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PREFACE

The report presented here is the Canadian contribution to
the OECD Cooperative Programme on Eutrophication. Seope and modus
pperahdi of said\prograMme have been outlined in a Synthesis Repoft
(OECD, Paris, 1980), and have also been summarized in the four a]ready
published Regional Reports. Therefore, the reader is invited to consult
these reports for detailed informatioh. To make the preseht report
self-contained, a summary paper which provides a‘cdnceptpa1 backgrouhd, and
the most significant results of the total programme,-is\ehclosed as
Appendix 1, | R

The present report completes the North American effort for
the OECD Programme. However, the philosophy adopted to produce th1s
report differs from that of the initial North Amer1can report produced
by Rast and Lee (1978), and differs also from the other regibna] project
conception The Canadian report has been designed'tb'sefve as a.test
case for eva]uat1ng the extent of app]1cab111ty of the OECD resu]ts to
an independent set of data not included in the Synthes1s Reoort The
data elaborated for the ‘Canadian report have e1ther been prov1ded by
individuals, or have been exthacted from'a1readynpubldshed material.
People who have prov1ded data are acknowledged separate]y and pertinent
literature is c1ted in the bibliography. The text has been kept as
concise as poss1b1e wherefore citations are minimal. A background data
supplement, containing information sheets 11st1ng the most pert1nent

background information for the 1akes and bas1ns d1scussed in th1s _

report, is available on request.
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ABSTRACT

The OECDFIﬁternationai Programme on'Eutkophication has been
designed for cross sectiona] compartson of lakes to provtde management
with simpTe.tools to eyaluate nutrient reduction, particularly phosphorus,
necessaryvto alleviate excessive eutrophication. The scope of the
Canadian programme was to test the applicability of the overall OECD
results on a set of data not inc1eded in the original elaboration with
three main objectives in mind:

a) clarification of the extent to which lakes of an unspecified

nature exhibit statistical properties similar to the OECD
Takes _

b) clarification and identification of the limits of trans-

ferability |

c)v identificationbofkconditions which need ferthef evaluation.

The‘Canedian 1akes data base represents a collection of in-
format%on from personal communication with various workers invo]yed in
major 11mno1ogiea1 ptojects»as well as‘that contained in the 1iterature.
It has been subdividea into seven majok geographical regiens which are
treated separate]y \

In a d1agnost1c sense, the ma30r1ty of Canad1an lakes tested
show stat1st1ca1 behav1our s1m11ar to that of the OECD lakes, part1cu1ar1y
in regard to the re]at1onsh1ps between annua1 mean ch]orophy]] and annual
mean phosphorus, annua] mean phosphorus and_flu$h1ng corrected inflow

phosphorus.concentratﬁon, and annual mean chlorophyll and f]ushingvcorrected
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inflow phosphorus concentration. However, application of the results

for predictive purposes requires care. A number.of 1imﬁting-conditions

were identified under which applicability and transferability of OECD

results are either questionable or should be done with

|

utmost care.

These include situations where:

a)

b)

zeu/i (euphotic zone depth/mean depth) is 'substantially

J
greater than one | |

> 50 m/y), f1dshing rate is more

hydraulic load is high (qS |

than twice/year (Tw < 0.5 yr) and/or,]ak%s with irregular

. . . . , | .
flushing regimes either seasonally or over consecutive

years ‘ i

high mineral turbidity or a high degree 6f humic staining
exists f
<

N/P ratios are # 5 and/or P exceeds 10b mg/m3

phosphorus is relatively inert (e.g. as apatite) or internal

loading is substantial
dynamic equilibrium has not been attained as in the case of

J

increasing or decreasing nutrient 10ads!

\
!
[
\
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Le programme ihternational de 1'0CDE sur 1'eutrophisation
a été mis en oeuvre en vue de comparer des coupes transversales de lacs
pour fournir aux chercheurs sur 1'aménagement de 1'eau des outils simples
afin d'évaluer dans quelle mesure il faut diminuer la quantité d'éléments
nutritifs,'particu]iérement le phosphore, pourvatténuer 1'eutrophisation
excessive. Le but du programme canadien &tait de vérifier 1'application
de tous les résultats obtenus par 1'OCDE & un ensemble de données qui ne
paraissent pas dans le rapport initial. Trois principaux object{fs
étaient visés:
a) Etablir dans quelle mesure des lacs de nature non spécifiée
présentent des propriétés statistiques semblables & celles
des lacs de 1'0CDE; |
b) Eclaircir et identifier les limites d'application & d'autres
lacs des données de 1'0CDE; |
c) Identifier les conditions qu'il y aurait lieu d'évaluer de
facon plus détaillée. |
La base de données sur les lacs canadiens est constituée de
données provenant de commuhications personnelles avec différents chercheurs
engagés dans d'importants travaux limnologiques ainsi que des données
provenant de la littérature. Elle a été divisée suivant sept grandes
régions géographiques qui sont traitées séparément.
Du point de vue diagnostic, la plupart des lacs canadiens étudiés,
présentent un comportement statistique sémb]ab1e 5 celui des lacs de 1'0CDE,
particulidrement en ce qui concerne les relations entre la concentration

moyenne annuelle de chlorophylle et la concentration moyenne annuelle de

phosphore, la concentration moyenne annuelle de phosphore et la concentration




de phosphore dans 1e§ eaux d'apport corrigée pour tenir compte du renouvellement
et, enfin, la concentration moyenne annuelle de chlorophylle et la
concentration du phosphore dans les eaux d'apport corrigée pour tenir
compte du renouveliement. Toutefois, il y a lieu de faire preuve de prudence
lorsqu'on applique Tles résultats a des fins de prévision. On a défini des
conditions limites dans Tesquelles 1'applicabilité des résultats obtenus par
1'0CDE est douteuse ou devrait &tre faite avec la plus grande prudence. |
Parmi ces conditions, on compte:

a) zeu/i (profondeur de 1la fone euphotique/profondeur moyenne)

beaucoup plus grand que 1'unité;

b) charge hydraulique élevée (q_. > 50 m /année) renouvellement

s
plus fréquent que deux fois par année (Tw < 0,5 année) et/ou
lacs présentant des régimes de renouvellement irréquliers,
c.-da-d. renouvellement saisonniek, ou renouQe]]ement pendant
des années consécutives;
c) turbidité minérale é]eyée ou degré élevé de coloration humique;
d) rapports N/P < 5 et/ou concentration de P supérieure a 100 mg/m3;
e) phosphore relativement inerte (p. ex. sous forme d'apatite)
ou apport interne important;

f) équilibre dynamique encore non atteint, comme dans le cas de

charges d'éléments nutritifs croissantes ou décroissantes.
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INTRODUCTION
THE EUTROPHICATION PROBLEM IN CANADA

- General Background -

Canada, with a total area of 10 million km?*, and a population
of nearly 23 million people, has some 756,000 km? of fresh watek. Stream-
flow in Canada's rivers has been estimated to be about 100,000 m® per
Second, equivalent to about 50% of Canada's annual precipitation, and
represents about 9% of the total flow in all the world's rivers. Much of
the usable surface water present in Canada is stored in lakes and
reservoirs, or elsewhere in the form of ice and snow.

