wt. I L. Samples were collected weekly at all stations from 1975 to 1981 and 
biweekly in 1982 and !983. A lack of data indicates no sampling done. Species or group codes: I. Bosmina longirostris; 2. Eubosmina coregoni; 
3. Daphnia retrocurva; 4. Ceriodaphnia lacustris; 5. Chydorus sphaericus; 6. Diaphanosoma birgei; 7. all cyclopoids; 8. all calanoids. 

Group I Seasonal 
Station Year 2 3 4 5 6 7 8 production 

Belleville 1975 3 61 21 I 9 2 2 <I 8 866 

I (upper bay), 1976 30 31 15 7 II I 4 I 8 332 
mean depth 1979 <I 42 42 2 4 4 6 2 6609 
= 5.2m 1980 2 64 19 I 5 3 5 I 6174 

1981 19 48 17 4 5 2 4 2 5 702 

I 1982 7 52 25 2 4 <I 5 3 13 286 
1983 24 45 13 5 5 3 5 <I 15 122 

Napanee 1975 43 29 6 6 8 7 2 <I 5 821 
(upper bay), 1976 46 23 5 9 7 I 9 <I 10275 I mean depth 1979 13 28 26 II 8 I II <I 6093 
= 5.4 m 1980 9 49 21 3 8 2 7 I 3 901 

1981 27 34 16 4 9 2 8 I 4 781 
1982 I 1983 

Hay Bay 1975 35 27 17 7 7 2 2 3 3 918 
(midbay), 1976 40 28 12 5 6 <I 8 I 4 757 

I mean depth 1979 14 23 14 7 5 2 II I 3486 
= 11.5 m 1980 19 35 20 3 8 3 10 2 2661 

1981 54 14 13 5 7 I 5 I 6233 
1982 

I 1983 

Glenora 1975 36 28 15 7 4 I 6 3 1676 
(lower bay), 1976 60 20 7 4 4 <I 4 I 2117 
mean depth 1979 33 20 20 4 I 2 16 2 2205 

I = 21.5 m 1980 29 21 19 4 6 I 17 4 I 311 
1981 48 12 10 12 3 2 12 2 3 289 
1982 
1983 

I Conway 1975 38 20 20 II 2 I 7 2 940 
(lower bay), 1976 56 14 14 6 2 <I 9 I 798 
mean depth 1979 25 16 24 6 I I 25 3 1216 
= 32.3 m 1980 29 16 21 6 2 I 21 3 I 068 I 1981 38 10 17 8 2 I 21 2 I 633 

1982 67 2 12 13 <I <I 5 <I 2224 
1983 27 10 23 15 I I 22 I 3 315 

a Seasonal production is almost identical to total annual production in this instance, since abundances and water temperatures are low in months I before May and after September. 

TABLE 6. Mean daily turnover times expressed in days for the six dominant cladocerans in the Bay of Quinte. The mean for all cladocerans is 

I weighted by the relative contribution to total biomass and production for each of the six species represented here. 

Bosmina Eubosmina Daphnia Ceriodaphnia Chydorus Diaphanosoma All 
Station longirostris coregoni retrocurva lacustris sphaericus birgei cladocerans 

Bellevillea 5.0 4.3 7.7 3.5 6.7 II. I 5.6 I Napanee 5.0 5.3 7.7 4.2 7.7 12.5 5.9 
Hay Bay 6.0 7.1 9.1 4.4 19.0 10.0 8.3 
Glenora II. I 9.1 II. I 5.6 14.3 14.3 ll.l 

I Conway a II. I 9.1 9.1 5.0 14.3 16.7 10.0 

a Averaged over 7 yr; all others were averaged over 5 yr. 

pressure. We suspected that the ultimate response to reduced in the future. I 
phosphorus would be lower overall zooplankton production and The association of Bosmina and Eubosmina in this system is 
standing crop and changes in species composition. variable and unpredictable. In most years, as expected, 

I Five years after the 1978 phosphorus reductions were imple- Eubosmina does better in the shallow eutrophic upper bay 
mented, our results show none of the above trends. There are a stations of Belleville and Napanee than does Bosmina whereas 
number of observations that merit attention possibly because in the mesotrophic deeper lower bay, Bosmina is always domi-
they are the forerunners of changes that will be more significant nant. However, in some years at both upper bay stations the two 
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FIG. 5. Total seasonal production (May to September) expressed as dry 
weight for macrozooplankton in the Bay of Quinte. 

species have contributed equally or Bosmina has actually done 
better. Therefore the morphometric differences alone between 
the upper and lower bay stations cannot always account for the 
relative dominance of these two similar species. 

In one instance the two dominated the system at different 
times of the year, indicating a temporal separation which would 
reduce direct competition. But in another year (1981, Napanee) 
the two had coincident abundance curves for most of the year. In 
addition, the upper bay affords little opportunity for a spatial 
separation, since it is shallow and never stratifies. 

We expect that Chydorus will become less abundant if the 
upper bay becomes less eutrophic. Chydorus is a "classic" 
indicator of cultural eutrophication. Normally it is found near 
the bottom, but often appears in large numbers during blooms of 
blue-green algae which provide it with food and substrate. 
Many feel it is not a true member of the plankton (Brooks 1969). 
In the Bay of Quinte it is commonly found in open water all year, 
including winter, and does tend to peak in the latter part of July 
and into August when blue-greens become most abundant. On 
occasion, we recorded its numbers expanding to record seasonal 
levels in September, near the end of our routine sampling sea
son. As of the 1983 sampling season there is no indication of a 
trend towards less Chydorus in the upper bay even though blue
greens have declined in response to lower phosphorus levels 

(Nicholls et al. 1986). 
The apparent resurgence of Daphnia galeata mendotae in the 

upper Bay following phosphorus treatment was unexpected. 
This Daphnia species is large (with a mean dry weight of 
approximately 19.5 f,Lg) and should experience heavy predatory 
pressure in the Bay ofQuinte because planktivores abound. The 
possible causes of this resurgence and its permanency are 
unknown at this time. While the recent success of this species is 
measurable, it must be remembered that its seasonal abundance 
on average is still below that of the six dominant cladocerans 
listed in Table 1. At this point we can only postulate that this is 
an indication that some changes in the predatory community 
may have occurred. 

It was expected that seasonal mean turnover times would 
increase from the upper to the lower bay because temperatures 
are on average 4 or 5° warmer (Robinson 1986) in the shallower, 
unstratified water during the more productive June to August 
growing season. Our data indicate that the three numerically 
dominant cladocerans, Eubosmina, Bosmina, and Chydorus, in 
the most eutrophic water are also the three species which have 
the greatest proportional increase in turnover times in the lower 
bay. Each of these three species has a tumover time in the lower 
bay more than double that at the Belleville station. The increase 
seems greater than what could be expected simply by a 4 or 5° 
change in temperature, especially since the other three domi
nants exhibit an increase in their turnover times from 18 to 50%. 
These data tend to support the concept, not surprisingly, that 
some zooplankton are better suited to exploit certain trophic 
conditions than are others. Our data on turnover times are 
consistent with the hypothesis that Bosmina, Eubosmina, and 
Chydorus are more productive on average in the more eutrophic 
environments than are the other three cladoceran dominants in 
the system. 

Another uncertainty that influences our ability to interpret the 
zooplankton data is the lack of quantified information on zoo
plankton predators. The apparent increases in secondary pro
duction in the last few years could well be related to reduced 
predation by planktivores and other invertebrate predators. 
Planktivores can dramatically alter zooplankton production 
(Brooks and Dodson 1965; Wells 1970; O'Brien 1979) and 
could significantly mask changes related to reduced primary 
production caused by nutrient control. 

In summary, while there have been significant and measu
rable changes in the Bay of Quinte ecosystem following phos
phorus treatment to the water quality, phytoplankton, and fish 
communities, no such obvious changes have occurred in the 
macrozooplankton. Even if the water quality in the upper Bay of 
Quinte continues to improve and approaches that of the lower 
bay, it will still be dominated by small-bodied cladocerans such 
as Bosmina, Eubosmina, and Chydorus. There may be an 
increase in the representation by copepods, but in the fore
seeable future we expect no substantial change in this com
munity. 
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Changes in Abundance and Species Composition in Benthic 
Macroinvertebrate Communities of the Bay of Quinte, 1966-84 

Murray G. Johnson and Ola C. McNeil 
Department of Fisheries and Oceans, Great Lakes Fisheries Research Branch, Box 969, Owen Sound, Ont. N4K 6H6 

Johnson, M. G., and 0. C. McNeil. 1986. Changes in abundance and species composition in benthic 
macroinvertebrate communities ofthe Bay of Quinte, 1966-84, p.177-189. In C. K. Minns, D. A. 
Hurley, and K. H. Nicholls [ed.] Project Quinte: point-source phosphorus control and ecosystem 
response in the Bay of Quinte, Lake Ontario. Can. Spec. Publ. Fish. Aquat. Sci. 86: 270 p. 

A general decline occurred in numbers and biomass of oligochaetes, sphaeriids, isopods, and, to a lesser 
extent, chironomids in the Bay of Quinte and adjacent Lake Ontario between 1977 and 1984. This was 
probably related to a decline in productivity of the bay in response to phosphorus input reductions. The 
amp hi pod Pantapareia hayi declined in the mid-1970s and recovered in the lower bay after 1977 following 
the collapse of a white perch (Marone americana) population. A coincident increase in yellow perch (Perea 
flavescens) may have suppressed numbers of the amphipod Gammarus fasciatus, and possibly the isopod 
Caecidatea racovitzai. Changes in chironomid associations included declines in Chironamus anthracinus 
and C. plumasus in the lower bay and an increase in C. atritibia, a species less tolerant of eutrophic 
conditions. Changes in oligochaete associations included declines of pollution-tolerant Limnadrilus 
haffmeisteri, Tubifex tubifex, and Quistadri/us multisetasus throughout the bay and the increase of 
Spirasperma ferox and of Styladri/us heringianus, a clean-water form found earlier only in adjacent Lake 
Ontario. Numbers of several species of Au/adri/us and Patamathrix usually declined. Most sphaeriid 
species decreased in numbers. Many species shifts were the reverse of those often observed coincident 
with deteriorating water quality. Species associations changed less in Lake Ontario and the lower bay 
toward the mouth and more so toward the middle and upper bay. 

II y a eu, entre 1977 et 1984, une baisse generale de Ia quantite et de Ia biomasse d'oligochetes, de 
sphaeriides, d'isopodes et, a un moindre degre, de chironomides dans Ia baie de Quinte et dans Ia partie 
adjacente du lac Ontario. Ce phenomene etait probablement lie a une baisse de Ia productivite de Ia baie 
suite aux mesures de reduction des apports de phosphore. La population de l'amphipode Pantapareia hayi 
a diminue au milieu des annees 70 et s'est retablie apres ·1977 dans Ia partie inferieure de Ia baie, apres Ia 
disparition d'une population de bars-perches (Marone americana). Une augmentation simultanee du 
nombre de perchaudes (Perea f/avescens) pourrait avoir entralne )'elimination d'un certain nombre 
d'amphipodes de l'espece Gammarus fasciatus et possiblement d'isopodes de l'espece Caecidatea 
racavitzai. Parmi les changements survenus dans les associations de chironomides, mentionnons une 
diminution du nombre de Chironamus anthracinus et de C. plumasus dans Ia partie inferieure de Ia baie et 
une augmentation du nombre de C. atritibia, espece qui tolere moins les conditions eutrophes. En ce qui 
concerne les associations d'oligochetes, il y a eu une baisse du nombre de Limnadrilus haffmeisteri, de 
Tubifex tubifex et de Quistadrilus muftisetasus, especes qui tole rent Ia pollution, dans toute Ia baie et une 
augmentation du nombre de Spirosperma ferox et de Stylagri/us heringianus, forme vivant en eau propre 
qu'on ne trouvait auparavant que dans Ia partie adjacente du lac Ontario. Le nombre d'individus de 
plusieurs especes d'Auladrilus et de Patamathrix a generalement diminue de me me que Ia population de Ia 
plupart des especes de sphaeriides. De nombreux changements survenus au niveau des especes ont ete 
contraires a ceux qu'on observe souvent lorsque Ia qualite de l'eau se deteriore. Les associations d'especes 
ont moins change dans le lac Ontario et dans Ia partie inferieure de Ia baie, vers )'entree de celle-ci, mais 
elles ont change davantage du cote de Ia partie mediane et de Ia partie superieure de Ia baie. 

Introduction 

Extensive eutrophication of the lower Great Lakes by man led 
to prescriptions for reduction in phosphorus loadings by the 
Canada-U.S. Great Lakes Water Quality Agreement of 1972 
(extended in 1978). Scientists from several agencies and univet" 
sities collaborated to examine responses to phosphorus reduc
tion in the Bay of Quinte, Lake Ontario (Johnson and Hurley 
1986), commencing in 1972. 

As part of this study, changes in benthic macroinvertebrate 
communities in an area of improving water quality were 
assessed. While macroinvertebrate communities change predic
tably in worsening eutrophic conditions (Johnson and Matheson 
1968; Brinkhurst eta!. 1968; Carr and Hiltunen 1965; Cook and 
Johnson 1974; Johnson and Brinkhurst 1971a), the response to 
reductions in phosphorus load has received considerably less 

study. We were interested in whether trends in species composi
tion with improving water quality would be the reverse of trends 
observed as water quality deteriorated. However, changes in 
macroinvertebrate communities might be delayed by lagging 
changes in the benthic subenvironment. Also, if significant 
shifts occurred in fish communities (for example, a reduction in 
populations of benthic invertebrate feeders), significant changes 
in macroinvertebrates might result with little direct relationship 
to trends in abiotic factors. In fact, a relationship between 
populations of the amphipod Pontoporeia hoyi and white perch 
(Marone americana) became evident, although deterioration of 
water quality had been suspected initially as the main factor 
responsible for the decline in P. hoyi. This interaction was one of 
the primary findings in this study. 

Benthic macroinvertebrate associations, rates of production, 
and benthic community metabolism in the Bay of Quinte and 
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FIG. I. Locations of 4 index stations (Big Bay, Glenora, Conway, and Lake Ontario) and 52 transect stations in the lower Bay ofQuinte (Adolphus 
Reach and the mouth of the bay). The upper bay, as used in this benthos study, is from Trenton to Deseronto, the middle bay extends to Glenora, and 
the lower bay is from Glcnora to Amherst Island. 

adjacent Lake Ontario had been described for the period 
1966-68 (Johnson and Brinkhurst I 97 Ia, I 971 b). At that time, 
water quality in the bay was poor because of high phosphorus 
loadings and a series of years with relatively low flushing rates 
(Johnson and Owen I 97 I; Johnson I 986). Walleye (Stizostedion 
vitreum) had declined to extremely low numbers, while white 
perch and alewife (Alosa pseudoharengus) populations were 
expanding (Hurley I 986). 

Further examination of Quinte benthic macroinvertebrate 
communities was carried out as part of Project Quinte during the 
period 1972-84 as phosphorus inputs were being reduced 
(Johnson I 986). The four stations where macroinvertebrate pro
duction was measured in 1967-68 together with a new set of 
transect stations in the lower bay (Adolphus Reach) were 
employed to assess trends in species composition, biomass, and 
distributions. The transect stations in the lower bay were estab
lished primarily to follow distribution and abundance of the 
amphipod P. hoyi, a significant member of the community 
because of its importance in diets of fish (Hurley 1986) and its 
decline in the lower bay by 1972. 

With respect to the chronology of phosphorus removal, the 
I 967 and I 968 benthos study was carried out before any mea
sures were implemented. In I 972, phosphorus reduction in 
detergents was legislated. By I 978, targets for phosphorus 
removal were met at wastewater treatment plants (see Minns et 
al. I 986 and Johnson I 986 for trends in phosphorus inputs and 
water quality in the Bay of Quinte). 
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Methods 

Collection, sorting, and identification of macroinvertebrates 
were done in the same way in 1972-84 as in the 1966-68 
studies (Johnson and Brinkhurst 197la). The same 22.5 X 
22.5 em modified Ekman dredge was used throughout, and 
samples were screened through 0.6-mm-aperture brass screens. 
Sampling was done in August, which ensured that age 0 + P. 
hoyi were collected quantitatively. The Big Bay, Glenora, Con
way, and Lake Ontario stations, which were established for the 
I 966-68 study, are called index stations; the new lower bay 
stations are called transect stations (Fig. 1). All four index 
stations and at least 20 of the 52 transect stations were sampled 
on every occasion. Six dredge samples were taken on every 
occasion at index stations and one or two at transect stations. 
The data base for the period 1972-84 derives from about 
550 Ekman samples, while the intensive study in I 966-68 was 
based on approximately 600 samples. All taxonomic nomen
clature was reviewed and standardized. 

Data on temperature and oxygen at I m over bottom at 
transect stations, reported by Minns and Johnson (1986), permit 
comparison of mean and minimum oxygen concentrations 
among most years for which macroinvertebrate data were avail
able, specifically 1967 and 1968,1972,1974-77, and 1982. 

Similarity among years at the index stations, in terms of 
numerical abundance by taxa, was assessed using the "percen
tage similarity of community" (PSC) (Johnson and Brinkhurst 
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FIG. 2. Mean numbers of individuals of major macroinvertebrate groups collected at the index stations in August of 1967, 1968, 1972, 1977, 1982, 
1983, and 1984. Six Ekman samples comprise each data set. Groups are as follows: 0, oligochaetes; S, sphaeriids; C, chironomids; A, amphipods; 
I, isopods. 

1971 a; Sanders 1960), calculated as 

PSC = 100 - 0.51 a' - b' I =!, min(a', b') 

in which a' and b' are, for each species, the respective percen
tages of the total animals in samples A and B. PSC takes values 
between 0 and 100, which represent the lowest and highest 
affinity respectively between two samples. Six Ekman samples 
in each series were compared with the corresponding sample of 
other series to provide six values of PSC for each comparison. 
Confidence limits (P = 0.05) on the mean values of PSC 
allowed determination of minimum and maximum probable 
values of PSC. The years compared were 1967, 1968, 1972, 
1977, 1982, 1983, and 1984. 

Biomass was estimated by volume displacement in 70% ethyl 
alcohol for major groups in all collections except those taken in 
1972. Animals were blotted until no further wetting occurred 
and then transferred to a graduated cylinder. Appropriate con
version factors allowed expression of biomass in grams ash-free 
dry weight per square metre (Johnson 1970). 

Results 

Abundance of Major Taxa 

Detailed examination of temporal trends within each of the 
major taxa was carried out by analysis of variance of data from 
both index and transect stations. Oligochaetes had significantly 
higher numbers at index stations in 1977 than in other years 
sampled (Fig. 2), while at transect stations during 1975, 1976, 
and 1977, numbers were significantly higher than in 1984 
(Fig. 3). The Glenora and Conway index stations had signifi-

cantly higher mean numbers than the Big Bay and Lake Ontario 
index stations. Analysis of variance confirmed peak abundance 
of oligochaetes in the mid-1970s and reduction in the 1980s. 
Trends in species composition of oligochaete associations, and 
other major taxa, will be examined later. 

The rise and decline of sphaeriids also was substantiated 
statistically. Mean sphaeriid numbers at the index stations were 
higher in 1977 than in other years sampled, while numbers in 
1976 were higher at the transect stations. Recent numbers of 
sphaeriids were lower than those observed in the earliest study; 
1983 and 1984 means at index stations were significantly lower 
than 1967 and 1968 means. Also, )984 numbers were lower 
than 1982 sphaeriid numbers. The Glenora index station repre
sents the area of greatest abundance of sphaeriids. The upper 
bay, represented by the Big Bay station, continues to be 
extremely poor habitat for sphaeriids. Not a single specimen was 
recovered from 18 samples taken in 1982-84, compared with 
14 specimens in 24 samples in August collections of earlier 
years. 

Our analysis indicated significantly higher numbers of chi
ronomids prior to the 1980s at index stations; the 1968 numbers 
were higher than all three years 1982-84, and the 1977 mean 
was greater than the 1982 mean. There were no significant 
differences among means for chironomids at transect stations. 

The apparent downward trend in isopod (Caecidotea 
racovitzai) numbers was confirmed by analysis of variance. At 
index stations, mean numbers in 1982-84 were less than in 
1967-68; the mean in 1972 also was lower than in 1967-68, 
and in 1977 it was lower than in 1968 but not 1967. At lower bay 
transect stations in some years of the mid-1970s (1974, 1976, 
1977), mean isopod numbers were higher than in all years in the 
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FIG. 3. Mean numbers of individuals of major macro invertebrate groups collected at transect stations in the lower bay during 1972-84. The number 
of Ekman samples for each data set is shown in parentheses. Groups are as follows: 0, oligochaetes; S, sphaeriids; C, chironomids; A, amp hi pods; 
I, isopods. 

TABLE I. Standing stocks of macro invertebrates at the index stations (gash free dry weightfm2) sampled in August in six years (standard error 
in parentheses). 

Year Chironomids Oligochaetes Sphaeriids Isopods Amphipods Total 

Big Bay 
1967 0.60(0.084) 0.33(0.084) <0.01 0.93(0.11) 
1968 0.68(0.040) 0.02(0.002) <0.01 0.02(0.020) 0.70(0.04) 
1977 1.41(0.137) 0.36(0.030) I. 77(0.12) 
1982 0.88(0.209) 0 .48(0. 090) 1.36(0.21) 
1983 0.44(0.065) 0.68(0. 107) 0.02(0.017) 1.14(0.12) 
1984 0.12(0.026) 0.21(0.041) 0.03(0.027) 0.35(0.06) 

Glenora 
1967 1.12(0.130) 2.32(0.477) 0.46(0.031) 5.97( 1.518) 0.03(0.009) 9.90(1.59) 
1968 1.58(0.174) 2.32(0.231) 0.62(0.047) 0. 76(0.095) 0.02(0.005) 5.30(0.30) 
1977 0.77(0.061) 2.34(0.511) 0.58(0.146) 0.09(0.040) 0.04(0.018) 3.82(0.68) 
1982 0.58(0.109) 0.87(0.186) 0.09(0.026) 0.10(0.069) 0.08(0.33 ) 1.72(0.29) 
1983 1.04(0.194) 0.20(0.060) 0.05(0.004) 0 .05(0 .004) 0.21(0.037) I .55(0.25) 
1984 0.82(0.126) 0.08(0.017) 0.03(0.006) 0.03(0.021) 0.10(0.010) 1.06(0.14) 

Conway 
1967 0.24(0.039) 0.09(0.01 I) 0.15(0.008) 0.19(0.020) 6.35(0.281) 7 .02(0.29) 
!968 0.18(0.044) 0.27(0.054) 0.23(0.027) 0.29(0.051) 5.12(0.113) 6.09(0.14) 
1977 0.02(0.009) 2. 13(0. 396) 0.35(0.070) 1.20(0.271) 0 .05(0 .034) 3.75(0.67) 
!982 0.19(0.08 I) 0.53(0.093) 0.08(0.025) 0.19(0.063) 0. 90(0.268) 1.89(0.46) 
1983 0.11(0.021) 0.23(0.055) 0.05(0.016) 0.06(0.028) 2.08(0.352) 2.53(0.37) 
1984 0.58(0.092) 0.36(0.062) 0.03(0.008) 0.02(0.017) 1.20(0.209) 2.19(0.30) 

Lake Ontario 
1967 0.13(0.019) 0.14(0.027) 0.15(0.031) 0.15(0.031) 4.43(0.458) 5.00(0.46) 
!968 0.04(0.024) 0.16(0.043) 0.24(0.045) 0.02(0.004) 4.81(1.124) 5.27(1.13) 
1977 0.01(0.005) 0. 72(0.069) 0.16(0.0 18) 0.11(0.034) 6.00(0.264) 7.00(0.31) 
1982 0.04(0.012) 0.45(0.055) 0.32(0.037) 0.06(0.012) 2.60(0 .250) 3.47(0.26) 
1983 0.01(0.008) 0.28(0.060) 0.14(0.032) 0.26(0.052) I. 90(0.260) 2.59(0.30) 
1984 0.01 (0.007) 0.17(0.042) 0.04(0.003) 0.11(0.010) 1.38(0.147) I. 7 I (0 .17) 

1980s. In 1967-68, isopods were most abundant at the Glenora 
index station, but by 1977, numbers had become greater at the 
Conway station, and in 1983 and 1984, numbers were higher at 
the Lake Ontario index station than at Glenora and Conway. 
However, populations in the I 980s at all stations were extremely 

low compared with the 1967 and 1968 populations at Glenora. 
The numbers of amphipods declined after 1968 but they 

recovered between 1977 and I 982. Mean numbers at index 
stations in 1967 and 1968 were significantly higher than in other 
years except 1983, and the 1984 mean was lower than the I 983 
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TABLE 2. Values of PSC (%) for each series of samples at index stations compared with all other series (methods are described in the text). 

Year 

Big Bay 
1967 
1968 
1972 
1977 
1982 
1983 
1984 

Glenora 
1967 
1968 
1972 
1977 
1982 
1983 
1984 

Conway 
1967 
1968 
1972 
1977 
1982 
1983 
1984 

Lake Ontario 
1967 
1968 
1972 
1977 
1982 
1983 
1984 

1967 

49-60 
33-46 
8-15 

21-35 
27-51 
16-58 

63-77 
47-56 
19-51 
13-23 
26-42 
2-47 

75-82 
6-26 
4-8 

78-89 
88-90 
62-81 

77-89 
64-75 
64-71 
73-83 
72-83 
74-84 

1968 

21-45 
5-9 

22-32 
20-30 
14-31 

42-51 
18-42 
17-22 
33-48 
14-28 

14-32 
9-14 

72-82 
66-75 
68-93 

60-78 
65-71 
69-80 
65-78 
65-87 

1972 

6-16 
23-38 
29-39 
16-40 

22-46 
15-19 
24-37 
12-17 

48-63 
9-30 
1-22 

13-28 

64-74 
57-71 
55-66 
59-64 

mean. At the Glenora index station the amphipod population 
peaked in 1982 and 1983. Two peaks were observed at Conway, 
the first in 1967-68 and the second in 1983 of approximately the 
same magnitude. At the Lake Ontario station, peaks occurred in 
1968 and 1977 with a slow decline thereafter. At the transect 
stations, which were selected to cover the area of 'greatest 
abundance of P. hoyi, the 1982 and 1983 means were higher than 
in all surveys throughout the 1970s, and although the population 
decreased in 1984, it remained significantly greater than in 
1972, the year of their lowest numbers. 

Standing stocks of macroinvertebrates declined through the 
period 1977-84 at all index stations and from 1967 at Glenora 
and Conway (Thble 1). Standing stocks declined from 1977 to 
1984 by 80% at Big Bay, 72% at Glenora, 42% at Conway, and 
75% at the Lake Ontario index station. Comparison of mean 
phytoplankton volumes for 1972-77 and 1978-81 showed 
reduction by 50% at Big Bay, 24% at Glenora, and 60% at 
Conway (Nicholls et a!. 1986). 

Standing stocks of main taxa of benthic macroinvertebrates 
were closely correlated with numbers. Correlation coefficients 
of station-year means were 0.877 for chironomids, 0.823 for 
oligochaetes, 0.859 for sphaeriids, 0. 702 for isopods, and 
0.925 for amphipods (all highly significant, P < 1% and N = 
18-24). Therefore, examination of standing stocks provided 
little additional information beyond the analysis of variance of 
numerical abundance of major taxa; however, these data are 
useful in interpretation of trends in production in fish, biomass 
of food organisms being more useful than numbers (Hurley 
1986). 

1977 

46-62 
20-57 
11-45 

24-64 
15-30 
2-7 

10-16 
1-4 
9-16 

63-74 
62-73 
59-69 

1982 

71-80 
53-79 

47-59 
24-41 

74-86 
68-90 

70-76 
69-71 

1983 

52-78 

57-67 

59-80 

80-90 

Changes in Species Composition at Index Stations 

PSC analysis 

1984 

Our statistical analysis of change in species composition is 
based on confidence intervals about values of PSC, by which 
each sample series was compared with sample series in other 
years within each index station (Table 2). The values of PSC 
along each diagonal are a series in which consecutive sampling 
times are compared. With gradual change the highest values 
would be expected along the diagonal, and the lowest values 
would be expected in the bottom left corner where PSC values 
are· for most distant sampling times. The lowest of the values 
along the diagonal indicates the interval of greatest change in 
species composition. The bottom left value shows the degree of 
change from beginning to end of our data base. 

Species composition of the macroinvertebrate community at 
the Big Bay index station changed most between 1972 and 1977, 
much more than between 1977 and 1982. As might be expected 
the 1967 and 1968 communities were similar and those sampled 
through the 1980s were similar. The overall change from 
1967-68 to the 1980s was substantial (Thble 2). The Glenora 
index station also showed considerable change from 1967 to 
1984, with most change occurring between 1972 and 1977, 
closely followed by the change from 1977 to 1982. The 
macroinvertebrate community at Conway showed considerable 
change between 1977 and 1982, but the change during the 
1968-72 interval was also large. In contrast with the Big Bay 
and Glenora stations, however, the change at Conway from 
beginning to end and specifically 1967-68 compared with 
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FIG. 4. Abundance of Pontoporeia hoyi in August transect station 
samples from the lower bay. A total of 52 stations were sampled in 1972 
and 1982 whereas 20-37 stations were sampled for other years. 

1982-84 was minimal. Therefore, while there were substantial 
shifts in species composition during the 1970s, by the 1980s the 
Conway community resembled that observed in the late 1960s. 
Greater stability at the Lake Ontario index station was clearly 
indicated by the set of close PSC values (Thble 2), with lower 
confidence limits never less than 55%. 

Therefore, analysis of PSC suggests that much more change 
in macroinvertebrate communities occurred within the Bay of 
Quinte than in outer Adolphus Reach and adjacent Lake 
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I 
Ontario. In the following paragraphs we shall describe the most I 
significant shifts in species composition. 

Species accounts 
By 1984, species composition at Big Bay had shown a signifi

cant change from the earliest work done in the period 1967-68. 
Main shifts in species were as follows. The oligochaetes Lim
nodrilus hoffmeisteri and TiJbifex tubifex increased in numbers 
from 1967 to 1977, while numbers of Aulodrilus pigueti 
declined and /lyodrilus templetoni was absent in 1977 (and was 
not collected again until 1983). After 1977, A. pigueti was not 
collected and T. tubifex became scarce. Aulodrilus pluriseta and 
Limnodrilus profundicola were collected in 1977 only. 
Quistadrilus multisetosus was present only until 1982, and 
Spirospermaferox appeared in low numbers in 1982-84. The 
chironomid Harnischia amachaerus, common in 1967-68, 
disappeared by 1972. Numbers of Procladius spp. dropped 
sharply from 1972 to 1977 and declined steadily thereafter. The 
large Chironomus spp. were relatively uniform in numbers 
through the period except C. plumosus which peaked in 1977. 

Substantial changes in species composition also occurred at 
the Glenora station from beginning to end of the study period. 
The increase in oligochaetes in 1977, particularly L. hof
fmeisteri and T. tubifex, and the disappearance of Potamothrix 
bavaricus contributed to the differences from earlier years. 
Aulodrilus pluriseta was common until it declined in 1984. By 
the 1980s, oligochaetes declined to low numbers of five species, 
while eight species of oligochaetes had been collected at their 
peak. Sphaeriid numbers also peaked in 1977, with eight spe
cies collected; by 1984 only Pisidium casertanum was collected 
in low numbers. Generally, numbers of chironomids have been 
relatively stable in the Glenora community, with three Chi
ronomus spp. (C. anthracinus, C. atritibia, and C. plumosus) 
and Procladius spp. comprising almost all of the chironomid 
population each year. The population of the isopod C. racovitzai 
declined between 1968 and 1972 and remained at low numbers. 
The major change in the period 1982-84 was the increase in 
numbers of the amphipod P. hoyi. At Glenora, P. hoyi was 
scarce in 1967-68, but its numbers increased by more than one 
order of magnitude between 1977 and 1982-83, and then 
declined again in 1984 to about 25% of peak population size. 
This change will be described in greater detail subsequently 
using data from transect stations in Adolphus Reach. 

At Conway the species composition at the end of the sampling 
period was similar to that at the beginning. This response was 
different than at Big Bay and Glenora where species composi-
tion continued to change throughout the sampling period. At 
Conway, species composition in the 1982-84 samples was very 
similar to that of the 1967 and 1968 samples, partly attributable 
to the decline in P. hoyi in the 1970s and recovery in the 1980s. 
Other common species included the tubificids L. hoffmeisteri 
and T. tubifex, the chironomids Procladius spp., Tanytarsus 
spp., and M icrospectra nr. dives, and the sphaeriids P. caser
tanum, P. conventus, and P. lilljeborgi. Species composition in 
1972 and 1977 was similar. While oligochaetes were lower in 
numbers in the 1980s than in 1967-68, there were only minor 
changes in species composition. In 1982-84, Potamothrix 
vejdovskyi, P. moldaviensis, S. ferox, and/. templetoni were 
collected again following their absence in the 1972 and 1977 
samples. The chironomid Tanytarus spp. was scarce at the 
beginning and end of the sampling period. Numbers of M icrop-
sectra sp. increased in the 1980s, while Tanytarsus spp. num-
bers declined. Procladius spp. numbers were lowest in 1972 and 
1977. The amp hi pod P. hoyi had been reduced to about 1% of its 
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TABLE 3. Mean numbers of Pontoporeia hoyi, Gammarusfasciatus, and Caecidotea racovitzai per square meter in transect surveys each 
August of eight years (st-f!ndard errors in parentheses). 

Depth (m) 

Year Species· <25 25-35 36-45 >45 

1972 P. lwyi 580 (206) 720 (348) 340 (240) 80(62) 
G. fasciatus 68 ( 10) 38 (24) 14 (6) 46 (30) 
C. racovitzai 50 (24) 100(16) 80 (24) 74 (16) 

1974 P. lwyi 1100 (294) 1560 (848) 1760 (1742) 60 (34) 
G. fasciatus 26 (140) 26 (8) 0 2 (2) 
C. racovitzai 504 (200) 1926 (502) 864 (738) 752 (368) 

1975 P. lwyi 440 ( 168) 1440 (1070) 2440 (2432) 500 (188) 
G. fasciatus 50 (18) 0 10 (6) 88 (62) 
C. racovitzai 622 (204) 188 (96) 244 (106) 250 (90) 

1976 P. lwyi 1100 (362) 2660 (1530) 1420 (1026) 940 (582) 
G. fasciatus 120 (38) 194(138) 14 (8) 70 (56) 
C. racovitzai 1498 (392) 2566 (1598) 466 (184) 626 (342) 

1977 P. hoyi 2940 (744) 7880 (2748) 2100(1614) 900 (682) 
G. fasciatus 14 (6) 44 (32) 20(12) 10 (4) 
C. racovitzai 1096 (348) 2016 (770) 678 (380) 694 (194) 

1982 P. lwyi 9600(1188) 8960( 1240) 2960 (826) 8260 (1134) 
G. fasciatus 8 (2) 24 (10) 52 (14) 74 (46) 
C. racovitzai 90 ( 18) 220 (30) 700 ( 166) 358 (78) 

1983 P. lwyi 6880(1418) 13900(920) 8120 (898) 8360 (3138) 
G. fasciatus 8 (8) 0 6 (6) 12 (8) 
C. racovitzai 30 (12) 760 (700) 340 (250) 336 (262) 

1984 P. hoyi 3060 (696) 2140 (1020) 1400 (756) 3660 (2382) 
G. jasciatus 14 ( 10) 
C. racovitzai 22 (10) 

former abundance by 1972 and 1977 at the Conway index 
station, and by 1983 it had regained its earlier population size. 
Therefore, the main change resulted from the inverse trends in 
P. hoyi abundance and that of oligochaetes, sphaeriids, and 
isopods. 

Species composition at the Lake Ontario index station was 
relatively uniform throughout the period. Numbers of P. hoyi 
were relatively stable, while other species (e.g. the chironomids 
Procladius sp. Tanytarsus spp., and M icropsectra sp. and the 
sphaeriids P. casertanum, P. conventus, and P. lilljeborgi) did 
not vary widely in abundance. At the Lake Ontario station, as at 
other index stations, oligochaetes declined after 1977. 

Evidence from index stations suggests that in 1982-84 the 
macroinvertebrate community near the mouth of the bay and 
adjacent lake was returning to an association more typical of the 
early years 1967-68. The macro invertebrate community in the 
upper and middle bay became increasingly different through the 
study period. There were no pronounced trends in species 
diversity through time, although increased P. hoyi numbers 
at Conway, particularly in 1982 and 1983, reduced species 
diversity. 

Changes in Species Composition at Transect Stations 

The most significant change in benthic macroinvertebrate 
communities at the transect stations was probably the increase in 
numbers of P. /zoyi in Adolphus Reach, documented here by 
transect station samples collected in 1972-84 (Fig. 4; Table 3). 
Changes in numbers in four depth zones, which could be impor
tant in sorting out responses to oxygen conditions and predation 
pressure by fish, showed that P. hoyi increased at all zones but 
the deepest zone by 1977. Peak numbers of P. hoyi were reached 

0 0 56 (12) 
632 (260) 106 (50) 896 (352) 

in 1982 in the shallowest zone, and in 1983 in the deeper zones 
(Table 3). Pontoporeia hoyi had maintained low populations at 
intermediate depths through the period 1972-77, and then 
expanded in abundance first in shallower and then in deeper 
sediments (Fig. 4 ). Numbers of Gammarus fasciatus remained 
low relative toP. hoyi even in 1982-84. The isopod C. 
racovitzai occurred in moderate numbers through the period 
1974-82, and it decreased in 1983-84 (Fig. 3). 

In addition to the significant shifts in crustacean species 
abundance, there were several obvious trends in oligochaetes 
shown by transect station data. The increases and declines in 
populations of the oligochaetes L. lzoffmeisteri, T. tubifex, and 
P. vejdovskyi were all similar to changes in total oligochaetes 
described earlie1; but four other species showed different trends. 
Quistadrilus multisetosus was abundant (> l000/m2 ) in the 
mid-l970s, rare in 1982 and 1983, and not collected in 1984. In 
contrast, S. ferox, which had not been collected from 1974 to 
1977, became common (l00-500/m2 ) in the 1980's. Most 
stations that had high Q. multisetosus numbers also had highest 
S. ferox numbers in the 1980s (up to about 3000/m2 ). Stylodrilus 
heringianus occurred at several stations in the 1980s. This 
species was common in adjacent Prince Edward Bay and Lake 
Ontario collections, but in the bay proper only a dozen spec
imens were collected in 1977 and none before that. Among the 
oligochaetes, A. pluriseta was unusual, with substantial num
bers in 1975-77, whereas it was absent in samples before 1975 
and again in 1984. 

Few trends were apparent in relative abundance of chi
ronomid species at transect stations. Procladius spp. numbers 
declined to lowest numbers from 1974 to 1977 and recovered in 
the 1980s, a trend also observed at the Conway index station. 
Abundance of the chironomids C. anthracinus and C. plumas us 
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Oxygen concentration data have been interpreted in detail by 
Minns and Johnson (1986). For the purpose of this study, oxygen 
levels only during late August 1 m above bottom sediments at 

NE transect stations were examined to assess whether conditions 
ji had improved during the sampling period. No significant dif
~1 ferences were noted among mean oxygen concentrations in the 
·~~- five years 1974,1975, 1976,1977, and 1982duringthelast IOd 

of August. Lower minima than those observed in 1974-82 were 
~ noted in occasional sampling during the period 1967-72. 
~ However, Minns and Johnson (1986) concluded that there was 
ffi no obvious difference in oxygen concentrations in the lower bay 
~ hypolimnion between years before and after phosphorus reduc
ii! tions at wastewater treatment plants. Oxygen depletion in the 
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FIG. 5. Relationship between Pontoporeia hoyi mean numbers at tran
sect stations and white perch bottom trawl and index gill net catches in 
the lower Bay of Quinte. 

declined through the 1970s and both were rare in the 1980s. In 
contrast, C. atritibia increased in the 1980s. Microspectra sp. 
and Tanytarsus spp. showed considerable variability in num
bers, which tended to be inversely related. 

Sphaeriid numbers declined in transect samples in the 1980s, 
but not all of the major species declined. Pisidium casertanum, 
the commonest sphaeriid, and P. ventricosum declined, but 
numbers of P. lilljeborgi and Sphaerium nitidum apparently 
were maintained. Other common sphaeriids, for example, 
Pisidium subtruncatum and P. henslowanum, occurred in vari
able numbers with no obvious temporal trend. 

Observations on Other Species 

Greatest diversity in species was observed in the middle 
reaches of the bay (e.g. the Glenora index station). Here, the 
associations of the eutrophic inner bay mingle with species 
found in oligotrophic Lake Ontario and with additional species 
which are abundant only under apparently mesotrophic condi
tions (Johnson and Brinkhurst 1971 a). The Lake Ontario mac
roinvertebrate community was less diverse than communities in 
the bay. 

During the 1972-82 sampling, 97 taxa were identified from 
Ekman samples, compared with 128 taxa found in 1966-68. 
During the entire period, 28 taxa of oligochaetes, 25 sphaeriids, 
49 chironomids, 6 crustaceans, 19 gastropods, and 28 mis
cellaneous taxa were identified. These are listed, with notes on 
temporal and spatial variations in three sampling periods, 
1966-68, 1972-77, and 1982-84, in the Appendix. 

Discussion 

Fish-Macroinvertebrate Interactions 

In 1972 it appeared that P. hoyi was poised for extinction in 
the Bay of Quinte, perhaps because of worsening oxygen condi
tions in the lower bay, especially in deeper waters. Now, strong 
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lower bay might have affected the vertical and east-west dis
tribution of P. hoyi. However, because P. hoyi numbers declined 
even in areas of highest environmental suitability, apparently 
independently of oxygen conditions, the hypothesis of suppres-
sion of P. hoyi by a large population of stunted white perch 
appears likely. 

White perch fed heavily on P. hoyi (Hurley 1986). In fact, this 
population of white perch congregating in the lower bay did not 
feed on fish at any size, probably because of their slow growth 
rates and small size at high population levels (Minns and Hurley 
1986). White perch appeared to be widely distributed by depth 
(D. A. Hurley, pers. comm.). Although G.fasciatusoccurred in 
much lower numbers in our samples than P. hoyi, it was prefer
red by the other major feeders on invertebrates, that is, by the 
rainbow smelt (Osmerus mordax) and yellow perch (Perea 
jiavescens). The diet of trout-perch (Percopsis omiscomaycus) 
was similar to that of white perch but its numbers were con
siderably less in the 1970s (Hurley 1986). However, trout-perch, 
rainbow smelt, and common white sucker (Catostomus com-
mersoni) have increased since the decline of white perch (D. A. 
Hurley, pers. comm.). The decline in P. hoyi in 1984 might be 
the result of increased predation by these species. 

In summary, P. hoyi probably always has been confined 
within the bay to the cooler water of the lower bay, benefiting 
from the intrusion of Lake Ontario water. Maximum numbers of 
P. hoyi are found at intermediate depths in large, deep lake 
basins, as shown in Lake Superior (Freitag eta!. 1976), Lake 
Huron (Schuytema and Powers 1966), Lake Michigan (Mozley 
and Alley 1973), and the Straits of Mackinac (Henson 1970). 
Generally, at these depths, the oxygen concentrations are high, 
temperatures cool, and the sediments are composed of fine sand 
and silt. Probably P. hoyi does not inhabit the middle bay above 
Glenora because of higher summer temperatures and seasonal 
short-term oxygen depletion. Our data indicated that P. hoyi 
may have had greater recruitment at intermediate depths during 
the 1970s. Lower oxygen in the deepest zone of Adolphus 
Reach, compared with shallower zones, may have been respon
sible for lower numbers in deep water. A greater proportion of 
P. hoyi was found in the deepest zone in the 1980s compared 
with the 1970s (Table 3). While we have not been able to define 
any improvement in oxygen conditions, we cannot dismiss the 
possibility because productivity of the system declined after 
reductions in phosphorus input. Therefore, heavy predation 
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pressure by white perch until 1977 through all depths and 
possibly suboptimal oxygen concentrations in the deepest areas 
restricted P. hoyi to low numbers at intermediate depths, the 
most favourable habitat for the species. After the dramatic 
decline of the white perch, P. hoyi increased in numbers (Fig. 4) 
and spread to other depths and up the bay toward Glenora. 

Yellow perch, in contrast with white perch, expanded in 
population size during the period 1977-81 (Hurley 1986). 
Yellow perch consumed approximately I 0 times more G. fas
ciatus than P. hoyi, presumably because yellow perch inhabits 
shallower zones. Our sampling did not extend.inshore shallower 
than approximately 15 m; based on other observations on 
G. fasciatus, we have assumed that it was more abundant 
inshore than P. hoyi. Barton and Hynes ( 1976) found high 
numbers (up to IOOOO/m2 ) in the littoral zone of the Great Lakes 
often in association with the alga Cladophora sp. Because our 
samples should reflect the relative temporal abundance of 
G . .fasciatus, we suspect that the expansion of yellow perch 
numbers reduced abundance of G. fasciatus. Although P. hoyi 
and the isopod C. racovitzai were distributed similarly with 
depth, our data indicated that C. racovitzai declined after 1977 
while the population of P. hoyi was recovering. Therefore, 
C. racovitzai numbers did not increase in relation to the collapse 
of the white perch population. Its decline might be related to the 
increase in other fish species and/or to the decline in productiv
ity in the bay. 

Species Trends and Water Quality 

Several significant changes in species composition, par
ticularly in oligochaete and chironomid communities, indicated 
that species which are known to decline as water quality deterio
rates are species which increase when water quality is improved 
and the more tolerant species are reduced. Specifically, sharp 
declines throughout the bay after 1977 in the oligochaetes 
L. hoffmeisteri, T. tubifex, and Q. multisetosus, considered to be 
pollution-tolerant species (Cook and Johnson 1974), and the 
increase in the clean-water species S. heringianus at the bay 
mouth provide evidence of improved water quality. The peaks in 
abundance of P. vejdovskyi and A. pluriseta in 1977 transect 
samples, just before major reduction in phosphorus loadings, 
and their decline through the early 1980s iqdirectly support the 
interpretation of Brinkhurst et al. (1968) that Potamotlzrix spp. 
and Aulodrilus spp. increase with advancing eutrophication. 
Also, at Big Bay, A. pigueti was not collected after 1977. At 
Glenora, A. pluriseta declined in 1984. However, conflicting 
evidence was provided by the collection of P. mo!daviensis at 
Conway in 1982-84 following its absence in the 1972 and 1977 
samples. 

Oligochaete associations of the Bay of Quinte throughout the 
sampling period fall between those characteristic of the ex
tremes of advanced hypereutrophic and oligotrophic states. The 
bay did not have extremely high numbers of L. hoffmeisteri, 
L. cervix, L. c/aparedeanus, and T. tubifex, like those found in 
Hamilton Bay in the 1960s (Johnson and Matheson 1968), 
which characterize hypereutrophy more than moderate numbers 
of eurytopic L. hoffmeisteri and T. tubifex. Nor did the bay, even 
at its deepest point (55 m) near its mouth, have Rhyacodrilus 
spp., Spirosperma nikolskyi, or 1ltbifex kessleri, the oligochaete 
species typical of most oligotrophic conditions in the Great 
Lakes including the main basin of Lake Ontario (Hiltunen 
1969). 

Although numbers of most chironomid species (mainly 
subfamily Chironomini) were relatively stable, there were 

some significant species changes, particularly the decline in 
C. mztlzracinus and C. plumosus and the increase inC. atf·itibia. 
The latter species was considered less tolerant of enrichment 
than the former two, based on distributions in the bay (Johnson 
1970). Causes are not apparent for some other changes in 
chironomid associations, for example, the disappearance of 
H. amachaerus at the Big Bay index station and fluctuations in 
numbers of Tmzytarsus spp. and Microspectra sp. in the bay and 
adjacent Lake Ontario. Bay of Quinte collections of Tanytarsus 
were clearly of several species, some of which inhabited dif
ferent parts of the bay. Therefore, interpretation of the presence 
of the genus Tanytarsus to indicate oligotrophic conditions 
(Brinkhurst et a!. 1968) is not valid, although some species of 
Tanytarsus and the Micropsectra sp. (nr. dives) likely are intol
erant to eutrophic conditions. The decline in Procladius spp. 
coincident with the increase in oligochaete numbers was unex
pected because these predaceous chironomids are known to 
utilize oligochaetes, and some species of Procladius are tolerant 
of highly eutrophic conditions (Carr and Hiltunen 1965). 

Sphaeriids decreased in numbers and species in index and 
transect samples. Insufficient understanding of ecological 
requirements and considerable variability in numbers of the 
main species make interpretation of trends by species difficult. 
However, most species apparently were reduced in numbers as 
productivity of the bay declined. 

Reduction in Benthic Macroinvertebrate Production 

The statistically significant decreases in the 1980s of total 
numbers of oligochaetes, sphaeriids, chironomids, and some 
formerly abundant members of other taxa such as C. racovitzai 
indicate declining production by the benthic macroinvertebrate 
community following reductions in phosphorus loadings and 
decline in primary production. The amphipod P. hoyi increased 
while many other species were decreasing, but in 1984 its 
population declined to about 25% of the 1982-83 population 
level. These reductions in standing stocks (Table I) suggest a 
considerable decline in productivity at the benthic macroinver· 
tebrate level. 