Canada probably has more lake area than any other country in
the world: a complete inventory is not feasible at present. Five
hundred and sixty-three large Canadian fresh water lakes exceed a water
surface area of 100 km?; 42{0? these exceed 1,000 kmz.‘ Outstanding among
these lakes, in terms of size, are the Great lakes, although only parts
of theée are in Canadian territory. In central Canada, Lake Winnipeg is
the largest lake; Great Slave and Great Bear are the largest in the
north-western region. Others worthy of mention are Lakes Athabasca,
Reindeer, Winnipegosis, Nipigon, Manitoba, Lake of the Woods, Nettilling and
Dubawnt. Apart from these large lakes are countless other smaller lakes.
scattered througout Canada, particularly in the Canadian Shield.

River discharge in the different main river basins varies
considerably and consequently, the range of theoretical water residence

time is tremendous. Of the smaller lakes, many receive an extremely high




hydrological load and have very short water residence times of weeks only,
whereas the residence time of some of the large lakes can exceed a

hundred years. In addition, variability of the residence time for a
particular system is affected by its size and complexity. The Saskatchewan
River, with a mean flow of 680.m? per second, has a maximum flow of 3,000
m®* per second, and minimum of 50 m? per second. The maximum recorded

flow is 4.4 times the meaﬁ flow and 60 times the minimum. On the other
hahd, large systems have the capacity to damp these variations in flushing
rate. The St. Lawrence River, flushing the Laurentian Great lakes system
has a'mean flow of 6,740 m3 per second. The maximum is only 1.5 timeé |
the mean aﬁd about twice the minimum. Reﬁidence time and its vafiabi]ity‘
are of considerable importance for the actual susceptibi1ity of Canadian
lakes to nutrient load and eutrophication.

- The Present Situation -

In considering the general situation, the eutrophication
problem in terms of the total water resource stored in lakes, for
Canada, cannot be defined as serious compared to other regions in the
world. Most of the Canadian lakes belong to the oligotrophic category.
A cross-sectional listing of the 130 lakes, including the lakes considered
in this report, showed the following distribution of trophic categories:

a) in terms of number of lakes:

oligotrophic - 73%, mesotrophic - 15%, eutrophic - 12%
b) 1n'terms}of surface area:

oligotrophic - 73%, mesotrophic - 13%, eutrophic - 14%



‘ A]though these statistics result from availability of
data rather than from an unbiased selection, it probably provides a
good characterization of the trophic conditions of Canadian 1lakes,
at least for the‘more inhabited southern belt, The figures would pro-
bably change in favour of an even higher-pércentage of oligotrophic
lakes if more northern iakes, in particular some of the large Takes
(Athabasca, Great Slave, Great Bear and others) not considered were
included in the analysis.

In contrast to this general situation, the eutrophication

problem of individual cases can be quite serious; incidences of more

or less advanced eutrophication have been feported thrbughout all the
regions of high population density and/or intensified agriculture,

Lake size also seems to be of subordinate importance: eutrophied lakes
range from small cottage and prairie lakes to Lake Erie exceeding 25,000 km?.

REPORT ORGANIZATION

- Lakes Considered and Regional SynopSes -

For the scope of the present report, the Jakes reviewed have been
arranged into seven regional groups (cf. Figure 1, Table 1) covering the
enfire expanse of Canada. Each region is explored separately in the first
seven chapters, The groups as defined here do not entirely coincide with
geographic entities, nor do they coincide with the natura) Timnological

regions as e.g. proposed by Northcote and Larkin (1966) for
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Table 1. List of lakes included in the Canadian OECD analysis (grouped according

to regions)

ATLANTIC REGION I

A. Gros Morne National Park, Nfld. »
Western Brook Pond {wB)*
B, Terra Nova National Park, Nfld.
Bluehill North Pond (BN)
Bluehill South Pond (8S)
Minchin Pond (M
Yudle North Pond (YN)
Pine Hil11 Pond (PH)
C. Fundy National Park, N.B.
Bennet (Be)
MacLaren's Pond (ML)
Wolfe : (Wo)
D. Kejimkujik National Park, N.S.
Grafton (Gr)
Kejimkujik (Ke)
Mountain (Mo)
Pebbleoggitch (Pe)
: Little Kempton (LK)
E. Cape Breton Highlands National Park,
Freshwater {FW)
MacDougall's {MD)
Presqu'ile (pr)
Warren (Wa)
QUEBEC REGION 11
Lake: Memphremagog
- North Basin (MN)
- Central Basin (MC)
- South Basin (Ms)
Pink's Lake (Pi)
Saint-Francois River Basin
- Aylmer {Ay)
- Bowker (Bo)
- Brompton (Br)
- Lovering (Lo)
- Magog (Ma)
- Massawippi (Ms)
- Montjoie (Mo)
- Petit Brompton (pB)
- Saint-Francois (SF)
- Stuckely (sT)
Yamaska River Basin
- Boivin (Bv)
- Brome (Bm)
- Roxton (Ro)
- Waterloo (wWa)
* Note:

N.S.

ONTARIO SHIELD LAKES REGION III

A. Haliburton County
Beech
Bob
Cameron
Cranberry
Eagle-Moose
Four Mile
Halls
Maple }
Oblong-Haliburton
Pine
Raven
Talbot )
Twelve-Mile-Boshkung
B. Muskoka County
Dudley Bay
Jerry
Harp
Gravenhurst Bay
Joseph
Little Joseph
Little Otter
Muskoka
Rosseau
Simcoe
Skeleton Bay

. Algonquin Park

Brewer

Clarke

Costello

Found

Kearney

Little McCauley

D. Haliburton-Muskoka

’ Basshaunt

Bigwind

Blue Chalk

Buck

Chub

Crosson

Dickie

Glen

Gulifeather

Harp

Jerry

Little Clear

Red Chalk

The two letter abbreviations of ltakes' names, as given here, are used

throughout the figures for identification of points.

Be;
Bo
(ca)
(cr)
(Ea-Mo)
(FM)
(Ha)
(Ma)
(0-H)
(pi)
(Ra )
(Ta)
(TM-8)

(pB)
e
Hp.
(cB)
(Jo)
(La)
{Lo)
(Mu)
(Ro)
(si)
(sB)

(Br)
(c1)
(co)
(Fo)
(ke)
(Lm)

(Ba.)
(Bi)
(8C)
(Bu)
(ch)
{(cs)
(1)
(¢1)
(Gu)
(Hr)

(Lc)
(rc)

Solitaire
Walker

LAURENTIAN GREAT LAKfS REGION IV

Lake Superior

Lake Michigan

Lake Huron

Lake Erie
-~ Western Basin
- Central Basin
- Eastern Basin

- Lake Ontario

EXPERIMENTAL LAKES AREA V

a) Natural Condition
114
120
223
224
228
239
240
303
305
383
b) Artificial Enrichment
226 NE
226 SW
227
261
302 N
302 Total
302 S
304

PRAIRIE LAKES REGION VI

- Lake Winnipeg

- Qu'Appelle River Lakes
- Pasqua Lake
- Echo- Lake

Katepwa
Crooked Lake
Round Lake

BRITISH COLUMBIA REGION VII

Mission (Lebret) Lake

Babine Lake
Kamloops Lake
Kootenay Lake
Okanagan Lakes

- Wood Lake
Katamalka Lake
Okanagan Lake -
Skaha Lake
Osoyoos-N Lake

g0t



Western Canada. However, the lakes listed in each group have some com-
mon features which are either unique or sufficiently unifying to permit
comparison also with regions outside Canada. For example, the British
Columbia lakes are in many ways similar to the European pre-Alpine lakes;
the Ontario, Quebec and Atlantic Rggion lakes have more similarity with
Scandinavian lakes. The Laureﬁtian‘Great Lakes have some properties of
deep pre-Alpine lakes, yet also have unique features which make them
hardly comparable to the majority of lakes studied in the OECD Programme.
Although there are tfends within each region, a wide range of trophic
conditions may be represented. |

The following is a short synopsis of each of the regions

considered.

I Atlantic Region Lakes

The majority of these lakes are small pristine lakes of less
than 1 km? in size, the largest lake (Kejimkujik) extending to 24 km?.
With the exception of a few lakes studied by Parks Canadé (CWS), these
lakes are not well known. Those included in this report have prevailing
oligotrophic and ultra-oligotrophic characteristics. Besides a few lakes
of slightly mesotrophic properties, only McLaren Pond has been indicated

as eutrophic.

IT Quebec Region Lakes

Several lakes of this region are under extensive study by

proVincia] laboratories, the Institut National de Recherche Scientifique



(INRS-Eau) and other university groups. These lakes range from oligo-
to eutrophic. The most important lake included in this groupihg is Lake
Memphremagog (90 km?) which is situated at the Canada-US border. This
lake is heavily eutrophied from city sewage discharged at its southern

end.

CITT Ontario Shield Lakes

The majority of these lakes bear a similarity to the At]ah-
tic Region lakes, being basica11y'6ligotrophic. A commoﬁ characteristic
of many of these lakes is their anastomosis into lake chains or lake
complexes which makes simple definition difficult at times (cf. e.g.
Muskoka lakes). They share this feature with other Shield lakes as well
as lakes in Scandinavia.

Several of these lakes have undergone eutrophication, 1in
part due to cottage development, and in part due to direct city dis-
charges. The most serious case of eutrophication has been Gravenhurst
Bay, a bay almost entirely separated from Muskoka Lake.

Also for these lakes, information is in part scant, yet in
part excellent studies have been conducted by the provincial laboratories

and have been made available for the OECD Programme.

IV Laurentian Great Lakes

The most noted cases of eutrophication are those'of ihé So-
called Lower Lakes (Lake Ontario and Lake Erie). The upper Great Lakes

(Superior and Huron) instead, are generally in acceptable oligotrophic



condition. Exception must be made, however, regarding more localized
conditons in all the Great Lakeé.v Many of these bays shew'signs of
more or less serious degradation due to eutrophication. The following
map (cf. Figure 2) which has been taken from the IJC Volume "Environ-
mentai Management Strategy for the Great Lakes System, 1978", provides
an overview of the prevailing local (inshore) eutrophication conditions
of this system. Because of the marked inshore—offshore differentiation,
a simple allocation of these.]akes to any one of the trophic categories
has but limited value. Lake Huron (including Georgian Bay) e.g. for its
main water body would have to be classified as oligotrophic, yet at the
same time, the large Saginaw Bay exhibits one of the most serious condi-
tions of degradation. Similarly, Lake Miehigan, generally speaking, has
but localized prob]ems.of‘eutrophication but Green Bay is meso- to eu-
~trophic. Also, in many areas of these lakes the most serious eutrophica-
tion problem is excessive development of CLadophora along the shores.
Quantitative information of this problem is scant, which makestva]id
comparison between lakes and/or between inshore and offehore conditions

impossible for the present.

v ELA Lakes

These lakes are not essentially different from other Shield
lakes having prevailing oligotrophic characteristics. The reason‘for
separating them as a specific category is the fact that several of these
lakes have been artificially manipulated to study the effects of nutrient

Toading on pristine eiigotrophic lakes. The results ofjthis programme on



TROPHIC STATUS
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chlorophyll 8 and Secchi depth)
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[ mesoTroPHIC /EUTROPHIC
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Note: Nearshore zones not
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Figure 2. Nearshore trophic condition of the Great Lakes.
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whole-lake experimentation under the direction of Dr. D.W. Schindler are
well known in 1imno]ogy for their uniqueness, and the convincing demon-
stration that eutrophication depends primarily on load of phosphorus and
nitrogen. |

VI Prairie Lakes

1

Prairie lakes for the most part are relatively small lakes
and ponds, many of which are high]y eutrophic or hypertrophic with fish
kil1ls during winter or summer situations of anoxia. The special situation
presented by lakes of this type has not been considered in this report.
Instead, the larger and more economically important lakes have been the
subject of this analysis. Data have been most readily available for
Lake Winnfpeg and lakes of the Qu'Appelle watershed. Lake Winnipeg
receives 50% Shield drainage and is eutrophic only in localized areas.
The Qu'Appelle chain of lakes has high year-to-year variability in hy-
draulic and accordingly, nutrient load. In years when hydraulic loading
is high, this occurs prevalently during the spring and early summer period
with peak values 10 to 20 times above average discharges and 50 to 75
times above minimum average discharges. Biomass development also varies
considerably from year to year, ranging from appérent mesotrophy in one
year to highly eutrophic conditions in another. Lake Winnipeg, on the
other hand, shows less variation, yet exhibits a strong north-south

differentiation.
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VII British Columbia Interior Valley Lakes

In this group appear a few separate lakes (Babine, Kamloops,
Kootenay) énd a chain a lakes situated in the Okanagan Valley.

In regard to trophic conditions Babine and Kamloops lake
are oligotrophic. Babine lake shows the special feature that some 20%
of its phosphorus income comes from salmon carcasses which is difficult
to evaluate in its effects on the nutrient budget. Towards the other
end of the spectrum, Kootenay lake has experienced strong eutrophication,
and is now in a process of recovery, The Okanagan lakes receive in part
direct city discharges causing eutrophication, yet these lakes remain
strongly differentiated bybf1ushing rates which range from 0.014 to 33

times/year.