The only data on production of macroinvertebrates were from 
1967-68, but standing stocks were shown to be indicative of 
rate of production because turnover rate (P :B) was established 
by temperature (Johnson and Brinkhurst 1971 b). Standing 
stocks of macroinvertebrates in the 1980s were considerably less 
than those prior to full implementation of the phosphorus reduc
tion program. Therefore, production of macroinvertebrates 
probably declined through the extended period of phosphorus 
reductions and decline in primary production in the bay and 
Lake Ontario. However, with the large shifts in fish commu
nities and potential for drastically altered predation pressure on 
macroinvertebrates, which is known to influence net production 
(Ball and Hayne 1952), we cannot assume that these standing 
stock reductions indicate a directly proportional change in pro
duction of macroinvertebrates. As well, the ecological implica
tions of any reduction in production of macroinvertebrates, to 
fish in particular, may be partly offset by qualitative changes in 
the benthic macroinvertebrate community. 
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TABLE A. I. Annotated list of macroinvcrtcbratcs collected in the Bay of Quintc and adjacent Lake Ontario during the period 1966-84. 
Location abbreviations: LB, lower bay; MB, middle bay; UB, upper bay; BB, Big Bay index station; GL, Glenora index station; LO, Lake 
Ontario index station; W, widespread. Numerical abundance categories: abundant (> 1000/m2 ), very common (500-999fm2), common 
(100-499/m2), scarce(< IOO/m2), and rare (occurring at one or two stations only at< 100fm2). Three time periods: prior to phosphorus 
removal ( 1966-68), following phosphorus reduction in detergents ( 1972-77), and after phosphorus reduction at waste-treatment plants 
(1982-84). 

Oligochaeta 
Lumbriculidae 
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Stylodrilus herh1gianus Claparcde 
Naididae 

Arcteonais lomondi (Martin) 
Chaetogaster diaphanus (Gruithuisen) 
Nais pseudobtusa Piguet 
N. variabilis Piguct 
Nais sp. 
Ophidonais serpentina (Muller) 
Slavina appendiculata (d'Udekem) 
Sty/aria lacustris (Linnaeus) 

Thbificidae 
Aulodrilus limnobius Bretscher 
A. pigueti Kowalewski 
A. pluriseta (Piguct) 
llyodrilus templetoni (Southern) 
I sochaetides freyi (Brinkhurst) 
Limnodrilus cervix Brinkhurst 
L. claparedeanus Ratzel 

1966-68 

LO: common 

LO: rare 

LB: rare 

LO: rare 
BB: v. common 
LB + LO: v. common 
UB + LO: scarce 
LO: rare 
UB: rare 
LB: rare 

1972-77 

LB: rare 

LB: common 
LB: rare 
LB: rare 
LB: rare 
LB: rare 
LB: rare 
LB: rare 

LB: rare 
BB + LB: common 
BB + LB: common 
LB: rare 

LB: rare 

1982-84 

LB: common 

GL: scarce 
LB: rare 

LB: rare 
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APPENDIX. (Continued) 

1966-68 1972-77 1982-84 

L. hoffmeisteri Claparede W: abundant W: abundant W: v. common 

I 
L. profimdicola (Verrill) BB: rare BB: rare 
L. udekemianus Claparede LO: rare LB: rare 
Potamothrix bavaricus (Oschmann) GL: abundant LB: rare 
P. bedoti (Piguet) LO: scarce LB: rare 

I 
P. moldaviensis Vejdovsky & Mrazek LB + LO: common LB: rare LB: rare 
P. vejdovskyi (Hrabe) LB + LO: common LB: v. common LB: common 
Quistadrilus multisetosus (Smith) UB + MB: scarce LB + LO: abundant LB + LO: rare 
Spirospermaferox (Eisen) LO: common LB: rare LB: v. common 

I 
T!1bijex tubifex (Muller) W: common W: abundant W: common 

Hirudinoidea 
Glossiphonidae 

Glossiphonia complanata (Linnaeus) LO: rare 

I 
G. heteroclita (Linnaeus) LO: rare 
Helobdella stagnalis (Linnaeus) W: scarce LB: rare LB: rare 

Thrbellaria 
Planariidae 

I Phagocata spp. LO: rare 
Rhabdocoela 

Hydrolimax cf. grisea Haldeman W: common 
Gastropoda 

I Sphaeriidae 
Pisidium adamsi Prime LO: rare 
P. amnicum (Muller) LB: rare LB: rare 
P. casertanwn (Poli) W: common LB + LO: v. common LB + LO: common 

I P. compressum Prime W: scarce LB + LO: scarce LB + LO: scarce 
P. conventus Clessin LO: abundant LB + LO: common LB + LO: scarce 
P. equilaterale Prime LB: rare 
P. ferrugineum Prime LO: rare LB: rare LB: rare 

I 
P. henslowanum (Sheppard) W: common LB + LO: scarce LB + LO: scarce 

P. idahoense Roper LB + LO: scarce LB + LO: scarce LB: rare 
P. lilljeborgi Clessin W: common LB + LO: common LB + LO: scarce 
P. nitidwn Jenyns LO: common LB + LO: common LB: scarce 

I 
P. n.j pauperculum Jenyns LB: rare 
P. punctatum Sterki LB: rare LB: rare LB: rare 
P. subtruncatum Maim W: scarce LB: common LB: common 
P. variable Prime LB: rare LB: rare LB: rare 

I 
P. ventricoswn Prime LB + LO: common LB + LO: common LB: scarce 
P. walkeri Sterki LB + LO: rare 
Sphaerium corneum (Linnaeus) LB + LO: common LB + LO: scarce 
S. lacustre (Muller) MB + LO: rare 

I 
S. nitidum Clessin LO: common LB + LO: scarce LB + LO: common 

S. partumeium Say GL: rare LB: rare 
S. securis (Prime) LB: rare 
S. simile (Say) LB: rare 

I 
S. striatinwn (Lamarck) LB + LO: rare LB: rare LB + LO: rare 
S. transversum (Say) LO: rare 

Unionidae 
Anodonta grandis grandis Say W: common 

I Elliptio complanata (Lightfoot) W: common 
Lampsilis radiata radiata (Gmelin) W: common LB: rare 
L. r. siliquoidea (Barnes) W: common 
Leptodea fragilis (Rafinesque) BB: rare 

I Proptera alata (Say) BB: rare 

Bithyniidae 
Bithynia tentaculata (Linnaeus) W: scarce LB: scarce LB: rare 

I 
Hydrobiidae 

Amnicola limosa (Say) LO: common LB: scarce LB: rare 
Probytlzinella lacustris (Baker) UB + MB: rare 

Lymnaeidae 

I Fossaria obrussa Say LO: rare LB: rare 
Lymnaea stagnalis jug11laris (Say) LB: rare 
Pseudosuccinea columella (Say) LB: rare 
Stagnicola catascopiwn catascopium (Say) LB: rare 
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APPENDIX. (Continued) I 1966-68 1972-77 1982-84 

Physidae 
Physella gyrina gyrina Say LO: rare LB: rare I Planorbidae 
Gyraulus dejlectus (Say) LO: rare 
G. parvus (Say) LO: rare LB: rare 
Helisoma anceps anceps (Menke) LB + LO: rare I Promenetus exacuous (Say) LO: rare 

Pleuroceridae 
Goniobasis livescens (Menke) LO: rare 

I Valvatidae 
Valvata piscinalis (Muller) MB + LB: rare LB: rare 
V. sincera sincera Say LO: common LB: scarce W: scarce 
V. tricarinata Say W: common LB: scarce LB: rare I Viviparidae 
Viviparus georgianus (Lea) LB: rare 

Crustacea I Asellidae 
Caecidotea racovitzai racovitzai 

(Williams) LB + LO: abundant LB + LO: common LB + LO: common 
Lirceus lineatus (Say) LB + LO: common LB: rare 

I Mysidae 
Mysis relicta (Loven) LO: rare LB: rare 

Gammaridae 

I Gam mar us fasciatus Say W: common W: scarce LB + LO: scarce 

Hyalellidae 
Hyalella azteca (Saussure) W: common 

Pontoporeiidae I Pontoporeia hoyi Smith LB + LO: abundant LB + LO: abundant LB + LO: abundant 

Insecta!Diptera 

Chironomini I Chironomus anthracinus groupa W: v. common BB + LB: common LB: common 
C. atritibia (Malloch) LB + LO: common LB: common LB: common 
C. plumosus (Linnaeus) W: common BB + LB: scarce BB + LB: scarce 

I C. semi-reductus groupb UB + MB: scarce LB: rare LB: rare 
Cladopelma sp. c UB + MB: common LB: rare BB + GL: rare 
Cryptochironomus digitatus (Malloch)c W. common BB + LB: scarce BB + LB: rare 
Dicrotendipes modestus (Say)c W: common BB + LB: rare LB: rare 

I Einfrldia sp. LB: rare 
Endochironomus subtendens (Townes)c UB + LO: common 
Glyptotendipes sp. d UB: rare 
Harnischia sp. BB: common; GL: rare LB: rare 

I Microtendipes pedellus (DeGeer) MB + LO: scarce BB + LB: rare LB: rare 
Parachironomus abortivus (Malloch)c LO: scarce LB: rare 
Paracladopelma sp. LO: rare BB: rare 
Paralauterborniella sp. LB; rare 

I Paratendipes albimanus (Meigen) UB: scarce LB: rare LB: rare 
Phaenopsectra spp.c UB: rare LB: rare LB: rare 
Polypedilum sppJ W: scarce BB:LB: rare LB: rare 
Pseudochironomus sp. MB: rare LB: rare 
Stictochironomus sp. MB: rare GL: rare I Tanytarsini 
Cladotanytarsus sp. LO: rare 
Micropsectra nr. dives (Johannsen) LB + LO: common LB + LO: common LB + LO: scarce 

I Paratanytarsus sp. LO: rare 
Tanytarsus sp.g W: common BB + LB: common LB: scarce 

Orthocladiinae 
Cricotopus sp. LO: rare I Diplocladius sp. BB: rare 
Heterotrissocladius sp. LO: rare LB: rare 
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APPENDIX. (Concluded) 

Hydrobaenus sp. 
Parametriocnemus sp. 
Psectrocladius spp.h 

Tanypodinae 
Ablabesmyia americana Fittkau 
Clinotanypus Gf pinguis (Loew) 
Coelotanypus sp. 
Pe/Ztaneura sp. 
Procladius spp.i 
Psectrotanypus sp. 

Ceratopogonidae 
Palpomyia sp. 

Chaoboridae 
Clzaoborus albatus Johnson 

lnsecta/Trichoptera 

Leptoceridae 
Cerac/ea diluta (Hagen) 
Leptocerus americanus (Banks) 
Mystacides sepulchralis (Walker) 
Nectopsyche albida (Walker) 
Oecetis spp.i 
Triaenodes sp. 

Lepidostomatidae 
Lepidostoma sp. 

Polycentropidae 
Phylocentropus sp. 
Polycentropus sp. 

Arachnida 
Arrenuridae 

Arrenurus sp. 

Hygrobatidae 
Hygrobates sp. 

Lebertiidae 
Lebertia sp. 

Limnesiidae 
Limnesia sp. 

Pionidae 
Piona sp. 

Unionicolidae 

1966-68 

GL: rare 

LO: rare 

LO: scarce 
LB + LO: rare 
UB: common 
LO: rare 
W: abundant 

W: scarce 

UB: scarce 

LO: rare 
UB: rare 
MB + LB: rare 
LO: rare 
LO: rare 
LO: rare 

LO: rare 

LO: rare 
UB: rare 

MB: rare 

LB: rare 

MB: rare 

UB + MB: scarce 

W: scarce 

Neumania sp. UB + MB: scarce 
Unionicola sp. W: scarce 

1972-77 

LB: rare 

LB: rare 

BB: scarce 

W: v. common 
BB: rare 

BB: scarce 

aJncludes C. attenuatus Walker and C. amlzracimts (Zetterstedt) (Johnson and Brinkhurst 197la, appendix I). 
hincludes C. sp. A and C. sp. B (Johnson and Brinkhurst 1971a, appendix 1). 
cGenus previously given as Clzironomus (Johnson and Brinkhurst 1971a, appendix I). 
dincludes G. sp. A and G. sp. B (Johnson and Brinkhurst 1971a, appendix I). 
eincludes Tribe los jucundus (Walker). 
fJncludes P. cf. nebeculosum (Meigen) and P. cf. simulans Townes (Johnson and Brinkhurst 197Ia, appendix 1). 
gincludes at least four species (Johnson and Brinkhurst 1971a, appendix I). 
hincludes P. sp. A P. sp. B and P. sp. C (Johnson and Brinkhurst 197la, appendix I). 
i Includes P. bellus (Loew), P. denticulatus Sublette, P. freemani Sublette, and P. sublettei Roback. 
i Includes 0. sp. A (Johnson and Brinkhurst 1971a, appendix I). 

1982-84 

LB: rare 

BB: scarce 

W: common 

BB + GL: rare 

LB: rare 

189 



Shoreline Fauna of the Bay of Quinte 

A. A. Crowder 
Department of Biology, Queen's University, Kingston, Ont. KlL 3N6 

B. Mclaughlin 
Department of Pharmacology, Queen's University, Kingston, Ont. K7L 3N6 

R. D. Weir 
Royal Military College, Kingston, Ont. 

and W. j. Christie 
Ontario Ministry of Natural Resources, Glenora Fisheries Research Station, R.R. 4, Picton, Ont. KOK 2TO 

Crowder, A. A., B. Mclaughlin, R. D. Weir, and W. J. Christie. 1986. Shoreline fauna of the Bay of Quinte. 
Can. Spec. Publ. Fish. Aquat. Sci. 86, p. 190-200. In C. K. Minns, D. A. Hurley, and K. H. Nicholls 
[ed.] Project Quinte: point-source phosphorus control and ecosystem response in the Bay of 
Quinte, Lake Ontario. Can. Spec. Publ. Fish. Aquat. Sci. 86: 270 p. 

comparison of overlay maps of the Bay of Quinte dating from 1929 showed that some marshes have been 
drained, and in some areas the shoreline has moved inland slightly. The fauna has not been sampled 
regularly or systematically, and therefore, information on aquatic macroinvertebrates, reptiles, amphibia, 
birds, and mammals was sought from accounts in the literature supplemented by personal communica
tions from practising biologists. Populations of breeding ducks have declined, while the proportion of 
mallards has increased. Migratory wildfowl are less abundant than might be expected in the habitat. 
Numbers of visiting birds, such as herring gulls, reflect breeding success on offshore islands. Trapping 
records show a variable low density of muskrats. 

Une comparaison de cartes superposees de Ia baie de Quinte etablies depuis 1929 a revele que certains 
marecages ont ete asseches et qu'a certains end roits, le littoral s'est legerement deplace vers l'interieur des 
terres. La faune n'a pas ete echantillonnee regulierement ou systematiquement: les donnees sur les 
macroinvertebres, reptiles, amphibiens, oiseaux et mammiferes aquatiques ont done ete obtenues de 
comptes rend us pub lies en plus de communications personnelles au pres de biologistes actifs. Les popula
tions de canards reproducteurs ont diminue tandis que le nombre de mallards a augmente et les oiseaux 
aquatiques migrateurs sont moins abondants que prevu dans un tel habitat. Le nombre d'oiseaux visiteurs, 
comme le goeland argente, traduit Ia reussite de Ia reproduction dans les lies au large du littoral. Les 
donnees de piegage revelent une faible densite variable du rat musque. 

Introduction higher Joss would be expected in shoreline marshes on the north 
side of the Bay of Quinte because of its more dense urban 
population. This paper summarizes available information on the fauna of 

the Bay of Quinte and its shoreline during the past 50 yr. Its 
purposes are to provide an introduction to the natural history of 
the Bay of Quinte watershed, with emphasis on aquatic mam
mals and terrestrial and shoreline biota, and to identify any 
trends related to eutrophication. 

Habitats 

The shoreline consists of limestone cliffs, shingle or sand 
beaches, and marshes. Most of the records discussed in this 
paper are from the marshes. 

Changes in wetland vegetation have been discussed in 
Crowder and Bristow ( 1986). There has been a loss of species 
richness which is now particularly low in the Belleville-Big 
Bay marshes. Larger beds of wild rice formerly existed, and 
there is some evidence that wild celery and sago pond weed, all 
important as food for birds, have diminished in area. Areas of 
cattails appear to have increased. 

Diminution of wetlands during the historical period has been 
estimated by Whillans (1982) to be 6.2% for shoreline marshes 
in Prince Edward County and 3.6% for inland marshes. A 
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Areas of wetland within the Bay of Quinte were compared by 
using overlays from topographical maps based on surveys flown 
in 1929, 1948, 1976, and 1979. In 1929 and 1948 the mean 
annual water level was higher than in 1979 (Sly 1986), which 
should have caused the shoreline to be further inland in the 
earlier period unless local changes occurred. The cultural 
change to a drier marsh, described by Whillans ( 1982), occurred 
in an area of about 200 ha on the south shore in the Deseronto 
area; paradoxically, there are fewer tracks and houses now in this 
area than in 1929. In the same region, a marsh at Unger Island 
has been drained. In the Trenton region, near Dead Creek and 
Carrying Place, an area of about 50 ha has been drained since 
1929, while approximately 3 km of fringing marsh east of 
Trenton has been developed. 

In the Huff Island region, although the edge of the marsh has 
moved slightly inland since 1929, changes are negligible in 
relation to the large wetlands. 

Hay Bay, with large cattail marshes which can become float
ing islands, has changed considerably. The shoreline has moved 
inland since 1948 except immediately east of the mouth of 
Wilton Creek. The area of emergent wetland in 1979 was about 
250 ha Jess than in 1948. 
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TABLE l. Macro invertebrate larvae, etc., associated with macrophytes in the Bay ofQuinte. Data represent no.· g dry wt- I (no.· m plant -2). From 
N. Gerrish and J. M. Bristow (unpubl. data). E = Elodea canadensis, M = Myriophyllum spicatum, V = Vallisneria americana, 
C = Ceratophyllum demersum. 

Taxon E 

June, water 
temp. l5°C 

M v 

Adolphus Reach 

c E 

July, water 
temp. l9°C 

M v c 

Belleville 

June, water July, water 
temp. 22°C temp. 22°C 

E M v c E M v c 

Hydrobiidae 51 199 635 71 138 826 162 132 0.4 4 I 18 <0.1 3 14 
(147) (334) (4636) (399) (429) (1388) (1183) (797) (4) (15) (2) (22) (l) (II) (23) 

Valvatidae ll 85 8 5 3 15 l 
(19) (621) (48) (8) (4) (56) (2) 

Physidae 49 215 7 22 523 18 33 7 0.2 2 
(82) (1570) (42) (64) (879) (131) (199) (9) (2) (3) 

Planorbidae 22 2 6 181 2 3 30 2 lO 34 5 
(15) (37) (12) (17) (304) (15) (18) (37) (20) (37) (57) 

Lymnaeidae 

Sphaeridae 

Chironomidae 

0.8 
(2) 

20 
(146) 

3 
(5) 
3 

(5) 
8 

lO 
(15) 

5 l 68 67 2 39 lO 
(29) 

5 150 
(8) (1095) 

21 
(127) (13) (37) (6) (84) (680) 

15 
(25) (3) (396) 

36 2 
(134) (3) 

Lepidoptera 

Odonata 

0.7 
(2) 

2 
(12) 

0.2 
(I) 

Although the Unger Island area has become less diversified, 
Hay Bay retains a mixture of pools and emergent vegetation that 
should still be good habitat for wildfowl. Parts of both the north 
and south shores were more indented in 1979 than in 1948. 

In 1979, the area of wetland was conservatively estimated at 
4074 ha, and in 1929 it was 8-10% larger despite higher water 
levels. 

As part of a comparative ranking of 35 southern Ontario 
wetlands, three shoreline marshes in the Bay of Quinte were 
evaluated by the Canadian Wildlife Service in 1983 (Maltby et 
a!. 1983 ). The survey was done in the summer and did not 
include a component on migratory birds. Overall scoring, which 
was partly based on recreational values and amenities, ranked 
Hay Bay as a wetland of high significance and Big Island Marsh 
and Muskote Bay as moderately significant. Some biological 
components of the scores were as follows: 

Hay Bay Big Island Muskote Bay 

Productivity 
(maximum 80) 64 64 63 

Diversity 
(maximum 120) 94 95 84 

Rarity 
(maximum 250) 180 230 130 

Significant habitat 
(maximum 250) 45 80 70 

In comparison with other wetlands of Prince Edward County, 
such as Presqu'ile Bay, East Bay, and Big Swamp, Big Island 
Marsh and Hay Bay were ranked first and third and Muscote Bay 
seventh out of a total of 15. 

Fauna 

The information we have found by searching local records, 

0.2 0.8 
(I) (8) 

I 
(l) 

county records, and the annals of natural history societies is 
organized under the headings of invertebrates, herpetiles, birds, 
and mammals. Personal interviews have been used to supple
ment the written sources. 

Invertebrates 

There is no complete inventory of insects of Prince Edward 
County (M. Taylor, Glenora, Ont., pers. comm.). Snyder eta!. 
(1941) listed spiders, crickets, and grasshoppers, but without 
locations or population estimates, so that no comparisons can be 
made. D. R. Barton (Department of Biology, University of 
Waterloo, Waterloo, Ont., unpubl. notes) studied aquatic 
insects along the shoreline of Lake Ontario, with some sampling 
sites in the Bay of Quinte. 

Gerrish and Bristow (1979) estimated the association of 
macroinvertebrates and water plants in submerged weedbeds in 
1976. Their biomass data relating particular taxa to four types of 
submerged plants are given in Table l. These data should form a 
useful basis of comparison for further study. Snails, Gammarus 
andAsellus were more numerous at Adolphustown Reach than at 
Belleville, while the Ceratogoponidae, Trichoptera, and 
Naididae were higher at Belleville throughout the season, and 
Chironomidae, Hydra, and Planaridiiae were usually so. During 
the period of sampling, there was a difference in temperature of 
7° (Table I) between the water in the upper and lower bay sites. 
Gerrish and Bristow (1979) found that finely divided leaves 
supported a greater biomass of invertebrates in other sites in 
eastern Ontario. 

Herpetiles 

A survey of the herpetile fauna of Prince Edward County was 
carried out in 1979 (Briggs 1979). Table 2 lists herpetiles found 
in 1941 and 1979 for all Prince Edward County and those found 
in 1979 at five sites within the bay. The taxa found at these five 
sites were common for such habitats in Prince Edward County 
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TABLE 2. List of herpetiles most likely to be found along the Quinte 
Bay shoreline (P. Briggs, unpubl. data). A, species recorded by Snyder 
et al. (1941) for all Prince Edward County ( + = present, + + = 
common); B, species recorded by Briggs (1979) for all of Prince 
Edward County; C, species found at sampling sites along Quinte Bay 
shoreline (Briggs 1979) (I = Baker Island, 2 = Huff Island Marsh, 
3 = Big Island Marsh, 4 = Picton Bay, 5 = Hay Bay (open water)). 

Species A B c 
Necturus maculosus maculosus (mudpuppy) ++ + 
Notophthalmus viridescens viridescens 

(red-spotted newt) ++ ++ 
Bufo americanus americanus (American toad) + ++ 3 
Hyla crucifer crucifer (spring peeper) + + 
Hyla versicolor (gray treefrog) + + 
Pseudacris triseriata triseriata 

(western chorus frog) + + 
Rana catesbeiana (bullfrog) + + 
Rana clamitans melanota (green frog) + ++ 2,3 
Rana pipiens (northern leopard frog) ++ ++ 2,3,4 
Chelydra serpentina serpentina 

(snapping turtle) + + 
Chrysemys picta marginata 

(midland painted turtle) + + 2,3,4 
Emydoidea blandingi (blanding's turtle) + + 
Graptemys geographica (map turtle) + + 1,4,5 
Sternotherus odoratlts (stinkpot) + + 
Natrix sipedon sipedon (northern water snake) + ++ 3,4 
Thamnophis sirtalis sirtalis 

(eastern garter snake) ++ ++ 

(P. Briggs, unpubl. data). There was no evidence of temporal 
change in the herpetile community because of a lack of quan
titative data. 

Birds 

Data available are discussed under the headings of birds 
associated with Quinte Bay shorelines, breeding ducks, 
migratory wildfowl, and birds visiting from offshore islands. 

Birds associated with the shoreline 
The information given by Snyder et al. (1941), Sprague 

( 1969), and Sprague and Weir ( 1984) is summarized in Table 3. 
Based on these qualitative data, little change in the community 
and limited variation in status are apparent. The pied-billed 
grebe has decreased from a common summer resident to an 
uncommon one, but no explanation for this was offered 
(Sprague 1969; Sprague and Weir 1984). Breeding loons and 
bitterns have declined, probably because of disturbed habitats 
(Robertson and Flood 1980). The American black duck popula
tion has decreased while those of mallard and blue-winged teal 
have become more common. (The changes in nesting ducks are 
discussed in the next section.) Red-winged blackbirds, usually 
associated with cattail marshes, are present in large numbers. 

It is difficult to give precision to these data, as their geograph
ical areas were either the region north of the Bay or Prince 
Edward County, so that some inland marshes are included. 

Breeding ducks 
In the 1920s, duck hunting was indicative of very large 

populations. Present populations are not large, and a decline was 
noticed in the late 1940s (Peters 1951 ). 

While numbers declined, the community also changed during 
the 1950s to 1970s. In the early 1950s, the most common 
breeding ducks were blue-winged teal and American black duck 
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in southern Ontario and particularly American black duck in 
Prince Edward County (Stirrett and Harris 1951; Stirrett 1954; 
Lumsden 1954a, 1954b). By 1971, breeding mallard had 
increased sixfold; blue-winged teal were less abundant and 
American black duck were only half as many as in 1951 (Collins 
1979). Again, the increase in mallard was common to Prince 
Edward County and to southern Ontario as a whole. A difficulty 
with these data is a comparison of ground and aerial surveys, as 
blue-winged teal are less easily seen from the air (Tables 4, 5). 

The decline of breeding populations has been attributed to 
hunting, predation, muskrat trapping, and low water levels or 
reduction of food plants (Peters 1951 ). Hunting, combined with 
a lack of sanctuaries, seems a likely cause because as early as the 
1950s, Cringan (1958) remarked that apparently good habitats 
had few birds. He stated that they had only 1.2-2.0 birds per 
acre where 10-20 could have been expected. The habitat he 
described was a mixture of submerged vegetation, pools, and 
emergent vegetation. 

Migratory wildfowl 
Surveys from different dates are difficult to compare because 

of differences in sampling methods. The marshes of Prince 
Edward County are short stopover points for dabbling ducks 
despite artificial feeding, probably because of hunting pressure 
and lack of sanctuaries (Dennis and Chandler 1979). The large 
marshes of Big Island, Huff Island, and Hay Bay do not have as 
many visitors as could be expected except for large flocks of 
mergansers (see Table 6). The anomalous lack of waterfowl has 
been attributed to deteriorating habitat by R. K. Ross, (in prep.), 
caused by pollution, eutrophication, or extensive growth of 
cattails. 

Migratory shorebirds are fewer than might be expected, and 
again, the density of cattails at marsh edges has been thought to 
be a cause because it reduces the number of staging sites 
(Strahlendorf 1979). 

Visiting birds from offshore Islands 
The herring gull populations fluctuate but are generally 

declining (Blokpoel 1977; H. Blokpoel, Canadian Wildlife 
Service, Ottawa, Ont., unpubl. data). This area is on the limit of 
their range (H. Blokpoel, pers. comm.). Nesting terns have also 
declined (Blokpoel 1977; H. Blokpoel, unpubl. data). Caspian 
Terns have not been common nesters in this part of the Lake 
Ontario basin, although they nest at Pigeon Island- they do not 
appear to have changed significantly in numbers (Blokpoel 
1977). 

Ring-billed gulls have a large nesting population which has 
been increasing rapidly since 1960 (Ludwig 1974; Blokpoel 
1977; H. Blokpoel, unpubl. data). Double-crested cormorants 
were not common in 1941 (Snyder et al. 1941 ), were rare in the 
1960s and early 1970s, and are now fairly common (Sprague 
and Weir 1984). Their nesting sites include Little Galloo Island, 
Scotch Bonnet Island, and Pigeon Island, and while the popula
tion on the islands had dwindled until the late 1970s, there was a 
dramatic increase by 1980 (H. Blokpoel, unpubl. data). The 
colony on Little Galloo Island increased by 200% from 1977 to 
1981 (D. V. Weseloh, Canadian Wildlife Service, Ottawa, Ont., 
pers. comm.; Scharf and Shugart 1981). 

Changes in breeding success and breeding behaviour have 
been linked to pollutants such as DDT in herring gulls on Scotch 
Bonnet Island; after a marked decline, the ban on DDT was 
reflected by recovery in numbers and possibly behaviour 
(G. Fox, Canadian Wildlife Service, Ottawa, Ont., pers. 
comm.). Other piscivores show a similar pattern (Scharf and 
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TABLE 3. Summary of status of birds associated with shoreline of Prince Edward County from Snyder et al. (1941), Sprague (1969), and Sprague and 

Weir ( 1984), and breeding status along Quinte Bay shoreline as recorded for the Ontario Breeding Bird Atlas Survey (Sprague 1983). Thxonomy of 

birds according to American Ornithologists' Union nomenclature (1982). S, spring; F, fall; Fr., fairly; isl., islands; no., numbers. 

Breeding status 

I Snyder et al. (1941) Sprague (1969) Sprague and Weir (1984) (Sprague 1983) 

As As summer As As summer As As summer Recorded 

Species migrant resident migrant resident migrant resident Prob. Conf. abundancea 

I Red-throated loon Rare, S,F Rare, S,F Rare, S,F 

(Gavia stellata) 

Arctic loon One record, 

I 
(Gavia arctica) s 

Common loon Regular, S Recorded Fr. common, Common, Uncommon + 1' 1' 1 
(Gavia immer) breeding breeding regular, S,F 

Pied-billed grebe Common, Common Uncommon, Uncommon Regular, S,F Uncommon + 2,1 ,2 

I 
(Podilymbus podiceps) S,F breeder S,F 

Horned grebe Fr. common Fr. common Fr. common 
(Podiceps auritus) 

Red-necked grebe S,F Rare, S,F Rare, S,F 

I (Podiceps grisegena) 

Eared grebe Very rare, 

(Podiceps nigricollis) S,F 

I 
Double-crested Regular, S,F Uncommon, Fr. common, 

cormorant nearby is!. nearby is!. 
(Phalacrocorax auritus) 

American bittern Common Common Fr. common + 2,3,2,2,2 

I 
(Botaurus lentiginosus) 

Least bittern Fr. common Fr. common Rare, + 2 

(Ixobrychus exilis) uncommon 

Great blue heron S,F Fr. common Fr. common Fr. common, + 3,3,3 

I 
(Ardea herodias) some 

overwinter 

Green-backed heron Uncommon Uncommon, Uncommon + 2,2, 1 

(Butorides striatus) regular, S,F 

I Black-crowned Uncommon, Nesting on Rare, 
night-heron irregular nearby is!. regular, 

(Nycticorax nycticorax) nearby is!. 

Thndra swan Rare, Uncommon, Fr. common, 

I (Cygnus columbianus) irregular, regular, regular, 
S,F S,F S,F 

Snow goose Rare, Regular, F Rare, S,F, 

I 
(Chen caerulescens) irregular, F regular 

Brant Rare, Common, S; 

(Branta bernie/a) irregular uncommon, 
F 

I 
Canada goose Regular, S,F Common, Abundant, Rare, some + 

(Brallta canadensis) regular, S,F regulm; S,F overwinter 

Wood duck S,F Reduced Seriously Fr. common, Fr. common + 2,2 

(Aix sponsa) no., regular decreased S,F 

I 
no. 

Green-winged teal Fr. common, Fr. common, Fr. common, Uncommon + 1,1 
(Anas crecca) S,F S,F S; 

uncommon, 

I 
F 

American black duck Most Most common Declining Common, Uncommon, + 2,2, 1, I 

(Anas mbripes) common duck in no., S,F declining 
duck, S,F some no. 

I overwinter 

Mallard S,F Not known Common, Common, Fr. common + 3,3,3,3,2, 

(Anas platyrhynchos) some S,F 3,2 
overwinter 

I Northern pintail Fr. common, Rare, S,F Rare Common, Uncommon + 1,1 
(Anas a cut a) S,F S,F to rare 

I 193 



I 
TABLE 3. (Continued) 

I Breeding status 
Snyder et a!. (1941) Sprague (1969) Sprague and Weir (1984) (Sprague 1983) 

As As summer As As summer As As summer Recorded 

I Species migrant resident migrant resident migrant resident Prob. Conf. abundancea 

Blue-winged teal Common, Fr. common Common Fr. common, Fr. common + 3,3,3,2,2 
(Anas discors) F S,F 

Northern shoveler Rare, S,F Rare, Uncommon, Rare + 1,1 I (Anas clypeata) regular, S· , 
S,F casual, F 

Gadwall Rare, F Rare, F Fr. common, Fr. common + 1,1 

I (Anas strepera) S,F 
American wigeon Rare, S,F Fr. common, Uncommon, Rare 

(Anas americana) S,F S; 
uncommon, 

I F 
Canvasback Rare, Uncommon, Common, S; 

(Athya valisineria) regular, S,F, regular, uncommon, 
formerly S,F F I vast flocks 

Redhead Rare, S,F Common, Uncommon, 
(Aythya americana) formerly S,F S,F 

vast flocks I Ring-necked duck Fr. common, S,F Uncommon, 
(Aythya collaris) regular, S; very 

S,F rare, F 
Greater scaup Most Most common Common, S; Fr. common I (Aythya marila) common of non- abundant, in winter 

of non- breeding F 
breeding ducks 
ducks, S,F, I no. reduced 

Lesser scaup Fr. common, S,F Fr. common, 
(Aythya affinis) S,F S; 

I uncommon, 
F 

Common eider Very rare, 
(Somateria mollissima) F 

I King eider Rare, F Rare, F Rare, F 
(Somateria spectabilis) 

Harlequin duck Casual, F 
(Histrionicus I histrionicus) 

Oldsquaw F Some Common, Some Abundant, Abundant 
(Clangula hyemalis) overwinter S,F overwinter S,F in winter 

Black scoter Rare, S; I (Melanitta nigra) uncommon, 
F 

Surf scoter Uncommon, 
(Melanitta ) S,F I perspicillata) 

White-winged scoter Uncommon, Regular, Some Fr. common, 
(Melanitta fusca) regular, S,F overwinter S,F 

I S,F 
Barrow's goldeneye One winter 

(Bucephala islandica) record 
Common goldeneye Fr. common, Common, Some Very Very common 

I (Bucephala clangula) S,F S,F overwinter common, in winter 
S,F 

Bufflehead Rare, Fr. common, Abundant, Common 
(Bucephala albeola) regular, S,F S,F in winter I S,F 
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TABLE 3. (Continued) 

Breeding status 
Snyder et a!. (1941) Sprague ( 1969) Sprague and Weir ( 1984) (Sprague 1983) 

I 
As As summer As As summer As As summer Recorded 

Species migrant resident migrant resident migrant resident Pro b. Conf. abundance• 

Hooded merganser Regular, Fr. common, Uncommon, + 

I 
(Loplwdytes cucullatus) S,F S,F S; rare, F 

Common merganser Fr. common, Very Very Common + 
(Mergus merganser) S,F common, common, S; in winter 

S,F common, F 

I 
Red-breasted merganser Common, Common, Common, Recent in 

(Mergus serrator) S,F S,F S; summer 
uncommon, 
F 

I 
Ruddy duck Rare, Rare, Very rare, 

( Oxyura jamaicensis) irregular, regular, S; 
S,F S,F rare, F 

Northern harrier Most Most Common Common, Common, Fr. common + 1,2,3,3,2, 

I (Circus cyaneus) common common some S,F 2,1 
hawk hawk overwinter 

Yellow rail Regular, 
( C otllmi cops very rare, 
noveboracensis) s 

King rail Present in Present in Rare, 
(Rallus elegans) marshes marshes irregular 

I 
Virginia rail Common in Common in Fr. common + 3,3,1 

(Rallus limicola) marshes marshes 
Sora Common in Common in Fr. common + 3,2,2,2 

(Porzana carolina) marshes marshes 

I 
Common moorhen Common in Common Fr. common + 3,3 

(Gallinula chloropus) marshes 

American coot Fr. Occasion-
(Fulica americana) common, ally nests 

I 
S,F 

Killdeer Common Common Common, Common + 3,4,4,4,3, 
(Charadrius vociferus) S· 3,3,2 

' abundant, 

I F 

Spotted sandpiper Common Common Fr. common + 3,3,3,3,3, 
(Actitus macularia) 2 

Upland sandpiper Fr. common Present Fr. common + 3,3,2,2,1 

I (Bartramia longicauda) 

Common snipe S,F Uncommon, Common Common Fr. common + 3,3,3,2 
(Gallinago gallinago) formerly 

I 
plentiful 

American woodcock Rare Rare, Fr. common Fr. common + 2,3,3,3,3, 
(Scolopax minor) formerly 2 

common 

I 
Wilson's phalarope Rare Observed Rare + 

(Phalaropus tricolor) 

Ring-billed gull Visitor, Common, Very Very 
(Lams delawarensis) mainly nesting on common, common 

I S,F nearby is!. S,F 

Herring gull Visitor, Common, Abundant, Common, 
(Larus argentatus) all year nesting on S,F abundant 

nearby is!. in winter 

I Caspian tern Uncommon, Common, Common, Common 
(Sterna caspia) S,F nesting on S,F 

nearby is!. 

I 
Common tern Common, Common, Uncommon, Uncommon 

(Sterna hirundo) nesting on nesting on S; fr. 
nearby is!. nearby is!. common, F 
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TABLE 3. (Concluded) 

Breeding status 
Snyder et al. (1941) Sprague (1969) Sprague and Weir (1984) (Sprague 1983) 

As As summer As As summer As As summer Recorded 
Species migrant resident migrant resident migrant resident Prob. Conf. abundance• 

Forster's tern Occasional, One summer 
(Sterna forsteri) s record 

Black tern Common Common Fr. common + 3,3 
(Chlidonias niger) 

Belted kingfisher Present Common, Fr. common, Uncommon + 2,3,3,2,2, 
(Ceryle alcyon) some S,F 2,2,1 

overwinter 
Eastern phoebe Regular Fr. common, Fr. common, Uncommon + 2,2 

(Sayornis phoebe) regular S,F 

Eastern kingbird Common Common Common, Fr. common + 3,3,3,3,3, 
(JYrannus tyrannus) S; very 3,2 

common, F 

Purple martin Fr. common Fr. common Very Common + 3,3,3,3,3, 
(Progne subis) common, F 3,2 

Tree swallow Common Common Abundant, Common + 3,4,4,4,4, 
(Tachycineta bicolor) S,F 3,4,3 

Northern rough-winged Rare Fr. common Common, Fr. common + 3,2,2,2,1 
swallow S; 
(Stelgidopteryx fr. common, 
serripennis) F 

Bank swallow Common, Common Uncommon, Fr. common + 3,2 
(Riparia riparia) irregularly S; 

distributed fr. common, 
F 

Cliff swallow Present Uncommon Uncommon, Uncommon + 2,1 
(Hirundo pyrrhonota) S,F 

Bam swallow Common Very Very Common + 3,3,3,3,3, 
(Hirundo rustica) common common, S; 3,4,3 

abundant, 
F 

Sedge wren Irregular Uncommon Rare to 
(Cistothorus platensis) uncommon 

Marsh wren Common in Common in Fr. common + 3,4 
(Cistothorus palustris) marshes marshes 

Common yellowthroat Common, Very Common, Fr. common, + 3,3,2,3,2 
(Geothlypis trichas) breed on common S,F; abundant 

many marsh in marsh abundant, 
borders areas S,F 

Red-winged blackbird Very Very Very Abundant + 3,5,5,4,4, 
(Agelaius phoeniceus) common common abundant, 4,5,3 

in marshes in marshes S,F 

a I, I pair present; 2, 2-10 pairs present; 3, 11-100 pairs present; 4, 101- 1000 pairs present; 5, 1001-10 000 pairs present (Eagles and 
Cadman 1981). 

Shugart 1981 ). Interspecific differences could be due to dif
ferences between diets composed wholly of fish and those 
including terrestrial food. 

Although these bird populations do not depend on the Bay of 
Quinte for their breeding success, they may be important in the 
ecology of the bay as fish predators. 

Mammals (taxonomy according to Banfield I 974) 

Muskrats (Ondatra zibethicus Kuhl) and beavers (Castor 
canadensis Kuhl) are the important mammals of the Bay of 
Quinte wetlands, although one would also expect mice, voles, 
moles, raccoons, and perhaps mink there. Beaver increased in 
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the 1930s (Snyder et a!. 194 I), as they did in much of southern 
Ontario. They are more common in the marshes than along the 
rocky shores, although they can occasionally be seen beside the 
Glenora ferry. Shores backed by fields rather than edible trees 
limit their numbers, which are not so dense as in wooded parts of 
the Canadian Shield north of the bay. 

Muskrats are trapped in the bay and records of furs sold (and 
sometimes of the density of muskrat houses) date back to the 
1930s. In 1977, Palilionis compared density in Big Island 
marsh, Hay Bay, and marshes on the Rideau River (Table 7). All 
were considered relatively low. At least 12 trappers use Hay Bay 
and, in 1975-79, trapped 60-400 muskrats per year. 

The trapping records from 1961 to 1976 showed a fluctuating 
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TABLE4. Estimate of pairs of main nesting species of ducks at Huff Island and Big Island marshes from aerial and ground surveys for 1951-58 and 
ground survey for 1958 (from Cringan 1958). NS, not surveyed. 

Aerial surveys Ground 
1951: 1952: 1953: 1954: 1955: 1956: 1957: survey, 

Species May 31 May 16 July 13 May 16 May 13 May 14-15 May 13 1958 1958 

Huff Island Marsh 
Blue-winged teal 2 I 0 0 NS 0 I 0 27 
Mallard I 0 10 6 NS 5 16 12 17 
Black duck 3-5 3-5 12-23 4-7 NS 2-3 6-11 7 11 

Total 6-8 4-6 22-33 10-13 NS 7-8 23-28 19 55 

Big Island Marsh 
Blue-winged teal 2 0 I 0 3 0 I 0 12 
Mallard 0 I 5 I 4 5 6 3 15 
Black duck I I 1-2 3-6 13-15 1-2 0 9 12 

Total 3 2 7-8 4-7 20-22 6-7 7 12 39 

TABLE 5. Total number of ducks observed for three main nesting species in Huff Island, Big Island, and Hay Bay marshes using aerial or ground 
surveys. Except for Cringan's (1958) ground survey, all other surveys took place on one day. NS, not surveyed. 

Ground 
survey, Aerial surveys Ground Aerial Ground 
Stirrett survey, survey, survey, 

and Harris Lumsden Lumsden Lumsden Lumsden Bittle Cringan Cringan Bittle J. M. 
Species (1951) (195 I) (1952) (1953) (1954b) (1956) (1958) (1958) (1960) Collins" 

Huff Island Marsh 
Mallard NS 0 0 II 7 8 24 34 3 NS 
Black duck NS 3 5 23 7 7 14 22 9 NS 
Blue-winged teal NS 4 I 0 0 0 0 54 2 NS 

Big Island Marsh 
Mallard 1 0 2 5 I 5 6 30 15 2 
Black duck 2 I 1 2 6 2 9 24 13 0 
Blue-winged teal 9 2 0 2 0 0 0 24 0 4 

Hay Bay Marsh 
Mallard NS 0 2 2 8 7 NS NS I 9 
Black duck NS 5 0 3 0 13 NS NS 3 2 
Blue-winged teal NS 6 2 2 8 0 NS NS 0 8 

a Data obtained from G. McCullough (Canadian Wildlife Service, London, Ont.). 

population (Palilionis 1977), although these data can reflect fur 
prices as well as density. It is normal for muskrat numbers to 
fluctuate (Errington eta!. 1963; Weller 1981) and the causes 
have variously been suggested to be (1) a cycling population, 
(2) higher mortality in years with droughts or unusually cold 
winters, or a combination of dry and cold conditions in winter, 
(3) lack of food plants, particularly Typha, possibly as a result of 
changed water levels, and (4) overintensive trapping. 

It is not possible to assess the causes of the fluctuations in the 
Bay of Quinte populations, although Pali lionis ( 1977) favoured 
a combination of low water levels and severe winters as the cause 
of declines in 1963-68 and 1972-77 (cf. Sly 1986). There are 
no records of "eat-outs" of cattails such as those recorded in 
Iowa (Weller 1981) in which the decimation of the plants caused 
a change from emergent marsh to open water. In fact, Palilionis 
( 1977) commented, when the population was relatively low, that 
Big Island appeared to be the ideal habitat with plenty of food 
and a mixture of open water and emergents. 

Discussion 

There is a dearth of accurate information about the fauna of 

the wetlands and shores during the past 50 yr, and existing data 
are hard to compare because of anomalies of sampling. The only 
obvious trends were (I) a diminution of numbers of breeding 
ducks, (2) a change in the community of ducks from blue
winged teal and American black duck to mallard, (3) a diminu
tion of offshore fish-eating birds, followed by increased visiting 
of double-crested cormorants and ring-billed gulls, (4) a slight 
increase in beavers since the 1930s, and ( 5) fluctuating popula
tions of muskrats. 

Changes in habitat have included drainage. Whillans (1982) 
measured extensive loss of wetlands along the Lake Ontario 
shore west of Prince Edward County due to road making, 
agriculture, housing, etc., and while the Bay of Quinte has 
probably not changed to a similar extent, there has been some 
loss. Within the marshes, there is evidence of a loss of stands of 
wild rice, wild celery, and sago pondweed, which are all food 
for ducks. Carp have increased in the bay and may be partly 
responsible for this change; carp caught in 1978 had 10 plant 
species in their stomachs, including seeds of wild rice and of two 
species ofpondweed (Powles et al. 1983). There are now exten
sive stands of cattails, used as food by muskra~s. Paleoecologi
cal evidence suggests that the cattail stands spread in 
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TABLE 6. Number of migrating ducks in Quinte Bay recorded by surveys of the Canadian Wildlife Service, Ottawa, Ont. Data for the I 970 survey 
were obtained by D. G. Dennis and R. E. Chandler, while the 1977 survey was conducted by K. Ross. 1970-71: A, Muscote Bay, Aug. 31 to Dec. 
21 (8 samples); B, Hay Bay, Aug. 31 to Dec. 21 (8 samples). 1977 (spring flights): C, Murray Canal to Belleville, Mar. 25 to Apr. 30 (3 samples); D, 
Belleville to Deseronto (Muscote Bay), Mar. II to Apr. 30 (4 samples); E, Long Reach (Hay Bay), Mar. 25 to May 25 (4 samples); F, Picton Bay to 
Adolphus Reach, Mar. 25 to Apr. 30 (3 samples), 1977 (fall flights): G, Belleville to Deseronto (Muscote Bay), Aug. 29 (I sample); H, Long Reach 
(Hay Bay), Aug. 29 to Nov. 2 (2 samples); I, Picton Bay to Adolphus Reach, Nov. 6 to Dec. 3 (2 samples). 

1970 

Species A B c 
Canada goose 146 72 

(Branta canadensis) 
Wood duck 37 2 

(Aix sponsa) 
Green-winged teal 122 89 

(Anas crecca) 
American black duck 723 205 

(Anas rubripes) 
Mallard I 937 585 

(Anas platyrhynclws) 
Northern pintail 7 4 

(Anas acuta) 
Blue-winged teal 53 44 

(Anas discors) 
Gadwall 4 

(Anas strepera) 
American wigeon 

(Anas americana) 
Canvasback 85 

(Aythya valisineria) 
Ring-necked duck 2 15 

(Aythya collaris) 
Scaup 877 489 

(Aythya spp.) 
Oldsquaw 

(Clangula hyemalis) 
Common goldeneye 8 74 16 

(Bucephala clangula) 
Bufflehead 20 8 

(Bucephala albeola) 
Mergansers 14209 450 298 
Common moorhen 7 

(Gallinula chloropus) 
American coot 13 

(Fulica americana) 

Unknown 1076 I 12 

Thtal 25 520 2149 314 

conjunction with forest clearance and increased runoff 
(Teras mae and Mirynech 1964 ), starting in the eighteenth cen
tury. Where silting occurs, a slow succession towards fen carr 
and swamp forest could be expected. 

The diminution of breeding ducks could be related to loss of 
food plants, but hunting and a lack of sanctuaries may be 
responsible. This seems a more likely explanation because 
Cringan ( 1958) remarked on the paucity of birds in good habitats 
as early as the 1950s. Dabbling ducks are most dense in habitats 
consisting of equal areas of open water and emergent plants 
(Kaminski and Prince 1981), and large areas of Hay Bay provide 
this mixture. 

The change of balance between mallards and other ducks is 
part of a general phenomenon in southern Ontario, but can 
reflect local changes of water level. Blue-winged teal tend to use 
the upper parts of marshes, American black ducks the lower, and 
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Spring 1977 Fall 1977 

D E F G H 

43 20 20 

56 4 23 

21 6 5 6 

20 3 

20 

7 12 

6 

43 28 I 519 23 7 

12 

160 60 729 48 193 

5 178 

2 262 647 308 4 116 

277 36 2149 2 30 20 

2 890 803 4928 17 125 365 

TABLE 7. Estimates of muskrat populations at Big Island and Hay Bay 
in the Bay of Quinte and in Rideau Marshes. Data from Palilionis 
(I 977). Five muskrats per house were assumed. 