-~ Data and Data Elaboration -

Data. Whereas in the A1pine,vNofthern and Reservoir Shallow
Lakes Project case studies have been initiated and conducted accokding
to an agreed system .over a two to three year period, in the Canadian
project no specific OECD oriented study was initiated. Available data
have been obtained from contributors out of their ongoing studies, or
from already published literature. Therefore, the basic data bank is
somewhat uneven and in part incomplete, for example where annual means
were not available seasonal means were sometimes substituted. More
importantly, no analytical intercomparison for method standardization
has been made which means that comparability of data is not always

warranted.
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| Apart from this problem, there are intrinsic problems with
some of the data, particuiar]y nutrient loading data. Lakes receiving
high hydrological loads often show high year to year variability in
nutrient 1oad1ﬁgs which makes correct characterizaiion of such lakes
exceedingly difficult. In such cases, loading measurements limited to
a one year cycle are almost meaningless. Also, nutrient loading often
occurs over a limited time period of the year coinciding with high
hydraulic load, in contrast to the more common situation where the Toad
is delivered more gradually.

At the other end of the scale, concerning large lakes,
difficuitiés arise in estimating total loads for the mere size of the
catchment areas to be monitored. For example, in regard to the
Laurentian Great Lékes, considerable discussion has arisen over the last
years as to the significance of reported nutrient loads. Figures taken
from Various sources may vary considerably.

Also, indirect loading estimates are often plagued with
considerable uncertainty of land export‘coefficients, significance of
the more remotely located areas of a catchment system in terms of areal
contribution, the potential contribution of septic tank 1eachates; the
importance of animal husbandry, the importance of contributions from
detergents, etc.

Accordingly, in judging the validity of correlations and
conclusions based on available information, these conditions‘must be

kept in mind. Howéver, every effort has been made, often in direct
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collaboration with the authdrs responsible for data, to reduce the level of
uncertainty. In several instances the author-provided data have been
recalculated for an independent check. What to a reader unfamiliar with
the real situation may easily appear as "juggling of the figures", in

most cases can be explained with the at times enormous hidden difficulty

of separating truth from some initial subjectivity.

- Comparability of Canadian data with the OECD data. Trans-

ferability of statistical information derived from one set of data to

a new set, and hence, comparability between the two sets of data, depend
on whether or not the two sets are comparable in numbef, range, mean
values and other statistical parameters. The Synthesis Report contains
a full table of all directly and indirectly measured statistical para-
meters of the programme. In order to examine the Canadian data against
this background, a few key parameters have been selected and tabulated
in Table 2, together with the corresponding OECD data.

Comparison of the two sets shows that in terms of limnological
characterization, such as mean depth and theoretical water residence time
(fi171ing time), average inflow and lake phosphorus concentrations and
chlorophyll levels, the Canadian data cover about the same range. Also,
in regard to the mean values of the basic parameters, mean depth and
water residence time, the two séts are comparéble.

The essential differences are in the trophic parameters. The
geometric means (which are closer to the mode than arithmetic means

because of the skewness in data distribution) for average inflow and
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. Table 2. Comparison between some mean features of OECD and Canadian lakes.
OECD Lakes Canadian Lakes
Variables Min. Geom Av, Max. N Min. Geom. .Av. Max. N
z (m) 1.7 14.3 313 126 1.1 10.4 148 108
T(w) (y) .016 1.2 700 12 .017 .91 185 108
[5]1. {mg/m3) 4.7 112 1425 95 .35 35 2268 82
[‘5]A (mg/m3) 3.0 47 750 115 1.9 16.1 1600 82
[ch1(mg/m?) .3 8.4 89 96 L .55 2.8 33.6 104
OECD Lakes Canadian Lakes
'Lake Types 01igo- meso- eutrophic oligo- meso- eutrophic
% 18 17 65 73 15 12
Numbers (101) (129)
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average lake phosphorus concentrations as well as for chlorophyll, differ
characteristically by a factor of about 3 between the two sets. The
Tower Canadian means in these parameters reflect the difference in the
distfibution of trophic categories of water considered. Whereas in the
OECD progkamme the majority of lakes studied are eutrophic, the majority
of the Canadian lakes selected belong to the oligotrophic category. It
is therefore expected that - whilst in principle the OECD information

can be applied to the Canadian data - the analysis may lead to indications
for revisions and modifications of the OECD standard relationships.
However, it will not be within the scope of this report to pursue such
matters beyond this preliminary stage.

Correlations. Instead of attempting to correlate the data

on a national project basis (i.e. similar to the US portion of the North
American Projéct) they are treated here with the aim of comparison with
the results arising from the other QECD regional projects and the project
synthesis. This means that - rather than to establish a fifth set of
correlations and regressions - the information is analysed to establish
consistency or non-consistency with results from other projects. Indeed,
this methodology has not only proved to be more appropriate to the |
Canadian data than independent analyses, but provides a test study for
the applicability of the OECD results, as summarized in the Synthesis'

Report, to a new set of independent data.
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Data have been log?log plotted, and the standard regressions
used for comparison are those reported in the Synthesis Report*) The
respect?ve coefficients, cbrre]ation coefficients and standard errors
are given in Table 3.

In addition, these relationships are gkaphica]]y represented
in Appendix Figures Al.1 to Al,17. It should be noted that rearession lines
denominated as a-lines are those given in the Synthesis Report, and are
commonly called the OECD lines. They have been obtained by minimizing
y against x (cf. Table 3). The b-1ines, instead, represent the regression
lines resulting from minimizing x against y, but have been recalculated
for x as reference variable. The slope of the third and intermediate

line, finally has been calculated from the ratio SE(y)/SE(x).

*) The rationale for log-log plotting is in part purely practical (i.e.
to distinctly plot data spreading over 2 to 3 orders of magnitude on the
same figure), in part also justified by statistical consideration. As
has been found in elaborating the Synthesis Report, data distribution

is highly skewed. With log-log transformation not only the skewness is
reduced but also the prediction error is stabilized over the whole range,
(i.e. the percent prediction error at the lower and upper end of the
scale remains constant). Although visually this may appear for someone
who is less used to reading log-log diagrams as data polishing, in
effect the error margins at the upper end of the scale are as high as in
a linear representation. The added benefit with a log-log representation
is that deviations from linearity, and non-conforming situations are
clearly recognizable over the whole range of the scale.



Table 3. OECD - Standard Regressions, ¥ = A.X> (See graphic representation in Appendix 1).

Fig. A.Ll. Y versus X n r ’ A2) B2) A3) B 3) A*) B*) SE(Y)®) | SE(X)®)
1, 2 | e | [P, 7 88 2687 .962 .10 1.242 .183 1.093 .251 .230
3,4 | | e, 50 .90 635 | 1.048 217 1.294 .429 1.165 .257 .221
5,6 | P, | 1Y) | ‘87 .93 1.566 .821 .948 950 | 1.229 - .883 .193 .219
7, 8 | [chM) _' ) 67 .88 373 .795 .160 1.027 .251 .904 .256 .28
9, 10| ey | ) | e .89 707 .905 .290 1.142 464 1.017 .284 219

11, 12 5§ Lchl] 78 .75 9.32 - .508 22.0 - .903 [13.5 - 677 .198 .292

13, 14| 3 QN 87 47 9.89 |- .284 505 - 1.284 | 34.8 - 603 255 423
15, 16| 3 x) | e .69 14.8 - .387 85.7 - .812 |30.3 - .560 .236 .421
17, - | m, o) | e .92 5.30 782 2.00 924 | 3.33 .850 57 182
- N

D= )0+ /TR G 00 = R /G /T)

) a) - Regression ' all reported against

3) b)- Regre;sion. X as reference variable

*)

Average between a) and b)

/

$) and ¢) Standard Errors referring to !®log-transformed equation

_LL-
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Table 3 shows that the difference bétween,the standard
errors of the two corresponding regression equations for the relation-
ships 1) to 5) is insignificant. Hence, the two regression lines a) and
b) are interchangeab]e for any practical purpose, and the intermediate
regression may be the best predictor. In some cases the b-line seems to -
describe the data bettervthan the a-line. However, in order not to over-
load the graphical representations, the corresponding confidence ranges
(80% and 95%) havé been plotted only relative to the a-line. Confidence
Timits have been calculated from the composite of OECD data for both 80
and 95% probability levels. Test case values which fall within the 80%
1imits are accepted as showing no difference from thé OECD relationship.
Values which fall between the 80 and 95% limits are considered suspect
as potentia]]y‘non-conforming, whereas those outside the 95%‘iimits are

-taken as non-conforming with the OECD re]atidnship.

For the relationships. 6 to 8, the large differences in the
respective standard errors indicate that on]y.the a-relationship is
meaningful (i.é. prediction of Secchi transparency from [ch]]k, [P]xﬁ
[P]l/(i + JTTWT), respectively, is valid, but not the inverse).

For other relationships the data base for calculating stan-
dard errors and confidence limits was insufficient or not fully elaborated

g in the Synthesis Report, (e.g. primary production, phytoplankton biomass

and oxygen depletion rates). Available Canadian data have been plotted

in an éttempt to make some preliminary comparison bétween them, and with the
respective provisionai 0ECD regression models. Interpretation of nitrogen‘

data has been made under the assumption that nitrogen is limiting biomass
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yield only when concentrations are in a proportion to phosphorus of less

than that most commonly found in the biomass itself (i.e, about 10:1).

In addition to the cross-sectional examination of regional
cases, six examples of cultufa11y imposed non-equilibria are discussed
(Chapter 8). The lakes or watersheds treated here have undergone abrupt
changes in nutrient loading due to municipal and/or industrial develop-
ment and subsequent pollution abatement measures, The centfa] point in
question is that regarding the time requirement for changes in nutrient
loading to produce changes in trqphic condition. A summary of Canadian

experience to date is presented.



T.1

CHAPTER 1. ATLANTIC REGION 1

A. Gros Morne National Park, Nfld.
Western Brook Pond . (WB)

B. Terra Nova National Park, Nfld.

Bluehill North Pond (BN)
Bluehill South Pond (BS)
Minchin Pond (M)
Yudle North Pond (YN)
Pine Hil1l Pond (PH)

C. Fundy National Park, N. B.

Bennet (Be)
MacLaren's Pond (ML)
Wolfe "~ (Wo)

D. Kejimkujik National Park, N. S.

Grafton (Gr)
Kejimkujik (Ke)
Mountain (Mo)
Pebbleloggitch (Pe)
Little Kempton (LK)

E. Cape Breton Highlands National Park, N. S.

Freshwater (FW)
MacDougall's (MD)
Presqu'ile (Pr)

Warren (Wa)
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1.1 Atlantic Region, Description of Location

The present day lakes of the Atlantic region lie in glacially
formed depressions of Devonian and Ordovician sediments (i.e. Timestones,

- sandstones, granites and shales) of Canada's east coast.

The pronounced wetness which characterizes the climate of the
maritimes results from convergence of three major airstreams. The pre-
cipitation, caused by entrainment and mixing of Arctic, Tropical and
Pacific air masses, amounts to an annual mean of 100 to 150 cm (Bryson and
Hare, 1974). The persistent cloud cover permits fewef hours of brigﬁt
sunlight than for any other location in Canada. The period of maximum
precipitation is during the winter months and because of the warm Tropical
air current from the Gulf Stream,'the.Snow is periodically washed away by
unpredictable winter rains. Ice cover may not persist throughout the
winter and is more likely to do so in the interior lakes. Maritime
springs are cold, prolonged and less dramatic with respect to flooding
than the continental interior where entire wintér_snow accumulations are

abruptly delivered to the lakes.

With precipitatfon in excess of évaporation, podzolization is
the overriding process that occurs in what 1ittle soil is present. Calcium
and iron are leached downwards to form a poorly drained hardpan which
leaves the surface prone to bog formation. Lowland boggy areas immediately
surrounding'lakes are common and the humic materials generated by them

eventually wash into the lakes staining them a rusty brown. The degree
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of colouring is proportional to the size of the drainage basin. Lakes
with colour af 20 Hazen units or more in general have drainage basin to
lake surface areas greater than 5:1. Clear water lakes é]so exist in
this region'and are predominantly in the highlands.

Through influence of the sea, Na and C1 ions are more abun-
dant in these than in most freshwaters. Some lakes are among the lowest
in the world in Ca content. |

The flora consists of the Acadian forest (spruce, fir and
pine with a deciduous hardwood complement of maple, birch and beech)
Typical phytoplankton assemb]ages include Chrysophyceae and diatoms. The

inevitable connection of watershed and sea has allowed penetration of the

American eel (Anguilla anguilla) to virtually all lakes of the region.

The brook trout (Salvelinus fontinalis) is also a common feature of the fauna.

The lakes of this study are located in national parks (Figure I 1)
and for the most part, are free from direct human influence. (Exceptions are
Freshwater, Kemjimkujik, MacLaren and Wolfe Lakes, which receive nutrients
from sewage and lawn fertilizer runoff). The main "industry' of the region.
is fishing and forestry. This economy is supplemented by dairy and fruit
farming.

Selected limnological features, including téta] phosphorus,
mean and peak chlorophyll a, colour, pH, conductance and selected
morphometric features from 18 lakes in five Atlantic Region national
parks are presented in Table I 1. With the exception of Western Brook
Pond, where only ice-free season data are available, annual mean values
aré given. Annual phosphorus loadings are available for Kejimkujik and

Warren Lake Only.
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FIGURE I 1. Location of Atlantic Region Lakes.

A Gros Morne National Park

B Terra Nova National Park

C Fundy National Park

D Kejimkujik National Park

E Cape Breton Highlands National Park
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Table 1 1. Selected Vimnological features of Atlantic Region lakes (annual mean values)..