Marsh Houses per acre Total population 

Rideau 0.6370 3185 
Big Island 0.4625 3496 
Hay Bay 0.4103 4852 

mallards generally increase in particularly wet years (Weller 
1981). Increased density of cattails may also have reduced the 
suitable sites for nests in the wetter areas. Reduction in numbers 
of loons and bitterns is like! y to be caused by disturbance during 
the breeding season, for example by boat traffic (Robertson and 
Flood 1980). 
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Predation of fish in the bay is inftue~ced by birds that breed on 
the islands in Lake Ontario. Terns and gulls have shown 
behavioural changes and experienced breeding failures that have 
been attributed to pollution (Gilman et al. 1977), but have 
recently begun to breed successfully again. The change in 
breeding success began in 1978 following legal restrictions on 
pesticides such as DDT (G. Fox, Ottawa, Ont., pers. comm.). 
Double-crested cormorants, which are also piscivores, have 
been visiting the bay in larger numbers in recent years and may 
show the same reaction to pollutants (D. V. Weseloh, Ottawa, 
Ont., pers. comm.). The increase of cormorants has been gen
eral in the Great Lakes, but the greatest population growth is on 
Little Galloo Island (Scharf and Shugart 1981). 

The number of beavers is low in comparison with that in 
neighbouring parts of eastern Ontario, where there is less farm
ing and where there are more forested shorelines. They appear 
to have had little impact on water levels in the marshes. 

Muskrat populations have not been reported to be dense and 
there is no evidence of them having "eaten-out" their main 
food, the cattail. Their numbers have fluctuated temporally but 
it is not possible to distinguish the effects of microclimatic 
change, water levels, and trapping. 

The mammals and birds interact in the marshes, as muskrats 
keep the channels and the areas around their houses open, 
providing a more mixed habitat than dense cattail stands. Birds 
such as mallards and terns may nest on top of old muskrat 
houses. 

Apart from the indirect effects of changes in food plants and 
lowered plant diversity, eutrophication does not appear to have 
greatly changed the fauna of the wetlands. Drainage, hunting, 
trapping, and recreational traffic appear to have had greater 
impacts. If future trends are to be investigated, regular long
term sampling on a consistent basis should be instituted. 
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Fish Populations of the Bay of Quinte, Lake Ontario, 
Before and After Phosphorus Control1 

D.A. Hurley 
Ontario Ministry of Natural Resources, Glenora Fisheries Station, 

R.R. 4, Picton, On!. KOK 2TO 

Hurley, D.A. 1986. Fish populations of the Bay of Quinte, Lake Ontario, before and after phosphorus 
control, p. 201-214. In C.K. Minns, D.A. Hurley, and K.H. Nicholls [ed.] Project Quinte: point
source phosphorus control and ecosystem response in the Bay of Quinte, Lake Ontario. Can. 
Spec. Publ. Fish. Aquat. Sci. 86: 270 p. 

The abundance and distribution of the major fish species in the Bay of Quinte were determined, using both 
mobile and static gear, in the years prior to and following the significant reduction in nutrient inputs that 
occurred in 1977-78. Although year-to-year variability in their numbers was high, some of the major 
species, such as alewife (Aiasa pseudaharengus), white perch (Marone americana), yellow perch (Perea 
flavescens), and walleye (Stizastedian vitreum vitreum), showed significant shifts in abundance that were 
evidently more related to a climatic anomaly and to predator-prey interactions than to changes in nutrient 
concentrations. The fish community of the bay has changed from a percichthyid-clupeid dominated one 
during the 1960s and 1970s to one where percids are now more abundant and percichthyids and clupeids 
are reduced. 

On a determine le nombre et Ia repartition des principales especes de poisson dans Ia baie de Quinte a 
l'aide d'engins mobiles et fixes avant et apres l'importante baisse de !'apport de bioelements en 1977-1978. 
La variabilite du nombre d'une an nee a l'autre etait elevee, mais certaines des principales especes com me 
le gaspareau (A/asa pseudaharengus), le baret (Marone americana), Ia perchaude (Perea flavescens) et le 
dore jaune (Stizastedian vitreum vitreum) ont presente d'importantes variations numeriques qui etaient 
manifestement plus liees a une anomalie climatique et aux interactions predateur-proie qu'aux change
ments des concentrations de bioelements. Dominee par les percichthyides et les clupeides au cours des 
annees 1960 et 1970, Ia communaute piscicole de Ia baie est maintenant composee principalement de 
percides et d'un nombre reduit de percichtyides et de clupeides. 

Introduction 

One of the major goals of Project Quinte was to examine the 
effect of trophic state, in a nutrient loading context, on the 
structure, composition, and diversity of aquatic communities 
(Anonymous 1981). With respect to the fish community, the 
objective was to compare the structure, diversity, and produc
tion before and after phosphorus control. 

compete successfully, and as a consequence, smaller, short
lived species proliferated. A comparable situation developed in 
Lake Wingra where eutrophication, habitat alteration, and intro
duction of exotic species resulted in the decline of the native fish 
predators, while species of panfish increased in number and 
became stunted (Baumann eta!. 1974). 

In light of this goal and objective, the primary purpose of this 
paper is to provide a compendium of information on the fish 
species of the bay before and after phosphorus control. A 
secondary purpose is to relate observed changes in fish species 
to possible causes such as nutrient concentrations, weather 
anomalies, piscivore abundance, and exploitation. 

In a previous paper, Hurley and Christie (1977) described the 
fish community of the bay when it was in a degraded state, one 
we characterized by large numbers of small-sized, or stunted, 
species with relatively short life spans but with high reproduc
tive potential. Christie and Scott ( 1985) elaborated on this theme 
further, while Minns and Hurley (1986) examined the produc
tion of white perch,2 one of the major species in the bay. 

It was the contention of Christie (1973) and Hurley and 
Christie ( 1977) that the abundance of piscivores was a key factor 
in maintaining a balanced fish community, i.e. one where one or 
two species of planktivores or benthivores did not dominate the 
community. The thesis of these authors was that eutrophication 
produced a stress that inhibited the ability of large piscivores to 

'Contribution 85-01, Ontario Ministry of Natural Resources, Fish
eries Branch, Maple, Ont. LOJ lEO. 

2Scientific names of fish species are given in Table I. 

In the Bay of Quinte, however, reductions in nutrient inputs 
and the effects of a weather anomaly have resulted in a reversal 
of this trend. The dramatic return of piscivorous walleye in the 
late 1970s, and the contemporaneous decline in white perch, 
probably caused by a winter-kill, have resulted in reduction of 
small-sized species and an increase in the growth rate of white 
perch. 

The fish community, therefore, has responded in a relatively 
short time frame to the relaxation of some of the stresses that had 
caused its degradation. Whether or not this current structure can 
be maintained will depend on the continued production of large 
piscivores (Christie and Scott 1985), and ultimately on the 
maintenance of reduced nutrient inputs. 

Methods 

Sampling Locations 

The Bay ofQuinte (Fig. 1) can be morphologically separated 
into three distinct zones (Sly 1986). The upper bay from the 
Trent River to Deseronto is relatively flat-bottomed with a mean 
depth of 3.2 m. The middle bay from Deseronto to Glenora 
contains Long Reach, Hay Bay, and a broadened area from 
Picton to Glenora. The mean depth of Long Reach is 6.3 m and 
of Hay Bay is 1. 9 m. The lower bay extends from Glenora to 
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FIG. I. Bay of Quinte showing sites of trawl drags (e), gillnet sets (.A.), and trap nets (•). 

Adolphus Reach and has a mean depth of 23.8 m. The three 
zones exhibit marked differences in temperature profiles pri
marily because of their different mean depths; sampling loca
tions were chosen to represent these zones. The upper bay was 
always the warmest and the lower bay the coldest zone. 

Sampling Gear 

Four types of sampling gear were used: bottom trawls and gill 
nets for sampling deeper offshore sections of the bay, trap nets 
for shallower nearshore areas, and beach seines for selected 
areas along the shore. Each type of gear was suited to examine 
certain segments of the fish populations. Each also has its degree 
of selectivity so that a combination of gear types allows a more 
integrated understanding of the nature of fish populations in any 
location within the bay. 

Bottom trawl 
A 3/4 Western bottom trawl, 19m long with 6-m wings and 

1. 3-cm stretched mesh in the cod-end, was used each month 
from May through September and dragged over a distance of 
400 mat a speed of I .1 m · s- 1• Seven locations were fished from 
1972 to 1974 and an eighth was added near Indian Point from 
1975 to 1980 (Fig. 1). In 1981 and 1983, only three sites were 
fished, Big Bay, Hay Bay, and Conway. No fishing was done in 
1982. The depth of the trawl drags was 5 m in the upper bay 
between Trenton and Deseronto, 7 m at Hay Bay, 18 m at 
Glen ora and Indian Point, and 22 m at Conway. The 400-m drag 
was used as the unit of effort. 

Bottom trawl drags were limited to areas where the bottom is 
relatively smooth and free from obstructions. Trawl doors and 
warps tend to herd fish but that reaction depends on the degree of 
visibility of the net (Blaxter eta!. I 964). With Secchi disc values 
of between 90 and 300 em in the Bay of Quinte, the trawl would 
be invisible at a distance of a few metres in the water. 

Beach seine 
A limited number of seine hauls were made on an irregular 

basis during June, July, and August throughout the bay, pri
marily to census the fish populations along the shoreline. A bag 
seine of 9-m length, 1.8-m depth, and 0.3-cm2 "Delta" mesh 
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was used to sweep selected shore locations between 18:00 and 
06:00. 

Bottom gill net 
Between 1972 and 1974, an experimental gill net containing a 

series of graded mesh sizes was set once each month 
(May-August) at seven sites. After 1975, two additional sites 
were added near Indian Point (Fig. 1 ). A similar net had been 
fished at one location in Hay Bay since 1958. After 1980 only 
three sites were fished, Big Bay, Hay Bay, and Conway. The 
experimental gill net consisted of 45.7 m of each of 3. 8- through 
11.4-cm mesh (stretched measure) in I .3-cm increments. This 
net was set overnight at each location. When smaller mesh sizes 
became excessively laden with alewife, the lengths of the 3.8-, 
5.1-, and 6.4-cm mesh portions were reduced from 45.7 to 
22.8 m. Nets were set parallel to the shore on the bottom at 
depths from 4 m in the upper bay to 12m in the lower bay at 
Indian Point. 

The catch per unit of effort (CUE) for gillnet catches was 
calculated on the basis of data adjusted to the catch from an 
overnight set of 91.4 m for each mesh size. 

Trap net . 
During July of several years between 1969 and 1982, two 

1.8-m trap nets with 3.8-cm mesh (stretched measure) were 
fished overnight for a period of six or seven nights. Two loca
tions were chosen for these surveys: one in the upper bay near 
Trenton and the other in Hay Bay. The nets were positioned so 
the main trap was in about 3m of water depth, and the 30.5-m 
leader was tied to shore. The unit of fishing effort for this gear 
was one overnight set. 

Catch Processing 

The total catch from each gear was counted by species and the 
total weight of each species was recorded. A subsample of 
20-30 fish from each species was selected as randomly as 
possible. In the case of gillnet catches, a subsample was 
obtained from each mesh size fished. 

The fork length and weight of each fish in the subsample were 
recorded, a scale sample or suitable bony segment (for aging) 
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was obtained, the sex and state of maturity of the gonads were 
noted, and in some cases, the stomach contents were preserved. 

Measure of Diversity 

The diversity was measured by the Shannon Index (Shannon 
and Weaver 1949) at three sites representing the upper, middle, 
and lower bay from the combined May-August gillnet sets for 
each year. 

The index of diversity is measured by (Clifford and 
Stephenson 1975) 

1 s 
H' = In N - - L n In n 

Nl 
(1) 

where H' is the diversity per individual specimen, N is the grand 
total of individuals of all species at one site, S is the number of 
species, n is the number of individuals of a given species. 

Calculation of Evenness 

The measure of the degree of equitability of individuals 
among the species in a community is termed evenness, and 
diversity is a measure that confounds both the number of species 
and their evenness in a collection (Pie!ou 1977). Pielou ( 1977) 
cautioned against the measure of evenness in situations where 
the number of species is unknown. It is assumed in the case of 
gillnet catches in the bay that species number and their relative 
abundance were known through the extensive sampling effort. 
In addition, it is assumed that sample removal did not signifi
cantly affect the total population. Christie and Scott ( 1985) 
discussed these same assumptions in regard to trapnet catches. 

The equation to calculate evenness is as follows: 

(2) V' = ___!£_ 
logS 

where V' is evenness of the fish community and the other 
constants are as defined above. 

Results and Discussion 

Relative Abundance and Distribution of Fish 

The Bay of Quinte supports a diverse fish fauna. Of 142 
species of freshwater fish in the Atlantic Drainage Basin (Scott 
and Crossman 1973), 65 species representing 45 genera and 23 
families inhabit this bay (Table 1 ). Most are generally associated 
with warm water, but a few cold-water forms are present for at 
least part of the year. Among the cold-water species are five 
salmonines that were recently introduced (or reintroduced) by 
man. 

The discussion that follows is based on the experimental 
catches during 1969-83 with mention of catches made in Hay 
Bay beginning in 1958. Those species that comprise significant 
biomasses are discussed, while those that were taken in small 
numbers are simply listed in Table 1. In addition, several species 
were noted in Dymond et a!. (1929) from collections made in 
1928 but were not found in recent collections. These species are 
noted in Table 1. 

Amiidae 
Based upon gillnet catches, bowfin reached peak abundance 

in 1975-77 (Table 2). They were always most abundant in the 
upper bay, present in the middle bay, and rare in the lower bay. 
Bottom trawls rarely took bowfins, but trap nets routinely cap
tured a few. 

Clupeidae 
Alewives, one of the two clupeids in our samples, were the 

most abundant species in the bay, as determined by both gill nets 
and trawls (Tables 2 and 3). Trap nets also captured large 
numbers of alewife at all sites. Beach seines, however; rarely 
took alewife. 

Gillnet catches showed that alewife abundance at Hay Bay 
increased by a factor of 3 between the _1960s and the mid-1970s 
(Fig. 2). By the late 1970s they had decreased to levels prior to 
the 1970s. Between 1972 and 1976, alewife were more abun
dant in the upper bay than they were at Hay Bay. In 1977, 
however, alewife numbers were reduced in the upper bay, less so 
in the middle bay, and not in the lower bay (Table 2). Alewife 
numbers increased markedly in the lower bay between 1981 and 
1983 but less so in the middle and upper bay. Predation by large 
numbers of walleye in the upper bay in 1977, and later years, 
probably reduced alewife numbers substantially (Hurley 
1986a). 

Trawl catches of alewife tend to reflect the gillnet catches, but 
are more variable largely because of the vulnerability of young
of-the-year (YOY) to trawls. For example, the biomass in the 
upper bay shifted in August to smaller weight classes when YOY 
alewife became vulnerable to the gear (Table 4). In the lower 
bay, adults were present in May, along with subadu!ts, but less 
so from June onwards, reflecting their migration to the upper 
bay. 

Trapnet catches of alewife showed a pattern of seasonal and 
site variations that was similar to those noted in gillnet and trawl 
catches. Trap nets set in the upper bay (Trenton-Deseronto) 
captured 89.6% of the alewife taken at all locations between 
Trenton and Allen Point (Fig. 1). During June and July, alewives 
moved closer to shore at the time of their spawning migration, 
and between 84.3 and 96.7% of the total catch was recorded at 
that time. Alewives were never very abundant in trapnet catches 
from the lower bay, during these months, probably due to their 
migrations into the upper bay. 

The second of the clupeids in the bay, the gizzard shad, was 
always present in both gill nets and trawls in the upper bay 
(Tables 2 and 3). Fewer were taken in both the middle and lower 
bay. Adults were taken in greatest number in gill nets in June, 
July, and August, while YOY were taken in trawls in the upper 
bay from late July and peaked in August. 

At Hay Bay from 1958 to the late 1960s, gizzard shad were a 
minor component of the catch but during the early 1970s they 
increased greatly in number. After the mid-1970s their numbers 
stabilized, but in the early 1980s they began to decrease substan
tially (Table 2). 

Salmonidae 
Two coregonines, lake herring and lake whitefish, in years up 

to the 1940s for lake herring and to the 1960s for lake whitefish, 
entered the bay each fall in large numbers to spawn (Christie 
1973). A combination of predation by rainbow smelt on lake 
herring, increased eutrophication in the case of lake whitefish, 
and exploitation by an intense commercial fishery collapsed 
these stocks. 

Both coregonines are still present in the bay and recent 
observations show a modest resurgence oflake whitefish. These 
fish originated from the small residual stock of lake whitefish 
that persisted in the less eutrophied areas of the lower Trent 
River. There is evidence that lake whitefish originating from 
open Lake Ontario are also augmenting the bay stocks. 

Of the current salmonines in the bay, natural reproduction in 
rainbow trout and brown trout now enhances the population that 
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TABLE 1. Fish species found in the Bay of Quinte. Those species 
followed by D were recorded by Dymond eta!. (1929) in 1928, but not 
in recent collections. 

Petromyzontidae - lampreys 
Petromyzon marinus Linnaeus - sea lamprey 

Acipenseridae - sturgeons 
Acipenser fulvescens Rafinesque - lake sturgeon 

Lepisosteidae -gars 
Lepisosteus osseus (Linnaeus)- longnose gar 

Amiidae - bowfins 
Amia calva Linnaeus - bowfin 

Clupeidae - herrings 
Alosa pseudoharengus (Wilson)- alewife 
Dorosoma cepedianum (Lesueur) - gizzard shad 

Salmonidae- whitefishes, ciscoes, salmons, and trouts 
Oncorhynchus kisutch (Walbaum) - coho salmon 
Oncorhynchus tshawytscha (Walbaum) - chinook salmon 
Salmo gairdneri Richardson - rainbow trout 
Salmo trutta Linnaeus - brown trout 
Salvelinus namaycush (Walbaum)- lake trout 
Salvelinusfontinalis (Mitchill) X Salve linus namaycush (Walbaum) 

- splake 
Coregonus artedii Lesueur- cisco, lake herring 
Coregonus clupeaformis (Mitchill)- lake whitefish 
Prosopium cylindracum (Pallas)- round whitefish (D) 

Osmeridae - smelts 
Osmerus mordax (Mitchill) - rainbow smelt 

Hiodontidae - moon eyes 
Hiodon tergisus Lesueur- mooneye 

Umbridae- mudminnows 
Umbra limi (Kirtland)- central mudminnow (D) 

Esocidae - pikes 
Esox american us vermiculatus Lesueur- grass pickerel 
Esox lucius Linnaeus - northern pike 
Esox masquinongy Mitchill - muskellunge 

Cyprinidae - minnows and carps 
Carassius auratus (Linnaeus)- goldfish 
Cyprinus carpio Linnaeus - carp 
Notemigonus crysoleucas (Mitchill)- golden shiner 
Notropis atherinoides Rafinesque - emerald shiner 
Notropis chrysocephalus (Rafinesque)•- striped shiner 
Notropis hudsonius (Clinton)- spottail shiner 
Notropis spilopterus (Cope) - spotfin shiner 
Notropis heterodon (Cope)- blackchin shiner 
Notropis cornutus (Mitchill) -common shiner 
Notropis bifrenatus (Cope)- bridle shiner (D) 
Notropis stramineus (Cope)- sand shiner 
Pimephales promelas Rafinesque - fathead minnow 
Pimephales notatus (Rafinesque)- bluntnose minnow 
Semotilus corpora/is (Mitchill) - fallfish 
Rhinichthys cataractae (Valenciennes)- longnose dace 

Catostomidae - suckers 
Carpiodes cyprinus (Lesueur) - quillback 
Catostomus commersoni (Lacepede)- white sucker 
Hypentelium nigricans (Lesueur)- northern hog sucker 
lctiobus cyprinellus (Valenciennes)- bigmouth buffalo 
Moxostoma anisurum (Rafinesque)- silver redhorse 
Moxostoma macrolepidotum (Lesueur)- shorthead redhorse 
Moxostoma valenciennesi Jordon- greater redhorse 

Ictaluridae- bullhead catfishes 
lctalurus nebulosus (Lesueur)- brown bullhead 
/ctalurus punctatlls (Rafinesque)- channel catfish 
Noturus jlavus Rafinesque - stonecat 
Noturus gyrinus (Mitchill)- tadpole madtom (D) 

Anguillidae - freshwater eels 
Anguilla rostrata (Lesueur) - American eel 

Cyprinodontidae- killifishes 
Fundulus diaphanus (Lesueur) - banded killifish 
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TABLE I. (Continued) 

Gadidae - cods 
Lata Iota (Linnaeus)- burbot 

Atherinidae- silversides 
Labidesthes sicculus (Cope) - brook silverside 

Gasterosteidae - sticklebacks 
Gasterosteus aculeatus Linnaeus - threes pine stickleback 
Culaea inconstans (Kirtland)- brook stickleback 
Pungitius pungitius (Linnaeus)- ninespine stickleback (D) 

Percopsidae- trout-perches 
Percopsis omiscomaycus (Walbaum)- trout-perch 

Percichthyidae - temperate basses 
Marone americana (Gmclin) - white perch 
Marone chrysops (Rafinesque)- white bass 

Centrarchidae - sunfishes 
Ambloplites rupestris (Rafinesque)- rock bass 
Lepomis gibbosus (Linnaeus)- pumpkinseed 
Lepomis macrochirus Rafinesque- bluegill 
Micropterus dolomieui Lacepede- smallmouth bass 
Micropterus salmoides (Lacepede) -largemouth bass 
Pomoxis nigromaculatus (Lesueur) - black crappie 

Percidae - perches 
Etheostoma nigrum Rafinesque- johnny darter 
Etheostoma jiabellare Rafinesque - fantail darter 
Percajfavescens (Mitchill)- yellow perch 
Percina caprodes (Rafinesque) -logperch 
Stizostedion vitreum vitreum (Mitchill) - walleye 
Stizostedion vitreum glaucum Hubbs - blue pikeb 
Stizostedion canadense (Smith) - sauger (D) 

Sciaenidae - drums or croakers 
Aplodinotus grunniens Rafinesque- freshwater drum 

Cottidae- sculpins 
Cottus bairdi Girard- mottled sculpin 
Cottus cognatus Richardson- slimy sculpin (D) 

"E.J. Crossman (Royal Ontario Museum, Toronto, Ont., pers. 
comm.) suggested that this form is different from N. cornutus in these 
collections. 

I-a: 
rr 
u. w 
I-
z 
::::> 

a: 
w 
0. 

:I: 
u 
~ 
u 

bNow extinct in Lake Ontario (Crossman and Van Meter 1979). 
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TABLE 2. Mean annual catch per unit of effort for standard experimental gillnet lifts from the upper, middle, and lower sections (UB, MB, and LB, 
respectively) of the Bay of Quinte 

Species Location 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 

I 
Bowfin UB 2.8 2.8 6.7 10.5 5.3 11.8 1.3 2.3 4.8 1.0 0.5 0.5 

MB 0.5 0.5 1.0 5.8 1.5 1.8 1.0 0.5 1.0 0 0 0 
LB 0.5 0.3 0 0.5 0 0.3 0 0.1 0 0 0 0 

Alewife UB 2019.2 3029.5 3872.5 2507.5 3110.5 348.5 923.7 1148.8 1004.7 311.0 558.0 1138.0 

I MB 1176.8 2508.8 1099.5 1111.8 2872.5 1237.3 1224.8 2249.5 1368.0 512.0 925.5 639.0 
LB 376.3 2985.5 1124.8 818.5 1585.8 1229.8 2175.5 1630.8 2711.1 2561.5 2659.5 5337.5 

Gizzard shad UB 22.7 42.2 65.8 373.5 235.8 254.7 205.3 172.3 130.5 109.0 15.0 8.0 
MB 13.8 69.0 8.0 58.5 16.5 117.5 176.0 88.5 70.0 32.0 0 1.0 

I LB 28.3 5.3 22.3 75.3 21.8 88.8 68.1 30.5 20.5 3.0 0.5 0 

Rainbow smelt UB 0.7 0 0 0.7 1.8 0 3.5 0 0 0 0 0 
MB 0.5 2.5 2.8 2.3 2.0 16.5 13.5 0.5 0.5 1.0 1.5 0.5 

I 
LB 23.5 81.3 6.8 18.1 3.0 12.3 21.0 11.4 8.0 27.5 5.0 0 

White sucker UB 17.3 26.3 17.0 13.3 20.3 24.3 28.3 23.0 40.3 27.5 27.0 46.5 
MB 8.0 4.5 5.8 7.5 10.5 20.3 11.3 12.0 37.3 15.0 27.5 28.0 
LB 2.8 4.0 1.5 4.5 3.0 2.4 0.9 1.4 16.6 29.0 29.0 30.5 

I Brown bullhead UB 23.5 45.5 90.7 89.8 81.0 111.2 116.2 64.8 88.0 47.0 40.0 16.5 
MB 18.5 25.0 22.3 98.8 56.3 155.8 71.3 22.8 39.3 21.5 1.5 2.5 
LB 5.0 0.8 2.8 2.1 0.5 1.1 0.9 0.1 0.3 0 0 0 

I Channel catfish UB 5.8 6.5 18.3 4.2 3.8 4.3 14.0 17.2 21.7 14.0 7.5 13.5 
MB 1.0 0.3 0 0.5 0.5 0.5 4.5 5.0 1.5 1.0 0 0 
LB 0 0 0 0 0 0 0 0.1 0 0 0 0 

I 
White perch UB 1000.2 995.8 1501.2 807.3 792.7 1086.0 142.0 266.7 447.0 679.5 556.5 383.0 

MB 879.8 700.5 566.3 674.3 508.8 949.5 168.8 135.3 149.8 119.5 6.0 40.5 
LB 348.0 305.0 343.0 330.4 335.6 314.6 39.9 44.6 52.1 28.0 9.5 43.5 

Smallmouth bass UB 3.2 4.7 8.0 5.5 8.5 8.3 19.2 21.8 22.3 15.5 31.0 23.0 

I MB 2.8 2.3 0.5 1.3 0.5 9.3 9.8 4.5 3.5 7.0 3.0 0.5 
LB 0 1.0 0 3.5 0.6 1.1 2.3 2.0 1.0 0 0 1.0 

Other UB 2.2 0.9 2.0 1.1 1.3 2.5 15.8 6.8 10.2 2.0 3.5 2.0 

I 
centrarchids MB 1.3 1.3 0.8 1.5 0.8 1.6 2.1 1.6 2.3 0 0 0 

LB 32.1 16.1 9.1 22.9 10.7 14.9 21.7 13.6 8.1 14.5 21.5 34.5 

Yellow perch UB 277.7 238.7 340.8 189.3 367.5 333.0 829.5 643.8 580.3 449.5 146.0 219.0 
MB 394.5 252.3 186.8 294.0 307.0 319.5 681.0 550.5 652.5 603.0 464.0 519.0 

I LB 436.8 415.8 .470.0 669.8 454.9 479.8 965.5 790.4 892.1 921.5 1337.5 573.5 

Walleye UB 1.3 1.8 4.0 2.3 3.7 3.0 25.2 32.3 65.8 163.5 109.5 47.0 
MB 2.5 3.0 1.0 1.0 0.8 1.3 14.0 17.5 87.5 32.5 0.5 0.5 
LB 0 0 0 0 0 0.1 2.0 34.0 21.0 3.5 0 15.5 

I was initially dependent on hatchery stocking. Current manage- and muskellunge occur within the bay, but were not taken in the 

ment initiatives have resulted in plantings of lake trout, coho and test netting. 

I 
chinook salmon, and, to a lesser degree, splake. Natural repro-

Cyprinidae 
duction within these species has not yet been demonstrated. 

Fifteen species of this family were found in the bay (Table 1 ). 
Osmeridae Most of the species were taken in nearshore seine hauls, but 

I 
Rainbow smelt were abundant only in the middle and lower carp, golden shiner, and spottail shiner were commonly present 

bay. Gill nets took adults in May and June in the lower bay, and in both gill nets and bottom trawls. Carp, because of their large 

in recent years their numbers have decreased (Table 2). Trawls, size, fmmed much of the biomass in the catch, particularly in 

however, took large numbers of YOY or yearling rainbow smelt the upper and middle sections of the bay. A few individuals were 

I especially in the lower bay in latter years (Table 3). YOY were taken also in the lower bay. 
most common in August and September, while yearlings were Spottail shiners were taken in trawl drags in all areas and in all 

taken in May and June. years (Table 3), and were also common in seine drags (Table 5). 

I 
Esocidae 

Although their numbers were variable over the years, there was a 

Among the esocids, only the northern pike were present in the 
definite increase in all areas in 1983 (Table 3). Other cyprinids 
were less abundant in seine hauls, but since the nearshore 

bay in any number. Gillnet catches in the upper bay show a community was not sampled as extensively as the offshore 
gradual increase since 1972, but year-to-year variability has community, levels of abundance of some species may not be 

I been relatively large. The middle bay also produced comparable truly represented. 
numbers of northern pike, but there is no evidence of any 
increase in numbers. The lower bay produced few northern Catostomidae 

I 
pike, and numbers have fallen since 1978. Both grass pickerel Seven sucker species have been found in the bay, but only the 
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TABLE 3. Mean annual catch per unit of effort for standard bottom trawl drags from the upper, middle, and lower sections (UB, MB, and LB, 

I respectively) of the Bay of Quinte. No fishing was done in 1982. 

Species Location 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1983 

Alewife UB 284.1 286.7 482.2 362.7 614.9 184.9 22.0 949.8 249.6 1158.9 265.0 

I MB 379.6 615.7 563.8 229.4 922.6 46.9 83.7 479.3 97.8 340.5 100.4 
LB 353.8 222.1 1374.6 443.6 1493.6 182.9 168.9 31.3 39.1 1471.4 1469.4 

Gizzard shad UB 6.4 3.9 1.8 169.5 2.5 298.7 14.3 117.9 71.3 60.3 64.0 
MB 0 6.5 0.4 85.8 0.7 9.3 8.2 8.0 7.4 39.2 4.8 I LB 0.5 0.4 0.9 3.6 0 0.2 0 0 0.1 0 0.8 

Rainbow smelt UB 7.3 1.4 4.6 1.5 5.7 11.9 0.2 5.3 3.1 1.2 0 
MB 394.3 69.2 847.3 206.3 100.4 355.6 189.3 9.0 27.1 237.9 13.4 
LB 486.4 137.5 169.4 830.0 411.4 593.2 668.3 373.0 281.7 1335.5 2399.6 I Spottail shiner UB 4.8 1.6 0.6 1.7 0.7 0.2 1.2 0.4 5.7 0.3 4.0 
MB 15.9 5.5 4.2 2.7 4.0 4.0 41.0 7.5 0.1 0.8 19.6 
LB 0.4 0.3 0.1 7.3 57.7 1.5 7.3 1.2 0.2 5.9 33.0 I Brown bullhead UB 9.3 16.3 10.1 36.7 18.4 7.3 1.6 6.6 2.0 12.2 1.4 
MB 4.6 14.0 6.0 43.4 23.6 10.5 2.0 0.6 0.3 9.7 0.8 
LB 0 0 0 0.3 0 0.1 0 0 0 0 0 

American eel UB 6.3 6.8 3.1 4.1 4.3 4.6 0.9 4.1 0.5 4.3 1.2 I MB 6.0 2.6 4.3 7.3 4.6 2.0 0.9 0.6 0.6 3.7 1.0 
LB 0.2 0.2 0 0.3 0.1 0.1 0.1 0 0 0 0.2 

Trout-perch UB 23.3 14.9 7.9 12.4 45.1 1.2 1.3 1.5 0.8 5.6 9.4 I MB 5.3 7.1 2.0 2.0 4.7 1.3 2.5 1.8 0.6 16.4 70.4 
LB 21.0 18.7 19.7 131.2 195.7 11.3 51.7 5.5 4.6 37.0 226.0 

White perch UB 286.4 297.0 169.9 1061.8 270.0 539.4 1.5 92.3 66.3 721.8 103.6 

I MB 478.6 452.9 240.9 461.8 718.7 335.0 4.0 30.3 35.1 194.6 14.2 
LB 386.5 781.0 92.9 155.3 314.3 25.7 0.8 0.3 2.3 29.0 8.6 

Yellow perch UB 59.5 17.7 6.1 20.8 35.6 34.8 1557.1 130.5 20.3 90.7 23.6 
MB 22.8 19.7 17.4 18.4 7.0 16.6 32.5 12.2 2.5 170.1 141.0 I LB 13.4 11.8 13.3 20.3 11.9 0.6 0.9 1.2 0.8 109.1 60.4 

Walleye UB 0.3 0 0.1 0.2 0.1 0.6 27.7 8.5 0.5 7.0 7.4 
MB 0.2 0 0 0 0.1 0 8.7 6.7 2.4 5.5 17.0 

I LB 0 0 0 0 0.1 0 0.1 0.8 0.1 0.2 6.2 

TABLE 4. Monthly estimated biomass (kg. · ha-l) of alewife of different TABLE 5. Catch per unit of effort for cyprinids from nearshore beach 
weight classes in two areas of the Bay of Quinte in 198 I. seines in the Bay of Quint e. I Weight class (g) Cyprinid species 1980 1981 1982 

0-3.1 3.2-9.9 I 0.0-31.5 31.6-99.9 Spottail shiner 19.1 10.1 7.2 

Big Bay Spotfin shiner 0.3 3.4 0 I Bluntnose minnow 0.3 8.5 1.8 
May 0 0 0 0 Fathead minnow 0.9 0.2 0 June 0 0 7.76 18.32 

Blackchin shiner 0 0.2 0 
July 0.85 0 2.19 11.42 

Golden shiner 0 0.6 0 I August 28.02 51.81 0 0 
Carp 0 0.1 0 September 2.68 3.08 0 0 
Emerald shiner 0 0.1 0 

Conway Sand shiner 0 0 0.2 
May 1.46 48.84 64.48 426.73 Longnose dace 0 0 0.2 I June 0.18 10.24 16.73 22.78 
July 0 0 50.40 56.57 

near Trenton. Northern hog suckers were taken in small num-August 0 0 0.87 1.95 
September 0.09 1.43 0.19 0 bers by gill nets under the ice in Hay Bay, and this appears to be 

I an eastward extension of their range from the Humber River in 
Lake Ontario (Scott and Crossman 1973). A few specimens of 

white sucker was present in appreciable numbers. Gillnet quillback were also taken in the bay, but these are apparently 
catches indicate that white suckers have increased in number absent from Lake Ontario (Scott and Crossman 1973). One I since the late 1970s (Table 2). Over the longer term, data from specimen of bigmouth buffalo was taken near Glenora in 1981, 
the Hay Bay sets show a recovery in white suckers since the low and proved to be the first record of this species for Lake Ontario. 
period in the mid-1960s and early 1970s, but the population has 

I not yet returned to the level seen there in the late 1950s and early I ctaluridae 
1960s. YOY white suckers were taken in late June (36-42 mm) Among the three ictalurids found in the bay, brown bullhead 
and late July (58-65 mm) with beach seines in the middle bay. and channel catfish were largely restricted to the upper and 

A few specimens of Moxostoma were taken by trap nets set middle areas of the bay (Table 2). Stonecats were infrequently 
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captured in gill nets set in deeper water at Indian Point and 
Lennox in the lower bay (Fig. 1). 

Gillnet catches of brown bullhead increased during the 
1972-77 period but fell below the 1972level, after 1978. Trawl 
catches appear to follow the same trend but the maximum 
catches occurred in 1975 (Table 3). The average size of these fish 
taken in the trawls was smaller than from gill nets. Trapnet 
catches of brown bullhead were highest in the 1969-71 and 
1981 periods and lowest in 1978 and 1979. Channel catfish were 
taken in relatively large numbers by trap nets in the upper bay. 

Anguillidae 
American eels were retrieved from almost every trawl drag in 

the upper and middle bay, but few were evident in the lower bay 
(Table 3). They were not vulnerable to the gill nets but were 
vulnerable to trap nets. 

Percopsidae 
Trout-perch were present in bottom trawls from all areas of the 

bay, but reached high numbers only in the lower bay (Table 3). It 
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FIG. 5. Calculated year-class CUE for white perch year-classes from 
1967 to 1982 based on gillnet catches. Broken lines indicate estimates 
based on less than 50% age class representation. 

appears that the population declined drastically in 1977, after 
reaching a peak in 1976. Large numbers were again seen in 
1983, particularly in the lower bay. This species was only in
frequently present in gill nets and was not taken in trap nets or in 
nearshore seine hauls. 

Percichthyidae 
Next to alewife, white perch was the most common species 

found in the bay. They were taken in large numbers in all gears 
fished. White bass, although never present in large numbers, 
were taken at all locations in most years. 

The rise of white perch in the Bay of Quinte, since their 
invasion from the Hudson River-Erie Canal route in the 1950s, 
has been decribed by Scott and Christie (1963) and Hurley and 
Christie ( 1977). 'frends are characterized by catches at Hay Bay 
since 1958 (Fig. 3). There was a fairly steady increase up to the 
early 1970s but there followed an equally steady decrease after 
1972. It is evident that some change had occurred in the bay 
during the early 1970s that halted the rise in numbers of white 
perch. In 1978 a virtual collapse of the white perch occurred 
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(Tables 2 and 3). Some recovery was noted in the following 
years up to 1981 in the upper bay, but in 1982 and 1983, 
abundance in gill nets at all sites was again reduced. Similarly, 
bottom trawl catches rose sharply in 1981, but fell again in 
1983. 

The growth rate of white perch in the period 1957-66 in the 
Bay of Quinte was inversely related to population density (Sheri 
and Power 1972). Data from the 1972-83 period show a similar 
phenomenon. The mean length of gillnet-caught white perch in 
the 1978-83 period showed an increase in growth of age 2-8 
fish. This occurred after the large reduction in the white perch 
population in early 1978 (Fig. 4). The mean lengths at each age 
for the two groups from 2 through 8 are significantly different. 
However, the length-weight regressions for the two periods 
were not significantly different (F (coefficient) = 0.18, df = I, 
26; F (elevation) = 0.16, df = I, 27). 

Among the 1972-77 group, a discontinuity in the growth rate 
was evident in ages 9 and older (Fig. 4). This may result from an 
increased survival of larger members of these age groups, or 
from remaining members of the faster growing individuals from 
the early 1960s. Similarly, older white perch (age 9 and over) in 
the 1978-83 group would include members of the slower grow
ing 1972-77 cohorts and thus cause the slight reduction in 
length-at-age noted in the 1978-83 group. 

The gillnet CUE values for ages I and older were summed for 
individual year-classes from 1967 to 1978 to obtain values for 
year-class strength. Data for years after 1978 did not include all 
age groups so that estimates for year-class strength for 1978 and 
later are tentative. Values for year-class strength reached a peak 
in the late 1960s, fell to a low point in 1974, rose sharply as the 
result of the large 1975 year-class, dropped to a low value in 
1976, and rose slightly since then (Fig. 5). The rising trend in 
the CUE values for 1978 and 1979 year-classes reflects a higher 
production of young white perch, but their rate of survival may 
not be as great as it had been in the 1960s. 

C entrarchidae 
The centrarchids were well represented in all areas of the bay. 

Smallmouth bass were common in the upper bay and have 
shown a slow but steady increase in abundance since 1972 
(Table 2). Among the other centrarchids, rock bass and 
pumpkinseed were most common in the lower bay (Table 2). 
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Black crappie, largemouth bass, and bluegill were taken in 
small numbers at most locations. 

Trapnet catches at Trenton have shown a significant increase 
in smallmouth bass since 1978. This increase was not paralleled 
in Hay Bay where it may reflect a poorer habitat. Rock bass 
abundance has increased in all locations, but especially in the 
lower bay during the 1972-83 period. Pumpkinseeds also have 
increased in the upper bay since the late 1960s, but have shown a 
decline at Hay Bay since then. 

Percidae 
The Bay of Quinte provides ideal habitat for percids, and four 

of the five species found in the area are common. 
Yellow perch abundance, as measured by gill nets at Hay Bay, 

remained at a CUE of about 200 between 1958 and 1978 
(Fig. 3). Since then, CUE has increased to about 700 
(1979-83). The abundance of yellow perch increased markedly 
after the white perch collapsed in the late 1970s. However, the 
yellow perch did not decrease during the period in the 1960s and 
early 1970s when white perch abundance increased markedly 
(Fig. 3). Unlike white perch, the growth rate of yellow perch 
increased in the 1978-83 period as their abundance increased. 
Growth rates of yellow perch aged 2, 3 and 4 were not signifi
cantly reduced in the 1960s and early 1970s when white perch 
abundance increased. However, yellow perch aged 5 and older 
were between 10 and 25 mm shorter in the period when white 
perch were abundant. It appears, therefore, that some degree of 
interspecific competition may occur, although their diets showed 
significant overlap only in the lower Bay of Quinte (Hurley 
1986b). 

The increased yellow perch abundance in the late 1970s and 
early 1980s is directly related to the production of several strong 
year-classes beginning in 1975 and continuing in 1977 and 1978 
(Fig. 6). Year-class strength after 1978 appears to be similar to 
that measured between 1967 and 1974. The data for the 1981 
and 1982 year-classes are incomplete because not all age-classes 
are represented in the 1983 catches, and values assigned for 
these year-classes are tentative. 

Trawl catches of yellow perch were generally low at all sites 
except in 1978 when large numbers of YOY were taken in the 
upper bay (Table 3). Abundance increased at most sites in 1978 
and later years. This reflects the similar increases noted in 
gillnet catches. 

Walleye play a pivotal role among fish species in the bay as the 
major fish predator in the community. Walleye abundance 
dropped sharply after the pas~age of the large 1959 year-class. 
But, there remained a residual stock within the bay that pro
duced a sizeable year-class in 1977 and a very large one in 1978. 

Gillnet catches from the upper, middle, and lower bay show 
low numbers of walleye through the early and middle I 970s and 
a dramatic increase that began in 1978 (Table 2). 

Traw 1 catches similarly showed the presence of large numbers 
of walleye in 1978, especially in the upper bay (Table3). Most of 
these were YOY or yearlings. Trawls were ineffective in captur
ing walleye greater than 300 mm in length. Trap nets caught few 
walleye in the 1969-71 period, but from 1978 on, at Trenton, 
their numbers increased. Trap nets caught few walleye in Hay 
Bay. 

The long-term Hay Bay gillnet series was used to compare the 
recent upturn in walleye abundance with that recorded in the 
1950s. Year-class CUE values were calculated from the age 
composition of the sampled fish. These values show large year
classes in 1955 and 1959 followed by a gradual reduction in 
year-class strength through 1976 (Fig. 7). The 1977 year-class 
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proved to be the largest since the late 1950s; this was followed 
by an extremely large year-class in 1978. Year-class strength for 
1979 and later years appears to be approaching the level shown 
by the majority of year-classes in the 1953-64 period (Fig. 7). 

Diversity of Fish Species 

Diversity was calculated from the Shannon Index, H', at three 
sites in the bay. Diversity at Big Bay has increased fairly steadily 
from below 1.0 in 1972-73 to 1.3 and 1.7 in 1981 and 1983 
(Fig. 8a). Values in the 1972-76 period, when nutrient con
centrations were high (70-90 J-Lg total phosphorus· L- 1), ranged 
between 0.94 and 1.2. Values in the 1978-83 period, when 
nutrient concentrations were substantially reduced (46-53 J-Lg 
total phosphmus · L- 1 ), ranged between I. 3 and 1. 7. In 1977, 
diversity was relatively high (1.5) even though total phosphorus 
concentration (70 J-Lg · L- 1) was also high. 

At Hay Bay, diversity has dropped fairly steadily since 1958, 
with recent values being particularly erratic (Fig. 8b). There 
appears to have been no upward trend in diversity in response to 
changing nutrient concentrations. However, values recorded 
between 1972 and 1983, which correspond to the period shown 
for Big Bay (Fig. 8a), exhibit extreme variability. Con
centrations of total phosphorus in this period at Hay Bay ranged 
between 34 J-Lg · L -I (1979) and 63 J-Lg · L -I (1972). 

The diversity indices for the Conway site have fallen steadily 
since 1975 (Fig. 8c), and are the reverse of the trend noted at Big 
Bay. Diversity at Conway tended to be generally the lowest of 
any of the three sites. Total phosphorus concentrations at Con
way showed virtually no change throughout the 1972-83 period 
(18-24 J-Lg · L- 1). 

Species number in the upper bay varied between 13 and 21 
with no apparently consistent trend (Fig. 8a). The rise in diver
sity, therefore, is related more to greater evenness in the collec
tions than to a change in species composition. Values for 
evenness rose from an average of 0.87 in 1972-74, to 1.16 in 
1977-79, to 1. 26 in 1981-83. Much of this increased evenness 
is due to the reduction in the numbers of alewife and white perch 
and the rise in numbers of white sucker, smallmouth bass, and 
walleye. 

In the middle bay, the number of species in the collections 
dropped steadily from the late 1950s to the 1970s and has not 

changed appreciably since then (Fig. 8b). For example, blue 
pike and northern hog sucker have not been taken since 1960 or 
earlier; burbot, spottail shiner, bluegill, and largemouth bass 
have not been taken at Hay Bay since the late 1960s. Species 
such as white bass, rock bass, pumpkinseed, smallmouth bass, 
and black crappie, which were regularly taken in small numbers 
in the early 1960s, tended to be sporadic in catches during the 
1970s. The fall in diversity in this case results from the loss of 
several species in the collections. Evenness varied between 0.66 
and 1.29 throughout the series from 1958 to 1983 with no 
obvious pattern. 

The number of species taken and the diversity of the catch in 
the lower bay dropped between 1975 and 1983 (Fig. 8c). Even
ness also fell in this same period from 0. 98 in 1975-77 to a low 
of0.47 in 1983. Alewives have increased greatly in abundance 
in the lower bay in the 1975-83 period, while the abundance of 
gizzard shad, white perch, and, to a lesser extent, rainbow smelt 
fell. These species shifts resulted in the observed changes in the 
calculated indices. 

Factors Influencing Species Composition 

The role of climate 
Water temperature establishes the rate of physiological pro

cesses that determine the time of maturity and spawning as well 
as growth rate. For some species it also establishes the rate of 
survival through growth parameters (e.g. in smallmouth bass; 
MacLean et a!. 1981) or the hatching success and early life 
history stages (as in the percids; Busch et a!. 1975; Eshenroder 
1977; Shuter et a!. 1979). 

An analysis of the spring temperature increase and walleye 
year-class strength was made for the Bay of Quint e. A regression 
was calculated between the rate of water warming (from date at 
6°C to May 15) and year-class strength. The 6°C starting tem
perature was chosen because peak arrival of female walleye on 
the spawning grounds occurred at that temperature (J. Radford, 
LOFAU, R.R. 4, Picton, Ont. KOK 2TO, pers. comm.). Wolfert 
et a!. ( 197 5) observed that peak spawning of walleye occurred at 
7°C in western Lake Erie. The mean rate of temperature increase 
from the date at which 6°C was reached until May 15 for the 
years 1953-82 was 0.253° per day with a standard deviation of 
0.123. The dist!ibution of the rates was approximately normal. 
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It appears that factors other than the spring temperature rise 
have been responsible for the establishment of strong year
classes for yellow perch and walleye. The regression of walleye 
year-class strength on the rate of spring temperature increase 
was not significant (R2 = 5.0%). The most obvious disparity 
between the two measurements was the failure of year-classes in 
the 1965-76 period, when above-average spring temperature 
increases occurred in 5 of the 11 years. Data on year-class 
strength of yellow perch from 1967 to 1982 were also regressed 
on spring temperature rise, but again the regression was not 
significant (R2 = 2.9% ). The apparent failure of year-classes in 
springs when the rate of warming was above average produced 
the poor correlation. 

The stock-recruitment relationship among walleye in western 
Lake Erie, studied by Shuter et a!. (1979), showed a positive 
effect of stock size on recruitment. No thorough analysis of the 
same relationships in the Bay of Quinte stock has been made. 
The production of the 1977 and 1978 year-classes, after the 
almost complete failure of the 1969-76 year-classes, indicates 
that the potential recruitment from relatively few spawners can 
be very large. 

Forney (1971) cited predation as the primary regulator of 
yellow perch abundance in Oneida Lake. He did not mention 
spring temperatures, during incubation, as a factor in develop
ing year-class strength. He did remark, however, that the size of 
larval yellow perch in mid- to late June and their growth rate 
might determine year-class strength. 

There is no evidence that high water temperatures in the 
summer have had adverse effects on most of the fish populations 
in the bay. The range of means for June, July, and August water 
temperatures at Belleville for the years 1952-81 was 20.2 to 
23.9 ± 1.7°C, and these temperatures are favourable for a 
warmwater fish community. 

However, growth rates of adult walleye, predicted by a bio
energetics model, approached zero when water temperatures 
were in excess of 23.5°C (Hurley 1986a). Daily water tem
peratures recorded at the Belleville Filtration Plant were repre
sentative of the Bay of Quinte water temperatures from ll'enton 
to Hay Bay from the end of May to the end of October (Hurley 
1986a). Only once, in 1976, during the years 1972-83 did the 
summer water temperatures not exceed 23.5°C. In the remaining 
years, that temperature was exceeded an average of 37 d each 
year beginning as early as June 12 and as late as July 21. The 
range in the number of days when temperatures exceeded 
23.5°C was from 6 in 1972 to 62 in 1983. The migration of a 
large proportion of adult walleye age 4 and older to Lake Ontario 
soon after spawning (Payne 1963) is probably a behavioural 
response to high summer water temperatures in the bay. 

There is only one occasion in recent times when colder than 
normal winter water temperatures have adversely affected a fish 
population in the bay, and this occurred in the case of white 
perch in 1978. There are fisherman's reports that a massive die
off of white perch occurred overwinter in the lower bay in 
1977-78 (R. Mcintosh, Glenora Fisheries Station, R.R. 4, 
Picton, Ont. KOK 2TO, pers. comm.). Bottom trawl drags in the 
eastern basin of Lake Ontario retrieved large numbers of dead 
white perch during May and June of 1978. The winter of 1978 
was severe in this area with very late spring warming, and there 
were large ice flows in Lake Ontario well into May, far later than 
usual. 