Surface Mean Flushing Chlorophyll a Total Colour pH Conductivity | Trophic
Area Depth Rate Peak Mean Phos. Hazen ’ wmhos/cm Status
Lake km? m times/yr mg/m3 mgPm? Units
A. Gros Morne, Nfld.
Western Brook Pond 22.8 72.6 0.14 0.9 .55 1.9 6 6.0 35 uo
B. Terra Nova, Nfid.
Bluehi11 North Pond 0.16 2.6 13.0 2.1 1.3 6.9 32 6.8 35 0
Bluehill South Pond 1.1 9.2 0.44 1.7 1.1 3.7 21 6.9 35 0
Minchin Pond 0.064 7.0 40.6 3.2 1.7* 7.0 44 6.7 33 0
Yudie North Pond 0.06 2.4 4.7 2.2 0.9 7.7 39 6.7 36 0
pine H{11 Pond .02 19 10.0 4.0 1.4 9.6 27 6.8 83 0
C. Fundy, N.B. '
Bennet 0.31 2.3 28.2 --- 1.3 6.0 14 6.4 33 0
Maclaren's Pond 0.007 5.1 8.8 26.3 9.4 20.6 clear 7.1 150 E
Wolfe 0.22 3.8 2.4 1.5 3.6 7.7 6.1 25 0
D. kejimkujik, N.S.
Grafton . . 2.7 2.8 7.4 4.3 1.8 16.5 44 6.3 26 0
Kejimkujik 24.33 2.4 6.7 4.0 1.2 9.2 72 5.0 24 [}
Mountain 1.36 4.2 1.5 - 1.0 5.1 15 5.3 22 0
Pebblelogqitch 0.33 1.4 3.5 2.9 1.6 10.5 90 4.4 30 0
Little Kempton 0.025 1.4 23.1 15.5 -—-- 27.9 180 5.4 24 M
E. Cape Breton, N.S. . )
Freshwater 0.42 6.5 2.0 6.2 2.5 7.5 6 7.1 145 0
MacDougall's 0.05 3.4 9.7 2.8 1.1 5.9 5 6.2 33 0
Presqu'ile 0.044 . 2.1 14.7 7.0 3.3 13.9 7 7.8 290 M
Warren 0.9 15.9 3.6 2.6 0.7 6.2 50 5.8 30 0

*
Ice free average
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1.2 Trophic Response-Nutrient Relationships

1.2.1 Chlorophyll-Phosphorus Relationship. There is a recognizable

pattern as to the.relationship of the three groups of Takes (i.e. lakes withcol-
oured water, cultural nutrient Toad and clear-water lakes) to the OECD line

for both annual mean and maximum concentrations of chlorophyll.

Coloured lakes all fa11 below the OECD relationships (Figure I 2
and I 3). In these lakes, a large proportion of the total bhosphorus repre-
sents dissolved brganic substances, which are not readily available for
phytoplankton growth. Available phosphorus in coloured lakes then is a con-
siderably lower proportion of the total than that of clear-water lakes, and
in accordance with this, chlorophyll response appears low in re]atidn to
total P. Low pH does not seem to influence this overall trend. The most
acidic,coloured lake(Pebbleloggitch, pH - 4.4) and one of the least acidic
coloured lakes (Yudle North, pH = 6.7) both occupy positions approximately
the samé distance below the OECD standard relationship. (Note: Although
preliminary data suggests summer nitrogen limitation in some Kejimkujik
Park lakes, the role of nitrogen limitation in the coloured lakes has yet

to be evaluated; adequate data has not been available.

The four lakes which receive cultural nutrient loads from
sewage and lawn fertilizers are above the OECD relationships for both
mean and peak chlorophyll. The additional phosphorus load, high in

- available phosphorus, explains their position above the expected relation-

ship.
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Kejimkujik Lake, which is represented by two points on
Figure I 3, can be viewed as a special case. An exceptional peak
chlorophyll value of 6.8 mg/m® was measured in August, 1971, but in
subsequent years the peak values were in the range of 3.5 - 4.1 mg/m3.
- Until 1971, a sewage 1agobn was drained into the lake in,earTy August.
The amount of phosphorus input attributed to this 1agbon is estimated as
approximate]y 1% of the annual total phosphorus load. Beginning in 1972
the draining of the lagoon was delayed until after the end of the growing
season in late fall when the rate of water renewal is high. Apparently,
the high peak chlorophyll observed in 1971 was a respbnse to an increase
in available phosphorus caused by the summer sewage discharge high in
mineral phoéphorus. The peak ch]orophyil value fell somewhat above the
expected OECD relationship in that year, while in subsequent years the
peak chlorophyll values were below the OECD prediction similar to that of
other coloured lakes in the Atlantic Region. Apparently, the timing of
the discharge of the point source phosphorus load, to. take advantage of
favourable hydraulic and 1imnological conditions, was sufficient to
eliminate an undesirable trophic response (i.e., high chiorophyll) without

reduction of the annual phosphorus load.

It may be argued that lakes with high hydraulic load may have
lower average chlorophyll concentrations, due to phytoplankton washout, than
lakes with long water retention times. Undoubtedly, this mechanism plays some
role in highly flushed Atlantic lakes. However, the distribution of the
runoff is highly séésona] in the Atlantic Région and water renewal is at

its lowest during the height of the growing season in July and August,
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when peak chlorophyll values occur. During this period, even in very
highly flushed lakes, the rate of water renewal is minimal or non-existent.
Thus, the high rate of water renewal may influence the average annual
chlorophyl1 concentration, but would have very little or ho effect on

peak values. Since both mean and peak chlorophyll values are below the
OECD prediction for coloured Takes with high and low water renewal, it can
be concluded that the low amount of available phosphorus (and nitrogen
Timitation where applicable) in humic coloured lakes (rather than the

high rate of flushing) keeps chlorophyll values below predictions for the

Atlantic Region.

Clear-water lakes show good agreement with the overall OECD

relationship.

1.2.2 Prediction of P an;gptrations from Loadings. Figure I 4 shows

the relationship between predicted phosphorus and measured Take phosphorus
concentrations in Kejimkujik and Warren Lake. In both cases the average
lake concentrations are higher (13 and 52%, respectively) than obtained from
the standard prediction. ATthOugh the discrepancy may well be within the
statistical uncertainty, particu]arly for Kejimkujik, a possible explanation
other than internal loading (which loses importance in these highly flushed,
oligotrophic lakes) may be given for this discrepancy. As mentioned
earlier, é considerable portion of the total.phosphokds'is associated with
dissolved organic substances in these humic lakes. This type of phosphorus
behaves somewhat Tike a conservative element and is not eliminated by
sedimentation at the same rate as that of available phosphorus which

rapidly becomes associated with algal biomass. For thisvreason, lake concen-

trations of total phosphorus may lie above the standard prediciion. This

general trend can also be seen in other coloured lakes in the Atlantic Region.



I.10

3

111y

-t

YV g

: o e

/(1+ w))

Figuel 4. Annual mean tota] phosphorus concentrat1on in
relation to the flushing corrected annual mean
inflow total phosphorus concentration.

[chi]
® mean
B maximum

01 g T T T T Tr1rre leTI»l;IITZV T T-T T T g

[P, A1+~ Tow)

Figwe15 Annual mean chlorophyll in relation to flushing
corrected annual mean inflow total phosphorus
concentration.