The effect of extreme winter conditions in 1978 has been 
examined by using water temperatures in the January-April 
pe,riod. Based on Kingston water temperatures, which should 
closely match the regime of the lower bay where white perch 

congregate in winter, the mean water temperature for Janu
ary-April for 1978 (0.95°C) was considerably below any other 
year during the 1970-82 period. The value falls well outside the 
99% confidence interval (1.19-1.63°C). It is probable that the 
colder than normal March and April water temperatures caused 
the mass mortalities among white perch, which, in the Bay of 
Quinte, are at the northern edge of their freshwater distribution. 

The role of eutrophication 
Nutrient inputs affect fish populations primarily through 

change in the abundance of their food organisms. Algal density, 
increased by nutrient inputs, affects water clarity, zooplankton 
composition and biomass, macrophyte abundance, and, 
through biochemical degradation, oxygen concentrations near 
the bottom, and thereby composition of the benthic community. 
Hurley and Christie (1977) ·compared the Bay of Quinte with 
West Lake, a similar body of water that had not received large 
quantities of nutrients, and found that West Lake had a healthy 
stock of large piscivores, but the Bay of Quinte did not. They did 
not, however, demonstrate a direct impact of eutrophication on 
piscivores. 

Fouling of spawning areas by the accumulation of dead and 
decaying algae has been cited as a reason for the decline of lake 
whitefish in the bay (Christie 1973). There can be little doubt 
that this was an important factor, and it is probably the best 
example of a direct effect of eutrophication. The fact that fisher
men in the bay noted that gill nets became badly coated with 
dense algal mats in the 1950s is further indication of the degree 
of eutrophication in the bay. 

The role of piscivores 
The loss of large piscivores in the 1960s and early 1970s has 

been cited as the primary cause of the expansion of small-sized 
species in the bay (Hurley and Christie 1977). The interaction 
between piscivores and their prey was more fully examined by 
Christie and Scott (1985), but the trend to inverse abundances 
can be seen in Table 6. TI·apnet catches of piscivores accounted 
for a generally smaller percentage of the fish biomass at both 
TI·enton and Hay Bay in 1969-71 than in I 97 6 and later. Catches 
in 1978 do not conform to this observation, but piscivore abun
dance was low in that year at both sites. 

Planktivore (mainly alewife) abundance was high in the 
1969-71 period, but fell sharply when piscivores began to 
increase. Benthos feeders tended to vary throughout the series, 
but appear to be following a downward trend at ll'enton in the 
years 1979, 1981, and 1982. Theproportionofthewhiteperch 
taken at Trenton that were sufficiently large to be piscivorous 
increased markedly from 1978 to 1982. This was the result of an 
increased growth rate after 1978. In 1979, 32% of the white 
perch were large enough to be piscivorous, 47% in I 981, and 
89% were large enough in 1982. The data in Table 6 reflect this 
change in feeding habit among white perch. Similarly, among 
white perch in Hay Bay, 35% in 1979 and 63% in 1982 were 
large enough to be piscivorous. 

Stomach contents of large piscivores in the 1977-81 post
phosphorus control period showed that alewife was the most 
common food item, with rainbow smelt, yellow perch, and 
white perch the next most common items (Table 7). Other fish 
species were also eaten by large piscivores, but their frequency 
of occurrence was usually less than 5%. 

It appears that the recent increase in piscivores in the bay has 
resulted in a decrease in the abundance of small-sized prey 
together with an increased growth rate of five species of 
benthivores (Christie and Scott 1985). Larger sized fish, there
fore, have become more prevalent than they were in the early 
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TABLE 6. Percentage of biomass of trapnet catches by major feeding types. 

Trenton Hay Bay 

1969-71 1976 1978 1979 1981 1982 1969-71 1976 1978 1979 1982 

Biomass (kg· net night- I) 66.74 28.34 26.19 170.76 119.12 113.21 52.64 17.42 23.79 8.93 15.76 

Piscivores 16.8 28.1 16.2 34.8 50.2 57.3 19.3 41.0 14.8 37.8 45.2 
Planktivores 39.9 2.1 1.7 3.3 7.0 0.8 18.6 0.2 4.8 2.7 1.3 
Herbivores 0 0.5 1.5 2.8 0.4 0 <0.1 3.8 6.7 7.2 0 
Benthivores 43.3 69.4 80.7 59.1 42.4 41.9 62.0 55.0 73.7 52.3 53.5 

TABLE 7. Stomach contents of large piscivores taken in experimental gill nets, May-August, in the Bay of Quinte, 
1977-81, given as the percentage of occurrence. 

Longnose 
Food item Bowfin gar 

No. of fish with food 54 45 

Alewife 24.1 51.1 
Rainbow smelt 3.7 
Yellow perch 11.1 4.4 
White perch 5.6 
Brown bullhead 5.6 
Rock bass 1.9 
Johnny darter 4.4 
Centrarchids 
Gizzard shad 
Mottled sculpin 
Threespine stickleback 
Unidentified fish 61.1 44.4 
Crayfish 3.7 
Chironomids 

1970s. This shift to a larger size within the fish community is a 
reversal of the trend of the 1960s and early 1970s. 

The role of fisheries 
The reported annual commercial harvest from the Bay of 

Quinte has averaged 390 000 kg in the period from 1956 to 
1983. Significant changes in the composition of the harvest 
occurred when lake herring collapsed in the 1940s, possibly 
because of predation by and competition from rainbow smelt 
(Christie 1973). Lake whitefish collapsed in the 1960s because 
of year-class failures after 1957, possibly due to effects of 
eutrophication and the stress of exploitation rates of 50-65% 
(Christie 1973). 

Commercial harvests of American eel and ictalurids have 
remained fairly constant over the years 1956-83. Harvest of 
white perch rose quickly as the population expanded to reach 
130000 kg annually in the mid-1970s, but the harvest fell 
dramatically when the population crashed after 1978. Landings 
of yellow perch have increased since the 1960s, while landings 
of walleye decreased, firstly because of the falling population, 
and latterly because of their removal from the list of commercial 
species after 1981. Restrictions on the sale of some species, 
such as American eel and carp, because of high contaminant 
levels have reduced the harvest of these species in some years. 

The sport fishery in the Bay of Quinte was rejuvenated in the 
late 1970s when walleye abundance increased. Current esti
mates of the annual walleye harvest are 91 000 kg (Dentry 
1985). Significant annual harvests of several other species from 
the sports fishery are recorded: northern pike, 12 000 kg; brown 
bullhead, 1400 kg; white perch, 20 000 kg; yellow perch, 
40 000 kg. The total annual sport harvest for all species was 
217 000 kg in 1984 (Dentry 1985). 
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Northern Channel Small mouth 
pike catfish bass Walleye 

88 191 170 589 

39.8 3.1 12.9 28.5 
8.0 0.5 6.5 15.6 

17.0 7.1 3.9 
11.4 1.2 

0.7 
2.3 0.6 

0.7 
0.2 
0.2 

30.7 28.8 54.1 53.0 
1.0 18.2 

49.7 5.9 

In spite of the substantial harvest of fish of many species in the 
bay, there is no clear evidence that exploitation alone has ever 
resulted in a demonstrable decline in stocks (W.J. Christie, 
GlenoraFisheries Station, R.R. 4, Picton, Ont. KOK 2TO, pers. 
comm.). However, the combined effects of exploitation, 
eutrophication, introduction of non native species, and climatic 
shifts have resulted in dramatic reductions in certain fish stocks 
in the bay (Hurley and Christie 1977). Unfortunately, most of the 
declines occurred in the more commercially valuable species. 

Fish Community Structure 

Water quality in the Bay of Quinte passed through stages from 
mesotrophy to hypereutrophy in a period of about 30 yr from the 
1940s to the 1970s. The upper, shallow sections of the bay were 
most affected, while the lower, deeper sections were least 
affected by increasing eutrophy. For many decades prior to the 
1950s, the bay supported a community dominated by percids 
and also large numbers of coregonines. Lake herring and lake 
whitefish migrated to the bay and spawned, and the early life 
stages of these species remained in the bay. In addition, cen
trarchids, ictalurids, and osmerids were well represented in 
some sections of the bay. Clupeids entered the bay in spring and 
spawned, and the young spent their first year or so of life there. 
In the case of alewives and coregonines, biomass that had been 
developed from nutrients derived from Lake Ontario was trans
ferred to the Bay of Quinte. 

However, in<;reased nutrient inputs during the 1950s as the 
result of increased detergent use and up to the mid-l970s as the 
result of population increases stressed the mesotrophic com
munity, and it became more eutrophic. Many of the changes 
observed in the bay find their parallels in other water bodies 
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FIG. 9. Schematic representation offish community changes seen in the Bay ofQuinte from the 
1920s to the present (adapted from Ryder and Kerr 1978). 

which have been described by Leach eta!. (1977). 
First, the coregonines declined when lake herring largely 

disappeared by the mid-1940s probably as a result of predation 
on their young by osmerids (Christie 1973). Lake whitefish 
survived to the 1960s but succumbed to the effects of per
cichthyid predation and degraded conditions in the spawning 
grounds (Hurley and Christie 1977). Meanwhile, walleye 
increased in the 1940s and 1950s, but the population crashed in 
the 1960s possibly because of percichthyid predation. A per
cichthyid, the white perch, invaded the bay and proliferated in 
the 1960s and early 1970s. By the early 1970s the upper bay was 
dominated by clupeids and percichthyid, with ictalurids and 
catastomids persisting, but centrarchids reduced. A reduction in 
centrarchids was also noted by Christie and Scott ( 1985) in a 
lake where, simultaneously, white perch proliferated. Os
merids, however, maintained their numbers in the lower bay. 
One percid, yellow perch, persisted despite the pressure of the 
percichthyid. Throughout this time, small numbers of walleye 
continued to spawn in the rivers of the upper bay, but survival 
was thought to be poor. A few lake whitefish also persisted in the 
relatively mesotrophic waters of the Trent River, and some 
spawning occurred there. 

A dramatic reversal of the trend towards extreme eutrophica
tion occurred in the late 1970s and 1980s, with sharp reductions 
in phosphorus inputs. However, a significant part of the 
observed change in fish populations that occurred when 
eutrophication was halted was due to climatic extremes which 
resulted in cooler than normal temperatures in the winter of 
1977-78. The numbers of white perch that died in this period 
must have been very large, judging from subsequent changes 
observed in gillnet and trawl catches. Concurrently in 1977, and 
especially in 1978, percid abundance rose dramatically. Cen
trarchids, particularly smallmouth bass, became more abundant 
after the mid-1970s, while clupeids declined. This return of 
centrarchids when white perch declined is further evidence of 
the reciprocal relationship between these species noted by 
Christie and Scott ( 1985). Recent evidence is also strong that 
lake whitefish are becoming more abundant in the lower bay, 
and small numbers of adults in spawning condition are now 
regularly taken in the upper bay in the fall. The presence of 
walleye from several year-classes points to a generalized 

improvement in their rate of survival. 
Ryder and Kerr's (1978) schematic representation of fish 

communities of the boreal forest area can be modified to illus
trate the situation in the Bay ofQuinte (Fig. 9). Their salmonine 
community of the oligotrophic stage can be described as a 
mesotrophic, coregonine community for the bay, in which both 
species persistence and diversity are relatively high. The bay, 
because of its shallowness and relatively enriched state, was 
probably not oligotrophic, at least since 1900 (Warwick 1980). 
The shift from mesotrophy to eutrophy occurred in the 1960s, 
and to hypereutrophy in the 1970s. The later mesotrophic com
munity in the bay in the 1940s and 1950s was a mixed per
cid-coregonine-esocid one with lesser numbers of osmerids, 
clupeids, ictalurids, and centrarchids. The hypereutrophic com
munity was composed of dominant clupeid-percichthyid, with 
ictalurids and cyprinids playing a smaller role. Data from the 
long-term Hay Bay series show that while the diversity of the 
community decreased at each stage, the total biomass increased. 

Reduction in nutrient inputs and the increased abundance of 
piscivores have resulted in the initiation, at least, of a process 
whereby the present community is beginning to resemble that 
seen in the late 1950s and early 1960s, where percids, clupeids, 
ictalurids, and centrarchids were major taxa. The recent 
increase in coregonines may herald the beginning of a return of 
this group to the position it held in the 1950s. 

The persistence of a fish community resembling that of the 
1950s will depend on the presence of significant numbers of 
piscivores which, in turn, appears to depend on some tolerable 
level of water quality. Although the exact nature of this level is 
not known, it appears to be close to that present in the late 1970s 
and early 1980s. 
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Population Dynamics and Production of White Perch, 
Morone americana, in the Bay of Quinte, Lake Ontario 

C. K. Minns 
Department of Fisheries and Oceans, Creal Lakes Fisheries Research Branch, Canada Centre for Inland Waters, 

P.O. Box 5050, Burlington, On!. L7R 4A6 

and D. A. Hurley 
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Minns, C. K., and D. A. Hurley. 1986. Population dynamics and production of white perch, Marone amer
icana, in the Bay of Quinte, Lake Ontario, p. 215-223. In C. K. Minns, D. A. Hurley, and K. H. 
Nicholls [ed.]. Project Quinte: point-source phosphorus control and ecosystem response in the 
Bay of Quinte, Lake Ontario. Can. Spec. Pub!. Fish. Aquat. Sci. 86: 270 p. 

All available data on the 1950's invasion and proliferation of white perch (Morone americana) in the Bay of 
Quinte, a freshwater embayment of Lake Ontario, are analyzed and summarized. The life history param
eters are shown to be similar to those for this species in its native habitat, Atlantic estuaries and lakes in the 
northern part of its range. Seasonal movements within the bay are linked to spawning, feeding, and 
overwintering. The population expanded from the time of its invasion until the early 1970's, when the 
commercial fishery brought about a slight decline, followed by a climate-related crash in latewinterof 1978. 
Density-dependent growth is clearly demonstrated. Estimates of egg production and survival to age I are 
made, and biomass and production calculated. A simple simulation model is constructed to test the 
consistency of the analyses. Early survival estimates are found to be the weak link, primarily because of 
insufficient data. Available evidence suggests that reduced piscivore abundance, perhaps due to 
eutrophication, allowed the white perch to proliferate in the bay, where they appear well suited to 
conditions which are estuarine-like. Recently, it appeared that biomass was declining under the stress of 
the combined action of a low temperature kill and a resurgence of piscivores, particularly walleye (Stizoste
dion vitreum vitreum). Increased piscivore abundance should prevent white perch recovering to previous 
levels. 

Les auteurs analysent et n§sumenttoutes les donnees disponibles sur !'invasion et Ia proliferation, pendant 
les annees 1950, du baret (Morone americana) dans Ia baie de Quinte (lac Ontario). Les parametres vitaux de 
cette population sont semblables a ceux de l'espece dans son h'!bitat natal, dans les estuaires de !'Atlanti
que et dans les lacs septentrionaux de son aire de repartition. A l'interieur de Ia baie, les deplacements 
saisonniers sont lies a Ia fraie, a Ia recherche de nourriture eta l'hivernage. La population a augmente 
depuis le moment de !'invasion jusqu'au debut des annees 1970 quand une peche commerciale a entralne 
un Ieger declin; Ia population a ete decimee a Ia fin de l'hiver 1978 suite a des conditions climatiques 
extremes. Une croissance liee a Ia den site est clairement prouvee. Des calculs de Ia production d'oeufs, de 
Ia survie jusqu'a l'age I, de Ia biomasse et de Ia production sont presentes. Les auteurs ont elabore un 
modele simple de simulation pour verifier l'uniformite des analyses. lis ont ainsi decouvert que les 
estimations de Ia survie au debut du cycle vital sont le point faible surtout a cause de l'insuffisance de 
donnees. Les preuves disponibles portent a croire que Ia reduction des piscivores, peut-etre causee par 
l'eutrophisation, a permis au baret de proliferer dans Ia baie ou il semble bien adapte aux conditions 
presque estuariennes. Recemment, Ia biomasse a semble decroltre sous l'effet de !'action combinee d'une 
mortalite entralnee par Ia basse temperature et de Ia reapparition de piscivores, surtout le dore jaune 
(Stizostedion vitreum vitreum). Un plus grand nombre de piscivores devraient empecher les populations 
de baret de revenir a leur niveau anterieur. 

Introduction 

The Bay of Quinte is a highly eutrophic embayment of Lake 
Ontario that grades from a shallow inner zone receiving a 
substantial nutrient load from sewage treatment plants to a deep 
outer zone receiving lower nutrient inputs and subjected to 
incursions of Lake Ontario water during the summer months. 
The bay is highly productive and yielded a substantial portion of 
the fish harvest, both commercial and sport, in Lake Ontario. 

summer showed a dramatic reduction in numbers. The extent of 
the decline can be seen in the commercial harvest, which fell 
from 200 000 kg in 1978 to 23 000 kg in 1979. No recovery has 
been noted up to 1981. 

White perch (Marone americana) invaded Lake Ontario via 
the Hudson River and Erie Barge Canal system about 1950 
(Scott and Christie 1963) and proliferated rapidly between then 
and 1960 (Christie 1973). Since then, they have formed a major 
portion of the fish biomass up to 1978, when test netting in the 

In the Bay of Quinte, as white perch numbers increased, their 
growth rate decreased (Sheri and Power 1972; Hurley 1973). 
Similar "stunting" has been reported in other freshwater bodies 
(Thoits 1958; Cooper 1941). 

This report examines population trends and distribution, both 
secular and seasonal, growth rate, size at age, production, and 
exploitation of white perch from 1958 to 1980. From these data, 
a simulation model is used to develop a synthes"is describing the 
population dynamics of this species. 
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FIG. I. Bay of Quinte showing locations of gillnet sets and trawl tows: 1, Hay Bay gill net, 1958-80; 2-8, gillnet and trawl sites, 1972-80. 

Methods 

Species composition and relative abundance has been 
monitored at Hay Bay, station 1 (Fig. l), since 1958 using a 
graded series of gillnet mesh sizes from 3. 81 to 11.43 em in 
1. 27 -em intervals. Results are reported as the total catch, 
assuming 91.4 m of each mesh size are fished for one night. 
Between 1972 and 1980, six additional gillnet fish sites (stations 
2-7) were used and catches made monthly from May through 
August each year. 

Between 1972 and 1980, distribution and abundance was also 
monitored using a three-quarter-sized "Western" poly
propylene bottom trawl 19m long, with 6-m wings and 1.3-cm 
stretched mesh in the cod-end. This gear was fished over a 
0.4-km distance at eight stations (1-8, Fig. 1) in the bay, from 
Trenton to Lake Ontario. Trawl tows were made monthly from 
May through to September in each year. 

Samples of white perch from these two gear types were taken 
for length, weight, age, sex, and maturity determinations. 

A commercial gillnet fishery operated for white perch in the 
lower bay below Glen ora and was concentrated in the January to 
March period of each year. Statistics on the catch and effort for 
various mesh sizes were recorded on a monthly basis for each 
year. 

Results 

Secular Trends 

Standard gillnet set-catches at Hay Bay showed an upward 
trend until 1971, followed by a decline to levels around 400 fish 
per set between 1973 and 1977 (Fig. 2). In 1978, there was a 
sharp decline followed by somewhat lower levels in 1979 and 
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FIG. 2. Trends in gillnet catch of white perch at Hay .Bay, 1958-80, 
and in upper and lower Bay ofQuinte, 1972-80, using standard gill net 
effort (91.4 m of each of mesh sizes 3. 81-11.43 em in 1. 27-cm inter
vals fished overnight). 

1980. Catches at the seven main stations, 1972-80, follow a 
similar trend. Catches in the lower bay (stations 6, 7, and 1) 
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Fla. 3. Mean catch of white perch in standard trawl tows at stations 
1-7 in the Bay of Quinte, 1972-80. 

were much lower than in the upper bay (stations 2, 3, 4, and 5). 
All stations showed the sharp decline noted in 1978. Subse
quently, both areas of the bay have shown a partial recovery. 

Average trawl catches remained relatively constant in the 
period 1972-77 (Fig. 3). In 1978, a 100-fold decrease was 
observed, which was greater than the decline observed in gill net 
catches. In 1979 and 1980, trawl catches were about 10 times 
higher than in 1978, but consisted almost entirely of young-of
the-year (YOY). 

The commercial gillnet fishery for white perch began in 
1960, and increased rapidly. Both effort and catch have been 
cyclical with peaks in 1965, 1970-71, and 1976-78 (Fig. 4). 
Catches were usually reported for three mesh size ranges: 
5. 72-7.62 em (2Y4-3 in.), 7.94-10.80 em (3Ys-4Y4 in.), and 
11.43 em (4Y4 in.) and greater. Initially, the mesh composition 
of commercial nets consisted of 40% of the small size and 60% 
of the large size (Fig. 4). In 1963, an intermediate size range was 
introduced to the fishery and gradually replaced the largest mesh 
size. In the last few years, a small amount of the larger mesh size 
has reappeared. Since 1971, the quantity of the smallest mesh 
size has continued to increase until in the early 1980's when it 
accounted for almost 90% of the total effort. The Bay ofQuinte 
commercial catch of white perch has accounted for most of the 
total Lake Ontario catch averaging 79% from 1964 to 1975, with 
a range of 69-90%. This indicates that the Bay of Quinte stock 
is predominant. 

Seasonal Distribution 

White perch undertake considerable migrations within the 
Bay of Quinte. During the winter months (November- April), 
the population congregated in the lower bay and fish were found 
throughout the water column. At this time, the commercial 
fishery was able to catch them when they were most concen
trated. This movement to deeper water is similar to that in 
coastal rivers where white perch move to the estuary in the fall 
(Thoits 1958). 

In spring, adults migrate into the upper bay to spawn. 
Changes in the number caught per trawl tow and the mean 
weight of an individual in the catch, by location and month, 
averaged for 1972-80, illustrate the spring, summer, and fall 
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FIG. 4. Trends in (A) commercial harvest, (B) gillnet effort, and (C) 
allocation of effort by gillnet mesh size for white perch in the Bay of 
Quinte. 

migrations (Fig. 5). Spawning takes place from the middle of 
May to the end of June when water temperatures are in the range 
ll-l5°C (Sheri and Power 1968). The mean size of white perch 
in the upper bay ('Il:enton-Big Bay) is high in May and June 
reflecting the presence of adults, while mean size elsewhere is 
lower, suggesting that immature fish remain in the lower bay 
during the spawning period (Fig. 5). 

YOY first appear in trawl catches in late July to early August; 
the total number per tow increases in the upper and middle bay 
areas and the mean size may start to decline (Fig. 5). YOY 
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Meanwhile, after spawning, it appears that adults disperse 
throughout the bay, since mean size increases at Glenora and 
Conway in July. In October, catches decline in the upper bay, 
while they increase to their highest levels in the lower bay, 
reflecting the fall migration of white perch to deeper waters. 
Mean size at this time returns to average spring levels which 
could result from both YOY growth and the high mortality of 
YOY fish relative to older fish. 

Growth 

The size, and therefore growth, of age II and older white 
perch varied inversely with abundance between 1958 and 1980 
(Fig. 6). In recent years, the observed lengths of age II- IV fish 
have shown the expected response to lower stock abundance, 
while older fish have not responded. This difference is likely due 
to the continued selective removal of more rapidly growing 
individuals vulnerable to the intensive gillnet fishery in the 
recent period. 

We fitted a multiple regression model of growth for fish aged 
II- VI, but not for older fish, as annual growth increments from 
age VI- VIII were inconsistent. The inconsistency was likely 
due to low sample sizes. We obtained the following equation: 

FIG. 6. Length at age for white perch over the period 1958-80. 

(1) logeLij = 0.85 + 0.736 logeLi- I> j- I - 0.00009Nj 
where Luis the mean length (centimetres) of fish age i in year j 
and Ni is the mean catch (number) per standard gillnet at Hay 
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Bay in year j (Fig. 2). 
The overall regression was significant (P = 0.01) (F = 

215.6 on 2,88 df, multiple r = 0.91). The coefficients of both 
independent variables were significantly different from zero, t 1 

= 19.43 (logeL) and t2 = 3.16 (N). Neither growth increments 
nor the residuals of the above regression were found to be 
correlated with either the mean summer temperature or the mean 
May temperature, which was the most variable month, as 
recorded at the water intake of the Belleville filtration plant in the 
upper bay (Fig. 1 ). 

As noted above, fishing probably modifies the size composi
tion of the population by selectively removing the larger sized 
individuals. This would tend to minimize the observed effect of 
density on growth. At low stock abundance, faster growing fish 
will recruit younger to the fishery and thus would not be avail
able for observation at more advanced ages. Fish appear to be 
fully recruited to the fishery at 18-19 em (see Table 4) which 
would have left only age groups III and IV unaffected by fishing 
in the period 1967-77. 

It appears that YOY growth from the end of July through to 
October is dependent on temperature and density of YOY. The 
hatchery growth model for young fish described by Iwama and 
Tautz ( 1981) provided a good description of temperature-depen
dent growth: 

(2) W
1 

= (W0k + t ·f(D)IIk 

where W0 and W1 are weights (grams) at time 0 and t days, 
respectively, andf(D is a function of temperature T (Celsius) 
and k is a constant. 

The model was fitted in the form 

(3) Y = (W/ - W0k) I t = a + bT 

where a and bare regression coefficients. We assumed that W0 

was 0.00115 g, the average weight of a white perch egg (Sheri 
and Power 1968). By iteration, the best value of k was found to 
be 0. 7 55 and the regression result was 

(4) y = - 0.0528 + 0.00439T. 

The correlation was significant (r = 0.88, N = 12) returning 
it to the form of equation 2: 

(5) W1 = [W0°· 755 + t(- 0.0528 + 0.00439D]1'0 ·755 • 

The residuals from equation 4 were correlated with the 
August YOY catch per trawl tow (Nyo)· We fitted a multiple 
regression equation: 

(6) Y = - 0.0243 + 0.00457T - 0.0065 logeNyoy· 

The overall regression was significant (P = 0.01), F = 28.9 on 
2,9 df, multiple r = 0.93. The coefficients of both independent 
variables were significantly different from zero, t 1 = 7.32 (D 
(P = 0.01) and t2 = 2.48 (logeNyo) (P = 0.05). This result is 
a typical link found for YOY growth in fishes (Backiel and 
LeCren 1978); higher than average temperatures produce better 
growth, while greater numbers result in greater competition for 
food and reduced growth. 

Population Dynamics 

The trawl catch for August was used for more detailed analy
sis, because catches were generally highest in this month and 
fish of all sizes including YOY seemed to be more evenly 
distributed throughout the bay in this month. For each of the 
years 1972-80, the average bay-wide August catch per trawl 
tow was calculated. 

The age composition was determined from the length fre-

quencies in the catch combined with an age-length key 
developed using samples from August gillnet and trawl catches. 
Trawl catches were used instead of gillnet catches to determine 
population statistics because a wider size range of fish was 
present. 

Examination of the age frequency data obtained from the 
trawl catches suggested that, on average, white perch were not 
fully vulnerable to the trawl until age V (Table 1). Since the data 
were limited, the data for 1972-80 were combined and average 
annual survival rates were calculated for age V and older fish. 
The survival rate for age V of 0.44 was consistent with average 
survival rates in unexploited age classes of other populations, 
i.e. 0.45 in Patuxent Estuary and 0.44 in the Delaware River, 
reported by Mansueti (1961) and Wallace (1971 ), respectively. 
During the period 1972-80, white perch started to be harvested 
by the commercial fishery at age VI (compare Fig. 6 and Thble 
3), and the survival rates for age VI and older fish are consistent 
with that level of exploitation. Recent spring commercial catch 
data support the idea of knife-edge recruitment to the fishery. In 
1978, 6.5% of the catch was age IV or less compared with 
26.5% at age V; in 1979, 5.8% of the catch was age III com
pared with 59.7% age IV; and in 1980, 2.2% was age III 
compared with 48.6% age IV. 

For further analysis, we assumed that the survival rate for age 
V fish also applied to younger year classes. Mean population 
numbers were extrapolated back for each age, and a multiplier 
(X) was calculated from the ratio of extrapolated count to 
observed mean (Table 1). These results were then used to esti
mate the survival from egg stage to age I for each year class 
using the following analysis: 

(7) N/j = Nyoy ·X0 • S 

where N11 is the number of survivors to age I of the year class 
born in year j, N yay is the number of YOY in August traw Is of 
year j, Sis average natural survival rate (0.44), and Xyoy is the 
multiplier. 

Egg production was estimated by the equation 

9 

(8) Ei = 0.5 L Nu·X;·aW;/ 
j=2 

where 0.5 is the sex ratio, aWb is the fecundity equation calcu
lated from data of Sheri (1968), a = 34.5, b = 1.492, Nu is 
number of fish of age i in year j in the average August bay-wide 
trawl catch (Table 1), Wu is weight (grams) of fish age i in year j, 
and X; is the multiplier for age i. 

Thus 

(9) Survival from egg to age I = N/j / Ej' 

Survival rates from egg to YOY August and from YOY 
August to age I cannot be separated. The trawl catch curve is 
strongly affected by selectivity at the low size end, only the cod
end being able to retain YOY and age I fish. However, the YOY 
and age I means trawl catches 140.2 vs. 21.9 (Table 1), gives a 
nominal survival estimate of 0.21, which suggests that most 
YOY mortality has occurred by August. 

The egg to age I survival rates (S01 ) range from 0.0000275 to 
0. 00124 with a geometric mean of 0. 000236 (Table 1 ). The rates 
were correlated with egg numbers (E) and mean May water 
temperatures at Belleville (T), singly and together: 
(10) loge S0 lJ = -6.86 - 0.062£1 (10-6 ) 

(11) logeSOIJ = -21.68 + 0.911T1 (C) 

(12) loge S0 lJ = - 19.00 - 0.0995£1 + 0.768T1. 

219 



TABLE I. Population structure of white perch in August trawl catches in the Bay of Quinte. 

Estimated May 

Age egg Survival temper-
production egg to ature 

Year Total a 0 II III IV v VI VII VIII IX (106) age I (oC) 

1972 499.0 65.7 15.4 64.9 152.9 132.1 43.1 15.8 6.3 1.7 1.1 14.20 0.0000449 13.0 I 
I 

1973 327.3 35.6 7.1 9.7 63.4 116.9 72.1 21.2 1.4 0 0 6.00 0.0000571 13.0 
1974 356.3 0 12.5 43.9 87.8 84.1 86.1 31.6 8.3 1.8 0.2 10.51 12.9 
1975 1052.6 687.1 4.0 28.3 31.4 77.0 137.3 72.7 14.3 0.5 0 7.39 0.0009030 16.6 
1976 465.0 21.3 150.3 16.2 63.5 64.8 91.7 46.2 10.4 0.4 0.4 7.51 0.0000275 12.6 I 
1977 344.6 224.3 0.4 19.9 8.8 29.7 33.8 20.7 5.0 0.7 0 3.99 0.0005420 16.3 
1978 2.5 0 0.6 0 1.9 0 0 0 0 0 0 0.08 13.9 
1979 155.4 132.2 5.6 1.8 0.1 13.8 0.5 0.6 0.4 0.2 0.1 1.02 0.0012400 15.6 
1980 110.1 97.0 1.4 2.4 1.5 0.4 6.7 0.1 0.2 0.1 0 1.01 0.0009210 15.3 I 
Mean A 140.2 21.9 20.8 45.7 57.6 52.4 23.2 5.1 0.6 0.2 
Annual 

survival(s) 0.4432 0.2216 0.1166 0.3333 
Extrapolated I 

population B 3064.3 1358.1 601.9 266.8 118.2 52.4 23.2 5.1 0.6 0.2 
Multipliers 

BLA 21.83 62.01 28.94 5.84 2.05 I 
aNumbers per August trawl tow. 

TABLE 2. Predicted size (g) of YOY after 150 d for combinations of egg TABLE 3. Calculation of production of white perch in the Bay of Quinte I 
production per August trawl tow and average May temperature. Given: 
mean summer temperature TS = 15 + TM/ 3; Nyoy = E ·S0/ S / Xyoy Density Weight Biomass Production 
=e. equation 12/0.44/21.83(Table 1); wl53 = (Wo0 ·755 +equation I 
6110.755; growing season assumed to be 153, midrange of 134-173 d 
above I3°C, the midpoint of the spawning range. 

Age (ha-J)a (g)b G z (kg· ha-l) (kg· ha-•) 

0 42.7 X 106 0.00115 9.84 9.52c 49.0 569.8 

Egg May temperature, TM (0 C) 
production, E 

(J0-6) II 13 15 17 
I 16.9 11.2 11.5 9.0 
5 13.8 10.7 8.7 6.4 
9 13.3 10.8 8.3 6.0 

13 13.7 11.1 8.3 6.1 
17 14.1 11.5 8.6 6.3 

The regression with Ej (equation 10) was barely significant 
(F = 4.8 on 1,5 df, r = 0.70). The regression with Tj (equation 
11) was highly significant (F = 36.4 on 1,5 df, r = 0.94). 
Temperature is a better predictor of survival than egg numbers. 
Furthermore, in 1974 when YOY were not detected, indicating 
low egg survival, the May temperature was low. Survival in 
1978 was undetermined because low egg production gave rise to 
an undetectable level of YOY. The multiple regression (equation 
12) was marginal improvement over equation 11 (F = 27.7 on 
2,4 df, multiple r = 0.97). Only one slope, for Tj, was signifi
cantly different from zero (t - b 1 = 1. 8, t - b2 = 5. I). 

The S01 survival rates and YOY growth combine to bring 
about a similar size by the fall from year to year over much of the 
combined ranges of egg production (5 X 106 to 9 X 106) and 
May temperature (13-15°C) (Table 2). The combination of 
equations indicates that the best growth is achieved with low 
temperature and low egg densities. At higher egg densities and 
higher temperatures, growth declines as the absolute number of 
survivors increases. At the highest egg densities the number of 
survivors decreases and growth increases again. 

Production 

The production of white perch was calculated given the fol
lowing assumptions. 

(I) A trawl sweeps 0.2453 ha per 0.4-km tow. 
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I 5536.5 21.6 0.70 0.81 119.6 78.3 
II 2453.7 43.3 0.39 0.81 106.2 33.9 

III 1087.6 64.0 0.27 0.81 69.6 14.55 
IV 481.9 83.9 0.14 0.81 40.4 4.20 
v 213.6 96.7 0.20 0.81 20.7 3.14 

VI 94.6 118.5 0.17 1.51 11.2 1.02 
VII 20.8 139.7 0.33 2.15 2.9 0.45 

VIII 2.4 193.9 0.36 1.10 0.5 0.12 
IX 0.8 276.6 0.36 1.10 0.2 0.04 

Total 420.3 705.5 

•Trawl sweeps 0.2453 ha per 0.4-km tow. 
bAges II-IV average weight used; age I assumed to be one-half of 

age II; egg weight from Sheri and Power (1968). 
cEstimated from regression of survival on density. 

(2) The number of individuals, i.e. eggs, could be calculated 
from the egg production of age II and older fish, and the 
regression of survival to age I on egg density could be used to 
estimate Z, the mortality coefficient. 

(3) For ages II- IX, average weights in 1972-80 could be 
used, and weight at age I was half that at age II. The weight at 
age I averaged 0.6 of that at age II (so = 0.186, n = 15) for 
August gillnet catches, 1958-80. This was most likely an 
overestimate given the size selectivity of gillnets, so 0.5 was 
used instead. 

(4) Z for ages I-V was 0.81 (-logeS where S = 0.44), 
representing natural mortality only. 

(5) Z for ages VI- IX could be taken from the survival values 
in Table l and assumed to be the sum of natural mortality (M = 
0.81) and fishing mortality (F). 

( 6) Production was estimated for each age class by the for
mula 

P = GB; B = B
0 (ec-z-1) (Ricker 1975). 

G-Z 
(7) Weight of an individual egg at age 0 was 0.00115 g, 

calculated from data of Sheri and Power ( 1968). 
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TABLE 4. Relative catchability of white perch in commercial gillnets TABLE 5. Absolute catchability (q) estimates. 
(based on sample data collected by Lake Ontario Fishery Assessment 
Unit, OMNR). 

Size range 
(em) 2Yz-3 in. 3Ys-4Y4 in. 4Yz +in. 

15-15.9 0.01 0.01 0 
16-16.9 0.17 0.02 0 
17-17.9 0.63 0.09 0 
18-18.9 1.00 0.44 0.01 
19-19.9 0.97 1.00 0.02 
20-20.9 0.57 0.95 0.13 
21-21.9 0.30 0.57 0.54 
22-22.9 0.11 0.31 1.00 
23-23.9 0.05 0.15 0.96 
24-24.9 0.02 0.10 0.30 
25-25.9 0.01 0.07 0.13 
26-26.9 0.00 0.06 0.10 
27-27.9 0.00 0.06 0.06 
28-28.9 0.0 0.06 0.06 
29-29.9 0.0 0.04 0.04 

The mean initial population biomass (80 ), 1972-80, was 
estimated to be 420 kg· ha- 1 and production was 705.5 
kg· ha- 1 • yr- 1 (Table 3). The production to biomass ratio of 
1.68 is similar to those quoted by Chapman (1978) for a wide 
variety of fish species. The average yield portion of production 
was calculated using the estimated fishing mortality rates (F = 
Z- M) for ages VI- IX, and multiplied by 25740, the bay area 
in hectares. The predicted yield of 160 000 kg· yr- 1 is slightly 
higher than the commercial yield for 1972-80 which averaged 
121 500 kg · yr- I . 

Simulation Model 

A simple population model was constructed, using the results 
and relationships developed above, to examine their consistency 
and predictiveness. 

Natural and Fishing Mortality 

We assumed the natural mortality coefficient (M) was 0. 814 
for age I and older fish. This mortality was assumed to occur 
during the winter, concurrent with fishing mortality (F). Parti
tioning M over all seasons would not make much difference. 
Fishing mortality (F) was a function of effort (f), absolute 
catchability (q), and relative size catchability (r): 

F =f·q·r· 

Relative catchability by size was estimated, for the three mesh 
size ranges in the commercial fishery, from length frequency 
data obtained from samples of the commercial catch (Table 4 ). 
Absolute catchability was calculated using the commercial 
gillnet catch-per-unit-effort (CPUE) and the Hay Bay experi
mental gillnet catch series, 1960-80. 

The average ratio of Hay Bay gillnet catches to August trawl 
catches (4.2903) was used to scale the gillnet catches to trawl 
equivalents, which were then converted to per unit of bottom 
area (hectares). The age frequency and size at age data for these 
gillnet catches were combined with the relative catchabilities to 
calculate the vulnerable population size for each of the three 
commercial mesh size ranges. Harvest of white perch was 
converted from weight to number using an individual fish 
weight corresponding to the peak relative catchability. Absolute 
catchability (q) was calculated as follows: 

q = loge (l - harvest I population) I effort. 

Mesh size range 
(em) 

5.72-7.62 
7.94-10.80 
11.43 + 

N 

20 
17 
17 

loge 
mean 

-12.587 
-12.215 
-13.531 

SD 

±4.455 
±3.109 
±8.032 

Exp (mean) = q 

3.416. JQ-6 
4.955 ·IQ-6 

1.329 · 10-6 

The values obtained for the period 1961-81 are highly variable 
(Table 5). The values for the small and medium mesh ranges are 
negatively correlated with population abundance, r = -0.289 
and r = -0.400, respectively. 

Reproduction 

Sheri (1968) presented data that indicated that females were 
first mature at a weight of 37.4 g and that all fish were mature at a 
weight of 97.5 g. We assumed a 50:50 sex ratio. Spawning 
occurred in May and June. The fecundity curve (aWb calculated 
from data of Sheri 1968) used in the survival and production 
calculations was employed. 

Growth 

Growth was predicted using the regression obtained above 
(equation l). The density parameter in equation I was adjusted 
to represent the effect of density on a unit area basis (N = 
number per area, age I and older): 

(13) logeLt+l = 0.736logeL1 + 0.85- 5.15·10- 6 ·N. 

Survival and Growth of YOYs 

These variables were predicted using the regression equations 
5, 6, 10-12 presented above. Growth was assumed to begin at 
l3°C, the midpoint of the spawning temperature range, 
ll-l5°C, quoted by Sheri and Power (1968). Duration of the 
growth season was the number of days that the temperature 
exceeded l3°C. The water temperatures used were those taken 
daily at the Belleville filtration plant. The growth temperature 
was calculated as the mean of temperatures during the growth 
season. The growth season ranged from 134 to 173 d and the 
growth temperature ranged from 18.9 to 2l.5°C during the 
period 1950-80. 

Initial Conditions 

To begin simulations, a small population of white perch was 
assumed to appear in the bay in 1950. Necessary temperature 
data - mean May temperature, growing season, and growth 
temperature - were calculated for 1950-80. The recorded 
fishing effort was applied from 1960 on. A 95% mortality was 

. applied at 1978 to mimic the observed winterkill. 

Simulation Results 

The first simulations using all the parameter estimates pro
duced unrealistic results. In all cases, the difficulty lay in the 
prediction of survival from egg to age I. If the multiple regres
sion involving egg density and spring temperature was used, the 
model predicted recruitment that was highly variable. If the 
regression involving egg density alone (equation 10) was used, 
the model failed to produce sufficient recruits. 

The parameters of the egg survival equation involving egg 
density were altered iteratively until the model behaviour 
appeared reasonable. Using the following equation: 

(14) In survival = -5.00 - 0.2 eggs· IQ-6 I ha 
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combined with a low level of predation by a large walleye stock 

1 will keep white perch well below previous levels of abundance. 

Discussion 

The rise of white perch in the Bay ofQuinte occurred rapidly I 
from the time of their first appearance in 1952 to their position of 
dominance in the early 1960's (Scott and Christie 1963). Their 
numbers continued to rise until the early I 970's. A decline in I 
abundance was noticeable after 1972 and a pronounced ''crash'' 
occurred in the spring of 1978. Since then the population has not 
recovered. 

The effect of the commercial fishery is hard to define, but I 
removal of an average 120 000 kg · yr- 1 appears to have been 
sufficient to prevent further population increase after the early 
1970's. The decline in the growth rate during the period of I 
population expansion points strongly to some form of competi-
tion in that period. However, the harvest of white perch was 
apparently never sufficient to depress the population enough to 
cause an increase in growth rates. As the fishery developed, the I 
older age classes were reduced by removal and the younger age 
classes (II - V) increased, maintaining the density effect on 
growth. Growth rates increased sharply after the 1978 crash 
when the population was decimated. I 

The dramatic decline that occurred in I 978 has been linked to 

I 
below-average late winter water temperatures in the lower bay 
(Hurley 1986a). Many dead white perch were observed in trawl 
catches in the lower bay area in the spring of 1978 (R. C. 
Mcintosh, Glenora Fisheries Station, pers. comm.). Such a 
mortality is consistent with the fact that white perch in this area 

0 are near the northern limit of their distribution. Thus, they may 
1950 1960 1970 1980 be exposed to a "fringe" effect (Wynne-Edwards 1962), which I 

FIG. 7. Simulation results over 30 yr based on assumptions that pro- states that physical conditions can control populations at the 
duce the closest fit to observed results of population size, harvest, and limits of their distribution. 
fish size at age. Although white perch are present throughout Lake Ontario, 

a set of predictions was obtained (Fig. 7) which agree reason
ably well with the data. Thus it was necessary to increase the 
maximum survival from 1:953 to 1:148 and to make the density
related decline in survival much more strongly dependent on egg 
density. 

The uncertainty associated with estimates of early survival is 
a general problem in fisheries ecology. In this case, it stems 
from the survival data set being limited. However, if estimates 
for all the other parameters in such a simple model are judged 
acceptable, one can use a model and expected results to arrive at 
reasonable estimates of early survival. 

The model describes the population growth and exploitation 
up to the late 1970's adequately. Recent observations suggest 
that the model may need modification to predict future response. 
White perch have not recovered from the crash they suffered in 
1978 and the model predicts that if current high levels of fishing 
effort persist, white perch will recover only slowly. 

In addition, walleye (Stizostedion vitreum vitreum) prey upon 
white perch in the Bay of Quinte (Hurley and Christie 1977; 
Hurley 1986a), although not to the degree that they eat alewife 
(Alosa pseudoharengus) and rainbow smelt (Osmerus mordax). 
In 1978, an exceptionally strong year class of walleye developed 
in the bay. It is believed that these fish, because of sheer 
numbers, significantly impacted the white perch in the bay. 
Forney ( 1977) has suggested that moderate predation by a large 
walleye population controls white perch in Oneida Lake, though 
alewives are absent in that situation. The likely prognosis for the 
white perch in the Bay of Quinte is that continued heavy fishing 
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they rose to dominate the fish community only in the Bay of 
Quinte. This may be due to the morphological features of the 
bay which provide extensive shallow areas, lentic conditions, 
and warm temperatures (22-25°C) for most of the summer in 
the upper bay for spawning and feeding, and deep waters in the 
lower bay where white perch congregate in winter, as they do in 
the estuaries along their home range on the Atlantic coast 
(Thoits 1958). 

The bay was subjected to increasing nutrient loading over the 
period of white perch expansion (Minns I 986). Hurley and 
Christie (1977) suggested that eutrophication stressed the 
piscivore community which in turn permitted white perch to 
avoid control by predators. There is no evidence, however, to 
suggest that eutrophic conditions directly enhanced the white 
perch invasion and subsequent increase. 

In the late 1950's and 1960's the main piscivores, particularly 
walleye, were decreasing in abundance, while white perch were 
increasing. Conversely, in West Lake (Hurley and Christie 
1977) and Oneida Lake (Forney 1977), where white perch 
invaded at about the same time, the species was able to establish 
itself, but unable to dominate in the presence oflarge piscivores. 
In Oneida Lake, Forney was able to explain this by way of heavy 
walleye predation on white perch, except for years when yellow 
perch year classes were strong. This took place in the absence of 
alewife. In the bay, alewife were present and were (and are) a 
principal prey of walleye; thus, walleye predation of white perch 
is relatively slight. The simulation model indicated that moder
ate predation (or exploitation) would be sufficient to hold num
bers of white perch down when their population is low. 
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Although the predation "picture" appears simple, competi
tion effects appear to be more complex. There is clear evidence 
of "stunting" in the bay's population of white perch, and similar 
occurrences have been noted in other white perch invasions of 
freshwater systems (Sheri and Power 1972). While white perch 
and yellow perch (Percafiavescens) in the bay share roughly the 
same diet (Hurley 1986b ), there is no evidence of matching 
declines in the growth of yellow perch. In the upper bay, their 
diets are made up almost entirely of chironomids, whereas in the 
lower bay there are significant proportions of cmstaceans: iso
pods, gammarids, and Pontoporeia. Stunting is most simply 
explained as food limitation and it appears that white perch are 
food-limited, while yellow perch are not. 

A likely explanation for the differences in growth response of 
these two species may be the fact that while they share the same 
feeding locations, they feed at different times of day. White 
perch appear to feed more at midday and midnight (Leach 
1962), while yellow perch feed at dawn and dusk (Keast and 
Welsh 1968). Yellow perch are rarely caught in daytime offshore 
trawling where white perch are abundant, while both species are 
common in nearshore overnight gillnet catches. Yellow perch 
must venture offshore at some time, since it is from there that 
they obtain the bulk of their food (Hurley 1986b). 

White perch appear to be well suited to conditions prevailing 
in the Bay of Quinte. A depression of the main piscivores 
appears to have allowed the proliferation of the species, to the 
point where a large commercial exploitation was possible. 
However, recent events have gone against white perch. A dra
matic late-winter mortality decimated the population, and con
currently there has been an upsurge in piscivores, particularly 
walleye. Current evidence points to the persistence of white 
perch in the Bay of Quinte, although at more modest levels than 
in the past. 
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Hurley, D. A. 1986. Growth, diet, and food consumption of walleye (Stizostedion vitreum vitreum): an 
application of bioenergetics modelling to the Bay of Quinte, Lake Ontario, population, 
p. 224-236. In C. K. Minns, D. A. Hurley, and K. H. Nicholls [ed.] Project Quinte: point-source 
phosphorus control and ecosystem response in the Bay of Quinte, Lake Ontario. Can. Spec. Publ. 
Fish. Aquat. Sci. 86: 270 p. 

Energy requirements for the large 1978 year-class of walleye (Stizostedion vitreum vitreum) are calculated 
from their observed growth in each year from 1978 through 1983. Two models of energy expenditure are 
examined. One estimates the energy for growth and projected energy for reproductive products from age 3 
through age 10. The other uses published bioenergetics values for prey caloric density and predator caloric 
density, plus observed values for prey weight, diet composition, and temperature to estimate prey con
sumption that results in the observed walleye growth. Estimates of prey production are calculated and 
appear adequate for all species except alewife (A/osa pseudoharengus). Migration of large numbers of 
prespawning alewife each spring into the bay from Lake Ontario replenishes the population. Daily energy 
intake from the model is generally in the range reported from other studies but is considerably less than 
that calculated from field data from the bay. 

Les besoins energetiques de l'importante classe d'age de dore jaune (Stizostedion vitreum vitreum) de 1978 
sont calcules a partir des taux de croissance observes chaque annee de 1978 a 1983. L'auteur etudie deux 
modeles de depenses energetiques. L'un permet d'estimer l'energie necessaire a Ia croissance et de 
prevoir celle necessaire aux produits de Ia reproduction pour les ages 3 a 10. L'autre fait appel aux valeurs 
bioenergetiques publiees relatives a Ia densite calorique des proies et des predateurs ainsi qu'aux valeurs 
observees du poids des proies, de Ia composition du regime alimentaire et de Ia temperature, pour estimer 
Ia consommation des proies qui se traduit par Ia croissance observee chez les dores. L'auteur a calcule des 
estimations de production de proies qui semblent adequates pour toutes les especes, sauf le gaspareau 
(Alosa pseudoharengus). Chaque printemps, Ia migration vers Ia baie d'un nombre eleve de gaspareaux 
pre-geniteurs en provenance du lac Ontario reconstitue les effectifs de Ia population. L'absorption 
quotidienne d'energie indiquee par le modele se situe generalement dans Ia gam me sign alee dans d'autres 
etudes, mais elle est considerablement ihferieure a celle calculee a partir des donnees recueillies dans Ia 
baie. 

Introduction large-sized predators formed a significant component of the bay 
ecosystem. 

Walleye (Stizostedion vitreum vitreum) was a major commer
cial and sport fishery species during the 1950s and early 1960s 
in the Bay of Quinte, but their numbers declined drastically after 
the mid-I960s. The demise of walleye was attributed to the 
effects of the rise of an invading species, white perch (Marone 
americana), and the steadily decreasing water quality of the bay 
which was the result of nutrient enrichment (Hurley and Christie 
1977). 

Walleye abundance, however, began increasing in 1977 and 
especially in 1978, when an unusually strong year-class 
developed. Young-of-the-year (YOY) walleye were captured in 
standard trawling gear in large numbers, and fishermen reported 
large catches in the late summer and fall of 1978. The 
resurgence of walleye was attributed to the combined effects of 
improvement in water quality and the drastic reduction in white 
perch in the spring of 1978 (Hurley 1986). 

The reestablishment of walleye, not only as a major species of 
commercial interest, but also as a major piscivore, heralded a 
dramatic change in the bay from a fish assemblage of small
sized benthivores and numerous planktivores, to one where 

I Contribution 85-05, Ontario Ministry of Natural Resources, Fish
eries Branch, Maple, Ont. LOJ lEO. 
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The purpose of this paper is to describe the diet of walleye 
from YOY to adult and, through a bioenergetics model, to 
simulate the consumption of prey items of the 1978 year-class 
from age 0 through age 5. Because maximum gonad size and 
maturation of all females of the 1978 year-class was only par
tially developed by 1983, a subsidiary purpose was to estimate 
the projected growth in somatic and gonadal tissue during the 
lifetime of this year-class using a model proposed by Ware 
( 1980). 

Finally, the estimated production of walleye prey was 
developed from trawling and trapnet data for fish species and 
from plankton and dredge hauls for invertebrates. The estimated 
consumption and production of prey were compared in the 
manner proposed by Stewart et al. (1981, 1983). 

Methods 

Collections and Fish Examination 

Walleye were obtained from standard gillnet sets at up to nine 
locations in the Bay of Quinte from Trenton in the upper bay to 
Conway in the lower bay (Fig. 1). Nets were set at monthly 
intervals from May through August in the late afternoon and 
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lifted the following morning (16-20 h set duration). Some nets 
were set for shorter durations (3-12 h). A standard gillnet 
consisted of panels of mesh sizes from 3. 8 em through II A em 
in increments of 1.3 em. The lengths of panels ranged from 
22.9 m for smaller mesh sizes to 45.7 m for larger sizes, joined 
to form a single gang of net. 

Walleye from 50 to 200 mm fork length were captured in 1978 
using a bottom traw I. The trawl was 19 m long with an 18 m 
footrope and 1.27 em mesh in the cod-end. The gear was fished 
over a distance of 0.4 km at up to eight locations in the bay at 
monthly intervals from May through September (Fig. 1). 

The length and weight were measured on each walleye cap
tured. The state of sexual maturity was recorded, and a scale 
sample was retained for later age determination. The stomach 
contents were examined, and the species and length of each fish 
eaten were recorded, if possible. The lengths of chironomid 
larvae and pupae were also recorded, and the numbers of Lepta
dora kindtii in YOY were counted. Lengths of chironomids were 
converted to weights using a L-W regression developed by 
Johnson and Brinkhurst (1971). 

Simulation of Walleye Growth 

The energy content of walleye carcass derived from analysis 
of eight fish in May 1972 was 19172 J • g dry weight- 1 (Kelso 
1972). Percent water content for a variety of fish species ranged 
from 74.6 to 54.4% (Cummins and Wuycheck 1971 ). Using 
these values, the energy content of walleye ranged from 4870 to 
8742 J • g wet weight- 1• Minton and McLean ( 1982) measured 
the energy content of sanger (Stizostedion canadense) at 
monthly intervals over the entire year and give values of 5900 
J · g- 1 for carcass and 17 600 J · g- 1 for gonadal tissue. These 
latter values were used in the present study, primarily because 
they represent a mean for the whole year. In addition, both 
species show similar growth characteristics and eat similar prey 
(Scott and Crossman 1973). 

A growth curve based on the von Bertalanffy equation was 
calculated for female walleye of the 1978 yeat'-class. Estimates 
of somatic growth and the stored energy of reproductive tissue 
were made using a method developed by Ware (1980). This 
required data on gonadal weight and body weight, plus size at 

sexual maturity, egg weight, and fecundity. Measures of these 
parameters were made by Payne ( 1963) on walleye of the Bay of 
Quinte in the 1958-63 period. Since walleye growth rate and 
population density in the late 1970s and early 1980s are similar 
to those in the 1958-63 period, the values determined by Payne 
(1963) were used for the 1978 year-class. 

Estimates of Daily Ration 

The daily ration of both YOY and adults was estimated from 
the stomach contents of fish captured by both trawl and gill net. 
Trawling was effective in taking YOY and juveniles, but not 
adults. Gillnets captured juveniles and adults, but the fact that 
digestion would continue after capture makes this gear less 
desirable for estimating daily ration. The probability of captur
ing a walleye soon after it has eaten and before complete 
digestion of its meal occurred was not measured. Gillnet sets of 
3, 6, and 12 h duration captured the same proportion of walleye 
that had entire fish, completely digested fish (spines remaining), 
and chyme in their stomachs. The assumption was made, there
fore, that the mean contents of all fish captured in any gear was 
an estimate of the mean amount of food in the stomach over a 
24-h period. Since adult walleye show some degree of feeding 
activity over the 24-h period (Swenson and Smith 1973), this 
assumption is not unfounded. 

An equation relating time in hours (y) to 90% evacuation of 
stomach contents and the ambient temperature (T) for walleye 
and sauger was developed by Minton and McLean (1982): 

(1) y = 107.85e-O.to46T 

The equation developed by Elliott and Persson ( 1978) to 
estimate daily food consumption (Co) is given by 

(2) Co = 24Sa 

where S is the mean amount of food in the stomach over a 24-h 
period and a is the exponential rate of gastric evacuation. 

A value of 90% evacuation was used because Minton and 
McLean (1982) stated that the final or residual phase of the 
digestion of bony tissue is highly variable. The equation to 
calculate a is 
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TABLE I. Values for prey weight, predator weight, and energy content 
used in the bioenergetics model. 

Leptodora kindtii 
Chironomid larvae 

and pupae 
Alewife 

Rainbow smelt 
White perch 
Yellow perch 
Walleye 

Wet weight, g 
mean or range 

0.000414• 

O.Olc 

0.5-40d 

0.5-35d 
0.5-40d 
0.5-40d 
0.5-1560d 

•Cummins et al. (1969). 
bCummins and Wuycheck (1971). 

Energy content, J · g- I 

Jan. 
Feb. 
Mar. 

Apr.-June 
July 
Aug. 
Sept. 
Oct. 
Nov. 
Dec. 

9J7b 

2976b 
7204c 
6254 
5253 
5304 
5700 
6053 
6455 
7702 
9105 
8205 
5700b 
5700b 
5700b 
5900b- 6730 
(using energy 
content of 
gonadal 
tissue of 
l7600J·g-l)f 

cMean of five species, Johnson and Brinkhurst (1971). 
dField data, Bay of Quinte. 
c Stewart eta!. (1983). 
r Minton and McLean (1982). 

(3) a = In 90 , for any stated temperature. 
y 

Bioenergetics Model 

The model used was originally described by Kitchell et a!. 
(1974) and modified to apply to walleye (Kitchell eta!. 1977). 
Further modifications have been made to the original model by 
Stewart eta!. (1981, 1983) so that variations in energy content 
(J · g -•) of both predator and prey are considered and a calcula
tion of prey consumption by a predator population can be made. 

In its present form, the model was written in Apple Pascal by 
Steve Hewett and John Lyons, Center for Limnology, Univer
sity of Wisconsin, Madison, WI, USA. The data required for the 
computations are daily temperature, daily composition of the 
predator diet as a fraction of each prey item by weight, the 
energy content of each prey item on a monthly basis, the average 
weight before digestion of each prey type, and the energy 
content of walleye. Values used in the model for the energy 
content of prey and walleye are given in Table 1. 

Predicted body weights for each month May through August 
derived from the model simulations were compared to the 
observed body weights. If predicted weights were within 2 SE of 
the mean observed weights, the model was considered to 
describe walleye growth. Rice and Cochran (1984) used a sim
ilar criterion in their simulation of largemouth bass, Microp
terus salmoides, growth and found no significant lack of fit 
using this criterion. 

The growing season for walleye in the Bay of Quinte is 
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approximately 4 months long, from early June through Sep
tember (Payne 1963). A similar growing period (May-Sept.) 
was reported for walleye in Oneida Lake (Forney 1977). This 
period in the Bay of Quinte coincides generally with the timing 
of temperatures at 15°C and greater. The range from 1978 
through 1983 of l5°C in the upper bay was from May 12 to 
October 12 for the longest period, and May 24 to September 29 
for the shortest period. 

Walleye ceased body growth, except for gonadal develop
ment, by mid-October (Payne 1963) so that body weights were 
maintained from mid-October to the following May at the May 
value. No estimate of standard error could be made for these 
months. 

The daily ration was adjusted in the model by calculations of a 
value for the proportionality constant, P, which determines the 
actual fraction of the maximum daily ration eaten that ade
quately describes the walleye growth. Values for P assume that 
feeding is a function of temperature and predator weight (Rice 
and Cochran 1984) provided prey availability remains constant. 

Walleye growth could only be predicted by determining P 
values over several time periods within any one year. In general, 
one value was adequate for the period January to mid-May. 
Between mid-May and mid-August one value was adequate, i.e. 
predicted weights within 2 SE of the observed mean weights, in 
some but not all years. August to December weight estimates 
were described by one value for P. 

Other constants used in the model were identical to those 
given by Kitchell eta!. ( 1977) with values different for YOY and 
juvenile-adults. The value for regression intercept describing 
the proportion of consumed food egested depends upon the 
invertebrate-vertebrate mix in the diet. This value was calcu
lated using the proportion of invertebrates in the diet of YOY 
walleye and reaching a 95% vertebrate-S% invertebrate diet by 
September 15. This same proportion was the average observed 
for all older ages and was used in the model. 

Three levels of annual instantaneous mortality rates and ini~ 
tial population were used: one used a constant annual mortality 
(Z) from June I, 1978 through 1983, and equalled 0.769, a 
value close to one determined from spring and fall trapnets 
1980-84 (Dentry eta!. 1985), and population of 250 000 age 3 
in August 1981. The next two simulations began with the same 
age 3 population but extrapolated back to June 15, 1978, with 
varied annual values for Z from 2.30 at age 0 to 0.769 at age 5, 
and Z from 1.488 at age 0 to 0.769 at age 5. 

Weight of prey fish was dependent upon walleye size in that 
YOY walleye ate fish from 0.5 in June to 2 gin September. For 
age 1 walleye this range gradually increased over the summer 
from 2 to 40 g. 

Energy content of walleye increased as a result of gonadal 
development in age 3 and older fish. The value was calculated 
from (1) the percent maturity and female fork length from 
Payne's (1963) data for Bay of Quinte walleye: 

(4) FM = -3.85 + 0.0098L R2 = 95.9% 

where FM is the fraction of females mature and L is fork length 
(mm) and (2) and the relationship between maximum ovary 
weight (Mar.-Apr.) and body weight: 

(5) OW = 0.25BW - 206.62 R2 = 93.5% 

where OW is ovary weight (g) and BW is total body weight 
including ovaries (g). 

Monthly increments to female gonadal tissue were calculated 
from a graph relating gonadal biomass and months from 
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FIG. 2. Energy values ± 2 SE calculated from observed weights for May-August of the 1978 year-class of walleye with extrapolated values for 
September-April together with energy values associated with female gonadal tissue. Spawning set to occur on Aprill5. 

October to April (Payne 1963). The increments were calculated 
for female gonadal tissue only. This would tend to overestimate 
the energy requirement for age 3, 4, and 5 walleye. Male 
gonadal tissue at maximum accounts for 5% of the body weight, 
while that for females reaches 19% of th~ body weight (Payne 
1963). 

Daily temperatures were taken from records at the Belleville 
Public Utilities Commission filtration plant where the tem
perature of incoming water from a depth of 4 m in mid-channel 
of the bay is measured between 8 and 9 a.m. each day. 

The proportion of different prey items in the walleye diet was 
determined from stomach analyses of walleye from YOY to 
adults. These data were entered into the model on a daily basis 
and were altered as proportions of diet items changed. 

A downward adjustment of the populations of age 4 and age 5 
walleye in the bay from May 16 to August 31 was made, since 
Payne (1963) reported that 50% of age 4 and 70% of age 5 
wal!eye leave the bay for open Lake Ontario and are resident 
there for that time. 

Results 

Fish Growth 

Effect of sex and fishing location 

The effect of different locations in the bay on walleye growth 
was examined. Data on walleye captured in the 1978-84 period 
did not show a consistent difference in length at age between the 

upper bay (Trenton to Deseronto) and the lower bay (Hay Bay to 
Conway). Mean values ± 2 SE overlapped in al! but ages 1 and 5 
for female walleye and in all but age 4 for male walleye. In later 
examination, therefore, walleye from all locations were com
bined. 

The 1978 year-class showed sex related growth difference 
only at age 3 and 4 when females were significantly larger than 
males. The difference was only 21 and 24 mm, respectively. 
Weight differences were more pronounced. Age 3 females were 
140 g heavier than males and age 4 females were 240.5 g heav
ier than males. However, differences at age 1, 2, 5, and 6 were 
not significant. In view of the relatively few walleye involved in 
the analysis, it was decided that males and females would be 
combined to form a single group at each age. 

Energy value of sampled walleye 

Values for mean monthly weight of the 1978 walleye year
class age 1 to 5 in the months May-August were obtained from 
sampled walleye. Estimates of gonadal weight were made using 
the equation derived for fraction of females mature against fork 
length. This fraction and the actual gonadal biomass were added 
as a monthly increment from October to April. Since walleye 
spawn in April, the Joss of gonadal tissue occurred as a step 
function on April 15. The mean weight recorded in May is for 
somatic tissue only (Fig. 2). 

The weight values and estimates were converted to joules 
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FIG. 3. Calculated weight increments at age for a female walleye of the 
1978 year-class showing surplus energy (e), which is the sum of the 
somatic growth (•) and reproductive effort (0), during the first 10 yr of 
life. 

using 5900 J · g- 1 for somatic tissue and 17 600 J · g- 1 for 
gonadal tissue. Since growth of somatic tissue ends in October 
(Payne 1963), the values between October and May were held 
constant. There is, however, the possibility that energy content 
decreases over winter. Examination of walleye caught in 
October-December showed evidence of fat accumulation in the 
abdominal mesenteries. This storage of fat with its high energy 
content (32 200 J • g- 1 , Minton and McLean 1982) would be 
depleted over winter for routine metabolism and gonadal 
development. Since no measurements of fat content were made, 
it was not possible to estimate the energy value of this material. 
This would reduce the energy value calculated for the late fall 
and winter. 

The mean energy value per walleye increased with age as did 
the variance about the mean (Fig. 2). The values reported here 
compare closely to those reported by Minton and McLean 
(1982) for sauger from age 0 to age 3 (0. 938 x 106 to 5.102 x 
106 J) and show that their sauger grew, in weight, at about the 
same rate as did Bay of Quinte walleye. 

Energy value from Ware ( 1980) model 

Ware (1980) developed a model to calculate surplus energy, 
which he defined as the net energy left after standard metabo
lism and swimming activity have been accounted for. It repre
sents both somatic growth and the stored energy of gonadal 
tissue which is released at a specific time. 

Several equations are necessary to estimate the annual surplus 
energy. For the length-weight regression, data were obtained 
from walleye taken in trapnets (Fig. 1) in the 1969-81 period: 

(6) log W = -5.336 + 3.155log L R2 = 98.0% 

where W is body weight (g) and L is fork length (mm). 
The energy related to reproductive products was calculated 

for females only. Fecundity was measured on Bay of Quinte 
walleye by Payne (1963) and yielded the following equation: 

(7) F = 3.76 Wl.368 R2 = 97.1% 
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FIG. 4. Energy value per average female walleye of the 1978 year-class 
derived by Ware's (1980) formula (0) and calculated from observed 
growth ± 2 sE (e). 

where F is number of eggs. 
The weight of an individual egg was derived from weights of 

I 1 mature ovaries and an estimate of egg numbers in each ovary. 
The mean value thus obtained was 0.00216 g. 

A growth curve was developed based on the von Bertalanffy 
equation using female length at age for the 1978 year-class. Data 
for ages I to 6 only were available: 

(8) Lr = 569 (I - e- o.365(r + o.472) ). 

Calculation of reproductive effort (AR, g·yr- 1) was made 
using Ware's (1980) equation: 

(9) AR = COJW4• 

where C and <!> are constants obtained from the fecundity 
equation 

F = CW<I> (C = 3.76, 
<!> = 1.368), 

0 is the weight of an egg (0.00216 g), f is a dimensionless 
constant that adjusts for the higher energy content of gonadal 
tissue. Values for sauger (Minton and McLean 1982) were used 
(f = 17600J·g- 1/5900J·g-l = 2.98). 

Substituting these values in the above equation for reproduc
tive effort yield~ 

(10) AR = 0.0242 Wl.368. 

From these data a schedule relating age, mean body weight, 
and surplus energy was developed for the 1978 year-class of 
female walleye. The regression calculated from these data was 

(II) AS = 12.46 W0 ·562 R2 = 99% 

where AS is surplus energy (g·yr- 1) and W is annual mean 
weight (g). 
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TABLE 2. Energy content of food items in stomachs of small walleye (2. 0-100.0 g), 1978-79, as percentage oftotal. Percent occurrence of item in 
samples given in parentheses. An estimate of daily ration is also shown. 

Walleye weight class, g 

2.0-4.9 5.0-9.9 10.0-14.9 15.0-29.9 30.0-49.9 50.0-74.9 75.0-99.9 

Number of walleye 28 33 
Number of empty stomachs 3 I 
Mean energy value of contents, 

J · g- I predator 14.4 28.5 
Leptodora kindtii 23.9 13.3 

(82.1) (63.6) 
Chironornid larvae 4.5 0.4 

(10.6) (3.0) 
Chironomid pupae 0 2.1 

(9.1) 
Fish 71.6 84.0 

(14.3) (30.3) 

Estimated daily ration, J ·g-I·d-I 197.1 390.1 

The derived values for surplus energy, reproductive effort, 
and somatic growth are shown in Fig. 3, and illustrate the fact 
that while surplus energy rises continually until maximum size 
is reached, somatic growth increments reach a maximum at an 
early age and then decrease. The difference between surplus 
energy and energy for somatic growth represents reproductive 
effort. This rises quickly once walleye mature and, among older 
females, accounts for the major portion of surplus energy. The 
values for energy have been given in terms of weight but can be 
easily converted to energy units, assuming 5900 J · g- 1, since 
the higher energy content of gonadal tissue has already been 
accounted for in the constant! (2.98). 

The mean energy value per walleye for each age derived from 
Ware's (1980) model is shown in Fig. 4 together with the 
calculated values from observed walleye growth. No error esti
mate was computed for the Ware formula but data derived from 
that model were, except for age 1, all greater than those from the 
observed group. 

Stomach Contents of Walleye and Estimated Daily Ration 

YOY and juveniles 

YOY walleye from 2 to 15 g in weight consumed large 
numbers of Leptodora kindtii (1hble 2). A mean of 37.5 Lep
todora were found in each of 28 walleye in the 2.0-4.9 g size 
class. There is strong evidence that YOY walleye select Lep
todora as food since the mean concentration of this zooplankton 
on a seasonal basis was found to range between 50 and 
475 · m- 3 (Cooley 1984), while that for smaller cladocerans 
such as Eubosmina coregoni averaged 43 000 · m- 3 and for 
Bosmina longirostris averaged 56 000 · m- 3 in the 
May-October period (J. Cooley, GLFRB, Burlington, Ont., 
pers. comm.). In spite of this numerical abundance of small 
cladocerans, none was found in the stomachs of walleye in the 
size range studied here. 

Walleye over 15 g in weight ate few Leptodora, but the 
proportion of fish in the diet steadily increased to reach 99% by 
the time walleye were 75 g in weight. Chironomid larvae and 
pupae were the only other items in YOY diet that were consis
tently present. They formed up to 10% of the energy content of 
the stomach contents of walleye less than 50 g. Chironomid 
pupae were often more commonly found than were the larvae. 

24 50 54 61 26 
6 13 8 14 4 

19.6 48.0 41.5 26.5 33.9 
5.6 <.I <.1 <.1 0 

(16.7) (6.0) (1.9) (1.6) 
5.1 2.8 1.7 0.3 0.4 

(12.5) (28.0) (22.2) (19.7) (23.1) 
4.6 5.7 7.8 4.9 0.4 

(16.6) (36.0) (33.3) (14.8) (23.1) 
84.7 91.4 90.3 94.8 99.2 

(45.8) (30.0) (50.0) (65.6) (65.4) 

241.6 532.9 336.7 174.4 376.4 

These were probably taken as the pupae were rising to the water 
surface. 

The mean energy value of the stomach contents remained 
relatively constant between 14.4 and 48.0 J · g -I and was appar
ently unrelated to predator size. 

Estimates of the daily ration of YOY and juvenile walleye of 
various size ranges were made using the method outlined by 
Elliott and Persson (1978) and from trawl captured fish. Daily 
ration ranged between 174.4 and 532.9J·g- 1·d- 1 (Table 2). 
The lowest value was recorded for YOY in September when 
mean water temperature was l8°C although values for months 
when temperatures ranged from 20 to 25°C were as low as 
J97 .1 J' g- I'd- I. 

Adults 

A total of 1344 walleye stomachs were examined from gillnet 
captured fish in the May-September period, 1977-84 (Thble 
3). The energy value of those identifiable prey items are shown 
in Table 3 for walleye size ranges from 50 to 1600 g. Alewife 
(Alosa pseudoharengus) form the major diet item with rainbow 
smelt (Osmerus mordax), yellow perch (Percafiavescens), and 
white perch following in that order. Prey included in the other 
classification included gizzard shad (Dorosoma cepedianum), 
johnny darter (Etheostoma nigrum), sculpin (Cottus sp.), and 
brook stickleback (Culaea inconstans). Many walleye examined 
contained digested portions and spinal columns of fish that were 
not identifiable. These were not included in the survey. 

The energy value of the stomach contents generally rose 
among the large walleye. A shift from yellow perch and rainbow 
smelt in May to alewife in June and later months can also be seen 
in the data. This reflects the lower abundance of alewife in the 
bay in May compared to later months (Hurley 1986). 

The range of values for the mean energy of the stomach 
contents per gram walleye remained essentially the same for all 
size classes examined. There did not appear to be a consistent 
difference related to months between May and September, 
although the highly variable nature of the data makes it difficult 
to draw conclusions. 

Estimates of the daily ration for adults were highly variable 
across months and walleye size classes (Table 3). The range was 
between 13.7 and 1672.4 J · g- 1 • d- 1. The lowest average daily 
consumption occurred in May while other months had generally 
similar consumption rates (500-700 J • g- 1 • d- I). 
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TABLE 3. Mean monthly energy value of stomach contents of walleye of various weight classes in the Bay of Quinte 1977-84. Mean monthly 
temperatures at Belleville Filtration Plant ± 1 so are also given. 

Energy value of stomach contents, J ·stomach -1 
Est. mean· 

Walleye Rainbow 
Month weight class, g No. Alewife smelt 

May 50-150 34 0 1792 
300-400 104 0 1330 

T= 14.7 ± 2.8° 600-800 30 8728 14179 
900-1300 60 6564 7786 

1300-1600 24 18626 2760 

June 50-150 46 865 0 
300-400 89 16793 8165 

T = 20.3 ± 2.0° 600-800 87 66213 762 
900-1300 155 61786 3533 

1300-1600 115 80756 0 

July 50-150 23 2079 1846 
300-400 60 13180 35725 

T= 23.7 ± 1.4 0 600-800 57 1428 0 
900-1300 48 16444 0 

1300-1600 14 38084 0 

Aug. 50-150 98 760 5561 
300-400 98 2240 2258 

T = 23.3 ± 3.2° 600-800 63 30250 2738 
900-1300 58 14859 0 

1300-1600 34 1757 0 

Sept. 50-150 0 
300-400 28 4556 22323 

T = 19.4 ± 2.4° 600-800 4 0 0 
900-1300 15 33137 0 

1300-1600 0 

TABLE 4. Correlation of prey fork length on walleye fork length. 
Significance at 0.01 level indicated by **. 

Rainbow Yellow 
Alewife smelt perch 

Number of pairs 459 131 65 
Size range of 

prey, mm 12-200 12-200 25-170 
r 0.284** 0.341 ** 0.790** 

Effect of Predator-Prey Size Relationships 

There was a highly significant correlation between walleye 
length and the length of their prey (P < 0.01) for alewife, 
rainbow smelt, and yellow perch (Table 4). The number of pairs 
of comparisons in the case of white perch (20) were insufficient 
to show a positive relationship. The range of sizes of alewife 
eaten by larger walleye (400-600 mm) was between 12 and 
200 mm, with the majority of prey in the 125-175 mm range. 
Similarly, rainbow smelt over a large size range were eaten, but 
the majority were in the 50-150 mm range. 

Bioenergetics Model 

The results of the simulation for the three scenarios for initial 
walleye numbers and annual instantaneous mortality rates are 
given in Table 5. It is proposed that the values given for scenario 
3 are minimal since assuming constant mortality level from age 
0 is probably not biologically valid. It is proposed, therefore, 
that scenarios 1 and 2 are more likely. 

Alewife form the major component in the simulated diet 
because the value for this prey item was set according to the 
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White Yellow Mean, daily ration, 
perch perch Other Total J·g-1 J·g-1·d-1 

0 0 0 1792 17.9 83.5 
0 925 0 2255 6.4 29.9 
0 0 0 22907 32.7 152.6 
0 20795 0 35145 32.0 149.3 
0 16660 0 38046 26.2 122.2 

0 0 0 865 8.7 72.4 
12 0 0 24970 71.3 593.7 
0 3565 1285 71825 102.6 854.4 
0 963 0 66282 60.3 502.1 
0 385 0 81141 56.0 466.3 

0 2399 0 6324 63.2 756.6 
0 0 0 48905 139.7 1672.4 
0 0 0 1428 2.0 23.9 
0 0 0 16444 14.9 178.4 
0 0 0 38084 26.3 314.8 

6048 0 356 12725 127.3 1455.4 
264 332 331 5425 15.5 177.2 

0 0 0 33988 48.6 555.6 
0 0 0 14859 13.5 154.3 
0 0 0 1757 1.2 13.7 

0 0 4094 30973 88.5 673.6 
0 0 111247 111247 158.9 1209.4 
0 0 6909 40046 36.4 277.0 

observed diet composition at the various ages. It was assumed 
that alewife were a major diet item for YOY walleye even though 
the fish remains were largely unidentifiable in this group. 

The consumption of both white perch and yellow perch 
appears high in comparison to the values given for stomach 
contents in Table 3. However, it was assumed that consumption 
of these species would increase in October-April when alewife 
numbers were lower. Similarly, rainbow smelt abundance is high 
in the middle and lower bay and not in the upper bay. Therefore, 
the proportion of this species in the diet was averaged over all 
locations. The greater consumption of yellow perch in May and 
June as seen in Thble 3, when alewife were less available, 
illustrates the changing walleye diet pattern with prey abun
dance. 

The summed consumption for each prey item over all years 
would simulate the effect of a walleye population in the bay for 
one year. Total populations for all age groups 0 through 5 on 
June 15 was calculated to be for scenario 1, 3.56 x 107 , for 
scenario 2, 1.89 X 107 , and for scenario 3, 4.97 X 106 walleye. 

Daily Energy Consumption 

The model produced estimates for the daily ration on any set 
day using the input variables for temperature, walleye growth, 
and diet composition. Monthly values for age 0 walleye are 
recorded in Table 6 with typical values for late winter, early and 
late summer for other ages. Maximum daily intake per gram of 
walleye occurred at age 0 and decreased rapidly thereafter. 
Lowest values for daily consumption occurred in winter months 
from December through March; highest values were recorded in 
June to September. 

The high estimated daily consumption of age 0 walleye is the 
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TABLE 5. Calculated annual prey consumption from bioenergetics model for the 1978 year-class of walleye in the Bay of Quinte for three different 
initial (June 15, 1978) population sizes and natural mortality rates. 

Instantaneous Prey consumed, t·yr- I 

Estimated initial natural mortality Leptodora Chironomid Chironomid Rainbow White Yellow 
Age population" rate, Z kindtii larvae pupae Alewife smelt perch perch 

Scenario 1 

0 3.0 X 107 2.303 122.3 88.3 60.3 1376.8 242.8 244.1 294.0 
I 8.5 X 106 1.568 0 27.9 118.8 1830.5 174.5 335.3 446.5 
2 1.8 X 106 1.151 0 16.8 56.7 894.0 90.2 170.3 241.0 
3 5.6 X 105 1.151 0 10.0 21.4 359.8 41.3 75.6 119.3 
4 1.8 X 105 0.769 0 3.9 7.9 133.8 15.7 29.3 44.9 
5 8.1 X 104 0.769 0 2.3 3.3 60.8 8.2 15.1 24.0 
~ 122.3 149.2 268.4 4655.7 572.7 869.7 1169.7 

Scenario 2 

0 1.4 X 107 1.488 61.7 50.7 33.1 789.8 137.5 138.5 163.6 
l 6.2 X 106 1.255 0 23.5 105.4 1616.9 152.5 295.0 385.4 
2 1.8 X 106 1.151 0 16.8 56.7 894.0 90.2 170.3 241.0 
3 5.6 X 105 l.l51 0 10.0 21.4 359.8 41.3 75.6 119.3 
4 1.8 X 105 0.769 0 3.9 7.9 133.8 15.7 29.3 44.9 
5 8.1 X 104 0.769 0 2.3 3.3 60.8 8.2 15.1 24.0 
~ 61.7 107.2 227.8 3855.1 445.4 723.8 978.2 

Scenario 3 

0 2.8 X 106 0.769 12.7 11.8 7.4 183.6 31.6 31.9 37.1 
l 1.8 X 106 0.769 0 8.5 40.8 623.1 57.9 113.4 144.0 
2 8.2 X 105 0.769 0 9.1 33.6 525.2 51.8 98.9 135.7 
3 3.8 X 105 0.769 0 7.8 18.5 305.3 34.1 63.2 96.8 
4 1.8 X 105 0.769 0 3.9 7.9 133.8 15.7 29.3 44.9 
5 8.1 X 104 0.769 0 2.3 3.3 60.8 8.2 15.1 24.0 
~ 12.7 43.4 111.5 1831.8 199.3 351.8 482.5 

"Population estimate at January I each year and set for age 0 on June 15. 

TABLE 6. Daily consumption of 1978 year-class of walleye calculated 
from bioenergetics model. 

Daily food consumption 

Age Day mg·g-1 J·g-1 

0 July 15 135.2 577.1 
Aug. 15 93.1 484.7 
Sept. 15 49.7 294.9 
Oct. 15 25.4 174.4 
Nov. 15 5.6 43.2 
Dec. 31 3.1 22.3 

Mar. 15 3.3 17.8 
June 15 39.4 208.4 
Sept. 15 29.4 179.1 

2 Mar 15 2.4 13.2 
June 15 10.2 53.9 
Sept. 15 26.9 164.1 

3 Mm: 15 2.2 11.9 
June 15 13.0 68.7 
Sept. 15 17.1 104.4 

4 Mar. 15 1.8 9.8 
June 15 14.2 75.1 
Sept. 15 13.0 68.7 

5 Mar. 15 3.1 17.0 
June 15 10.8 55.0 
Sept. 15 14.2 86.5 

consequence of the rapid growth of these fish- from a mean of 
0.5 gin mid-June to 24.4 gin mid-August. The growth model 
traces this rapid growth only because the ratio of actual food 

consumption to maximum possible consumption (P) is 0. 82 and 
the diet consists of from 70 to 90% fish (Table 2) which are 
relatively energy rich (5300-9100 1 · g- 1) compared to Lepta
dora (917 J · g- 1) and chironomids (3000 J · g- 1 ). 

To test the hypothesis that piscivorous behaviour among 
walleye is energetically necessary, a simulation of age 0 growth 
was attempted where the diet was assumed to be 80-90% 
invertebrates and only 10-20% fish. With this constraint even 
maximum daily ration (P = 1.0) would not permit the observed 
growth to occur. It appears, therefore, that the conversion from 
invertebrate to fish diet was necessary at a small size in walleye 
in order to maintain their growth rate. 

Daily Specific Growth Rate and Conversion Efficiency 

The simulation of walleye growth and daily ration provided 
values for daily specific growth rate (g · g- I. d- 1) and gross 
conversion efficiency which measures the proportion of daily 
ration that is converted to fish biomass. Specific growth rates 
and conversion efficiencies (Table 7) were high among age 0 and 
age 1 walleye compared to values of 20.4-29.4% quoted by 
Minton and McLean ( 1982) for sauger of the same age. Values 
for older walleye, however, are generally similar to those quoted 
by Swenson and Smith (1973) for walleye, 21.2-30.1%. 

The high growth rate and gross conversion efficiency 
exhibited by age 0 fish resulted from the higher rations (P = 
0.82) of these fish which tended to produce a better conversion 
efficiency (Stewart eta!. 1983). This occurred despite the fact 
that the proportion of invertebrates, of which about 10% of their 
weight is indigestible (Stewart et a!. 1983) compared to only 
2-3% for fish (Kelso 1972), in YOY diets was relatively large. 
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TABLE 7. Specific growth rates and conversion efficiencies of the I978 TABLE 8. Calculated production of invertebrate prey of walleye in the 

I walleye year-class calculated from the bioenergetics model on specific Bay of Quinte. 
dates and measured temperatures. 

Chironomidsb 
Specific Gross Leptodora kindtii, a (larvae and pupae), 

growth rate, conversion t·mo-1 t·yr-1 I Age Date r,oc g·g-l·d-1 efficiency, % 
85.9 (June) 12950 

1978 102.2 (July) 

0 July 15 23.5 0.068 50.4 217. I (Aug.) 

I Aug. 15 23.5 0.045 48.8 •Calculated using 200 individuals·m -3 (Cooley 1984), PI B: June 
Sept. 15 18.5 0.024 48.6 2.95, July 3.51, August 7.46 and individual wet weight of 0.414 mg 
Oct. 15 12.0 0.012 48.6 (Cummins et al. 1969), and assuming one-half the bay volume between 
Nov. 15-Dec. 31 8.0-1.0 0 0 Trenton and Glenora of 7.03 X JOBmJ produces Leptodora. I 1979 bBased on Johnson and Brinkhurst (197I) data and using a mean 

Jan. I -May 15 1.0-17.5 0 0 production of I39.1 g· m -z·yr -I for 1967-68 and assuming one-half 
June 15 20.5 0.016 40.0 the bay area produces chironomids. 

I July 15 23.5 0.012 32.8 
peratures reached 23.5°C. These values agree closely with those Aug. 15 21.0 0.013 38.1 

Sept. 15 19.5 0.012 39.2 quoted by Hokanson ( 1977) for temperature preference and 
Oct. 15 11.0 0.006 43.1 growth optima of walleye. 

I Nov. 15-Dec. 3I 6.0-l.O 0 0 Age 4 and 5 female walleye were modelled in the simulation 

1980 to show the effect of the growth of gonads on conversion 

2 Jan. !-June 15 1.5-18.0 0 0 efficiency. Gain in gonad weight occurred even though food 

July 15 23.0 0.005 23.3 consumption was relatively small in winter. This resulted in a 

I Aug. 15 25.5 <0.001 1.3 21% conversion efficiency during these months. Spawning 
Sept. 15 19.0 0.01 I 41.0 occurred on April 16 so the conversion ratio dropped to zero 
Oct. 15 I2.0 0.006 44.0 until June. 
Nov. 15-Dec. 31 4.5-1.5 0 0 I 1981 Estimates of Prey Biomass and Production 

3 Jan. !-May 15 1.0-13.5 0 0 Calculation of production of invertebrates using data from 
June I5 20.0 0.002 13.4 several sources shows that chironomid production is far greater I July I5 26.0 0 0 than that consumed by walleye (Table 8). Leptodora production Aug. 15 23.0 <O.OOI 1.1 

may be insufficient to support the calculated consumption by Sept. 15 I9.5 0.005 29.4 
Oct. I5 11.0 0.003 34.2 walleye, because consumption by age 0 walleye is confined 

I Nov. 15-Dec. 31 6.0-1.5 0 0 mainly to the June-July period when Leptodora production is 

1982 relatively low. However, the variability in both production and 

4 Jan. !-May 15 1.5-16.0 0 0 
standing stock is so large from year-to-year among Leptodora 

June 15 20.0 0.003 21.3 (Cooley 1984) that definite conclusions about this predator-

I July 15 23.5 0.001 10.2 prey relationship are difficult to draw. 

Aug. 15 22.0 0.002 I6.5 Table 9 lists values for both biomass and production of the 
Sept. I5 19.0 0.003 22.2 major prey fish species as determined by three methods. The 
Oct. I5 14.0 0.002 25.9 values obtained from the bottom trawl May-September in the 

I Nov. 15 6.5 <0.001 4.4 1978-83 period are most likely an underestimate because of the 
Dec. 15 1.5 <0.001 3.9 low catchability of the younger age-groups. Production was 

1983 calculated as 1.5 times biomass. This factor is a mean for a 

5 Jan. 15 1.0 0.001 21.3 variety of freshwater fishes ( 1-2. i) quoted by Chapman (1978) I Feb. 15 1.0 0.001 21.3 as yearly rates. For white perch the factor 1.68, determined by 
Mar. 15 3.5 0.001 21.4 Minns and Hurley (1986), was used. 
Apr. I5 8.0 0.001 21.0 Values derived from life table calculations for three of the 

I May 15 13.5 0 0 species taken in trapnets set at two locations in the bay (Fig. 1) in 
June 15 19.5 0.001 11.9 1976-81 are given in row 2 of Table 9. These values are higher 
July 15 23.5 0 0 than the ones derived from trawling, except for alewife. The 

Aug. 15 22.0 0.001 5.9 effective area of fishing for the 6-ft trap nets is not known, but the 

I Sept. 15 22.0 0.003 18.0 values shown do have a correction factor for swimming activity 
Oct. 15 13.5 0.003 27.6 

built into them. It could be argued that the effective fishing area Nov. 15 5.0 0.001 29.5 
Dec. 15 1.5 0.001 29.7 may range between 0.1 and 1 ha. Production values were 

derived from the PI B ratios determined by Christie and Scott I This would argue that conversion efficiency should be less in (1985) as 1.2 • yr- 1 for alewife, 0.8 · yr- 1 for white perch, and 
YOY fish compared to the adults. 1.1 · yr- 1 for yellow perch in the upper bay, 1976-81. 

Walleye in the first three years of life tended to lose weight at The third row of Table 9 contains values obtained by multiply-

I various times during the period from November to May. Growth ing values in row one by 5.6. The correction factor (5.6) was 
began usually in June but halted again in July and sometimes obtained from data on the population structure and production 
August when temperatures were over 25°C (Table 7). Among calculations for white perch (Minns and Hurley 1986). The 
age 5 walleye, this cessation in growth occurred when tern- multiplier these authors used in calculating the population stuc-
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TABLE 9. Estimates of biomass and production of major fish prey of walleye in the Bay of Quinte. 

Prey species 

Alewife Rainbow smelt White perch Yellow perch 

B, P, B, P, B, P, B, P, 

Gear type kg·ha -1 kg·ha·yr-1 kg·ha-1 kg·ha·yr-1 kg·ha -1 kg·ha·yr-1 kg·ha-1 kg·ha·yr-1 

Bottom trawl 14.1 21.2 9.2 13.8 6.5 10.9 9.9 14.9 

Trap net a 6.6 7.9 98.6 79.4 30.9 31.3 

Bottom trawl (corrected 
for catchability)b 79.0 118.7 51.5 77.3 36.4 61.2 55.4 83.1 

"Values for trap net-night were adjusted for fish size and swimming speed but effective area not known, see Christie and Scott ( 1985) for details. 

bMean 1978-83 trawl catch per hectare corrected by catchability factor (5.6). 

TABLE 10. Prey species production in the Bay ofQuinte, 1978-83, as 
estimated from bottom trawl drags and corrected for catchability. 

Prey species 

Production, Rainbow White Yellow 
t·yr- 1 Alewife smelt perch perch 

Uncorrected 393.4 123.3 165.6 225.3 

Multiplied by 5.6 
to account for 
catchability 2203.0 690.5 927.4 1261.7 

ture of white perch from August trawl catches was applied to the 

biomass calculations to adjust for the lower catchability of small 

white perch. 
From these estimates, two values for the annual production of 

prey species from the area of the bay where the prey were 
produced were derived (Table 10). Those obtained from the 

bottom trawl, are undoubtedly much too low because of the 
failure of the gear to sample adequately the younger age-groups 
when most of the production is elaborated. The values obtained 
by the correction from Minns and Hurley ( 1986) has not been 
validated for any species except white perch and, therefore, can 
only be viewed as initial estimates. The value for white perch, 

however, was derived from a life table analysis of growth, egg 
production, and mortality, and therefore can be accepted with 
more certainty. 

Assumptions Used in Setting Model Parameters 

Several assumptions were made in operating both the bio
energetics model and the surplus energy model. 

( 1) Water temperatures recorded at the Belleville Filtration 
Plant adequately describe the thermal regime of the bay. 

Water temperature profiles were recorded at monthly intervals 
at up to nine locations in the bay between Trenton and Indian 
Point (Fig. I). Examination of records from 1978 through 1982 

showed that between Trenton and Big Bay the water column was 
homothermous and the temperatures were less than 2°C above 
or below the Belleville intake temperature from the end of May 
to the end of October. From Deseronto to Hay Bay some degree 
of thermal stratification occurred in the deepest water depths at 

10m that were deliberately used in the limnology surveys. Since 
the mean depth of the upper bay from Trenton to Deseronto is 
3.2 m and that of Hay Bay is 1.9 m, it is reasonable to use 
temperatures at Belleville taken at 4 m to be representative of the 

bay from 'frenton to Hay Bay. Deeper water from Glenora to 
Amherst Island (mean depth of 23.8 m) plus the periodic influx 
of colder Lake Ontario water (Freeman and Prinsen berg 1986) 
makes the use of Belleville temperatures in this area unsuitable. 

Walleye abundance, however, is generally lower in this deeper 
portion of the bay (Hurley 1986). Those walleye that may have 

spent time in these colder waters would not show the same 
degree of food consumption calculated for that at the higher 

temperatures. Consumption, daily ration, conversion efficiency 
would be therefore overstated for these fish. 

(2) Instantaneous total mortality rates were held constant 
throughout the year but do change from YOY to adults. 

There are no data available on within year changes in mor
tality rates but there are data for various age-groups. From July 
to October 1963, in Oneida Lake, Forney and Houde (1964) 
quote instantaneous daily rates of 0.011 to 0.014 for age 0 
walleye. Forney reported that in the August-October period 

1967, the daily instantaneous rate for age 0 walleye was 0. 0026 

(J. L. Forney, Cornell Biological Field Station, Bridgeport, NY, 

pers. comm.). The range of these values in annual rates is from 
0.95 to 5.11 which covers the range used in two of the three 
simulations. For adult walleye, annual rates of 0.14 to 1.83 are 
reported (Colby et a!. 1979). The values used in the simulation 
were within these limits. No attempt was made to differentiate 
between natural and fishing mortality although fishing mortality 
is substantial among walleye age 2 and older. Mortality, there
fore, was calculated as a total daily instantaneous rate. 

(3) Diet composition, proportion of prey items, and stomach 
fullness were adequately determined by examining walleye cap

tured in bottom trawls and gillnets. 
Minton and McLean (1982) examined the possibility that 

feeding sauger may be more mobile than non-feeding ones and, 
therefore, be more susceptible to the gillnet resulting in over
estimation of the ration. They concluded that this was not so and 
both feeding and non-feeding sauger were equally liable to 
capture. Prey density has been correlated with consumption 
rates in northern lakes (Swenson 1977) so the stomach contents 

may be used as an indicator of prey availability but would be 
subject to error if prey preference was an important factor. 

(4) Diet composition during times of the year when walleye 

were not sampled can be assumed from the known distribution 
of prey. 

Movements of alewife, white perch, and rainbow smelt and 
the distribution of YOY of these species plus their population 
changes in the years 1978-83 have been described by Hurley 
( 1986). There was no evidence that adult walleye were being 
highly selective in their prey, so diet composition and prey 
distribution can reasonably be considered similar. 

(5) The von Bertalanffy equation used with the age-length 

data for females of the 1978 year-class adequately describes the 
projected growth of this year-class. 

The calculated Loo of 569 mm for the 1978 ye·ar-class matched 
closely the value for the combined years 1977-84 (Loo = 573) 
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but not for walleye taken in spring trapnets in the upper bay in 
1959-61. In that case, the value was Leo = 733, and ages 2 
through 14 were available to calculate the equation. The 
asymptote is sensitive to slight changes in length values for the 
older age-groups and thus can alter theLoo quite easily. However, 
because the energy value for walleye calculated from Ware's 
( 1980) equation and that estimated from the observed growth 
were fairly close together, it was concluded that the von Berta
lanffy equation does describe growth of the year-class. 

Sensitivity of the Bioenergetics Model 

Analyses by Kitchell et al. (1977) and Stewart et al. (1983) 
illustrate the need for adequate tests of the sensitivity of the input 
parameters to any bioenergetics model. Stewart et al. (1983) 
stated that the model is generally robust, especially when the 
consumption is estimated by fitting a known growth curve, as 
reported in this paper. A major improvement in earlier versions 
of this model was made when the energy content of both prey 
and predator as they change with age and season was incorpo
rated. Consideration of gonadal tissue elaboration and loss also 
improved the applicability of the model. 

Rice and Cochran (1984) found that the model indicated little 
change in fish weight due to variations of2°C and 50% !n~reases 
or decreases in swimming speed. The temperature vanatwns of 
2°C covered most of the range observed for Belleville Filtration 
Plant and limnology surveys, especially in the upper bay. Swim
ming speeds were not measured in the present study. However, 
because a ±50% in swimming speed resulted in only a ± 7% 
change in body mass, it is presumed that this factor is relatively 
unimportant in causing major alterations in body wei~ht. . 

The level of walleye activity, however, does result m maJor 
changes in total prey consumption. In the model used in this 
paper the activity level was set at 1.0 for all simulations and 
represents a resting metabolic rate (Kitchell et al. 1977). When 
activity was increased by 50% for adult walleye, food consump
tion increased from between 32.8 and 34.3%. At a 100% 
increase in activity, food consumption increased from between 
64.5 and 67.9%. There was a corresponding decline of about 
30% in the conversion efficiency when the activity was 
increased 50% and a 50% drop in the conversion efficiency 
when the activity was increased by 100%. 

Adult walleye in lentic, turbid environments, such as the Bay 
of Quinte, presumably would be inactive for most o~ the day .and 
feed actively at dawn and dusk (Ryder 1977). This behaviOur 
would result in a relatively low activity level, although the value 
for the ratio of active metabolism/ resting metabolism is not 
known. Stewart et al. ( 1983) found the ratio for lake trout ranged 
between 1.4 and 1. 9 depending on temperature and fish size. A 
range of values between 1.0 and 1.5 for walleye for extended 
periods of time may be reasonably expected. 

A major contribution to alterations in body mass is the value 
used for P (proportion of maximum diet eaten). Both Rice and 
Cochran (1984) and I showed that this value changes during the 
growing season and must be fitted to monthly gro":'th data to 
produce a fit that lies within 2 SE of the mean bo~y we~ght. Gross 
errors in estimating consumption could occur 1f a smgle value 
for the entire growing season were assumed. 

Discussion 

Bioenergetics models have recently been used to examine 
predator-prey relationships in the Great Lakes (Stewart et al. 
1983 ). They can provide estimates of the amount of prey produc-
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tion that is channelled to predator populations (Stewart et al. 
1981). Prey population dynamics in the face of large predator 
populations maintained by hatchery plantings may be unnatu
rally stressing the production system (Stewart et al. 1981). 
However, some authors (Eck and Brown 1985) see prey popula
tions fluctuating as the result of both climatic variations and 
predation pressure. 

The Bay of Quinte walleye production depends only upon 
natural reproduction and, therefore, the predator-prey rela
tionships are not confounded by artificial m~nipulation ~f t~e 
population. However, plantings of hatchery-raised salmomds m 
Lake Ontario have averaged 4. 9 miJlion per year between 1978 
and 1984 (Anonymous 1985). These fish prey upon the same 
species as do walleye in Lake Ontario and would, therefore, 
impact on the prey population in the open lake. 

The coefficient relating the consumption by walleye to the 
production of prey exceeds I . 0 in the case of alewife for ~ce
narios 1 and 2 and is 83% for scenario 3. For other fish species, 
the ratio ranges from 94 to 29%. For invertebrates, the ratio 
exceeds 1.0 for Leptodora in scenario 1 but decreases rapidly to 
13% for scenario 3. For chironomids, the ratio does not exceed 
3%. These values for the coefficient termed the ecotrophic 
coefficient or efficiency of hunting (Chapman 1978) show that a 
major portion of prey production is consumed by walleye. 
Under these model simulations where the coefficient exceeds 
l.O, prey standing stock is being depleted by predation. In the 
case where activity level is above the minimum used here, the 
coefficients would become even greater. 