I.11

1.2.3 Prediction of Chlorophyll from Loading. The chlorophyll

relationship to loading is the reSu]tant of the previous two relation-
ships and its appearance close to the OECD line is somewhat coincidental
(cf. Figure I.5). This is due to the compensating effects of phosphorus
concentration high in relation to loading, because of the conservative
behaviour of phosphorus associated with dissolved organics, and Tow
ch]orophyfl response in relation to total phosphorus because of a low

- percentage in available form. On an annual average basis for chlorophy11
the Tatter effect outweighs the former, but it is interesting to note that
in terms of peak values, the discrepancy of Tow chlorophyll response
relative to total phosphorus,diminishes. This may be an indication that
the inactivation of phosphorus through association with organics only
occurs up to a certain capacity beyond which the percentage of the

total which remains available increases. In the case of peak chlorophy11
values, the compensating effects are more nearly equivalent and in relation

to loading, fall very close to the OECD prediction.

1.3 Region I Conclusions

Non-humic lakes in the Atlantic Region seem to conform with the

expected lake behavioural pattern established by the (nearly 150) OECD lakes.

Other lakes in the Atlantic Region exhibit particular properties,
e.g. high colour caused by humic substances, which cause them to depart
from the standard behavioural pattern derived from the OECD lakes. In
these coloured lakes, a substantial part of the total phosphorus present

is associated with dissolved organic substances and is not readily available
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for phytoplankton growth. For this reason, humic, coloured Atlantic
Region lakes at a given phosphorus concentration maintain a lower algal
biomass as indicated by chlorophyll, than that predicted from the OECD

relationship.

.Phosphorus assbciated with dissolved humic substances is not
eliminated from a lake as readily as phosphorus associated with bhytq—
plankton. Flushing corrected predictions underestimate 1aké concentrations
of total phosphorus, but this combensates somewhat for the less mobile
nature of phosphorus>in humic lakes. Therefore, average chlorophyll
values predicted froh loading fall below but nearer the OECD re]ationship
than those predicted from measured lake phosphorus concentration. Peak
eh]orophyT] is even more closely predicted from loading than average
-values. This is a consequence of the.equalizétion of the compensating
growth may vinCrease at times of beak biomass and reflect a finite
binding capacity for inactivation of phosphorus.

Experieqce gained in one lake with a moderately high rate of
flushing (6/yr) suggests that by properly timing a moderate amount of
point source phosphorus discharge, the undesirably high peak chlorophyll

levels can be prevented.
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CHAPTER 2. QUEBEC REGION II

Lake Memphremagog

- North Basin v (MN)
- Central Basin (MC)
- South Basin (MS)
Pink Lake . (Pi)

Saint-Francois River Basin

"= Aylmer (Ay)
- Bowker (Bo)
- Brompton (Br)
- Lovering (Lo)
- Magog (Ma)
- Massawippi (Ms)
- Montjoie (Mo)
- Petit Brompton (PB)
- Saint-Francois (SF)
- Stukely (ST

Yamaska River Basin

- Boivin (Bv)
- Brome ' (Bm)
- Roxton | (Ro)

- Waterloo (wa)




2.1 Quebec Region, Description of Location .

The Quebec iregion is one of rolling hills where glaciation
has been the main force in shaping the present day landscape. The lakes
Tie in the southern portion of Quebec where vérious depressions were
created by the scour of sedimentary and metamorphic bedrock and deposi-

tion of till upon recession of the last glacier.

The climate is "humid continental interior" (Landsberg, 1973)
with cool summers and winters moderated through the influence of the
Laurentian Great Lakes to the west. Snow and ice cover persists approxi-
mately four months until spring, when the heavy accumulation of the
‘winter's snow 1is Ee]eased to the lékes, Precipitation is, on the average,
100 cm per year and with the rather dramatic release of the winter's

accumulation, lake levels may rise 1 to 2 metres.

The soil which has deve]bped under this condition of pre-
cipitation and the mixed deciduous-coniferous forest is a grey-brown
podzol. A mull layer overlies a yellowish brown horizon which retains
enough calcium that the soil is not excessively acidic. Although this
soil is only of medium quality, the region is important agriculturally
because of the plentiful moisture and 4 to 5 month growing season. The

area is part of the hay and dairy belt and thé abundance of hardwood

‘trees promotes a Tocal furniture industry.

Quebec lakes are mostly used as recreational sites and cottages
and farms are the main sources of nutrients to the 1akes in excess of

natural supplies. .
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2.1.1 Loading Estimates anq Tnghié Status. The Lake Mempremagog
catchment drains a land area of approximately 1780 km2. The three major
inflows to the lake, the B]ack,'Bartbh and Clyde rivers, enter the lake at
the southern-most end (cf. Figure II 1) and carry withthem nutrient laden
runoff from an extensive agricultural area, as well as untreated.sewage from
a humber of small towns. Additional nutrients enter the lake nearly
directly (at the mouth of the Clyde River) as sewage effluent from the
primary treatment plant for the town of Newport (pop. 5,000). Because of
the Tocation of nutrient inputs, the southern area of the lake receives
a phosphorus load estimated to be 3 times that received by the north or
central regions. The remainder of the watershed is largely forested and
sparsely populated.

The lake itself is long (= 40 km) and narrow (= 2.5 km) and morphometry
of the basin is such that it is divided into three sub-basins. The southern
basin is the most shallow (Z = 6.9 m) with a surface area (4370 km?) ap-
proximately twice that of each of the other basins. The central basin is
the deepest (Z = 50.9 m) and the northern basin intermediate in depth (z =
13.5 m). The ratio of volumes of the 3 basins is roughly 1:3:1 for the
south, central and north, respectively.

Morphometric features in combination with nutrient loading have
produced a distinct trophic gradient which decreases with distance from
the southern, nutrient-rich inflows. Chlorophy1l is notably higher (1.6
times) in the south as is macrobenfhic biomass-(z'3 times the northerﬁ
~value). The gradient is further reflected in the distribution of yellow

perch in the lake, and biomass of this species was 2.5 times greater in
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the south than.in the hokth. Accordingly, the three basins are treated
separately in the section on nutrient loading - trophic response relation-
ships.

Pink Lake is located in Gatineau Park and is surrounded by forest
(cf. Figure II 2). It is unusual for lakes of the park in that it has
a high calcium carbonate content and is the only alkaline lake there.
It is a meromictic lake with moderately high epilimnetic nutrient (N and P)
concentrations and even higher hypolimnetic concentrations. Cyanophyceae
and Chrysophyceae dominate the summer phytqp]ankton and in July are often
‘accompanied by a b]bom of the green alga Lagerheimia, a species often found
in enriched environments. These conditions have resulted in categorization
of Pink Lake as one exhibiting natural eutrophy.

The remaining fourteen lakes considered here 1ie in two Québec river

basins of the St. Francois and'Yamaska Rivers. Lakes of the St. Francois

basin receiving relatively high nutrient loads are found in proximity to
areas under agricultural use, of high population density, or sometimes
both (cf. Table IT 1). These same factors influence the lakes of the Yamaska
basin, but somewhat more intensively. The percentage of agricultural land
surrounding these lakes is higher, hence specific loading estimates tend
to be higher than those of the St. Frangois basin. Variations in.loadings
to the Takes of these two river basins (due to the pérticular canfigurations'
of cirqumstances) are sufficient to present the entire range of trophic
states. |

The origin of the St. Frangois-Yamaska River basin data is a thesis

- by Potvin (1976) - wherein two methods of calculating loading are compared
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Figure I 2 Location and macrophyte distribution in Pink Lake




Table II 1. Comparison of two phosphorus specific loading estimates and resultant inflow concentrations for
Québec lakes.