Alewives unlike the other prey species, make extensive 
migrations i~to and out of the Bay of Quinte to Lake Ontario. 
Large numbers of adult alewives enter the bay each year in late 
May-early June. They tend to congregate, possibly because of 
continual migration, in the upper bay. They spawn and the 
offspring remain for a year before leaving the bay to spend a 
further year in the Jake (Hurley and Christie 1977). 

A major source of the walleye diet, therefore, comes fro11_1 the 
production capabilities of eastern Lake.Ontano and not ent1r~Iy 
from the Bay of Quinte. The consumptiOn of a large proportl?n 
of the annual alewife production, therefore, does not necessanly 
mean poor alewife recruitment in subsequent years and a stead
ily declining population. There is evidence, however, that the 
standing stocks of alewife in the bay have declined in the Trenton 
to Deseronto area since 1977 and to a Jesser extent in the 
Deseronto to Glenora area although year-to-year variability in 
their numbers has been high (Hurley 1986). It is possible that 
this reduction has occurred as the result of the increasing wall
eye population of the bay since 1977. 

The linear relationship between walleye length and prey 
length described by Parsons ( 1971) .in La.ke Erie and Wa~ner 
(1972) in Lake Michigan was also evident m the Bay ofQumte. 
Walleye in the bay ate more alewife and rainbow smelt than 
yellow perch, which corresponds to Wagner's findings in Lake 
Michigan (Wagner 1972). This may be a consequence of the 
abundance of alewife and rainbow smelt in the 30-40 g size 
range that could be handled by walleye over 300 mm long. This 
length is reached by the fall for age l fish. 

Daily food consumption was generally much smaller accord
ing to the bioenergetics model than it was by the calculations 
from stomach content data for all age classes except for YOY 
(Table 2, 3, and 6). This could be a consequence of the minimal 
activity level used in the model simulation. This could also mean 
that the stomach contents of trawl-caught YOY may be a more 
reliable source of data than the adult giilnet-caught walleye. 

The daily food consumption rate according to the bio-
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energetics model for age 2 and older fish was about one-half the 
30mg·g-l.d- 1 rate found for walleye in June through Sep
tember by Swenson and Smith (1976). This difference may 
represent the increased consumption that would result from 
increasing the activity level in the model to some point between 
l.5 and 2.0. These authors found the rates were relatively 
constant when prey density was over 400 mg · m- 3 . The mean 
biomass of the four main prey fish species of walleye in 
May-September in the 1978-83 period in the Bay of Quinte 
was approximately 2500 mg · m- 3 . This value exceeds the point 
where a restriction on prey availability might be considered. 

The daily consumption rates, calculated from stomach con
tents data (Table 3) for all weight classes that here include from 
age 1 through age 6 walleye, was highly variable within size 
classes and between months. They tended, however, to be higher 
than estimates by Swenson and Smith (1976). Minton and 
McLean (1982) used a model based on the Winberg (1956) 
balanced energy equation to calculate daily ration for yearling 
sauger. They found the ration to be 29.2 J · g- 1 • d- 1 in mid
March, and it ranged between46.3 and 247.0 J·g- 1·d- 1 from 
May 1 to October 1. These values correspond fairly well with 
those calculated for walleye from the Kitchell model (Table 6). 

The migration of 50% of walleye of age 4 fish, 70% age 5 and 
80% of older age-groups from the bay to Lake Ontario soon after 
spawning (Payne 1963) may be a response to the warm water 
temperatures encountered in the bay during the summer. These 
fish return to the bay in late summer and early fall (Payne 1963) 
when water temperatures are dropping. The bioenergetics 
model predicted zero specific growth rates among walleye from 
age 2 to age 5 when water temperatures exceeded 23.5°C (Table 
7). Similar results were reported by Kitchell et al. (1977) for 
simulated growth of Lake Erie yellow perch. Here growth 
ceased in August when temperatures reached 24°C. It appears, 
therefore, that the response of older walleye in the bay to high 
temperatures is migration. There does not appear to be a restric
tion in prey availability and, even so, the prey consumption by 
walleye younger than age 4 would be much greater than those of 
age 4 and older (Table 5). 

The production of significant numbers of walleye after 1977 
has had profound effects on the fish community of the bay. 
Hurley ( 1986) discussed the roles of eutrophication changes and 
climate variations in possibly molding the fish community. In 
essence, the community now resembles that observed in the late 
1950s when piscivore biomass was large, benthivore and 
planktivore fishes were abundant but did not dominate the fish 
community, and algae biomass had not reached nuisance levels. 

Assigning the specific role of phosphorus reduction in either 
causing or facilitating the present community structure has 
proved to be difficult. Some effects of phosphorus reduction 
were an abrupt decrease (50-60%) in May-October phy
toplankton densities, a shortening of the growing period of 
bloom-forming species, and a community that would better 
support the aquatic food web (Nicholls et al. 1986). Macro
zooplankton composition, however, did not show some of the 
expected changes as phosphorous and algal density declined
small cladocerans still dominated and "classic" indicators of 
cultural eutrophication such as Chydorus sphaericus remained 
abundant (Cooley et al. 1986). The increasing walleye numbers 
and their simulated daily consumption of prey appear to be 
restricting the stock of alewife and, probably to a lesser extent, 
stoc~s of other fish prey. The lower planktivore, i.e. alewife, 
population should, theoretically, favour the return of larger
sized zooplankton because of a reduction in predation pressure. 
This relationship is the subject of numerous papers and has 

recently been summarized by Carpenter and Kitchell (1984). 
The results of the simulations presented here appear to place 

more emphasis on predator-prey interactions than on trophic 
interactions. This agrees with a similar hypothesis of Christie 
and Scott (1985) that they stated for the Bay of Quinte. However, 
the initial reduction in algal biomass that resulted from phos
phorus removal may have been the key initiator of the responses 
observed at higher trophic levels. This relationship perhaps 
needs to be emphasized to a greater degree than it has been. 
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Effect of Nutrient Reduction on the Diets of Four Fish Species in 
the Bay of Quinte, lake Ontario1 

D. A. Hurley 
Glenora Fisheries Research Station, Ontario Ministry of Natural Resources, 

R.R. 4, Picton, Ont. KOK 2TO 

Hurley, D. A. 1986. Effect of nutrient reduction on the diets of four fish species in the Bay of Quinte, Lake 
Ontario, p. 237-246. In C. K. Minns, D. A. Hurley, and K. H. Nicholls [ed.] Project Quinte: point
source phosphorus control and ecosystem response in the Bay of Quinte, Lake Ontario. Can. 
Spec. Publ. Fish. Aquat. Sci. 86: 270 p. 

The diet of alewife, Alasa pseudaharengus, changed significantly in the years following the reduction of 
phosphorus inputs in the Bay of Quinte. Although there were some diet changes among three other fish 
species examined, they were generally not significant. Copepods formed a larger proportion of the diets of 
alewife, rainbow smelt, Osmerus mardax, and white perch, Marone americana, after phosphorus reduc
tion. Fish that ate macrozooplankton showed strong preference for the larger species and avoided smaller 
species as predicted by optimal foraging theory. Diet overlap was evident between white perch and yellow 
perch, Perea f/avescens, only in the lower portion of the Bay of Quinte. Inter- and intraspecific competition 
may explain changes observed in the growth rates of these two species. A trophodynamic model is 
proposed to explain the observed abundance of prey in which nutrient concentrations and fish species 
abundance are the major driving forces. 

Le regime alimentaire des gaspareaux (A/asa pseudaharengus) s'est modi fie de fa<;:on appreciable au cours 
des annees suivant Ia reduGtion des apports de phosphore dans le baie de Quinte. Une certaine variation 
du regime alimentaire a ete notee chez les trois autres especes etudiees, mais celle-ci n'etait generalement 
pas significative. Les copepodes constituaient une plus grande partie de I' alimentation des gaspareaux, des 
eperlans arc-en-ciel (Osmerus mardax) et des bars-perches (Marone americana) apres Ia reduction des 
apports de phosphore. Les poissons se nourrissant du macrozooplancton presentaient une preference 
marquee pour les plus grosses especes et evitaient les plus petites, tel que prevu par Ia theorie de Ia 
recherche de nourriture optimale. Le recoupement des regimes alimentaires du bar-perche et de Ia 
perchaude (Perea flavescens) n'etait evident que dans Ia partie Ia plus en aval de Ia baie de Quinte. La 
competition interet intraspecifique pourrait expliquer les variations observees des taux de croissance chez 
ces deux especes. L'auteur propose un modele trophodynamique pour expliquer l'abondance des proies. 
Les principaux parametres du modele sont les concentrations de matieres nutritives et l'abondance des 
especes de poisson. 

Introduction 

The purpose of this paper is to document, qualitatively and 
quantitatively, the diets of four fish species that form a signifi
cant proportion of the fish biomass of the Bay of Quinte. These 
diets were examined in the periods before and after phosphoms 
control programs became fully effective. The fish species stud
ied were the planktivorous alewife, Alosa pseudoharengus, and 
three other species: rainbow smelt, Osmerus mordax, white 
perch, Marone americana, and yellow perch, Percaflavescens. 
The latter three are best described as omnivorous over a wide 
size range, in that they eat zooplankton, benthos, and fish. 

These data, in conjunction with estimates of prey abundance, 
were used to calculate the selectivity by predators for particular 
prey items. Optimal foraging theory predicts that animals forage 
so as to maximize fitness (Pyke et al. 1977). Therefore, the diet 
will be such that the net rate of energy intake is maximized (Pyke 
et al. 1977). Selection would be expected to be directed to larger 
prey which would, in turn, possibly result in a reduction in these 
preferred species. 

Planktivores regulate both species composition and abun
dance of zooplankton (Hrbacek 1962; Brooks and Dodson 1965; 
Lynch 1979). The presence of large numbers of alewife in the 
bay may have been responsible for the observed abundance of 

I Contribution 85-06, Ontario Ministry of Natural Resources, Fish
eries Branch, Maple, Ont. LOJ lEO. 

small sized zooplankton and the paucity of large forms (Cooley 
et al. 1986). It is possible that the presence of alewife in the Bay 
of Quinte over the past 100 yr (Christie 1973) has restricted the 
size distribution of zooplankton. A reduction in larger zoo
plankton was reported in Lake Michigan in the mid-1960s when 
alewife became abundant (Wells 1970). 

There is also evidence that community structure can modify 
the effects of nutrient inputs. Shapiro et al. (1975) and Lynch 
and Shapiro ( 1981) found that adding planktivprous fish to 
enclosures did not result in any change in phosphorus con
centrations, but the mean total phytoplankton biomass increased 
21 times above those enclosures that contained no fish. The 
trophic interactions ensuing from the abundance ofplanktivores 
in the 1970s and early 1980s (Hurley 1986a) may, therefore, be 
a major contributor to the high algal biomass of the Bay of 
Quinte. 

These interactions are modelled for the Bay of Quinte to 
examine the possible effects that changing fish species composi
tion, lowered concentration of both phosphorus and algae, and 
changes in zooplankton and macrobenthos populations might 
have on the aquatic community. 

Methods 

Fish Collection and Stomach Analysis 

Six to 10 samples of alewife, rainbow smelt, white perch, and 
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FIG. I. Locations of bottom trawling sites in the Bay of Quinte. 

yellow perch were obtained from monthly bottom trawls made at 
up to eight locations between May and September each year 
from 1972 to 1981 (Fig. 1 ). Fork length and weight were 
recorded for each fish and stomachs were preserved in IO% 
buffered formalin. 

Food items were identified, and estimates of biomass were 
calculated from measured lengths for chironomids, chaoborids, 
Pontoporeia, Gammarus, Asellus, and two species of sphaerids 
using equations from Johnson and Brinkhurst ( 1971 ). Weight 
values for macrozooplankton were obtained from N.H.F. Wat
son (unpublished data). 

Estimation of Prey Abundance 

Seasonal changes in the abundance of the major planktonic 
prey items were followed by weekly samples with a 30-L 
Schindler trap (Schindler 1969), fitted with a 75-,..,m-mesh 
bucket. Samples were taken at metre depth intervals at Belleville 
and Napanee and at greater intervals in the deeper stations at 
Glenora and Conway (Fig. 1). Samples were taken for 2 yr 
before phosphorus control (1975, 1976) and for 5 yr after 
phosphorus control (1979- 83). 
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The macrobenthos was sampled with a 22.5 X 22.5 em 
Eckman dredge (Johnson and McNeil1986). The samples were 
screened through 0.6-mm-aperture brass screens. Index stations 
at Big Bay, Glenora, and Conway (Fig. l) were sampled during 
August of 1972 and 1977, prior to complete phosphorus control, 
and in 1982 when phosphorus control had been present for 4 yr. 

Measures of Diet Similarity 

Changes in diets before and after phosphorus control were 
examined by two methods for measuring diet similarity or 
overlap. The null hypothesis states that there is no change in the 
diets. 

The Schoener ( 1970) overlap index, a, is measured by 

(1) a= 1 - 0.5(± JPxi- PyiJ) 
,=I 

where Pxi = proportion of food type i in the diet of fish species 
x, Pyi = proportion of food type i in the diet of fish species y, 
and n = number of food types. 

The Spearman rank correlation coefficient, rs (Steel and 
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Fto. 2. Percent by weight of diet items of alewife before and after phosphorus control, Bay ofQuinte. A, Before control, 1972-74; mean weight per 

stomach 16.42 mg ash-free dry weight. OS, ostracods; CL, cladoderans; CO, copepods; IN, insects; CH, chironomids. (A) (B) After control, 

1978-80; mean weight per stomach 9.58 mg ash-free dry weight. 

Torrie 1960), is measured by 

(2) l's = J - ___ ;~_! __ _ 

(n - l)n(n + I) 

where d,. = difference between ranks of each food type and n 
= number of food types. 

Significant overlap or diet similarity is considered to occur 
when the Schoener index exceeds 0. 60 (Wallace 1981). The 
Spearman coefficient ranges between - I and + 1 and may be 
tested for significance by a t-test. 

The percent of the total weight of particular diet items was 
used to measure overlap for each species of fish examined. 
Although it is recognized that the different methods of diet 
measure have advantages and disadvantages, the weight method 
should be representative of the caloric intake of the predator 
provided the items are of similar size (Wallace 1981). This 
criterion is generally met here, except in cases where fish were 
eaten. However, fish were not major diet items (as percent of 
total weight) for any species examined. 

Calculation of Food Preference and Electivity 

Chesson (1978, 1983) defined an estimator of food prefer
ence, a,., which is the proportion ofthe diet which would consist 
of food type i if all food types were present in equal numbers in 
the environment. In this form, therefore, it can be used to detect 
changes in feeding behaviour through changes in the preference 
index (Chesson 1983). Symbolically, the relationship is 

(3) 
r;/n; 

a;= 
111 

,i=l, ... ,m 

~ ri/ni 
j~l 

where r; is the number of items of food type i in the predator's 
diet, ll; is the number of food type i present in the environment, 
and m is the number of food items. 

An extension of this index to examine electivity was sug
gested by Chesson ( 1983) since the value of a,. is equal to 1 I m 
when selection is random, so that a,. will vary with the number of 
food types. To avoid this, he proposed that the preference for 
any type be relative to the average preference for all other food 
types. This was termed electivity, E;, and is calculated by 

E; = ma,.- 1 . 1 -:----:::-c-----,-...,.- , 1 = , ... , m 
(m-2) a,. + 

(4) 

where m is 2 or greater. The advantage of this index over Ivlev's 
(1961) is that the new index is not subject to variations in food 
density. 

Results 

Stomach Contents Before and After Phosphorus Control 

Alewife 
Diets of alewife of all size ranges and in all locations in the 

bay were similar during the periods before and after phosphorus 
control. For this reason, all data were pooled to examine 
changes as a result of phosphorus control. 

Before phosphorus control, ostracods were the main dietary 
item and accounted for about 70% of the mean weight of the 
stomach contents (Fig. 2). The proportion of ostracods in
creased as alewife size increased (0- 60% in alewife 
40-79 mm, 30-85% in alewife 80-199 mm). Copepods, pri
marily Cyclops bicuspidatus thomasi, were the next most com
mon food item. Cladocerans, primarily Eubosmina coregoni 
and Bosmina longirostris, and to a much lesser extent, Lep
todora kindtii and Daphnia spp., formed the next most impor
tant food items. Chironomids and insects were other minor diet 
items. 

After phosphorus control, ostracods became a minor item 
while copepods, and to a much lesser extent, cladocerans 
became the most important components of the diet (Fig. 2). 
Copepods were 30-70% of the diet in the upper and middle bay 
and 80-95% of the diet in the lower bay. Cyclops bicuspidatus 
thomasi was the major copepod with Mesocyclops edax and 
Cyclops vernalis the next most common forms. Among the 
cladocerans, numbers of Bosmina longirostris and Eubosmina 
coregoni eaten fell substantially while numbers of Chydorus 
sphaericus, Daphnia sp., and Leptodora kindtii rose. 

Both measures of diet similarity support the conclusion that 
alewife diets changed after phosphorus control (Table 1). 

The mean weight of stomach contents decreased by 42% in 
the period after phosphorus control. 

Rainbow smelt 
Rainbow smelt were common only in the middle and lower 

bay, from Glenora to Indian Point (Fig. 1). In the period before 
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FIG. 3. Percent by weight of diet items of rainbow smelt before and after phosphorus control, Bay of Quinte. OS, ostracods; CL, cladoderans; CO, I 
copepods; AM, amphipods; IS, isopods; CH, chironomids; IN, insects; FI, fish. (A) Before control, 1972-76; mean weight per stomach 1.30 mg 
ash-free dry weight. (B) After control, 1978; mean weight per stomach 2.38 mg ash-ti·ee dry weight. 

TABLE I. Calculated indices of diet similarity for fish species examined 
before and after phosphorus control. 

Schoener overlap 
Fish species index, a 

Alewife 0.14 
Rainbow smelt 0.65 
White perch 

Upper-middle bay 
0-99 mm 0.63 

100-149 mm 0.78 
150-250 mm 0.91 

Lower bay 
0-99 mm 0.64 

100-149 mm 0.57 
150-250 mm 0.70 

Yellow perch 
Upper-middle bay 0.66 
Lower bay 0.79 

aNot significantly different from 0. 
bp < 0.001. 
cp < 0.05. 

Spearman rank 
correlation 

coefficient, rs 

0.(2a 
0.72b 

0.86c 
0.42a 
o.nc 

0.76c 
0.56a 
0.70c 

0.37• 
0.89c 

phosphorus control amphipods, isopods, copepods, chiro
nomids, and fish were all of nearly equal weight in the diet with 
ostracods, cladocerans, and insects forming minor proportions 
(Fig. 3). Among smaller rainbow smelt, 60-79 mm, copepods 
formed from 45 to 70% of the diet. 

After phosphorus control, copepods became even more 
prominent in the diet- up to 90% among the smaller fish -
while am phi pods and isopods became more important in diets of 
rainbow smelt over I 20 mm. The proportion by weight of chi
ronomids, insects, and fish remained almost the same in the two 
periods. The mean weight of stomach contents almost doubled 
in the period after phosphorus control. 

The diet of rainbow smelt before and after phosphorus control 
showed significant overlap, and the Spearman rank correlation 
coefficient was highly significant (Thble I). This resulted from 
the fact that the proportions of major items such as amphipods, 
isopods, chironomids, and fish remained nearly the same before 
and after phosphorus control. 

White perch 
White perch diets varied significantly within the periods 

before and after phosphorus control with respect to both location 
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(upper-middle, lower bay) and fish size. 
In the upper-middle bay, chironomids formed the major bio

mass of food among all size classes of white perch in the period 
before control (Table 2). Copepods, primarily Cyclops bicus
pidatus thomasi, were the next most important food item, 
especially for white perch less than 99 mm. Other food items 
were of minor importance with the exception of fish in the 
150-250 mm white perch size class. 

In the period following phosphorus control, chironomids 
became less prominent in white perch diets, especially in fish 
less than 150 mm (Table 2). Copepods increased in importance 
as did cladocerans. Other diet items changed slightly. 

These changes in relative importance of diet items after 
phosphorus control did not result in significant changes in the 
overlap indices (Thble 1), because the relative proportions of 
minor items changed little. The Spearman rank correlation 
coefficient was significant for all size classes but the 
100-149 mm class (Table 1 ). This probably occurred because 
the coefficient is sensitive to changes in proportions of the less 
important items in the ranking procedure. 

In the lower bay, amphipods, isopods, and chironomids were 
major food items for all sizes throughout the study (Table 3). 
Copepods, ostracods, and cladocerans were relatively minor 
diet items in the lower bay. The small sample (5) of white perch 
in the largest size class after phosphorus control makes any 
conclusions for this class tentative. 

The mean weight of stomach contents increased dramatically 
among white perch in the upper-middle bay in the period after 
phosphorus control. Increases were observed in the smallest and 
largest size classes from the lower bay after phosphorus control. 

Significant overlaps between diets in the periods before and 
after phosphorus control were evident for the 0-99 and 
150-250 mm size classes, but not for the intermediate size class 
(Thble 1). The high percentage of amphipods and low percen
tage of chironomids eaten in the period after control by the 
100-149 mm class was sufficient to make the overlap non
significant. 

Yellow perch 
Stomach contents of yellow perch from the upper-middle bay 

(Trenton-Hay Bay) were significantly different from those from 
the lower bay (Glenora-Conway). In the upper-middle bay, 
chironomids were the major food item both before and after 
phosphorus control (Fig. 4). After control, fish were a larger 
proportion of the total weight of the diet, and cladocerans 
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TABLE 2. Percent composition by weight of stomach contents of white perch from the upper and middle Bay of Quinte in periods before and after 
phosphorus control (sample size in parentheses). 

Fish size range, mm 

0-99 100-149 150-250 

Before control After control Before control After control Before control After control 
Ibod type (54) (149) (164) (53) (420) (216) 

Ostracods 1.3 3.4 3.3 3.9 1.3 0.3 
Cladocerans 3.8 9.3 0.7 4.9 0.2 2.4 
Cope pods 37.0 66.8 7.2 11.7 1.3 1.1 
Amphipods 4.8 3.1 0.9 6.1 1.2 3.2 
I so pods 1.0 <0.1 0.1 0.9 0.4 2.0 
Molluscs <0.1 0 4.0 0.8 1.3 0.5 
Chironomids 50.7 17.0 81.9 63.1 68.7 61.6 
Insects 0.8 0 0.5 2.5 0.3 0.8 
Fish 0 0 0 5.4 25.1 27.8 
Mean weight per stomach, 

mg ash-free dry weight 3.95 4.74 8.18 15.19 19.29 39.63 

TABLE 3. Percent composition by weight of stomach contents of white perch from the lower Bay of Quinte in periods before and after phosphorus 
control (sample size in parentheses). 

0-99 

Before control After control 
Ibodtype (83) (27) 

Ostracods 4.9 5.3 
Cladocerans 0.2 1.5 
Cope pods 2.8 8.9 
Am phi pods 41.7 52.7 
lsopods 16.6 10.5 
Molluscs <0.1 0 
Chironomids 31.5 20.9 
Insects 1.2 <0.1 
Fish 0 0 
Mean weight per stomach, 

mg ash-free dry weight 4.61 5.54 

formed a small proportion of the diet by weight. 
In the lower bay, amphipods, isopods, chironomids, and fish 

were fairly evenly represented in the total diet by weight before 
phosphorus control. After phosphorus control, chironomids 
were more prominant in the diet, with amphipods and isopods 
reduced somewhat (Fig. 4 ). Cladocerans and copepods were 
essentially absent from the diet in the lower bay. 

Reductions in the mean weight of stomach contents were 
observed in the period after phosphorus control in both areas of 
the bay. These reductions amounted to 31% in the upper-middle 
bay and 15% in the lower bay. 

According to the Schoener index, significant overlap of diet 
occurred both in the upper-middle and in the lower bay between 
the before and after phosphorus control period (Table 1). The 
Spearman rank correlation coefficient was, however, significant 
only in the lower bay. The lack of diet overlap in the upper
middle bay, according to the Spearman coefficient, was caused 
by the fact that cladocerans became important in diets in the 
after control period. Relatively minor diet items, isopods and 
insects, were less important in the after control period. 

Stomach Contents in Relation to Prey Abundance 

The frequency with which particular food items appear in the 

Fish size range, mm 

100-149 150-250 

Before control After control Before control After control 
(108) (17) (111) (5) 

1.3 0.3 0.1 0 
<0.1 <0.1 <0.1 <0.1 

0.2 0.3 <0.1 <0.1 
29.9 72.0 37.8 32.8 
17.8 18.9 24.9 8.7 
6.1 0 3.0 0 

42.5 8.5 31.6 58.3 
2.0 0 2.5 0 
0 0 0 0 

20.41 18.20 46.50 73.67 

stomachs was compared to the numerical abundance of the same 
item in the water column. Some assumptions were made con
cerning the distribution of various prey species in order to 
facilitate comparisons. The mean seasonal (May-Oct.) abun
dance was used in spite of the fact that peaks and troughs occur at 
times during that period (Cooley et a!. 1986). Abundance of 
some forms (e.g. harpacticoids) is probably underestimated by 
the Schindler trap since these species tend to stay near the 
bottom and in weedy areas (Ward and Whipple 1959). The 
abundance of bottom-dwelling ostracods, Pontoporeia hoyi, 
Gammarus fasciatus, Asellus militaris, chironomids, and 
chaoborids was estimated on a volume basis by dividing the 
areal abundance by the mean depth of water. 

Alewife 
The abundance of food items in 193 alewife stomachs from 

1980 was compared to the numbers/m3 obtained from plankton 
sampling (Table 4). Calculated values for a;, the index of prey 
preference, and E;, the index of electivity, show that the most 
commonly found food items were not being actively selected 
from the plankton population. Those species that were being 
actively selected include the large calanoids, Limnocalanus 
macrurus and Diaptomus sicilis. The abundant, small 
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FIG. 4. Percent by weight of diet items of yellow perch from the upper-middle and lower Bay of Quinte before and after phosphorus control. CL, 
cladocerans; CA, chaoborids; AM, amphipods; IS, isopods; CH, chironomids; MO, molluscs; IN, insects; FI, fish; ar, other. (A) Before control, 
1972-75; upper-middle bay, mean weight per stomach 12.37 mg ash-free dry weight. (B) After control, 1978, 1980, 1981; upper-middle bay, mean 
weight per stomach 8.55 mg ash-free dry weight. (C) Before control, 1972-75; lower bay, mean weight per stomach 25.36 mg ash-free dry weight. 
(D) After control, 1978, 1980, 1981; lower bay, mean weight per stomach 21.67 mg ash-free dry weight. 

cladocerans were not being actively selected. The cyclopoid 
Cyclops bicuspidatus thomasi was a common item in the diet 
and, together with Mesocyclops edax and Cyclops vernalis, 
accounted for the major biomass in the alewife stomachs. It 
appears, however, that alewives avoided small plankton and 
attempted to capture larger ones during feeding. 

White perch 
White perch in the upper and middle bay actively selected 

large Daphnia pulex (14.8 J,Lg), Latona setifera (5.0 J,Lg), and 
Ilyocryptus spinifer (3.0 J,Lg) over small abundant cladocerans, 
such as Bosmina longirostris and Eubosmina coregoni (Thble 
5). Cyclopoid copepods were eaten in large numbers, but not in 
proportion to their abundance. This resulted in large negative 
values for the electivity index. Harpacticoids were freqently 
eaten, and because of their habit of staying in the littoral zone, 
appear to be actively selected by white perch. 

In the lower bay, white perch diets were radically different 
compared to the upper and middle bay (Table 6). Forms actively 
selected were chironomids, Gammarusfasciatus, Asellus mili
taris, Latona setifera, and Alana affinis. Except for the last two 
named species, plankton forms were avoided even though their 
mean number in the stomachs was sometimes large. Ponto-
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poreia hoyi was the most numerous of the forms eaten by white 
perch and was neither selected nor avoided by them (ai~O). 
Again, the white perch were apparently avoiding the numerous 
cyclopoid copepods and cladocerans. 

Yellow perch 
Yellow perch from the upper and middle bay in 1980 and 1981 

selected Daphnia pulex and Eurycercus lame !latus as preferred 
diet items, and did not select preferentially the more numerous 
small cladocerans, cyclopoid and calanoid copepods, and 
ostracods (Thble 7). 

In the lower bay, yellow perch selected chironomids, Gam
marus fasciatus, and Asellus militaris (Table 8). They did not 
select Pontoporeia hoyi, ostracods, chaoborids, and planktonic 
cladocerans and cyclopoid copepods. This occurred in spite of 
the fact that Pontoporeia hoyi accounted for 13% by weight of 
the yellow perch diet. 

Similarity of diets 
White perch and yellow perch share many of the same food 

items (Table 5, 6, 7, 8) and can thus be considered as potential 
competitors. However, examination of the diets of these species 
in the post-phosphorus control period showed no significant 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

TABLE 4. Comparison of numbers of prey items per stomach in 193 alewife in 1980 from the Bay of Quinte, May-Sept., with mean seasonal 
abundance of prey from plankton samples in the same period. The mean dry weight of the prey item, an index (u;) of prey preference, and an index of 
electivity ( E ;) are given. 

Number/ Mean weight, 
alewife stomach Number/m3 J.Lg dry weight !X; E; 

Cyclopoid copepodites 664.5 
Eubosmina coregoni 569.7 
Chydorus sphaericus 312.6 
Cyclops bicuspidatus thomasi 301.8 
Bosmina longirostris 83.5 
Mesocyclops eda.x 62.3 
Daphnia sp. 61.9 
Daphnia retrocurva 61.8 
Cyclops vernalis 37.0 
Daphnia galeata mendotae 23.5 
Leptodora kindtii 14.0 
Calanoid copepodites 10.5 
Copepod nauplii 5.8 
Limnaea/anus macrurus 4.9 
Diaptomus oregonensis 4.6 
Diaphanosoma birgei 3.3 
Daphnia pulex 1.5 
Diaptomus sicilis 1.5 
Diaptomus siciloides 1.0 
Copepoda 0.9 
Ceriodaplmia pulchella 0.9 
Eurycercus lamellatus 0.8 

"Mean of three species. 
bMean of all Daphnia spp. abundance used. 
cMean of all Daphnia spp. 
dMean of several spp. 
eValue for stage 5, ranges from 1.8 J.Lg at stage I to 8.2 J.Lg at stage 4. 
CVa!ue for Diaphanosoma leuchtenbergianum. 
gValue for Daphnia galeata mendotae used. 
hEstimated from other copepods. 

overlap in the upper-middle bay (a = 0.43, rs = 0.39, P > 
0.05). This was in spite of the fact that both species contained 
relatively large numbers of Daphnia pulex and Ewycercus· 
lame !latus, which they strongly prefer (Table 5, 7). White perch 
and yellow perch did not share, to any significant degree, 
Cyclops vernalis and cyclopoid copepodites. White perch con
sumed considerably more of these species than did yellow 
perch. Other diet items that were commonly available such as 
chironomids, ostracods, Bosmina longirostris, Eubosmina 
coregoni, Chydorus sphaericus, and cyclopoid copepodites 
were not favoured diet items and were present in relatively few 
numbers in both species. 

An examination of the diets of these two species in the lower 
bay (Table 6, 8), howeve1; showed a significant overlap by 
Schoener's index, a = 0.62, but not by the Spearman rank 
correlation coefficient, rs = 0.28, P > 0.4. Again, the dif
ference between these indices is in the importance given by the 
Spearman index to differences in the food items of intermediate 
rank in the diet of one species but not of the other. Pontoporeia 
hoyi was the most numerous item in both species, while 
cyclopoid copepodites and M esocyclops edax were numerous in 
white perch, but virtually absent in yellow perch stomachs. 
Gammarus fasciatus and Asellus militaris were numerous in 
yellow perch stomachs, but not in white perch stomachs. 

The presence of Mesocyclops edax in white perch stomachs 
indicates that they were feeding pelagically, while the presence 
of shallow water forms such as Gammarus fasciatus in yellow 
perch stomachs indicates that they were feeding littorally. 
Asellus militaris tends to be more widely spread from the littoral 

21740 2.8a 0.005 -0.809 
44872 1.9 0.002 -0.919 
21658 1.0 0.002 -0.919 

974 3.2 0.046 0.006 
22517 1.8 0.001 -0.959 

587 6.5 0.016 -0.491 
4664b 9.2c 0.002 -0.919 
11775 3.6 0.001 -0.959 

788 3.5 0.007 -0.742 
2095 14.8 0.002 -0.919 

159 14.8 0.013 -0.567 
1049 5.6 0.001 -0.959 

15257 0.5ct 0 -I 
I 20.4e 0.727 0.965 

39 9.3 0.017 -0.467 
1117 4.0f 0 -I 
122 14.8g 0.002 -0.919 

2 12.3 0.111 0.448 
248 7.5 0.001 -0.959 
100 5.0h 0.001 -0.959 

7 1.8 0.019 -0.422 
5 3.0 0.024 -0.319 

to the sublittoral and profunda! zone in the lower bay (M.G. 
Johnson, GLFRL, Owen Sound, Ont., pers. comm.). Yellow 
perch were preying upon Asellus militaris and both white perch 
and yellow perch were preying heavily upon Pontoporeia hoyi. 
This latter species is most abundant in the intermediate depth 
zones of the lower bay (Johnson and McNeill986). Overlap, and 
presumably competition, would therefore be most pronounced 
when white perch and yellow perch were feeding in the off
shore, deeper zones of the lower bay. 

Discussion 

The effect of reduced phosphorus inputs on phosphorus lev
els in the bay has been discussed by Robinson ( 1986) and the 
effects on phytoplankton have been discussed by Nicholls et al. 
( 1986). Zooplankton biomass changed relatively little as a result 
of phosphorus control measures with small cladocerans still 
dominant but some larger forms more abundant than before 
phosphorus control (Cooley et al. 1986). Macrobenthos biomass 
declined as phosphorus inputs were reduced, possibly because 
of a decline in productivity, while pollution-tolerant forms 
declined as water quality improved (Johnson and McNeil 1986). 
Numbers of alewife and white perch declined in the late 1970s 
and early 1980s while yellow perch increased (Hurley 1986a). 
Numbers of piscivores, primarily walleye, increased in this 
period and appear to play a pivotal role in regulating prey species 
abundance (Hurley 1986a, 1986b). 

Some of these changes at lower trophic levels have had effects 
on diet composition of the fish species examined here, par-
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TABLE 5. Comparison of numbers of prey per stomach in 206 white 
perch in 1980 and 1981 from the upper-middle section of the Bay of 
Quinte with estimated prey abundance. Calculated values for prey 
preference (a) and index of electivity (E) are also given. 

Number/ Number/ 
Food item stomach m3 a; E; 

Daphnia pulex 243.0 85 0.129 0.513 
Cyclops vernalis 206.4 752 0.012 -0.594 
Cyclopoid 

copepodites 128.4 24176 0 -I 
Harpacticoida 41.9 10" 0.189 0.661 
Alona affinis 31.0 48 0.029 -0.229 
Ostracoda 24.8 14737 0 -I 
Eurycercus lame/latus 19.6 6 0.147 0.567 
Eubosmina coregoni 11.8 45776 0 -I 
Leptodora kindtii 11.6 233 0.002 -0.919 
Chironomidae 10.8 263 0.002 -0.919 
Chydorus sphaericus 9.2 25215 0 -I 
Mesocyclops edax 6.6 583 0.001 -0.959 
llyocryptus spinifer 6.0 I 0.270 0.772 
Daphnia galeata mendotae 3.8 4588 0 -I 
Latona setifera 3.8 I 0.171 0.625 
Daphnia retrocurva 3.7 15049 0 -I 
Chaoborinae 3.1 263 0.001 -0.959 
Eurytemora affinis 2.5 52 0.002 -0.919 
Cyclops bicuspidatus thomasi 2.2 283 0 -I 
Diaphanosoma birgei 1.4 1221 0 -I 
Bosmina longirostris 1.4 45199 0 -I 
Macrocyclops albidus 1.0 I 0.045 -0.005 

•Abundance estimate increased by 10 X to account for under-
sampling. 

ticularly alewife, and to a lesser degree, the other three species. 
However, alewives are sufficiently abundant to favour the pro
duction of smaller forms such as Bosmina longirostris. A sim
ilar finding was reported by Lynch (1979) where vertebrate 
planktivores in enclosures cropped larger plankton and smaller 
plankton proliferated. 

Alewife diet showed a significant change between the periods 
before and after phosphorus control. The change was due almost 
entirely to the virtual elimination of ostracods from the diet and 
increased consumption of copepods after phosphorus control. 
Cyclops bicuspidatus thomasi was a major item in the diet after 
phosphorus control. Limnocalanus macrurus and Diaptomus 
sicilis were being positively selected, possibly because of their 
larger size. 

If alewife choose diet items that would provide greatest 
caloric value, then selection of larger zooplankton would be 
expected. Similarly, items of low caloric value would be 
rejected, as they appear to be. These observations would be 
predicted by current optimal foraging theory (Lacher et a!. 
1982). 

In alewife stomachs, items of small size are still the most 
numerous (Table 4) even though they are not being selected. 
This is presumably a consequence of the numerical abundance 
of these forms. Janssen (1978) has shown that alewife filter feed 
when microcrustacean abundance exceeds 100 OOO/m3 . Mean 
seasonal abundance in the Bay of Quinte averaged about 
150 OOO/m3 , so that the presence in alewife stomachs of large 
numbers of presumably nonselected food items would be 
expected from this feeding behaviour. 

Rainbow smelt showed relatively little change in their diet as 
a consequence of nutrient reduction. The increased consump
tion of cyclopoid copepods after phosphorus control was proba
bly the result of the increased abundance of these forms in the 
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TABLE 6. Comparison of number of prey per stomach in 35 white perch 
in 1980 and 1981 from the lower Bay of Quinte with estimated prey 
abundance. Calculated values for prey preference (a) and index of 
electivity (E;) are also given. 

Number/ Number/ 
Food item stomach m3 a; E; 

Pontoporeia hoyi 76.9 325 0.062 -0.039 
Cyclopoid 

copepodites 30.1 25035 0 -I 
Mesocyclops edax 18.9 430 0.011 -0.731 
Ostracoda 18.8 2368 0.002 -0.945 
Chironomidae 7.5 21 0.093 0.179 
Cyclops vernalis 5.5 172 0.008 -0.797 
Gammarus fasciatus 3.2 7 0.119 0.308 
Leptodora kindtii 2.5 43 0.015 -0.649 
Asellus militaris 2.5 4 0.163 0.463 
Eubosmina coregoni 1.9 11226 0 -1 
Cyclops bicu~pidatus 

thomasi 1.3 2871 0 -I 
Latona setifera 1.3 I 0.339 0.756 
Eurytemora affinis 0.8 65 0.003 -0.919 
Alona affinis 0.7 I 0.183 0.516 
Daphnia retrocurva 0.4 4750 0 -I 

lower bay where the majority of the rainbow smelt were taken. 
White perch and yellow perch did not show a consistent, 

significant overlap in their diet. Growth rates of white perch fell 
markedly when their numbers were high, and then rose after 
1978 when the population crashed (Hurley 1986a; Minns and 
Hurley 1986). This indicated that intraspecific competition was 
relatively strong among white perch. The fact that food con
sumption increased in the years after the population crashed 
argues that food limitation might have been responsible for the 
stunting observed in white perch. 

Growth rates of yellow perch up to age 4 were not signifi
cantly affected by the changing biomass of white perch. They 
remained essentially constant from 1958, prior to the white 
perch dominance, through 1974 when white perch were most 
abundant. However, the mean lengths of yellow perch aged 5 yr 
and older were between 10 and 25 mm shorter in the years when 
white perch were most abundant. Yellow perch growth 
increased substantially in the years after the crash of the white 
perch. This would argue that increased food resources, made 
available when white perch declined, caused the increase in 
yellow perch growth. The data, however, show that the mean 
weight of stomach contents actually dec:;reased in yellow perch 
after the decline in white perch abundance. Yellow perch in the 
upper-middle bay consumed more fish in the period after phos
phorus control. 

The growth rate of yellow perch increased after the decline in 
white perch occurred even though yellow perch abundance was 
increasing (Hurley 1986a). This would indicate that intraspecific 
competition in yellow perch may not be as strong as interspecific 
competition with white perch. 

The trophic dynamic model which these observations would 
support can be outlined as follows. Nutrient reduction in the late 
1970s decreased algal production and increased the food chain 
functional forms, which favoured the larger zooplankton spe
cies. These larger zooplankters, although favoured by the fish 
species studied here, were under reduced predation pressure. 
This occurred because of the lower alewife abundance from 
1977 through 1983 in the upper-middle bay. This reduction was 
probably brought about by their increased predation by the 
expanding walleye population. White perch abundance also 
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TABLE 7. Comparison between food items in stomachs of 226 yellow 
perch fom the upper and middle Bay of Quinte, 1980 and 1981, and the 
abundance of same items in plankton nets and Eckman dredge hauls 
with calculated values for a;, an estimator of preference, and E;. an 
index of electivity. 

Number/ 
yellow 
perch 

Food item stomach 

Daphnia pulex 74.0 
Eurycercus lame/latus 8.8 
Chironomidae 6.7 
Chaoborinae 6.5 
Eurytemora affinis 2.2 
Cyclops vernalis 2.2 
Cyclopoid copepodites 1.9 
Ostracoda 0.68 
Eubosmina coregoni 0.64 
Daphnia retrocurva 0.62 
Mesocyclops edax 0.27 
Latona setifera 0.20 
Daphnia galeata 

mendotae 0.17 
Chydorus sphaericus 0.13 
llyocryptus spinifer 0.13 
Calanoid copepodites 0.09 

Number/ 
m3 

85 
6 

263a 
263b 

52 
752 

24176 
14737° 
45776 
15049 

583 
I 

4588 
25215 

1 
1669 

Cl.; 

0.315 
0.531 
0.009 
0.009 
O.QIS 
0.001 
0 
0 
0 
0 
0 
0.072 

0 
0 
0.047 
0 

•Estimated by dividing areal abundance by mean depth. 
bAbundance assumed similar to Chironomidae. 

E; 

0.747 
0.889 

-0.760 
-0.760 
-0.628 
-0.970 
-I 
-1 
-1 
-1 
-1 

0.076 

-I 
-1 
-0.150 
-1 

cAbundance data available for lower bay only, areal abundance 
divided by mean depth. 

declined dramatically after 1978 because of a climate-related 
mortality. Their numbers remained low, probably due to walleye 
predation. Yellow perch numbers increased in this same period, 
but not to the extent that the white perch had fallen. Rainbow 
smelt were abundant only in the lower bay and would impact on 
chironomids, ostracods, amphipods, and in the years after phos
phorus control, on cyclopoid copepods. The predation on larger 
zooplankters had decreased because of lower fish populations. 
However, the numbers of carnivorous species such as Leptodora 
kindtii and large cyclopoid and calanoid copepods were insuffi
cient to exert appreciable pressure on the abundant, small her
bivores, such as Bosmina longirostris and Eubosmina 
coregoni. 

Benthic macro invertebrates responded to reductions in phos
phorus concentrations in the upper bay by increasing numbers of 
those species of chironomids and oligochaetes that are less 
tolerant of eutrophic conditions (Johnson and McNeil1986). In 
the lower bay the abundance of Pontoporeia hoyi increased after 
1977, probably because of reduced predation that occurred with 
the collapse of white perch. The increase in yellow perch in the 
lower bay increased the predation on Gammarus fasciatus, in 
particular, and resulted in a drop in the abundance of this species 
(Johnson and McNeil 1986). 

Apparently, phosphorus control has had little impact on the 
diets of rainbow smelt, white perch, and yellow perch, but has 
had an affect on alewife. Any change occurred because of 
alterations in prey species composition, initiated by changes in 
algae composition and biomass. Although the selection for 
larger forms of zooplankton was strong, the decline in fish 
species that ate them was sufficient to prevent the elimination of 
these zooplankters. However, the numbers of these large, and 
primarily carnivorous forms were not great enough to impact on 
the herbivorous zooplankton. 

The changes in the biota initiated by the reduction in phos-

TABLE 8. Comparison between food items in stomachs of 67 yellow 
perch fom the lower Bay of Quinte, 1980 and 1981, and the abundance 
of same items in plankton nets and Eckman dredge hauls with calcu
lated values for a;, an estimator of preference, and E;, an index of 
electivity. 

Number/ 
yellow 
perch Number/ 

Food item stomach m3 Cl.; E; 

Pontoporeia hoyi 35.2 325 0.054 -0.321 
Chironomidae 9.0 21 0.215 0.423 
Gammarus fasciatus 5.9 7 0.423 0.737 
Ostracoda 3.8 2368 0.001 -0.982 
Asellus militaris 2.1 4 0.263 0.525 
Chaoborinae 0.9 21 0.022 -0.663 
Eurcercus 

lamellatus 0.09 2 0.023 -0.650 
Eurytemora affinis 0.04 65 0 -1 
Eubosmina coregoni O.Q3 11226 0 -1 
Cyclopoid 

copepodites O.Q3 25035 0 -1 

phorus inputs have not permeated to all trophic levels in the bay 
in the early 1980s. Until these effects have been funneled 
through the longest lived organisms in the community, the 
species composition of the bay's ecosystem, and the numerical 
strength of species will not be fully established. 
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Phosphorus Loadings and Environmental Quality in the Bay of 
Quinte, Lake Ontario 
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johnson, M.G. 1986. Phosphorus loadings and environmental quality in the Bay of Quinte, Lake Ontario, 
p. 247-258. In C. K. Minns, D. A. Hurley, and K. H. Nicholls [ed.] Project Quinte: point-source 
phosphorus control and ecosystem response in the Bay of Quinte, Lake Ontario. Can. Spec. Pub I. 
Fish. Aquat. Sci. 86: 270 p. 

This synthesis of Project Quinte data examines effects of magnitude and source of phosphorus (P) loadings, 
hydrology of the bay, and other factors on abundance and production of primary producers. Correlation 
and multiple regression analyses and two general deterministic models were used to interpret trends 
among years. Average seasonal algal biomass, chlorophyll a (Chi a) concentration, integral, and maximum 
volumetric rate (Amaxl of primary production through 1972-82 were significantly correlated with point
source P loadings and percent point-source P but not with total P loading. Point-source P inputs were 
reduced from about 25 to 10% of total P loadings, and phytoplankton declined by 25-60% through the 
period. In multiple regression, P loading and flushing rate affected phytoplankton abundance and produc
tion more than water depth, radiation, and water temperature. Results from the Dillon-Rigler model, 
expanded to predict Chi a, transparency, macrophyte abundance, and Pretention, were in good agreement 
with observations from 1972 to 1981. Main conclusions from application of the model to data from 1916 to 
1981 were that accelerating point-source P loadings in 1956-66, aggravated by low river flows in 1962-66, 
led to 2 times the Chi a concentrations and a decline in macrophytes to one half of their former abundance, 
compared with 1916-55. During this early period, effects oftotal P loadings, often as high as in recent years, 
were offset by coincident changes in flushing rate, which contributed to stability in the primary producer 
system. During 1980 and 1981, P and Chi a concentrations declined to levels similar to those predicted in the 
1930-55 period. Critical P loadings, calculated using Vollenweider's model, were close to actual river 
loadings during 1965-81, indicating that the bay lacked tolerance to increasing point-source P inputs. 
Phytoplankton abundance and production were correlated with the ratio of actual total P loading to critical 
P loading but not to total P loading. 

La presente synthese des donnees du projet de Ia baie de Quinte traite des effets du volume et de l'origine 
des charges de phosphore (P), de l'hydrologie de Ia baie et d'autres facteurs sur l'abondance et Ia 
production des producteurs primaires. Les tendances interannuelles ont ete etudiees par analyses de 
correlation et de regressions multiples et par I' application de deux modeles deterministes. De 1972 a 1982, 
les valeurs moyennes saisonnieres de Ia biomasse des algues, de Ia concentration de Ia chlorophylle a 
(Chi a) et du taux volumetrique integre et maximal (Amaxl de Ia production primaire presentaient une 
correlation significative avec les charges ponctuelles de Pet le pourcentage des sources ponctuelles de P, 
mais non avec les charges de P totales. Pendant cette peri ode, le pou rcentage des rejets ponctuels de P, par 
rapport aux rejets totaux, est passe d'environ 25% a 10% et Ia quantite de phytoplancton a ete reduite de 25 
a 60%. Les regressions multiples indiquaient que Ia charge de Pet le taux de renouvellement des eaux 
avaient un effet plus important sur l'abondance et Ia production du phytoplancton que Ia profondeur de 
l'eau, le rayonnement et Ia temperature de l'eau. Les resultats du modele de Dillon-Rigler, elargi a Ia 
prevision des valeurs de Ia Chi a, de Ia transparence, de l'abondance des macrophytes et de Ia retention de 
P, correspondaient bien aux observations faites entre 1972 et1981. L'application du modele aux donnees de 
1916 a 1981 a perm is de conclure que !'augmentation des charges ponctuelles de p de 1956 a 1966, aggravee 
par les faibles debits de Ia periode 1962-66, avait fait doubler les concentrations de Chi a et baisser de 
moitie l'abondance des macrophytes comparativement a Ia peri ode 1916-55. Au cours de cette peri ode, les 
charges de P total, souvent aussi elevees que celles des dernieres annees, etaient annulees par des 
modifications concurrentes du taux de renouvellement, ce qui a contribue a Ia stabilite du systeme de 
production primaire. En 1980 et 1981 les concentrations de Pet de Chi a sont revenues a des valeurs 
semblables a celles prevues pour Ia periode 1930-55. Les valeurs des charges critiques de P, calculees a 
I' aide du modele de Vollenweider, s'approchaient des valeurs reelles des charges du cours d'eau pendant 
Ia periode 1965-81, ce qui indique que Ia baie ne pouvait plus compenser les augmentations des rejets 
ponctuels de P. L'abondance et Ia production du phytoplancton etaient correlees au rapport de Ia charge 
reelle de P total a Ia charge critique de P, mais non a Ia charge de P total. 

Introduction 

Phosphorus loading reduction is the primary element of a 
Canada- United States strategy to reduce the rate of eutrophica
tion of the lower Great Lakes. The response of the Bay of 
Quinte, Lake Ontario, to reduced P inputs was studied by 
federal, provincial, and university scientists collaborating in 

Project Quinte (Johnson and Hurley 1986). P was reduced in 
detergents beginning in 1971 and P was removed at Quinte 
waste treatment plants by late 1977 to a residual 0.5 mg · L - 1 

from May through September and to I . 0 mg · L - 1 in other 
months. 

The Project Quinte group's specific objectives have been to 
evaluate the P-control program in terms of ( 1) P loadings and 
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FIG. I. Schematic diagram of the Bay of Quinte showing, from top to bottom, main rivers entering the bay and their mean annual flows, lengths of 
sections of the bay (upper, middle, and lower), Iimnological stations (T, Trenton; B, Belleville; N, Napanee; G, Glenora; C, Conway), waste I 
treatment plants and their annual discharges to the bay, and data on area, mean depth, and flushing rate of the three main sections of the bay. 

sources, ambient P concentrations, and environmental quality, 
(2) the significance of high flushing and turbulence in the upper 
bay and influx of lake water through the lower bay, (3) 
algae- macrophyte interactions, the role of macrophyte beds as 
a nutrient-sediment sink, and significance of changes in 
abundance of macrophytes, (4) relative significance of P load
ings in relation to natural hydrologic and climatic factors, and 
(5) prospects for future enhanced environmental quality. 
Environmental quality improvement in the Bay of Quinte is 
assumed to mean reduction in frequency, duration and ampli
tude of algal blooms, increased diversity and moderate abun
dance of macrophytes, and better habitat for fish communities 
(for example, improved oxygen conditions, greater abundance 
of food-chain functional phytoplankton, and optimum macro
phyte stocks). 

The first nutrient budget for the Bay of Quinte, calculated for 
1968 by Johnson and Owen ( 1971 ), showed that only 40% of P 
loading was from waste treatment plants and 60% was from non
point sources. However, river inputs were estimated to have 
much less impact than their major contribution to the absolute 
load would indicate, first, because much of the river inputs was 
flushed from the bay in the spring freshet, and second, because 
river P concentrations were generally lower than bay P con
centrations. Johnson and Owen (1971) suggested that the high 
flushing rate of the bay would promote rapid improvement in 
environmental quality following point-source P reduction, but 
the extensive, shallow, P-enriched sediments in the upper bay 
might delay recovery. 

Recent work has been concentrated on strengthening the data 
base of P inputs and environmental quality in the bay over time. 
Since 1972, monitoring of rivers and waste treatment plants 
provided a continuous data base on P loadings and also allowed 
filling in gaps from 1965 to 1967 and 1969 to 1971 (Minns and 
Johnson 1979). Minns ( 1986a) calculated earlier river loadings 
back to 1916 when flow measurement commenced and point
source inputs back to 1800 using population and detergent-use 
information. These, together with the data base on limnological 
characteristics of the bay examined weekly from May to October 
since 1972, now provide project participants with the oppor
tunity to evaluate the P-removal program from a management 
perspective. This requires a better understanding of how factors 
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such as flushing rate, lake water intrusions, bay depth, and 
seasonal climatic factors interact with changing point-source 
and river P loadings to affect availability and use of P by the 
aquatic community and resultant environmental quality. 

This paper describes the changing magnitude and sources of P 
loadings and responses by primary producers on a year-to-year 
basis primarily by means of correlation analysis and relatively 
simple P-loading response models which have been useful for 
management purposes (Dillon and Rigler 1974; Vollenweider 
1976). In the absence of historical data, these models provide a 
baseline description of the bay and suggest the important factors 
responsible for deterioration in environmental quality, which 
provide guidance, therefore, for remedial management. Find
ings on intraseasonal relationships of phytoplankton, mac
rophytes, and growth factors are reported elsewhere (Millard 
1986; Nicholls et al. 1986; Crowder and Bristow 1986). Second
ary production also is the subject of additional papers (Cooley et 
al. 1986; Johnson and McNeil 1986; Hurley 1986; and other 
papers in this volume). 

The Bay of Quinte System 

The chief features of the Quinte system include four main 
rivers which enter a shallow mixed upper bay, which leads to a 
deep lower bay and then to Lake Ontario (Fig. I). The large 
watershed, about 18 000 km2 and 70 times the area of the bay, 
contributes to a high and variable flushing rate and large P 
loadings in rivers. Waste treatment plants contribute declining P 
inputs mainly to the upper bay, with the three plants at Trenton 
and Belleville comprising over 80% of point-source inputs. The 
smaller middle bay is a zone of periodic mixing of upper bay 
water and entrained hypolimnetic water from the lower bay. 
Deeper waters of the lower bay stratify thermally in the summer, 
with advection of Lake Ontario water to the hypolimnion of 
approximately equal volume to that displaced from the middle 
bay. No major rivers or point-sources contribute additional 
nutrients to the lower bay. P inputs to the lower bay in both Lake 
Ontario and upper bay water have declined since commence
ment of the P-removal program. Additional background infor
mation on the Bay of Quinte and the P-removal program are 
provided by Johnson and Hurley (1986) and Sly (1986). 
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P Loadings and Environmental Quality 

Trends in P Loadings 

Monitoring of rivers and point sources since 1972 and model 
predictions of these inputs since 1916 provided a 66-yr series of 
P loadings to the Bay of Quinte. In 30 yr between 1916 and 
1945, point-source inputs doubled; they doubled again in 15 yr 
between 1946 and 1960 and increased by one third in the next 
decade. Use of polyphosphate detergents commenced in the 
mid-1930's, and their contribution exceeded other sources of P 
in treatment plant wastes by 1962. Following legislated reduc
tions in detergent P and some upgrading of waste treatment 
facilities, point-source P contributions declined to 67% during 
the period 1972-77. In the years since P removal at treatment 
plants, from 1978 on, point-source inputs declined sharply to 
28% of point-source inputs in the peak years 1965 and 1968 . 
Point-source P loadings decreased from a maximum of 40% of 
total annual loadings ( 1968) and an average of 25% (at average 
Hushing rate) before P removal to about 10% of total loadings 
after P removal. 

Total annual P loadings (sum of point-source and river load
ings) were highly variable over the 1916-81 period and they 
were loosely correlated with river discharge and bay Hushing 
rates. For example, river discharge in the upper bay from 1916 
to 1981 accounted for only 42% of variability in P loading in the 
period May-October. However, periods of below average P 
loading coincided with low river discharges and Hushing rates in 
earlier years. The seven years 1930-36 had below average 
loadings and river discharges, as did 8 of 10 years in the 
1916-25 period. A trend in increasing P loadings attributable to 
accelerating point-source P inputs was evident by 1962. From 
1962 to 1977, 13 of 16 years had above average P loadings and 
below average river discharges and Hushing rates. 

Appropriate time frames for comparison of P loadings with 
measurements of environmental quality are the May-October 
period for the upper bay and annual for the lower bay. Because of 
large temporal and spatial variations in hydrological charac
teristics of the bay and rivers, annual P loadings to the whole bay 
have minimal value in interpretation of limnological and 
environmental quality responses of the bay taken as a single 
unit. Although the upper bay received almost all of the bay 
inputs of water and nutrients from rivers and point sources, the 
annual Hushing rate of the upper bay is so large, 9.2-14.6, that 
winter and early spring P inputs probably have a minor influence 
on summer conditions. Flushing rates during May-September 
varied from about 1 to 4.6 in the 1965-81 period. Only about 
one quarter of the annual How entered the bay during that 5-mo 
period. Therefore, in a later section, the "summer" loadings are 
used in modelling the response of the upper bay. Annual load
ings appear to be satisfactory for interpretation of lower bay 
limnology, with annual Hushing rates of about 3-4.6. However, 
there is an additional hydraulic and nutrient loading by the 
deepwater intrusion of Lake Ontario water which mixes in the 
middle bay with the outward How from the upper bay. This 
loading will be incorporated in a model of the lower bay 
response. 

Trends in P Concentrations 

P concentrations declined, especially in the upper bay, appar
ently in response to point-source P reductions. In comparing the 
1972-77 and 1978-81 periods, P concentrations declined by 
28, 38, and 34% at the Trenton, Belleville, and Napanee sta
tions, respectively. The decline was less at Hay Bay, by 22%, 

and at Glenora, by 15%. No change was apparent at the Conway 
station. Point-source P loading declined from 25 to 10% of the 
total loading from 1972-77 to 1978-81. Therefore, the decline 
in P concentration at upper bay stations reflected the decline in 
point-source inputs more than middle and lower bay stations, 
indicating a diminishing response toward the mouth of the bay. 
The lower bay nutrient regime appeared to be uncoupled from 
that of the upper bay, thus emphasizing the apparent importance 
of intrusions of lake water into the lower bay. 

Trends in Abundance and Production of Phytoplankton 

Average algal biomass (May-September) declined from the 
pre-P control period to post-P control period by about 50% at 
Belleville and Napanee stations and less at Hay Bay and 
Glenora, by about 40 and 25%, respectively (Nicholls et a!. 
1986). Surprisingly, algal biomass declined by 40% at Conway 
although no change in P concentrations was detected. Chlo
rophyll a (Chi a) concentration showed a more uniform dimin
ishing trend toward the bay mouth, with 50% decline in 
phytoplankton density at Belleville and Napanee, 25% decline 
at Glenora, and 20% decline at Conway. At the Belleville and 
Napanee stations, seasonal mean primary production declined 
by 46 and 37%, respectively, between periods. In the middle and 
lower bay, primary production decreased by approximately 
25%. Reductions in maximum volumetric rate (AmaJ of pri
mary production between periods were similar (Millard and 
Johnson 1986). 

Correlation analysis was used to test relationships between P 
loading (point source, total, and percent point source) and 
phytoplankton abundance and production at the Belleville and 
Conway stations. There was a strong relationship between point
source P loadings and each of the four phytoplankton variables 
at the Belleville station (Fig. 2). Pre-P control and post-P control 
clusters are obvious in each plot. Point-source P loadings 
accounted for the following percentages of variability (r2) in 
each variable: 80% in integral primary production and Amax• 
47% in Chi a and 79% in algal biomass. Point-source P input, as 
a percentage of total P loading, also was closely correlated with 
the four variables, accounting for 60% of the variability in 
integral primary production andAmax• 51% in Chl a and 71% in 
algal biomass. Total P loadings did not correlate with any of the 
four variables at the Belleville station (Fig. 2). 

Correlations between P loadings and responses of phy
toplankton were considerably weaker at the Conway station 
(Fig. 2). No significant correlations between total P loading and 
the four variables were observed. Only one variable, algal 
biomass, showed significant correlation (r2 = 40%) with per'
centage point-source P. All variables were correlated with point
source P loading. Three variables were strongly correlated 
(r2 > 60%), but only 37% of the variability in Chi a was 
accounted for by point-source P loading. 

Multiple regression analysis was used to assess the rela
tionship of algal abundance and production to external factors. 
Each of three dependent variables, Chi a, algal biomass, and 
integral primary production, using May-October means for the 
years 1972-81, was related to five variables determined inde
pendently of water chemistry variables such as P concentration. 
These five variables were Hushing rate, total P loading in the 
May-October period, mean bay depth, incident radiation, and 
surface water temperature, used in stepwise regression in that 
order. This analysis was carried out with Belleville data, using 
upper bay P loadings, and with Conway data, using whole-bay P 
loadings. Seasonal mean radiation and temperature were least 
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FIG. 2. Correlation analyses of seasonal means (1972-81) of four measures of response (integral primary 
production, maximum volumetric primary production, Chi a concentration, and algal biomass) related to 
three P input variables (percent point source, point-source loading, and total loading). Correlation 
coefficients are for Belleville station data in the upper left comer of each panel and for Conway data at 
lower right. Lines are shown only for significant regressions. 

important overall, both having very low coefficients of variation 
through 10 yr, 3.4% for radiation and 2.3 and 5.1% for tem
perature at the Belleville and Conway stations, respectively. At 
Belleville, flushing rate and P loading were most important; r2 

was 62% for Chi a, 31% for algal biomass, and 49% for integral 
primary production. Adding depth, radiation, and temperature 
gave r2 values of 90, 35, and 79% for Chi a, algal biomass, and 
production. Results for the lower bay at Conway were poorer; 
only 60% of variability in Chi a, 25% in algal biomass, and 51% 
in integral primary production were accounted for by the five 
variables, with P loading and flushing rate being the most 
important independent variables. 

Dissolved Oxygen 
Significant oxygen depletion occurs in two time scales, in 
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days or diurnally in the shallow upper bay and seasonally in the 
lower bay. Depletion to I mg · L - 1 has been observed for brief 
periods in the upper bay and to 3-5 mg · L - 1 by late summer in 
the lower bay. Pronounced oxygen depletion has been observed 
in the upper bay during occasional calm periods for many years 
(McCombie 1966; Minns and Johnson 1986), a product of high 
phytoplankton density and short-term periods of calm weather. 
Any reduction in algae should reduce the depletion rate in the 
upper bay but not necessarily the amplitude and certainly not 
the duration of oxygen depletion which are determined by 
weather events. A rigorous analysis of continuous data would be 
required to determine year-to-year trends. Regular weekly ob
servations are inadequate. In the middle bay, thermal stratifica
tion during calm periods tends to produce oxygen depletion but 
the rate is subject to the extent of lower bay water intrusions. 
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During calm periods the oxygen concentration is higher in deep 
water, when much cooler water temperature indicates the intru
sion of lower bay water, which demonstrates the ameliorating 
effect on oxygen depletion of these intrusions on the middle bay 
(Jackson 1976). There has been no obvious trend in oxygen 
deficits in lower Adolphus Reach and no link has been estab
lished between oxygen depletion and eutrophication of the bay 
(Minns and Johnson 1986). 

Qualitative Changes in Phytoplankton and Macrophytes 

Nicholls et a!. ( 1986) compared phytoplankton species 
numbers before and after P removal at waste treatment plants 
and described the decrease in diatoms and blue-green algae 
and increase in chrysophytes. Their "F" index (sum of Cryp
tophyceae and Chrysophyceae divided by bloom-forming 
Cyanophyceae) increased from 1972-77 to 1978-81, indicat
ing a greater proportion of algae suitable as food for zoo
plankton filter-feeders. The bloom periods of dominant taxa, 
such as Stephanodiscus astraea, Melosira granulata, Anabaena 
spp. , and Aphanizomenon spp., became shorter in duration after 
1977. These responses were correlated with declining P con
centration, although nutrient interrelationships (P, N, Si) with 
phytoplankton community succession are complex (Nicholls et 
a!. 1986). They speculated that the observed increase in the N:P 
ratio since 1977 was not sufficient to precipitate a major shift 
away from N-fixing blue-green algae. Further, P-loading reduc
tion may lead to a sufficient surplus of inorganic N to remove 
any advantage now held by N-fixers. 

No resurgence in macrophytes has been noted, in either mean 
biomass or towards or away from eutrophically adapted plants 
(Crowder and Bristow 1986). 

Synthesis Using Models 

General Considerations 

The Bay of Quinte represents two atypical applications of the 
earliest P response models which related P loadings and mean 
depth to trophic state (Vollenweider 1968). First, the upper bay 
circulates continually, with only brief periods of thermal strat
ification, and it has a high flushing rate. The opposing effects of 
recirculation and removal by flushing of' nutrients and algae, 
promoted by factors such as wind characteristics, regional cli
matology, and lake level which may be unrelated in real time, 
create a complex application of P-loading models. The impor
tance of flushing rate was addressed by Dillon (1975), Dillon 
and Rigler ( 1974), and Vollenweider (1976). Degree of P reten
tion is important in determining degree of eutrophy, but there 
likely are many poorly understood factors which influence the P
retention coefficient. Two of these, which are very relevant to 
Quinte studies, are the extent of macrophyte communities and 
the integrated effect of factors such as wind fetch and lake 
morphometry which affect the potential for mobilization of 
nutrients. An attempt will be made to incorporate the influence 
of macrophyte abundance on P retention in an extension of the 
Dillon-Rigler model. In Quinte studies, P concentration has 
been very closely related to algal abundance and production (as 
in many other studies), which makes it a useful bridge from P
loading models to responses by primary producers. 

The second model application is to the lower bay, which has 
most of the characteristics of a temperate, dimictic lake, to 
which P-loading models have been most successfully applied, 
with the significant exception of large-volume intrusions of 
Lake Ontario water. In the May-September period this input is 

through the hypolimnion of the lower bay and it is mixed in the 
middle bay with outward flowing upper bay water. Lake Ontario 
P concentrations were consistently lower than upper bay outflow 
concentrations, 22 J.Lg · L - 1 compared with 60 J.Lg · L - 1 

through 1972-81, although both input P concentrations 
declined during the period. Lower bay behaviour is probably 
different from upwelling because of the major influence of 
intrusions on increasing flushing rate and relatively lower P 
concentrations than those which accumulate in the hypolimnion 
of a lake of similar productivity. Therefore, the water volume 
and P contributed by intrusion of lake water were considered as 
inputs, in the same way that river inputs were considered in the 
upper bay model. Sodium ion concentrations were used to 
estimate the volume of lake water relative to upper bay water 
outbound through the epilimnion of the lower bay. 

Limnological conditions in the upper and lower bays may not 
be closely related because the intrusion of lake water usually 
comprises the larger proportion of water entering the lower bay, 
especially during the summer months (while none enters the 
upper bay). Month-by-month comparisons (May-September) 
of l 0 yr of data on P concentration in upper and lower bays 
showed no correlation in low-flow months (June-September) 
but strong correlation in May when flows were greater. Results 
using Chi a were the same. 

Upper Bay Model 

In the upper bay model, P concentration was estimated from 
P-loading rate, mean water depth, flushing rate, and Pretention 
using a formulation developed by Dillon and Rigler (1974) and 
tested with data from lakes of the Haliburton Kawartha region of 
southern Ontario. Chi a concentration was determined using 
empirical relationships with P concentration. Macrophyte abun
dance was estimated from the photic zone depth based on 
Chi a-light extinction relationships. Pretention was estimated 
from macrophyte abundance. Values of P retention provided 
feedback to the P concentration equation. Algal biomass could 
have been used in place of Chi a, but close correlation of the two 
variables indicated that results would be similar. Average 
May-October values of the variables were calculated for each 
year of the period 1916-81. 

P concentration was predicted by the Dillon- Rigler model as 
[P] = L(l -R)Iz .p 

with [P] in milligrams per cubic metre (micrograms per litre), P 
loading rate L in milligrams per square metre per unit time, 
mean depth z in metres, and flushing rate p for timet (!53 din 
the upper bay model); R is the P-retention coefficient. P loadings 
and flushing rates were available for the period 1916 to present 
(Minns eta!. 1986). Lake Ontario water levels were converted to 
mean depths of the upper bay. Values of R were the result of 
calculations made in the balance of the model, to be described 
subsequently. 

The equations for predicting Chi a concentration (C) from P 
concentration and the light extinction coefficient E from Chi a 
are as follows: 

C = 0.33l[P]I. 042 

E = 0.3902 + 0.0506C. 
The area of macrophytes was estimated from current under

standing of the relations among phytoplankton density, light 
attenuation, and distribution of macrophytes with depth. Data 
provided by A. Crowder and P. G. Sly (pers. comm.), relating 
depth of significant macrophyte standing stock (Z.,) to Secchi 
values (Z.), satisfied the function Z, = (Z...) 1 ··3 • Compensation 
depth Zc, defined as the depth of I% of incident light (i.e. 
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FIG. 3. Input variables for the upper bay model shown here arc total P loadings and flushing rate. Output variables shown are P concentration, Chi a 
concentration, and coverage of the upper bay by macrophyte beds. The four periods shown along the time axis are described in the text. 

4.605/ E where E is the light attenuation coefficient per metre), 
was related to Zs by the equation z.,. = 0.41 I + 0.307Z" 
(r = 0.963) using Quinte cruise data. Therefore, Z" = (0.41 I 
+ 0.307Zc) 1·3 , which permitted estimation of the maximum 
depth of distribution of significant macrophyte standing stocks 
(other factors being suitable) in relation toE. Area vegetated was 
obtained using an area-depth function, with a further consid
eration that only one half of the upper bay has sufficient sedi
ment and shelter for macrophytes (Crowder and Bristow 1986). 

Assumptions about P retention in the upper bay are that 
macrophytes determine retention in proportion to the fraction of 
suitable substrate that they occupy within a range of zero (no 
macrophytes) to a probable value of Rmax when peak abundance 
occurred. Modeled values of R for each year were derived as 

R = Rmax ·Area vegetated (km2)/67.5 km2 

where 67.5 km2 is the area of the upper bay estimated to be 
suitable for macrophytes with adequate sediment and shelter. 
The value for Rmax was adopted from a lake of similar mor
phometry, with P loadings similar to early Quinte loadings and 
natural abundance of macrophytes. Rice Lake, upstream in the 
Kawartha Lake-Trent River system, met these criteria; it has a 
published R of 0.46 (Ontario Ministry of the Environment and 
Ontario Ministry of Natural Resources I 976). 

This model appears to oversimplify the macrophyte-algae 
interaction, considering only competition for light (as opposed 
to nutrients, for example). However, the abundance of mac
rophytes affects the value of R positively, which acts to decrease 
P concentration in the Dillon-Rigler model. Therefore, mac
rophytes reduce the flow of nutrients to algae, because nutrients 
retained in recent sediments in macrophyte beds are less avail
able by resuspension to phytoplankton (and, presumably, more 
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available to macrophytes). It seems reasonable that a fundamen
tal impact of macrophytes on algae would be in maximizing 
sedimentation and R, while the main impact of algae on mac
rophytes would be shading, assuming that nutrient-enriched 
sediments make competition for new nutrient inputs much less 
important to macrophytes. 

This model provides one means to examine the hypothesis of 
catastrophic decline in macrophytes suggested by Minns et a!. 
( 1986) with a combination of increased P loadings and de
creasing macrophytes, depth, and flushing rates. The effect of 
increased P loading, which increases P concentration in the 
model directly, accelerates the increase in phytoplankton be
cause of the reduction in R as macrophytes decrease. Decreased 
depths and/ or flushing rates also favour phytoplankton relative 
to macrophytes by increasing P concentration. Lower than aver
age depths and flushing rates often occur together; this was the 
case in 25 of the 33 possible co-occurrences during the I 916-8 I 
period. 

Inputs to the model included May-September P loadings, 
flushing rates, upper bay mean depth, and initial values for R of 
0.45 for 1916 and 0.45 for Rmax· Outputs included P con
centration, Chi a concentration, and area occupied by macro
phytes (Fig. 3). Modeled trends may be subdivided into four 
periods: 1916-56, a 41-yr period of fluctuating, mostly good 
environmental quality; 1957-66, a I 0-yr period of accelerating 
deterioration; 1967-71, a 5-yr period of continuing poor 
environmental quality; 1972-81, a 10-yr period of gradual 
improvement. 

The I 916-56 period was characterized by high variability in 
P loadings but relative uniformity in Chi a and area occupied by 
macrophytes. Although total P loadings were often high during 
the 1916-56 period, modeled P concentrations fluctuated 
between 25 and 40 IJ..g · L - 1 and were considerably influenced 
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FIG. 4. Comparison of P (upper panel) and Chi a (lower panel) con
centrations predicted by upper bay and lower bay models with con
centrations observed at the Napanee and Conway stations, near the 
outlets of the upper bay and lower bay, respectively. 

by flushing rate. For example, low flows in the early 1930's 
produced P concentrations that were among the highest in this 
first period. Chi a concentrations varied from 10 to 15 f.Lg · L - 1 

with only three small departures, while the area of macrophytes 
varied to a small extent around 20 km2 . That is, within the one
half area of the upper bay with sufficient sediment and protec
tion, about 30% received sufficient radiation to grow mac
rophytes. The R values averaged about 0.15. Although total P 
loadings and flushing rates varied almost as much as in later 
periods, their effects on P concentration and Chi a offset one 
another and contributed to stability in the primary producer 
system. 

Over the next I 0 yr, 1957-66, with accelerating point-source 
P loadings, P concentrations rose toward 100 f.Lg · L -I even 
though the total P loadings were similar to those during earlier 
years, especially the previous 20 yr, 1937-56. Chl a con
centrations usually exceeded 20 f.Lg · L -I and reached 43 
f.Lg · L- I in 1965 (Fig. 3). Macrophytes, in terms of area 
occupied, declined to about one half of their former abundance 
by 1965. The most rapid change appears to have occurred from 
1962 to 1966, which was a 5-yr period with the lowest con
secutive series of flushing rates at any time during the 66 yr 
modeled. 

0).1ring the period 1967-7 I , P concentrations remained high 
and P loadings were more uniformly high than in previous 
periods. Higher flushing rates in some years probably offset the 

continuing high point-source P loadings. P and Chi a con
centrations oscillated about 75 and 30 f.Lg • L - I, respectively. 

A trend towards improved water quality was evident from 
1972 onward during the last period, especially after P removal at 
waste treatment plants in 1977. Three of the four last years had 
modeled P concentrations of less than 50 f.Lg · L - I and Chl a 
concentrations of less than 20 f.Lg · L - I, representing a decline 
to concentrations estimated for several scattered years in the 
1916-56 period, particularly in the 1930's and 1950's. 

The overall trends in P concentrations and Chi a predicted by 
this model appear to be very closely related to trends in calcu
lated sewage and detergent P inputs calculated by Minns 
( 1986b) based on population, type of treatment, and detergent 
use. The highest levels of Chi a and Pin water coincided with the 
1962-66 period of lowest flushing rates, which compounded 
the effects on environmental quality of the steep, linear increase 
in sewage and detergent P inputs which took place through 
1952-70. If there had been average flushing rates during that 
period, Chi a concentrations probably would have been no 
greater than 75% of values calculated using the real, lower 
flushing rates. Mean depth was also lower during that period but 
its contribution to higher P and Chi a concentrations was consid
erably less important. 

Model predictions were compared with observations on P and 
Chi a concentrations, area vegetated by macrophytes, and cal
culated values of R from field studies carried out during the 
period 1972-81. Comparison of modeled P and Chi a con
centrations with those observed at Napanee, the "outlet" station 
in the upper bay, showed good agreement, although the individ
ual year predictions were sometimes different (Fig. 4). 

There was also good agreement between predicted area 
occupied by macrophytes and that observed by Crowder and 
Bristow (1986). They observed an area of 6.27 km2 with signifi
cant standing stocks of submerged and floating-leaved mac
rophytes, primarily in the upper bay, or about 9% of the area 
suitable for macrophytes. This was likely the minimum abun
dance of macrophytes in recent time. The minimum area of 
macrophytes predicted by the model, at the time of highest Chl a 
and lowest water trimsparency, was approximately 9 km2 and 
13% of suitable area occupied. However, the model predicted an 
increase in macrophytes during 1978-81 as phytoplankton 
decreased. Field observations (A. Crowder, pers. comm.) indi
cate that expansion of macrophyte beds has not yet occurred. 
Anecdotal evidence suggested that growth of submerged mac
rophytes increased during the 1950's and 1960's (Crowder and 
Bristow 1986), but the model predicted a decrease in area 
vegetated as transparency declined. These observations may 
not be contradictory if macrophytes had developed maximum 
areal standing stocks at the time of greatest point-source P 
inputs, even though their distribution had been restricted. Minns 
et al. (1986) calculated R values for the upper bay during 
May- October of each year of the period 1967-8 I. The average 
value was 0.01, but there was considerable variability, par
ticularly after 1976 when export was suggested by some high 
negative values of R in some years. The average for the period 
1967-76 was 0. The model predicted an R value of 0.06 at the 
point of minimum area occupied by macrophytes. 

Lower Bay Model 
The Dillon- Rigler model was used to estimate P con

centration from annual data on P loading, mean depth, flushing 
rate, and Pretention. Chi a was predicted from P concentration. 
In this case also, algal biomass could have been used but results 
would have been similar. The Lake Ontario intrusion was treated 

253 



TABLE I. Na + concentrations used in determination of p L (stations: N, Napanee; Ge, Glen ora epilimnion; Ch, Conway 
hypolimnion) and annual loading rates of P and flushing rates attributable to upper bay inputs (B) and Lake Ontario inputs 
(L) for the lower bay. 

Na+ Concentration (mg · L -I) 

Year N Ge Ch 

1972 3.3 7.8 11.0 
1973 4.7 9.5 11.5 
1974 4.0 8.8 11.5 
1975 4.5 9.7 12.0 
1976 4.4 9.2 11.7 
1977 6.4 10.3 11.8 
1978 4.8 9.3 II. I 
1979 3.4 9.2 11.6 
1980 4.6 8.9 11.3 
1981 5.0 9.0 11.7 

as an additional input of P and contributor to the value of p. This 
influx actually originates in Prince Edward Bay and the North 
Channel, but for simplification, it is called Lake Ontario water. 

The contribution of the Lake Ontario influx to flushing rate in 
the lower bay was calculated as follows. Hypolimnion water at 
Conway was assumed to be predominantly Lake Ontario water. 
Na + concentrations averaged 11.5 mg · L - 1 in Conway hypo
limnion water and 4.5 mg · L - 1 in upper bay water at Napanee, 
with low annual variability in each case (Table I). The coeffi
cient of variation was 3% at Conway and 19% at Napanee. The 
middle bay mixes most of the time, and therefore, outbound 
surface water at Glenora should be representative of the two 
mixed inputs. Using data on Na + concentrations in Glenora 
surface water, the proportions of the two inputs, upper bay and 
lower bay hypolimnion waters, were determined. Lake Ontario 
inflows were calculated from known upper bay flows and their 
relative proportions (Table I). The estimated flushing rates con
tributed by lake inflows varied through the 10 yr from 5.9 to 
12.2 • yr - 1 , but they were always greater than the flushing rates 
of the lower bay attributable to upper bay water, by 1.4-2.7 
times. This analysis was a simplified version of the calculations 
made by Minns et al. (1986), but the results were comparable. 
The average contribution to lower bay flushing rates by Lake 
Ontario intrusions was 8.2 · yr- 1 here and 8.9 · yr- 1 in the 
latter study. 

P concentrations in Lake Ontario were applied for each year 
to the estimated lake water inflows to calculate P loading from 
this source. P concentration in the lake declined from 
24-25 1-Lg · L - 1 to 18-19 1-L · L - 1 during the 10-yr period 
1972-81 (Great Lakes Water Quality Board 1981 ). P loading to 
the lower bay from the upper bay and from Lake Ontario are 
similar (Table I) but the flushing rate effect is greater for lake 
water intrusions. Retention of P above the lower bay is low, and, 
in fact, there may be a small negative R for the upper bay in 
recent years (Minns et al. 1986). For purposes of lower bay 
modeling, negligible retention or export above the lower bay 
was assumed. 

The average value of R, estimated by Minns et al. ( 1986) for 
the lower bay, was 0.28. A simpler estimator of R is the relative 
change in P concentration between the Glenora and Conway 
stations. This averaged 0.3 through 1972-81 and varied from 
0.2 to 0.4 with no detected correlation with flushing rate. 
However, use of a value of R independent of the Quinte data base 
on P would be preferable. Some R values were available for 
lakes with similar flushing rate and morphometry in eastern 
Ontario. Dillon and Rigler ( 1974, tables 1 and 2) gave R values 
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Flushing rates Loading rates (g · m -z · yr- I) 

pB pL LB LL· 

4.56 6.4 6.10 3.76 
4.29 10.3 5.29 6.31 
4.29 7.6 5.81 4.66 
3.35 7.6 3.81 4.28 
3.92 7.5 4.20 4.23 
2.92 7.6 3.42 4.10 
3.93 9.8 3.94 4.56 
4.44 12.2 7.11 4.32 
4.13 7.4 3.13 3.44 
4.00 5.9 3.81 2.74 

of0.27 for Eagle-Moose Lake, 0.37 for Maple Lake, and 0.40 
for Twelve Mile- Boshkung Lake (average 0. 35). Therefore, an 
R value of 0.35 was used in the lower bay model. 

Estimates of P concentration and Chi a were made only for the 
1972-81 period for which data were available to estimate con
tributions of lake water intrusions on P loading and p. These 
estimates permit assessment of the validity of assumptions about 
lower bay limnology. If good agreement occurred between 
modeled observed P and Chi a concentrations during 1972-81, 
predictions about earlier water quality conditions in the lower 
bay could be attempted, recognizing that these would be very 
general. Both modeled and observed Chi a declined slowly 
through the 1972-81 period in the lower bay (Fig. 4), from 
about 8-9 to 6-7 1-Lg · L - 1• The model indicated a general 
decrease in P concentration, while field data showed a decline 
from 23 to 18 1-Lg · L - 1 in 1978 followed by an increase to 
241-Lg · L - 1 in 1981. Agreement was sufficiently close to allow 
speculation about earlier conditions. 

General estimates of P concentration and Chi a in the lower 
bay in 1916-56 were obtained using average values of p for 
1972-81 and calculated P loadings. Loadings of P to the lower 
bay were calculated from upper bay and Lake Ontario P con
centrations and their respective contributions to p. Values of p 
were 4 · yr - 1 attributable to upper bay inputs and 8 · yr - 1 

attributable to lake water intrusions. P concentration in the 
upper bay was 30 !-Lg · L - 1 in 1916-56, estimated in the upper 
bay model, compared with an average of 66 1-Lg · L - 1 in six 
years before the P-control program was initiated. The P con
centration in Lake Ontario averaged 24 1-Lg · L - 1 in the 
mid-1970's and approximately 12 1-Lg · L - 1 in the early period 
(Chapra 1977). Estimated P concentration and Chi a in the lower 
bay for the earlier period were 10 and 41-Lg · L - 1, respectively. 
The estimated relative change in P concentration between peri
ods was 2.2 times, the same as the relative change in the upper 
bay. The estimated change in Chi a was from 4 to 8 1-Lg · L - 1 

(2.0 times) for the lower bay, which is similar to the relative 
change in the upper bay, from 12 to 26 1-Lg · L- 1 (2.2 times). 

Critical P Loading 

In the first nutrient budget published on the Bay of Quinte 
(Johnson and Owen 1971 ), an attempt was made to place river 
(low concentration, high volume) and point-source (high con
centration, low volume) inputs in proper perspective by cal
culating net inputs for every source. Net input was the amount of 
P contributed to the bay in excess of P displaced at the bay mouth 
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FIG. 5. Comparison of actual P loadings to upper and lower bays with 
critical loadings calculated for each of the years indicated. Critical load 
formulation is that of Vollenweider ( 1976). 

in an equal volume of water. This was an implicit formulation of 
hydraulic load. Vollenweider's ( 1976) critical load expression is 
another approach to the consideration of P loadings in relation to 
associated hydraulic loads: 

Lc = [P,r]·q, (l + ~) 
where qs = ziT11 , (z is mean depth and T

11
, is turnover time of 

water) and [Psp] is an empirical constant representing incipient 
cultural eutrophy, a spring P concentration of I 0-20 J.Lg · L - '. 

In the Bay ofQuinte, where hydraulic load varies widely from 
year to year, each year's actual load may be expected to affect 
water quality to a degree relative to the critical load for that year. 
Similarly, in the upper bay, a May-September real load proba
bly has an effect relative to the critical loading for that period, in 
view of the conclusion that late winter and early spring loadings 
may have little effect at all on environmental quality during the 
following growing season. 

To obtain values of [P sp] appropriate for the Bay of Quinte, it 
was assumed that the critical load actually occurred in the 
1916-40 period when water quality probably was relatively 
stable and just before the onset of the variety of problems typical 
of cultural eutrophy. At a whole-bay annual loading of 0.84 
g·m - 2 ·yr -I, [Psp1 equalled 21.6. With appropriate alloca
tion of part of this load to the May-September period to the 
upper bay only, [Psp] equalled 27.1. 

Critical loadings to the upper bay were calculated for years for 
which river and total loadings were measured, 1965-81. Cal
culation of critical loadings to the lower bay was restricted to the 
period 1972-81 when lake water intrusions were quantified. 
Critical loadings to the upper bay during May-September were 
highly variable (Fig. 5), as low as 0.19 g · m - 2 • yr - 1 ( 1977) 
to as high as 0.67 g · m - 2 • yr - 1 (1972), although in most 
years critical loadings were between 0.3 and 0.5 
g · m - 2 • yr - 1• Critical loadings for the lower bay varied from 
6. 7 to lO. 6 g · m - 2 • yr - 1• These and measured P loading 
values are not directly comparable with upper bay loadings 
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FiG. 6. River P loadings only are compared with critical P loadings 
calculated for each of the years plotted for the upper bay using the 
equation of Vollenweider (1976). 

because of a different time base. However, the actual P loadings 
to both upper and lower bays exceeded their respective critical 
loadings in the majority of years. 

River loadings to the upper bay (Fig. 6) were approximately 
equal to critical loadings to the upper bay. The slope of the 
regression of river loadings on critical loadings was very close to 
I. However, in all years 1965-70, river loadings exceeded 
critical loadings, and after 1974 all river loadings except for 
1979 were less than critical loadings. This analysis suggests that 
river loadings alone would have been sufficient to produce 
conditions of cultural eutrophy during 1965-74. 

There was a decreasing trend in values of L:Lc as P control 
measures were implemented. The earliest years in the upper bay 
series, 1972-74, had the highest values of the ratio L:Lc. 
May-September P loadings to the upper bay were about 50% 
greater than critical loadings until after P removal, when 1978, 
1980, and 1981 L:Lc values were close to l. During the period 
1965-81, L:Lc values for the upper bay decreased from 2.45 to 
0.94 primarily as a result of the overall P-removal program. 
Similarly, in the lower bay, values of L:Lc decreased to near l in 
most years from 1975 to 1979 and to below I in 1980 and 1981. 
It is not surprising that correlations between the ratio L:Lc and 
limnological variables were considerably stronger than when 
the total load L was used (Table 2) because of the recognized 
influence of flushing rate on bay productivity. 

Discussion 

Eutrophication of the Bay of Quinte was the result of steadily 
increasing point-source P loadings, aggravated at times by low 
water flows through the bay. Increasing point-source P inputs 
after 1950 appear to be closely related to modeled estimates of P 
concentration and Chi a. However, the 5-yr period, 1962-66, of 
below average river flows (and flushing rates) likely accelerated 
deteriorating environmental quality. This period is appan;:ntly 
when the "catastrophic decline" in macrophytes, suggested by 
Minns et a!. ( 1986), occurred. The model simulation suggests 
more gradual change than what might have actually occurred. 

Flow regimes are manipulated in summer on the Trent River 
system to maintain navigable levels in lakes, possibly at the 
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TABLE 2. Correlation coefficients (11 = I 0, 1972-8 I) between Iimnological variables and L:Lc andL for the 
upper bay (May-September) and lower bay (annual). Probabilities on significance test:* <0. I 0, * * <0.05, 
***<0.01. 

Dependent variable 

Upper bay 
Extinction coefficient 
Chi a 
Phytoplankton density 
Integral primary production 
A max 
[P] 

Lower bay 
Extinction coefficient 
Chi a 
Phytoplankton density 
Integral primary production 
A max 
[P] 

expense of water quality" in the Bay of Quinte. The Trent River 
contributes about 70% of water inputs to the bay. Also, the upper 
bay model suggested that low flow during the period 1930-36 
was responsible for a continuous year-to-year increase in Chi a. 
This was a period when water treatment at Belleville was made 
difficult for the first time because of filter clogging and poor 
water taste. Therefore, it will be necessary for environmental 
management agencies to consider flow regulation together with 
P-removal programs as part of future management strategy. 
There has been no detailed analysis done to date on the possible 
effect of flow manipulation on environmental quality in the Bay 
of Quinte by comparative simulations using regulated and 
unregulated flows. 

Point-source P control· has been successful in reducing 
ambient P concentrations in most parts of the Bay of Quinte to 
levels characteristic of the early 1950's, and desirable changes in 
environmental quality have occurred throughout the bay. 
Observed phytoplankton abundance and production in the upper 
bay declined roughly in proportion to the decline in P con
centration through the period of P control. P concentrations 
declined slightly at Glenora but no change was detected at 
Conway in the lower bay, although all measures of phy
toplankton abundance and production have decreased. Inten
sified sampling and analysis of data may show a statistically 
significant decrease in P concentration at Conway. At this time, 
however, the improvement in environmental quality at Conway 
is not explained by declining P concentration. 

The problem of recycling of P by resuspension of sediments 
and mixing of interstitial water in the upper bay, shown by 
Wright ( 1976) to be a storm-event phenomenon, apparently did 
not negate efforts of the nutrient-removal program. Obviously 
this is a feature of upper bay limnology which promotes high 
phytoplankton productivity. However, its impact on phy
toplankton may be no more than the effect of change in relative 
abundance of macrophytes which, among other factors, influ
ence resuspension and compete for nutrients. The favourable 
response in environmental quality suggests that temporarily 
resuspended P may be less conducive to sustained high phy
toplankton production than continuous inputs of available P 
which declined sharply after 1977. Resuspension of P must be 
less important than new point-source inputs in maintaining 
available Pin the photic zone, because Robinson ( 1986) showed 
a reduction in average soluble reactive P following 1977. 
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with L:Lc 

0.674* * 
0.551* 
0.545* 
0.679* * 
0.765* * * 
0.684* * 

0.449 
0.534* 
0.488 
0.705* * 
0.912*** 
0.196 

Correlation coefficients 

withL 

0.221 
-0.091 

0.316 
0.228 
0.248 
0.276 

0.318 
0.344 

-0.031 
0.410 
0.516* 
0.007 

However, the significance of shallow, nutrient-enriched sedi
ments in slowing recovery of water quality continues to be a 
central limnological question in the study (Minns 1986b ). 

Models of the type used here might be considered naive 
because they completely ignore possible effects of trophic level 
interactions on the phytoplankton community (Shapiro 1980). 
Significant changes in the fish community have occurred, with 
the recent decline of the alewife (Alosa pseudoharengus) and the 
white perch (Morone americana) and increase in walleye 
(Stizostedion vitreum) and yellow perch (Perea flavescens) 
reported by Hurley ( 1986). Changes in the fish community may 
alter zooplankton-phytoplankton relations to cause shifts in 
abundance of primary producers not predicted by these simple 
models. However, there is no evidence to date that this has 
occurred at the zooplankton-phytoplankton level, as indicated 
by research on zooplankton and algae (Cooley et al. 1986; 
Nicholls et al. 1986) and by good agreement here of model 
results and observations. When planktivorous fish were abun
dant, low zooplankton populations and high algal standing 
stocks might have been expected. With the decline in plank
tivorous fish, zooplankton might have increased and algae de
clined. However, the main species of zooplankton either 
decreased or remained at about the same population level when 
alewife and white perch numbers declined. Perhaps these 
trophic interaction effects operate on only part of the algal 
community and are damped out in the overall response. K. H. 
Nicholls (pers. comm.) suggested that many bloom-forming 
algae in the Bay of Quinte are sufficiently large forms that their 
numbers may not be affected significantly by zooplankton num
bers. Linkages between primary producer dynamics and sec
ondary production, especially fish, continue to be elusive. 

Expectations for environmental improvement should be tem
pered by what we know or by what can be inferred about earlier 
trends. The upper bay and lower bay models suggested that P 
and Chi a (and, presumably, phytoplankton density and produc
tion rates) approximately doubled during the 15-yr period 
1957-71 and that pre-1950 trophic conditions of the upper bay 
must have bordered on a eutrophic state, with modeled con
centrations of Chi a of 10-16 J.Lg · L- 1 and 25-40 J.Lg total 
P · L - 1• These concentrations occurred in the western basin of 
Lake Erie, the barometer of cultural eutrophy, during the period 
1970-80 (Great Lakes Water Quality Board 1981). In fact, 
problems with municipal water treatment at the Bay qf Quinte 
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began as early as the 1930's. Also, calculated critical loadings 
for the Bay of Quinte were close to the river loadings, suggesting 
again that the upper bay would border on the eutrophic state 
without point-source P inputs to the bay. Paleolimnological 
work on Glenora station sediment cores showed that deforesta
tion in the watershed and poor agricultural practices resulted in 
rapid change toward a moderate degree of eutrophication by the 
early 1850's (Stoermer et al. 1985; Warwick 1980). Con
sequently, a realistic goal would be to achieve conditions typical 
of the years 1916-30 (as suggested by this simulation) and to 
maintain them. This probably would be a tolerable level of 
environmental quality, but the pre-1930 conditions should not 
be misrepresented as a return to the natural trophic state of the 
bay or any state described as better than moderately eutrophic. 
To maintain relativity the worsening condition of the bay during 
1957-71 could be defined as advancing hypereutrophy. 

Continuous vigilance will be required to hold point-source P 
inputs to current levels, and reductions in per capita inputs will 
be necessary. River inputs should decrease slightly with 
improvements in land management. However, no large reduc
tion in P export can be expected in these large drainage basins 
where intensive row-crop agriculture is not dominant and where 
retention of P in large lakes diminishes the effects of nutrient 
removal at source. All non-point sources of P should be suffi
ciently controlled that river P concentrations are not increased. 
Summer flow regulation of rivers, particularly the Trent River, 
should be recognized as potentially part of the remedial strategy. 

The models employed in this study should be useful in 
consideration of present and future nutrient management 
possibilities. Simulation of the responses to factors not under 
management control would allow environmental quality param
eters to be considered as a range in values. Refinement of 
management models to deal with backflow of nutrients to the 
water column from sediments, with declining concentrations in 
sediments, should be important (Minns 1986b). The concept of 
net input (Johnson and Owen 1971) may continue to be useful in 
comparing the relative contributions of various point and non
point P inputs to enrichment of the bay. 
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Project Quinte data are used to test several hypotheses to explain the observed changes in the Bay of 
Quinte that occurred as nutrient loading increased up to the mid-1970s and as loads decreased after 1977. 
The nutrient hypothesis states that the bay condition is a direct result of excessive phosphorus inputs. The 
predation hypothesis states that changing predator-prey relationships result in the same conditions seen 
when phosphorus inputs are excessive. The succession hypothesis states that the condition of the bay 
ecosystem results when the orderly, directional stages of development are stressed by nutrient additions 
and other stress factors that surpass the resilience oft he system. Each hypothesis partially explains the data, 
but transitions, especially in phytoplankton-zooplankton interactions, do not fit the hypotheses well. A 
size-spectrum model of biomass predicts that the biomass of small zooplankton is greater than expected, 
while that for small fish is smaller than expected. This model predicts that the transfer of biomass is being 
restrained and that the ecosystem is not at a steady state. The Bay of Quinte is compared with other areas in 
the Great Lakes Basin that receive less and more nutrients at the present time. Several guidelines are 
presented by which the rehabilitation of the Bay of Quinte, and other areas in the Great Lakes Basin, can be 
assessed. 

On se sert des donnees du projet Quinte pour verifier plusieurs hypotheses visant a expliquer les 
changements observes dans Ia baie de Quinte, qui se sont produits lorsque Ia charge de substances 
nutritives a augmente jusqu'au milieu des annees 70 et que les charges ont diminue apres 1977. L'hypo
these faisant appel aux substances nutritives soutient que l'etat de Ia baie est une consequence directe 
d'apports excessifs de phosphore. L'hypothese de Ia predation soutient que les rapports changeants entre 
les predateurs et les proies aboutissent aux memes conditions que celles observees lorsque les apports de 
phosphore sont excessifs. L'hypothese de Ia succession soutient que les effets sur l'ecosysteme de Ia baie 
se font sentir quand les etapes ordonnees et directionnelles du developpement sont accentuees par des 
ajouts de substances nutritives et par d'autres facteurs de stress qui surpassent Ia resilience du systeme. 
Chaque hypothese explique particulierement les donnees, mais les transitions, particulierement dans les 
interactions entre le phytoplancton et le zooplancton, ne concordent pas tres bien avec les hypotheses 
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, formulees. Un modele de biomasse par gamme de taille predit que Ia biomasse des petits organismes 
zooplanctoniques est plus grande que prevu, tandis que dans le cas des petits poissons, elle est plus petite 
que prevu:·C~ modele predit que le transfer! de Ia biomasse est limite et que l'ecosysteme n'est pas dans un 
etat" stable. On compare Ia baie de Quinte avec d'autres secteurs dans le bassin des Grands Lacs qui 
rec;oivent actuellement mains et plus de substances nutritives. On presente plusieurs lignes directrices qui 
permettent d'evaluer Ia remise en etat de Ia baie de Quinte et d'autres secteurs situes dans le bassin des 
Grands Lacs. 

Introduction 

The main purpose of this paper is to consider the applicability 
of a number of models that have been proposed to explain the 
behaviour of the Bay of Quinte ecosystem in response to 
changes in nutrient loading and in predator-prey interactions. 
An important element of any model is its ability to explain the 
observed events both in the years when eutrophication was 
increasing and also when eutrophication was decreasing. 

Initially, Project Quinte was developed to test a "nutrient" 
hypothesis. This stated that the degraded condition of the Bay of 
Quinte ecosystem was a direct result of excessive inputs of 
phosphorus. Summer loadings were extremely high, especially 
from sewage treatment plants, at a time when flow rates were 
low (Johnson and Owen I 97 I). It was postulated that a reduction 
in point-source inputs would lower phosphorus levels and result 
in lower phytoplankton density and improved water clarity. 
These improvements would in some unknown manner be trans
ferred to the higher trophic levels, and ultimately result in a 
return to a biotic assemblage similar to that present before 
phosphorus inputs became excessive. The rates at which 
changes would occur in the various trophic levels were the main 
factors to be studied. 

A major difficulty with the "nuti·ient" hypothesis was the 
mechanism oy which changes at the lower t~ophic levels would 
transfer to the higher trophic levels, and ultimately to the fish 
community. For this reason, the- Project Quinte group cautioned 
those in the Ministry of Natural Resources responsible for 
fisheries management that coarse fish removal and hatchery
planting of game fish 'might be required to facilitate restoration 
after the initial reduction i~ phytoplankton bipmass. 

Another hypothesis, the "_predator"- hypothesis, states that 
the bay ecosystem is structured by predator-:- prey relationships 
that were severely distorted by the Joss of certain key predators 
or predator assemblages. in the eutrophication sequence. This 
hypothesis derives from observations uf numerous authors on 
the effects of predators on the size distribution of prey items 
(Hrbacek eta!. 196 I; Shapiro eta!. 1975; Andersson et al. I 978; 
Lynch and Shapiro I 98 I; Benndorf et a!: 1984; Reinertsen and 
Olsen 1984; Shapiro and Wright 1984 ). Hurley and Christie 
( 1977) extended this ·hypothesis to the fish eonimunity of the 
Bay ofQuinte, which became dominated by stunted benthivores 
and plankti vores. when piscivore abundance declined. The 
piscivore decline was linked to the selectively deleterious 
effects of eutrophication. Christie and Scott ( 1985) analyzed the 
stunting effect among Bay of Quinte fishes and showed that 
growth patterils are controlled by predator-prey interactions 
that determine the degree of homeostasis in a community. 

The "succession" hypothesis ~Hates that th~ everits ooserved 
in the bay were a succession of transient steady states imposed 
by, at first, the jncreasing stress of phosphoru1i enrichment and, 
latterly, its relaxation. Od~tm ( 1969) said that ecosystem 
development was orderly, directional, and therefore, predict
able. Stresses such as eutrophication, non-native species intro
ductions, exploitation, and climate variations would retard the 
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orderly development of the community and place it at a more 
immature stage. Holling ( 1973) saw ecosystem change as a 
result of the basic resilience of a system being overcome by 
stress that could not be absorbed. When this limit was passed, 
the system changed rapidly to a new level. In this case, per
sistence was the result of resilience, and successional stages 
observed in an ecosystem were the result of an orderly, predict
able development. 

In the final analysis, data from Project Quinte lend support to 
some aspects of each of the above models. In this paper the 
evidence for each model is presented. A further model based on 
the size-spectrum of biomass in the Bay ofQuinte and developed 
by Minns et al. ( 1985) brings together features of both the 
"nutrient" and "predator" hypothesis. In this latest model, 
nutrients control the level of the total biomass of the system, but 
the degree to which a smooth biomass spectrum is achieved is 
determined by the slope of the biomass spectrum, trophic inter
actions, and perturbations such as fishery exploitation. 

The approach used during Project Quinte was to compare and 
contrast conditions in the Bay of Quinte before and after phos
phorus inputs from sewage treatment plants were substantially 
reduced. In order to observe conditions in an area that had not 
received the nutrient load that the Bay ofQuinte had, West Lake, 
a nearby embayment of Lake Ontario which is morphologically 
and biologically similar to the upper Bay of Quinte, was used as 
an indicator of the condition in which the Bay of Quinte histor
ically may have been. Other areas in the Great Lakes Basin that 
have become eutrophic are used to illustrate the position of the 
Bay of Quinte in the eutrophication sequence. 

Assessment of the abiotic and biotic elements of the Bay of 
Quinte will-be required on a continuing basis in order to effec
tively manage the bay ecosystem in the future. Several models 
are described in this synthesis which can be used to judge the 
qegree of rehabilitation of the bay. The fact that some of these 
models are not quantitative illustrates the point that continued 
research is required. 

·The Bay of Quinte before Phosphorus Control 

The degree of degradation of the Bay of Quinte ecosystem in 
the late 1960s has been largely inferred, since only anecdotal 
data exist from earlier times to measure the differences (Christie 
1985). The long-term development of the bay with changes in 
climate and water levels are described by Sly ( 1986). The major 
trophic changes beginning 2000 yr ago have been documented 
from analysis of chirdnomid assemblages (Warwick 1980) and 
diatom associations (Stoermer et al. 1985). 

The dataon abundance and distribution of the biota which are 
·available for the 1960 decade are cited by various authors in this 
volume (Nicholls et al. 1986; Johnson and McNeil 1986; 
Crowder and Bristow 1986; Hurley 1986a). A summary of 
phosphorus concentrations and the biomass of the major forms 
in each of the three major sections of the bay before phosphorus 
control ( 1972-77) is given in Table I. The average 
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TABLE I. Values for various parameters in the upper, middle, and lower sections of the Bay of Quinte for the May-October period in the pre
phosphorus ( 1972-77) and post-phosphorus ( 1978- 82) control periods. 

Upper bay 

1972-77 1978-82 

Thtal phosphorus (J.Lg · L -I) 60-78 43-48 
Primary production rate 

(mg C · m-3 · h-1) 185-197 100-118 
Phytoplankton (mm3 · L -I) 11.5-13.1 6.5-6.9 
Zooplankton (J.Lg dry weight· L- I) 

Cyclopoids 78.3-123.0 46.9-78.9 
Calanoids 2.1-3.3 3.4-3.6 
Cladocerans 291.7-300.9 219.5-279.3 

Macrobenthos (g ash-free 
dry weight· m- 2) 1.77 1.34 

Macrophytes (g dry weight· m -2) 25.8411 25.84 
Fish (kg wet weight · ha- I) 145.6 65.7 

"Weighted mean, no location or year difference. 

May-October total phytoplankton biomass was significantly 
correlated (P < 0.00 I) with average total phosphorus. Bloom
forming blue-green algae became dominant in the bay as phos
phorus levels increased and formed lloating accumulations that 
were not "food-chain functional" (Nicholls et al. 1986). Other 
dominant species, such as Melosira spp., were also substantially 
not food-chain functional. Maximum primary production rates 
in the upper bay (288-533 mg C · m- J • h- 1) were among the 
highest recorded for temperate-climate lakes (Millard and 
Johnson 1986). 

Cooley et at. ( 1986) showed that the bay was dominated by 
small cladocerans in t11e 1972-77 period. In fact, the total 
seasonal production of cladocerans was, on average, about 8000 
J.Lg · L- 1 (dry weight) in the May-October period in the upper 
bay (Cooley et at. 1986). This represents some of the highest 
values found in freshwaters. In addition, cladocerans formed a 
gradient of decreasing seasonal production from the upper to the 
lower areas of the bay on a volumetric basis. 

Benthic macroinvertebrate communities in the upper bay 
were dominated by a chironomid association which could per
sist during periods of reduced dissolved oxygen (Johnson and 
McNeil 1986). In the lower bay, conditions were more meso
trophic and the community association was of many sphaerid, 
oligochaete, chironomid, and crustacean species (Johnson and 
McNeil 1986). 

Production of macroinvertebrates depended upon the rate of 
importation of utilizable energy which was less in the upper bay 
than in the lower bay (Johnson and Brinkhurst I 971 ). Oxygen 
depletions in the lower bay may have restricted the distribution 
of some macrobenthic forms. 

The aquatic macrophyte community may have covered more 
than 20% of the bay area in the 1950s, but it covered only 14% of 
the total area by the I 970s (Crowder and Bristow 1986). Sub
merged macrophytes were limited to a 2 m depth in the upper 
bay and to 4 m toward the lower bay. Standing crop, species 
richness, and cover were particularly low in the Belleville-Big 
Bay area. Myriophyllum spicatum invaded the bay and became a 
dominant species during the years of advancing eutrophication. 

Changes within the fish community were studied extensively 
after the 1950s, and the major impact of increasing nutrient 
levels was inferred to be the reduction of large piscivores and the 
ascendance of planktivores and benthivores (Hurley and Chris
tie 1977). Reduced light transparency probably favoured the 
benthivores while restricting the piscivores. Light extinction 
coefficients in the 1972-77 period rose tci extremes of over 

Middle bay Lower bay 

1972-77 1978-82 1972-77 1978-82 

45-53 36-41 19-33 17-28 

132 94 45-80 33-59 
8.7 5.8 2.5-4.5 1.4-3.1 

91.5 84.6 38.8-62.1 74.6-82.0 
7.6 5.0 4.1-5.9 4.4-5.6 

205.8 257.1 50.0-125.5 78.8-163.6 

3.75-3.82 1.77-1.81 
25.84 25.84 25.84 25.84 

161.4 77.0 125.8 37.8 

3.0 · m- 1 in summer and fall (Millard and Johnson 1986) which 
may have adversely affected sight-feeding piscivores such as 
bowfin (Amia c·alva) and northern pike (Esox lucius). 

The Bay of Quinte After Phosphorus Control 

The substantial decrease of phosphorus i11puts to the bay 
began early in 1978 and rapidly resulted in several significant 
changes as recorded in I 978-82 (Table I). Total phosphorus 
concentrations were reduced in most areas or the bay, with the 
largest reductions in the upper bay. The degree of phosphorus 
reduction in the bay is dependent upon the size of the surface 
sediment pool which will cause lags in the response to point
source control (Minns I 986a). 

Primary production rate and phytoplankton biomass dropped 
significantly soon after point-source phosphorus control 
became effective (Millard and Johnson 1986; Nicholls et at. 
1986). Water quality at the Belleville Filtration Plant improved 
significantly after phosphorus inputs were reduced (Nicholls et 
at. 1986). Small, unicellular phytoplankton, cryptomonads and 
chrysomonads, increased in relative importance, and the growth 
periods of bloom-forming phytoplankton decreased when phos
phorus inputs were reduced. 

Alterations in the phytoplankton community apparently did 
not significantly alter the zooplankton community (Cooley et al. 
1986). The macrozooplankton continued to be dominated by the 
small cladocerans Bosmina longirostris, Eubosmina coregoni, 
and Chydorus sphaericus (Cooley et al. 1986). Chydorus 
splwericus, which can feed on blue-green algae, declined at 
Belleville as the blue-green algae biomass declined there, but 
increased at Napanee in spite of lower blue-green algae biomass 
(Cooley et al. 1986). Some larger zooplankton forms, notably 
Daphnia galeata mendotae, showed some increase in abun
dance following reductions in phosphorus inputs, but their 
biomass is still minor in relation to the species of small· 
cladocerans. 

The macrobenthos populations responded to changing 
nutrient concentrations and alterations in predator abundance. 
Pontoporeia lioyi abundance increased particularly after 1977 
and peaked in 1982 and 1983. Although their numbers dropped 
25% in 1984 compared with 1983, their abundance was still 
high compared with 1972 (Johnson and McNeil 1986). The 
increase in Pollfoporeia hoyi can be related to the decreased 
predation pressure upon them when the white perch (Marone 
americana) collapsed in 1978 (Hurley 1986a). The numbers of 
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Pontoporeia hoyi may have become excessive in 1982 and 1983, 
but other fish species such as yellow perch (Perea jlavescens) 
and trout-perch (Percopsis omiscomaycus) increased in abun
dance and consumed amphipods (Hurley 1986b; Scott and 
Crossman I 973 ). 

The decrease in phytoplankton density recorded from 1978 
through 1981 may have caused the general decrease in macro
benthos recorded after I 977 (Johnson and McNeil I 986). The 
biomass of oligochaetes, sphaerids, and Asellus racovitzai all 
decreased, but chironomids remained fairly constant during this 
period. Predation by yellow perch on Gammarusfttsciatus may 
have been important in reducing the numbers of this species 
after I 978 (Hurley 1986b; Johnson and McNeil I 986). 

Macrophytes were relatively little affected by reducing phos
phorus inputs despite the increase in depth of the euphotic zone 
by approximately 0. 7 min the years after phosphorus reductions 
(Millard I 986). Macrophyte beds act as nutrient traps, but also 
show seasonal cycling. This cycling may be keeping levels of 
phosphorus sufficiently high, at least in early spring, to promote 
greater growth of phytoplankton in those areas at that time, and 
thus prevent improvements in water transparency (Millard and 
Johnson I 986). Macrophyte standing crop in the bay was genei'
ally low (1972-82 weighted mean, 25.8g dry weight·m- 2) 

compared with Lake Opinicon, a mesotrophic lake in the same 
vicinity (248 g dry weight · m- 2) (Crowder and Bristow 1986 ). 

The most significant change observed in the fish community 
was the increase in growth rates of individual species that 
occurred in I 978 and subsequent years (Christie and Scott I 985; 
Hurley I 986a). A climate-related crash of white perch popula
tions occurred in the winter of 1977-78 which resulted in an 
increased growth rate of the remaining white perch (Minns and 
Hurley I 986). Strong walleye (Stizostedion vitreum vitreum) 
year-classes developed in 1977, and especially in I 978. It is our 
contention that these yem'-classes developed because of the 
reduced predation pressure on walleye fry once white perch 
numbers were drastically reduced. The subsequent increase in 
piscivore biomass resulted in a cropping of small benthivores 
and planktivores. The reduction in benthivores freed inverte
brate food reserves for other species so that interspecific compe
tition was relaxed. Increased growth rates of white perch 
resulted in their reaching the size where they became piscivores, 
and as a result, the piscivore biomass in the bay doubled 
(Christie and Scott 1985). 

The reactions at the various trophic levels showed that 
although predation limited the planktivorous and benthivorous 
fish, the planktivorous fish were unable to exert a significant 
impact on small herbivorous zooplankton. These small her
bivores were extremely abundant, presumably because of the 
high phytoplankton density. Phytoplankton densities were 
apparently controlled by nutrient concentrations in the bay, and 
not by grazing. 

Comparison of the Bay of Quinte with Similar 
Embayments Elsewhere in the Great 
Lakes 

Several areas in the Great Lakes Basin have been subjected to 
eutrophication and other stresses which match, in some degree, 
that observed in the Bay of Quinte. Saginaw Bay on Lake Huron 
and the western basin of Lake Erie have both received high 
inputs of phosphorus and their biota have also changed dramat
ically. Oneida Lake is somewhat smaller than the Bay of Quinte 
and has only an indirect connection to larger lakes. Phosphorus 
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concentrations have increased to some degree in Oneida Lake. 
West Lake is relatively close to the Bay ofQuinte and, because it 
has not received nutrient loads that are comparable with the bay, 
was used as a standard by which to compare some of the 
parameters studied during Project Quinte. 

The physical dimensions of each water body show wide 
diversity; howeve1~ the mean depth, especially of the most 
eutrophic areas, was less than 8 m (Table 2). The number of days 
required for flushing was least in the Bay of Quinte and greatest 
in western Lake Erie. No data are available for West Lake, but a 
cursory examination of its features would place its time for 
complete flushing considerably higher than the Bay of Quinte. 

Total phosphorus concentration and loading were high in the 
Bay of Quinte during the entire study period relative to the other 
areas from which data are available. Concentration of chlo
rophyll a was high in the Bay of Quinte, western Lake Erie, and 
Saginaw Bay but was low in West Lake. The photosynthetic rate 
was highest in the upper Bay of Quinte, and even in the lower 
bay, values were relatively high compared with western Lake 
Erie and Saginaw Bay. 

Phytoplankton biomass in the Bay of Quinte in the years 
before phosphorus control matched values observed in western 
Lake Erie and Saginaw Bay. A significant reduction in phy
toplankton biomass was recorded after phosphorus control in 
the Bay of Quinte. These values were less than those in western 
Lake Erie and Saginaw Bay. The lowest phytoplankton biomass 
was recorded at West Lake. The method of measurement of 
phytoplankton in Oneida Lake makes comparison with the other 
areas difficult. But, since Forney ( 1977) placed the lake between 
meso- and eutrophic, it is likely that phytoplankton biomass 
probably lies between that found in West Lake and the other 
areas. 

Phytoplankton composition in West Lake was markedly dif
ferent from that recorded in three of the other areas. No data 
were available from Oneida Lake. The biomass of bloom
forming blue-green algae in the upper Bay of Quinte was 20 
times that recorded in West Lake. Cryptomonads, dinoflagel
lates, chrysophytes, and chlorophytes were found in higher 
proportions in West Lake compared with the Bay of Quint e. 

Zooplankton in both the Bay of Quinte and western Lake Erie 
were dominated by cladocerans. Mean seasonal values for 
cladocerans in the Bay of Quinte matched closely the maximum 
values recorded in western Lake Erie but were twice those 
recorded in Oneida Lake. Small cladocerans such as Bosmina 
longirostris, Eubosmina coregoni, and Chydorus sphaericus 
were the major forms in the Bay of Quinte. Chydorus was the 
dominant cladoceran in Oneida Litke. Both cyclopoid and cal
anoid copepods were less abundant on a mean seasonal basis in 
the Bay of Quinte than they were in western Lake Erie as 
determined by their maximum abundance. 

Macrophyte distribution and abundance was limited in the 
Bay of Quinte to under 2m of water depth in the upper bay. 
Rooted submergents declined dramatically in Oneida Lake as 
the result of water level controls imposed in the 1950s. West 
Lake contained a luxurient macrophyte population with 26 
species recorded in depths to 3 m. 

Macrobenthos changes have been dramatic in western Lake 
Erie with the loss of Hexagenia in the 1950s being particularly 
important. This species has been particularly sensitive to 
increased eutrophy, and has declined when dissolved oxygen in 
bottom waters became depleted through biological oxidation 
processes (Britt 1955). 

Standing stocks of benthic macroinvertebrates were generally 
low in the upper Bay of Quinte compared with the lower bay. 
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TABLE 2. Characteristics of water bodies subjected to various levels of eutrophication (Sources: Cook and Johnson (1974); Eshenroder (1977); Forney (1977); Hartman 

(1972); Johnson and McNeil ( 1986); Leach and Nepszy (1976); Mills et al. (1978); Munawar and Munawar (1976); Schneider et al. (1969); Stoermer and Theriot (1985); 

Vollenweider et al. (1974); Watson (1976)). 

Bay of Quinte Western Lake Erie 

Drainage basin (km2) 18200 

Length (km) 64 80.5 

Width (km) 0.8-5.6 64.4 

Area (km2) 254 3276 

Mean depth (m) 3.2 (upper) 7.4 
23.8 (lower) 

Volume (km3) 2.3 24.2 

Flushing rate (d) 40-7-5 920 

Total dissolved solids (mg · L- 1) 140 (1900s) 

Mean total phosphorus 
(flg-L- 1) 

Phosphorus loading 
(g · m-2. yr- 1) 

Mean Secchi depth (m) 

Chlorophyll a corrected 
(mg-m-·1 ) 

Photosynthetic rate 
(mg C- m- 3· h- 1) 

Phytoplankton 

Zooplankton 

Upper- middle bay 

Lower bay 

19-78 ( 1972-77) 
17-48 (1978-81) 

I .4 7 (prior to 1978) 
1.25 (since 1978) 

1.2-3.4 

6.5-29.3 (1972-77) 
4.4-19.8 (1978-81) 

Upper bay 124-246 (1972-76) 
Lower bay 37-91 ( 1972-76) 

2.0-13.1 g·m- 3 (1972-77) 
1.5-6.6 g·m- 3 (1978-81) 
Melosira, Stephanodiscus, 

Anabaena, Aphanizomenon, 
dominant forms 

Mean seasonal abundance (L- 1) 

150 (mid-!930s) 
200 (early 1970s) 

1.07 

3.3-19.3 

4.8-146.9 

0.8-!3.2g·m- 3 (1970); 
Aphanizomenon, Ana
baena, Coscinodiscus, 
Octoinastrum, 
Ceratium typical 
species 

Cladocerans (max) 
200 · V 1 (July 1970) 

1975-76 !979- 81 Cyc!opoid copepods (max) 
Cladocerans --ni6 ~ 100 · L- 1 (June 1970) 
Cyc!opoid copepods 52 48 Calanoid copepods (max) 
Cananoid copepods 2 2 30 · L- 1 (June 1970) 

1975-76 1978-81 
Cladocerans --4-7- __ 8_J_ 

Cyclopoid copepods 26 50 
Cananoid copepods 2 3 

Saginaw Bay 

21000 

82 

42 (mouth) 

2960 

4.6 (inner) 
15.6 (outer) 

27 

186 

287 (1965) 
230 (!970) 
204 (1975) 

9.5-27.4 

4.1-127.2 

West Lake 

6.4 

6.4 

20.4 

2.8 

14-32 

2.2-2.6 

2.3-5.4 

1.6-17.3 g·m- 3 0.66 g·m-3 
Melosira less 

than 10% of 
total, non
blooming 
blue-greens 
form 10%, more 
diverse types 

Oneida Lake 

33.6 

8.8 

207 

6.8 

235 

!63 

0.72 

2.4-3.0 

May-October 
1000-100000 
cells· mL -I 

1964-74 

Chydorus up to 44 · L- I 

Diaptomus 5-25 · L- 1 

Daphnia retrocurva 0-14 · L- 1 

Daphnia galeata mendata 
4.7·L- 1 upto 1969 
< J·L- 1 1970-74 
Daphnia pulex 0 to 1968, 
1968-74, J-8 • V I 

- - -



TABLE 2. (concluded) 

Macrophytes 

Macrobenthos 

Fish 

- - - - -

Bay of Quinte 

In upper bay. standing 
crop. species richness 
and cover low in 1972-82. 
Myriophyllum 
spicatum dominant 

Standing stock. August 1967-84 
84 ash-free dry weight: 

~ 
l.Og·m-~ 

Collapse of lake 
herring in 1940s, 

Lower bav 
3.9g·m-2 

loss of lake whitefish. 
walleye in 1960s. 
rise of white 
perch in 1960s. 
Alewife. white perch 
dominate to 1970s when 
white perch decimated. 
Yellow perch increasing 
in 1980s. walleye re
turning in late 1970s 
and 1980s 

Western Lake Erie 

1928-30. 1150 · m- 2 

60% oli~ochaetes 
12% H;_rageaia 
25% molluscs 

1961. 6930 · m-2 
80% oligochaetes 
4.6% chironomids 
6.3% sphaerids 
3.2% gastropods 

Loss of Hexagenia in 
late 1950s due to 0, 
depletion -

Loss of many species 
in past 150 yr but 
production consistent 
and now primarily 
yellow perch. white 
bass. Walleye decline 
linked to changes in 
environment and grow
ing smelt population 

Saginaw Bay 

Oligochaetes and 
chironomids dom
inate, decreases 
in Hexagenia and 
fingernail clams 
in 1955-1956. 
Fingernail clams 

returned by 1965. 
Averaoe standino 
crop i~ 1956 wa~ 
4.43 g wet 
weigh ... t · m- 2 

WJIIeye lost in 
1940s. Smelt and 
alewife proliferate 
in 1950s. Yellow 
perch fished 
heavily since 1940s 
and population was 
large. Now showing 
signs of over
fishing 

- - - - - -

West Lake 

Widely distributed 
to depths 2-3 m. 
26 species found 

Change in species 
composition. 
1969-76. 
4% piscivores. 
walleye important: 
1981-83,2% pisci
vores, white perch 
doubled in number, 
walleye decline 

- -

Oneida Lake 

Rooted submergents de
clined in 1940s. then 
abundant in 1965 and 
more so in mid-1970s 

1916: Potamogeton 45.5% 
Vallisaeria 22.4% 
Myriophyllum 20.9% 
Najas 16.4% 

1967: Vallisneria 60.4% 
Heteramhera 56.7% 
Anacharis 50.0% 
Myriophyllum 39.6% 

Ephemeroptera and 
Trichoptera common in 
1917, but not in 1967 
and tubificids increased. 
Hexagenia extinct by 
1967. Shoreline modifi
cations and climatic 
events major influences 

Catch in 1928. 11-13 
kg·ha- 1 

In 1957-59,9.6 kg·ha-1. 
American eel and 
esocids declined in 
1920s and 1930s. Walleye 
numbers increased and 
depend on yellow perch 
and lesser on white perch 
for prey. Growth and 
survival of walleye 
depends on year-class 
strength of yellow perch 

- - - - - -
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TABLE 3. Mean seasonal (May-October) biomass of macrozoo
plankton of I 0 J.Lg · individual- I and greater (dry weight) from three 
areas of the Bay of Quinte, 1975-84 (nd denotes no data). 

Biomass (mg dry weight· m -3) 

Upper Middle Lower 
Year bay bay bay 

1975 7.31 5.01 3.06 
1976 8.19 4.48 1.60 
1979 19.57 11.48 7.48 
1980 55.45 44.58 4.60 
1981 12.74 19.02 1.0 I 
1982 84.48 nd 6.59 
1983 36.54 nd 4.24 
1984 16.53 nd 3.08 

Average standing crop in Saginaw Bay, assuming an 80% loss 
on conversion to ash-free dry weight, was 0. 9 g · m- 2 in 1956, a 
value comparable with the upper Bay of Quinte. 

The numerical abundance of benthic macro invertebrates var
ied markedly between the upper and lower Bay of Quinte. Mean 
values in August in the upper bay were from less than 1000 to 
8000 · m- 2 , but in the lower bay, values ranged from 2000 to 
IS 000 · m- 2 (Johnson and McNeil 1986). These values exceed 
somewhat those recorded in western Lake Erie. Oligochaetes 
dominated in the upper Bay of Quinte, while oligochaetes, 
sphaerids, and amphipods were the m;~or forms in the lower 
bay. The species composition in the lower bay closely resembled 
that found in western Lake Erie. 

Fish stocks in all the areas have undergone significant and 
generally unwelcomed changes. In all cases where eutrophica
tion has increased, there has been a decline in large piscivore 
biomass and a proliferation of planktivores and benthivores. In 
some cases, such llS the Bay of Quinte, western Lake Erie, and 
Saginaw Bay, other less valued llsh stocks were exploited. In 
each case while the production of llsh biomass has not dimin
ished, the value of the harvest has. In Oneida Lake, three of the 
four major piscivores declined but the remaining walleye 
increased in abundance (Forney 1977). In West Lake, recent 
evidence points to a reduction in large piscivores and an increase 
in the benthivore population. 

Ecological Theory and Project Quinte 

Project Quinte can be viewed as a test of the experimental 
management principle as dell ned by Loftus et al. ( 1978). The 
main question to be answered was: Can the damaged ecosystem 
of the Bay of Quinte be rehabilitated by reducing the point
source inputs of phosphorus? Linked to this question there were 
ancillary questions concerning the effect of internal regenera
tion of phosphorus driving species shifts, the effect of climate 
variations in producing changes in rate functions, and the pos
sibility that certain triggering mechanisms were necessary to 
produce major changes in species composition. Some of these 
questions have been addressed by authors reporting in this 
volume. 

The results of Project Quinte can also be used to test some 
general ecological theories. Do the changes noted in the Bay of 
Quinte resulting from phosphorus control support the hypoth
esis that nutrient enrichment is primarily responsible for altera
tions in species composition and abundance at all trophic levels? 
Or, do these changes support the hypothesis that predator-prey 
interactions set the rate at which alterations in community struc
ture at all trophic levels occur, and that nutrient concentrations 

set the point on a horizontal axis at which these rates commence? 
Or, do these changes support the hypothesis that phosphorus acts 
on the community as a stress that alters the steady state at each 
trophic level to a point where a catastrophic alteration occurs at 
one or more levels? Rehabilitation resulting from phosphorus 
reductions would traverse somewhat different courses depend
ing upon which theory is supported. 

Nutrient Hypothesis 

The nutrient hypothesis suggests that reductions in phy
toplankton abundance should occur quickly when phosphorus 
inputs are reduced. With a rise in the N:P ratio there should be a 
shift from bloom-forming blue-green algae to Cryptophyceae 
and Chrysophyceae. A reduction in blue-green algae would 
increase the proportion of phytoplankton that are of more use in 
the food chain. This would favour the llltei"feeding zooplankton 
and, presumably, also favour the production of the larger hei" 
bivorous forms. Larger zooplankton forms would presumably 
be preferred food for planktivores and planktivorous stages of 
other fish species. Ultimately, this process should enhance pro
duction and biomass of all llsh species. The rate of occurrence of 
these changes would directly depend on the turnover rates of the 
organisms involved. 

There is ample evidence that phytoplankton biomass and 
species composition in the Bay of Quinte are dependent on 
phosphorus concentration (Nicholls et al. 1986 ). There is also 
strong evidence that waters of the upper bay were nitrogen 
limited, as evidenced by the low N:P ratios and presence of 
nitrogen-fixing phytoplankton (Nicholls and Carney 1986). This 
occurred because of the high phosphorus loading. Reducing 
phosphorus inputs resulted in a signillcant reduction in phy
toplankton biomass. There was a decline of nitrogen-fixing 
blue-green algae and an increase in an assemblage that is more 
phosphorus limited. The rise of the N:P ratio in the upper bay 
occurred quickly, largely due to the low residence time of the 
water mass (Minns 1986b). 

Comparison of the Bay of Quinte with West Lake showed that 
the regressions of concentrations of chlorophyll a on total phos
phorus had slopes that were not significantly different (F = 
0.55, elf = I, 9) but elevations that were significantly different 
(F = 60.11, elf = I, 10). Chlorophyll a levels in West Lake 
were below those expected on the basis of the relationship 
derived by Dillon and Rigler ( 1974). Although Nicholls and 
Dillon ( 1978) showed considerable variation in the published 
phosphorus-chlorophyll relationships, the fact that the time of 
sampling and methods of analysis were the same for the two 
areas studied here tends to confirm that the differences were 
reul. 

The ratio of chlorophyll a to total phosphorus was 0.21 in 
West Lake, but 0.51 in the Bay of Quinte. This may be the result 
of the different composition of phytoplankton in the two areas. 
As stated earlier, bloom-forming blue-green algae comprisecl20 
times the biomass in the upper Bay of Quinte compared with 
West Lake. Those types that are typical of oligotrophic systems, 
such as nonblooming blue-green algae, cryptomonads, dino
flagellates, chrysomonacls, and chlorophytes, were all more 
abundant in West Lake compared with the Bay of Quinte. 

The mean seasonal biomass of larger zooplankton, over I 0 
f.Lg dry weight· individual- 1, was calculated for the three areas 
of the Bay of Quinte in the periods before and after phosphorus 
control (Table 3). The data in the 1979-84 period are highly 
variable such that the comparison of the combined 
upper-middle bay before and after phosphorus control just 
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failed to be significantly different (t = 2.15, df = II). 
However, the trend to greater biomass of larger zooplankton 
after phosphorus control appears established in the 
upper- middle bay, but is not evident in the lower bay. 

Unfortunately, we have no data on the zooplankton composi
tion of West Lake. However, for the Bay ofQuinte it appears that 
a sufficient biomass of larger sized zooplankton has not 
developed that would impact significantly on phytoplankton 
biomass and thus on chlorophyll a concentrations. 

The nutrient hypothesis explains the observed reduction in 
phytoplankton biomass but not its composition. A significant 
shift in the dominance of specific phytoplankton species is not 
expected to occur until the N:P ratio approaches 30 (Nicholls 
and Carney 1986). Values of N:P in West Lake ranged from 17.5 
to 40.7 with a mean of 28.8, while the Bay of Quinte readings 
ranged from 11.0 at Belleville to 24.4 at Conway in the whole 
1972-81 period. 

Although the total biomass of nitrogen-fixing blue-green 
algae decreased in the years after phosphorus control, their 
proportion of the total phytoplankton biomass increased (Nich
olls et al. 1986). This occurred because phosphorus control had 
more impact on the diatoms (Bacillariophyceae) than on the 
blue-green algae so that blue-green algae assumed a greater 
relative importance (Nicholls et al. 1986). 

Predation Hypothesis 

If the predation hypothesis is supported, then rehabilitation of 
the bay would begin only when an alteration in the fish com
munity structure occurred. This alteration would set in motion a 
chain of interlocking events that ultimately would reach the 
phytoplankton. By a fortuitous ca,incidence, a climate-related 
fish kill occurred in the bay in the same year that phosphorus 
reductions began. We were presented, therefore, with a natural 
manipulation of the food web at higher trophic levels. The 
development of a large piscivorous population in the same year 
completed the other section of the "biomanipulation" experi
ment (Shapiro and Wright 1984). 

The subsequent alterations in the fish community appear 
related to the rise of the piscivore biomass in the bay (Christie 
and Scott 1985; Hurley 1986a). The expected increase in larger 
zooplankton forms and reduction in the biomass of smaller 
cladocerans resulting from reduced planktivore abundance has 
not occurred. Phytoplankton biomass was not further depressed 
below the levels resulting from the control of phosphorus load
ing. N :P ratios are still relatively low even though they are 
increasing, and the chlorphyll a- total phosphorus relationship 
remains above that predicted by the Dillon-Rigler ( 1974) 
model. 

However, there is evidence of the fm:.reaching effects of 
predator-prey relationships in establishing species composition 
and abundance in the bay. Since much of the effect at each 
trophic level is mediated by the effect on the trophic level above 
it, this has been termed consumer-controlled regulation 
(McQueen et al. 1985). 

Not only are there direct predator-prey relationships, but 
changes in growth rates of various organisms occur that result 
from changes in food resources. These shifts in growth rate alter 
the time at which a predator preys on particular items. This 
effect is especially important among fish species which display 
ontogenetic niche shifts. Werner ( 1984) described how the 
growth trajectory can be altered by shifts in the foraging effi
ciency of a fish species. Because mortality and reproduction 
schedules are altered by growth characteristics, the population 
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dynamics of a species are profoundly affected by alterations in 
the growth rate (Christie and Scott 1985). 

These authors proposed that stunting occurred among species 
of fish in the bay because of competition that resulted from 
insufficient numbers of piscivores to crop young fish. They 
plotted production per fish against the mean biomass in the fish 
community and found a family of lines which produced a 
sigmoid curve. In a community where piscivores are plentiful, 
both net production and mean fish weight are high. With reduc
ing piscivore abundance, net production and mean fish biomass 
fall quickly. The health of a fish community can be assessed by 
these criteria. 

To test this hypothesis, the number of fish in weight classes 
with midpoints from 1.8 to 562.3 g was determined using data 
from bottom trawl drags in the Bay of Quinte as described by 
Hurley ( 1986a). The numbers of fish in the upper bay of all 
species vulnerable to the bottom trawl and less than 18 g in 
weight were compared in the 1972-77 and 1978-84 periods. 
This number fell from between 30 and 93% in the years 
1978-84 when piscivore abundance increased compared with 
the 1972-77 period. The exceptions to this were in 1979 and 
1981 when large numbers of young-of-the-year alewives (Alosa 
pseudoharengus) and white perch were taken in July and 
August. Similarly, the numbers of fish less than 18 g in the 
middle bay decreased from between 52 and 94% in the years 
1978-84 compared with the 1972-77 period. In the lower bay, 
however, there was an overall increase of 6% in the numbers of 
fish under 18 g in weight in the 1978-84 period. Piscivore 
abundance in the lower bay was not as great as in the upper and 
middle bay, and small alewives and rainbow smelt (Osmerus 
mordax) were very abundant in the lower bay (Hurley 1986a). 

The reduction in the numbers of small-sized fish had a notice
able effect on the biomass of macrozooplankton (> 10 J-Lg dry 
weight· individual- 1) in the upper bay in the 1979-84 period. 
In two years, 1979 and 1981, when macrozooplankton biomass 
was low in the upper bay (Thble 3), the number of small fish was 
high. The regression equation that described the entire 1979-84 
period was as follows: 

log 10 macrozooplankton(mg·m- 3 ) = 2.914- 0.55llog 10 

trawl catch per unit effort of fish 18 g and under, P < 
0.05. 

A cautionary note must be sounded here, since many small
sized fish would not be vulnerable to the trawl and their numbers 
would, therefore, be underestimated. Minns and Hurley ( 1986) 
discuss the possible magnitude of the underestimate in regard to 
white perch. 

The relationship between alewife biomass and macro
zooplankton biomass (both wet weight) was significant in both 
the upper-middle and lower bay, unlike the phenomenon 
described above which was significant only in the upper bay. For 
the upper-middle bay the regression was 

log 10 macrozooplankton biomass (mg · L- 1) = - 0.705 
- 0.568 log 10 alewife biomass (mg · L- 1), P < 0.005 

and for the lower bay the regression was 

log 10 macrozooplankton biomass (mg · L- 1) = - 1.689 
- 0.334 log 10 alewife biomass (mg · L- 1), P < 0.025. 

Comparison of these two regressions showed that the regression 
coefficients were not significantly different (F = 1.40, df = I, 
17) but the elevations were significantly different (F = 55.51, 
df = I, 18, P < 0.00 I). This difference in elevation is related to 
the smaller concentration of macrozooplankton in the lower bay 
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compared with the upper-middle bay (Table 3). 
Macrozooplankton are preferred diet items for several fish 

species examined in the Bay of Quintc (Hurley 1986b ). 
Alewives are planktivorous throughout their lives. In the upper 
bay, white perch up to 100 mm fork length and yellow perch up 
to 80 mm fork length depend to a substantial degree (35 to 76% 
of total diet biomass) on macrozooplankton. White perch at 
I 00 mm fork length weigh about 15 g, while yellow perch at 
80 mm fork length weigh about 8 g (Christie and Scott I 985). 

The presence of large numbers of alewives and rainbow smelt 
in the lower bay (Hurley 1986a) is probably responsible for the 
relatively small biomass of macrozooplankton recorded there 
(Table 3). The diet of rainbow smelt up to 14 g consisted of 
67-99% cladocerans and copepods (D.A. Hurley, unpubl. 
data). The abundance of young-of-the-year rainbow smelt 
increased markedly in the lower bay after 1974 (Hurley I 986a). 

It is significant that a reduction in the number of small-sized 
fish in the upper-middle bay that was observed when piscivores 
increased has apparently resulted in an increase in mac
rozooplankton. It would be expected that these forms, some of 
which are predaceous on microzooplankton, would result in a 
decrease in the abundance of microzooplankton. Up to I 984, 
however, this has not occurred. 

Succession Hypothesis 

In the case of the succession hypothesis, we would expect 
dramatic shifts, especially at the phytoplankton-zooplankton 
interface, only when a significant alteration in phosphorus 
inputs occurred that would overcome the resistance to shift to a 
new level. Although we have observed some alterations in 
phytoplankton abundance, it is possible that phosphorus 
regeneration from the bottom sediments, together with the non
linear relationship between productivity and nutrient loading 
(Millard 1986), is maintaining the system at its present level. 

By Odum 's ( 1969) criteria of developmental and mature 
ecosystems, the Bay of Quinte is in the developmental stages. 
However, contrary to the prediction of the succession hypoth
esis, the growth rates of several fish species declined as nutrient 
enrichment increased. The reproductive potential of these spe
cies remained high because sexual maturity occurred at smaller 
sizes. The total production of these species, however, did not 
increase as nutrient enrichment and other alterations reduced the 
piscivore biomass. Growth, longevity, maturation, and repro
duction apparently compensate to maintain a fairly steady bio
mass. 

A successional model for the Bay of Quinte may be viewed as 
containing several step-functions, or cusps, in which the mean 
size of the organisms in the system and their generation time are 
dependent upon particular levels of nutrient inputs (Minns et al. 
I 986). Relatively high resistance to change in the step-function 
is evident until the critical point is reached. After that point, the 
system collapses to a new level and the process continues. The 
model views the collapses of piscivores and the decreasing size 
of their prey, the loss of large zooplankton, and the proliferation 
of bloom-forming blue-green algae as successional stages in the 
degradation process. The return to a more mature system will 
reverse the process, but the length of time required at each stage 
is not known. 

The evidence obtained from Project Quinte to the early 1980s 
lends support to both the nutrient hypothesis and the predation 
hypothesis. The succession hypothesis does not appear to be 
supported. However, the lack of data to support this hypothesis 
may be a function of continued release of phosphorus from the 

sediment pool which is suppressing the rehabilitation process 
(Minns 1986b). 

The Size-Spectrum Model of Biomass 

Minns et al. ( 1985) used the model of Borgmann (1982, 
I 985) to link nutrients with biomass and production at various 
trophic levels in the Bay of Quinte. Project Quinte data used in 
this model show a reduced transfer of production along the size
spectrum from phytoplankton to large fish. It appears that the 
decreased transfer efficiency has produced less biomass at larger 
size ranges, and that this decrease is a result of eutrophication. 

The evidence of large biomass of small-sized fish obtained in 
bottom trawl drags discussed earlier confirms this prediction. 
This model also suggests that zooplankton biomass is not being 
controlled by predation. The numerical abundance of small 
zooplankton species in the bay even after phosphorus control is 
consistent with the hypothesis. The model also predicts that 
phytoplankton biomass is depressed because of the heavy zoo
plankton grazing and not because of nutrient restriction. The 
trend toward increased size of zooplankton may result in a more 
efficient use of phytoplankton, while the continued reduction in 
total phosphorus concentration may favour the more "food
chain" functional forms of phytoplankton. By this model, it is 
evident that alterations so far observed in the bay have not 
reached the critical phytoplankton-zooplankton interaction. 
This model appears to link the nutrient and predation hypotheses 
so that the deficiencies of each are overcome. 

General Comments 

There is little doubt that phosphorus reduction produced the 
initial reaction in phytoplankton biomass that resulted in 
improved water clarity and possibly increased the effectiveness 
of sight-feeding predators. Predator-prey interactions have 
been effective at the higher trophic levels and have resulted in a 
decrease in the mean number of small-sized fish. A relaxation of 
predation on larger zooplankton has resulted in an increase in 
their number in the upper bay. Howevet~ these increases have yet 
to impact significantly on the phytoplankton to alter species 
composition in a major way. 

Biomanipulation experiments as described by Benndorf et al. 
( 1984) and Shapiro and Wright (I 984) have involved reductions 
in planktivores and benthivores and additions of piscivores in a 
small lake (I 2.6 ha) or pond (0.044 ha). Reactions at the various 
trophic levels in these experiments were evident within 2 yr. It 
would be expected in an area such as the Bay of Quinte that 
covers 25 364 ha that a longer period of time would be required 
before all the changes imposed by biomanipulation would occuc 

Recently, Pace (I 984) examined the zooplankton community 
structure in relation to phytoplankton biomass in lakes ranging 
from 130 to 56 I 0 ha and concluded that the relationship between 
zooplankton size and phytoplankton biomass was weak. He 
suggested that dramatic reductions in phytoplankton biomass by 
manipulation of the food web probably require radical changes, 
such as large-scale fish kills, to be effective. He questioned 
whether these changes would be stable. 

Perhaps the most significant finding was that lakes with 
higher ratios of macro- to microzooplankton have less chlo
rophyll a per unit oftotal phosphorus (Pace 1984). In the Bay of 
Quinte the ratio of macro- to microzooplankton is not suffi
ciently great to impact on the chlorophyll a- total phosphorus 
relationship. Unfortunately, we have no data on the zooplankton 
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composition of West Lake by which we could further test this 
hypothesis. 

Implications for Management 

One of the key clements in the strategy for Ontario fisheries is 
the establishment of adequate trend-through-time data series 
from which the adaptive or experimental management of fish
eries can be based (Loftus et al. I 978). Project Quinte formed a 
trend-through-time series in which we could compare and con
trast data from both within the Bay ofQuinte and between it and 
other water bodies in the Great Lakes. These data can be used to 
formulate and test hypotheses, to adapt the study technique, and 
to offer predictions about rehabilitation of damaged ecosystems. 

It is evident that the Bay of Quinte has shown numerous signs 
of rehabilitation, but it is not in a steady state. Data presented in 
papers in this volume and summarized here show trends in 
phytoplankton biomass and species composit.ion, in zoo
plankton size composition, in macrobenthos composition and 
biomass, and in fish species shifts that are in the direction 
generally regarded as rehabilitative. 

Our studies indicate that there are features that can be mea
sured in water bodies, especially in the lower Great Lakes 
region, that can be used as guides to the overall health of the 
aquatic ecosystem. The following list describes these measur
able features. 

(I) A whole-lake phosphorus model was developed which 
emphasizes the role of reflux and permanent deposition of 
phosphorus in lake sediments and which predicts the responses 
of lakes to changing phosphorus loads (Minns I 986a). Annual 
measurements of the phosphorus concentration in both the sedi
ments and the water column are required to assess the effec
tiveness of reduced phosphorus loads. 

(2) Loadings of phosphorus from point sources and from 
rivers can be estimated from population size and river gauges 
(Minns I 986b ). Depending upon phosphorus inputs and water 
residence time, the requirement for sewage treatment will vary, 
but summer phosphorus concentration should be kept below 
50 mg · m- 3 in the Bay of Quinte. 

(3) Rising chlorophyll a concentration is a clear signal that 
an ecosystem is adversely affected. This is especially evident 
when the ratio of chlorophyll a to total phosphorus rises above 
that predicted by the model proposed by Dillon and Rigler 
(I 974) in lakes where the total nitrogen to total phosphorus ratio 
is greater than I 2. By their model the chlorophyll a to total 
phosphorus ratio was 0.35. In the Bay of Quinte it was 0.5 I, 
while at West Lake it was 0.2 I . 

(4) Phytoplankton maxima of 30 mm3 • L- 1 together with 
week-to-week changes of 100-300% resulting from changes in 
dominant species are clear indicators of advanced eutrophy 
(Nicholls et al. I 986). Even after phosphorus control, the mean 
June- August I 980 value for phytoplankton in the upper bay at 
Trenton was 5.90 mm3 • L -I, while at West Lake the mean 
value was 0.66 mm3 • L- 1. By this criterion, therefore, phyto
plankton abundance in the upper bay still remains high. 

(5) Light limitation of primary production is characteristic of 
advanced eutrophy. The underwater light regime becomes con
trolled by chlorophyll a concentration and the depth of water 
mixing. Therefore, the euphotic zone standing crops reach 
maximum values because the euphotic zone depth decreases as 
chlorophyll a concentrations increase and net photosynthesis 
becomes limited (Millard I 986). 

(6) The food chain acceptability and human use aspects of 
the phytoplankton community can be assessed from the ratio of 
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the May-October average biomass ofChrysophyceae + Cryp
tophyceae divided by the average biomass of blue-green bloom
forming species. This index, called the "F" value, when it has 
values >>I reflects a more "desirable" phytoplankton com
munity than values <<I (Nicholls et al. I 986). 

(7) The size spectrum of macrozooplankton can be an indica
tor of the state of an ecosystem. The presence of large numbers 
of small-sized cladocerans is particularly indicative of stressed 
systems. Although increasing numbers of larger cladocerans in 
the Bay of Quinte, such as Daphnia galea/a mendotae and 
Daphnia pulex, after phosphorus control are encouraging, their 
proportions to the total macrozooplankton biomass are still 
small. It is apparent that there are insufficient numbers of large 
cladocerans in the bay to exert an influence on the ratio of 
chlorophyll a to total phosphorus. 

(8) There were increases in species of macrobenthos that are 
Jess tolerant of eutrophic conditions, such as Chironomus 
atritibia, Spirospermaferox, and Stylodrilus heringianus, after 
phosphorus control (Johnson and McNeil 1986). There was also 
a general decline in both numbers and biomass of oligochaetes, 
sphaerids, and isopods which may be related to a decline in 
productivity resulting from reduced phosphorus inputs or altera
tions in the food web. 

(9) The abundance of submerged marcophytes decreased 
dramatically from the I 950s and early 1960s to the late I 960s 
coinciding with an increase in phytoplankton standing crop 
(Crowder and Bristow 1986; Nicholls et al. I 986). Standing 
crop, species richness, and cover were relatively low in the 
I 972-82 period, especially in the Belleville-Big Bay area. The 
macrophyte community has not responded to phosphorus reduc
tions into the mid-J980s, and this feature illustrates the con
tinued instability of the ecosystem. 

(I 0) Significant relationships between planktivore biomass 
and macrozooplankton biomass were developed for the Bay of 
Quinte which may be more generally applicable. The specific 
relationship, however, would have to be developed for each 
water body. To do this it would be necessary first to examine the 
diet of the major fish species to determine the proportion of each 
species that are planktivorous. It would also be necessary to 
determine the species composition and biomass of the zoo
plankton and the biomass of planktivores. These measurements 
would be required over a period of several years during which, 
hopefully, sufficient yearly changes would be recorded to estab
lish a trend. 

( I1) The rise in piscivore abundance beginning in I 977-78 
in the bay resulted in a major alteration in growth rates and 
abundance of several planktivores and benthivores (Christie and 
Scott 1985; Hurley 1986a). Although the fish community of the 
bay is still not stable, evidence indicates that the severe 
depreciation occurred when piscivore biomass was less than 
20% of the total fish biomass. Included in the piscivore biomass 
are the large obligate species and the proportion of other species 
that become partially piscivorous at larger sizes. In recent years, 
1979-82, piscivore biomass in the Bay of Quinte has ranged 
from 35 to 57% of the total fish biomass (Hurley 1986a). 
Planktivore abundance in the upper and middle bay has declined 
since piscivores have increased but not in the lower bay where 
piscivores are relatively Jess abundant. Part of this reduction in 
planktivore abundance resulted from decreased alewife num
bers. However, some of the reduction has resulted from the 
lowered biomass of the young of other species which, because of 
increased growth rates, spent less time as planktivores. 

To conclude, one of the most important lessons learned from 
our efforts in Project Quinte was the necessity of an holistic 
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outlook, sometimes called an ecosystem approach. Each of us 
when studying our relatively specialized areas came to realize 
that the results of our colleagues in other fields often assisted us 
in the interpretation of our own results. This realization not only 
helped us to mature scientifically, but it also impressed upon us 
the necessity of cross-disciplinary studies in examining broad 
ecological issues. We trust we learned this lesson well. 
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