Lp mg.m?.yr~ [pP1,= %B mg.m"
4 population — =
agricultural | density + land INRS-Eau land INRS-Eau
land h/km? use census* use census*
St.-Frangois River Basin
Aylmer 12 22 1000 1720 27 47
Bowker 5 88 120 120 26 - 26
Brompton 5 28 190 320 29 48
Lovering 17 60 295 320 30 33
Magog 22 36 5000 4620 31 28
Massawippi 29 15 1100 1700 41 63
Montjoie 3 23 80 140 » 17 30
‘Petit Brompton 0 458 200 125 105 66
Saint-Frangois 15 7 600" | 1130 35 66
Stukely 2 25 110 170 21 32
Yamaska River Basin ‘
Boivin . 22 44 k 6200 - 7230 124 145
Brome . 15 31 530 , 510 64 61
Roxton 21 100 400 650 69 112
Waterloo 20 15 ' 910 1700 70 131

* INRS-Eau census - A modified Lp calculation based on specific details of INRS and Ministry of Natural
Resources surveys.
- Adapted from Potvin, 1976.

+ Approximate due to seasonal changes



for these fourteen lakes. The essential difference in the loading

estimates 1ies in the specificity of the initiaf information concern-

ing nutrient sources. One method, the INRS-Eau 'census' method, is an

attempt to improve the relatively coarse resolution of estimates derived

from the second, mbre simplified 'land use' method. The 'census' method

is based on more detailed accounts of human and animal populations,

fertilizer use, inflow measurements, etc. In most cases 'land use'

estimates are considerably lower than those derived from the more specific

‘census' method. Results of both are presented in the figures which follow.
A few additional values of 1980 spring phosphorUs and chlorophyll

concentrations for some lakes of the two rfver baéins were obtained from

J. Cornett (pers. comm.) and are presented for compariéon with the data

from Potvin.

2.2 Trophic Response - Nutrient Relationships

2.2.1 Chlorophy11-Phosphorus Relationship. Chlorophyll means plotted

in Figure II 3 tend to be high in relation to the OECD line, yet most lakes
fall within the upper 80% confidence limit. If the most recent values

from J. Cornett {pers. comm.) are taken, then only Waterloo remains above
the 80% 1imit. It should be noted that the chlorophyll values available
for these lakes (with the exception of Memphremagog and Pink) are means
for the summer period only, and as such are not directly comparable to the
full-year means used to establish the OECD line of Figure II 3. OECD

data show that on the average, summer chlorophyll means are 1.5 to 2 times

greater than annual means and this is largely why Quebec lakes show a

generally high position.
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More particularly, Magog, Massawippi and Waterloo obtain excep-"
tionally high summer ch]ordphy]] méans, and these lakes receive the heaviest
phosphorus loads which originate primarily from sewage discharge or

'agricu1tura1 activities (cf. Table II 1). Factors contributing to the
high chlorophyll values observed might be the combination of long day-
Tength and a high percentage of the total P in a form readily assimilated
by phytoplankton. In addition, Water1oo is a shallow lake with a mean
depth of only 2.9 m and residence of nutrients in the eupﬁotic zone is
probably longer than usual.

On the other hand, Boivin, although also heavily enriched,
does not attain the high chlorophyll level exhibited by other lakes. This
jsmost 1ikely due to the densé macrophyte growth in this basin (mean
depth is only 1.2 m). Efficient competition for nutrients and shading
repress the phytoplankton response. An additional factor might be
nitrogen limitation. Bioassay results (of N and P additions) and the Tow
N:P ratios.fOUnd during the spring and summer months indicate that this
occurs (P. Campbell, P. Conture and D. Cluis, pers. comm.) and as stated
in the thesis by PotVin, may be responsible for the low chlorophyll mean
of Boivin. Caution must be used in interpretation of bioassay resu]ts,
thoUgh,'since this procedure eliminates the effect of the macrophyte
community and may be out of context for Boivin.

2.2.2 Phytop]ankton4Phosphorus Relationship. Data for the three

basins of Lake Memphremagog lie along the same line as that described by
the Laurentian Great Lakes biomass-P relationship. 10 mg TP corresponds

to ‘approximately 1500 mg phytoplankton freshweight which implies that

/
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3 to 4 mg of a total of 10 mg P are fixed within bhytop]ankton cells
(given that a 10%/volume carbon content and C/P ratio of 40 applies
(cf. Figure II 4). In addition, 1 mg/m* of chlorophyll corresponds to
approximately 600 mg/m? of phytoplankton which is twice that of the
values found in the Alpine investigation. (Further discussion of this
topic appears in an addendum to Chapter 5.).

2.2.3 Phosphorus:Loading Relationship. The majority of lakes fall

within the 80% confidence interval of the OECD relationship, regard1esé
of which of the two methods is used for estimation of loading (cf. Figure
"II 5). As previously mentioned, the INRS-Eau 'census' method tends to
give values somewhat higher than those obtained from 'land use' estima-
tion and as a result, two lakes (Br and Ms), lie outside the 80% 1limits
and may be overestimates. On the other hand, the one lake (PB) 1lies
outside the 80% 1imits according to the 'land use' estimate and this is
most 1ikely an underestimate. It is probable that the most realisic
Joading values 1lie somewhere between the two estimates.

. The lake which appears to deviate most in phosphorus concentra-
tion relative to its loading is Brome, which 1lies above the upper 95%
boundary. The high 1975 lake concentration (80 mg/m3) cannot be
exp]aihéd by flushing corrected inflow concentration. In 1976, the spring
P concentration in Brome was measured at 25 mg/m3 rather than 80vmg/m3,l
and some doubt about the validity of the 1975 value has been expressed
(Potan, 1976).. The 1976 value is very close to prediction from the
general relationship. Other 1ékes with P concentrationsthat tend to be

high relative to loadings are Petit Brompton, Lovering,Magog and Montjoie.
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These Takes (iné1uding Brome) are known to undergo anoxia at times and
phosphorus feedback from the sediments may be responsible for the high
position of lake concentrations. Indeed, the high phosphorus concentra-
tion (reported by Cornett) for Magog in combination with compliance to the
general chlorophyl1-P re]ationéhip seems to indicate that the total load-
ing for this lake has beeh underestimated. (Magog receives substantial
sewage effluent and remained anoxic summer and winter from 1976 to 1980,

P. Potvin, pers. comm.). P feedback from sediments may not be uncommon.

2.2.4 Chlorophyll-Loading Relationship. Chlorophyll values obtain

a consistently high position in relation to loading (cf. Figure II 6) and
as explained earlier, the facthhat.these values are summer, rather than
annual chlorophyll means, may be at least partial explanation for this
general shift of position. (Also, as described in the preceding section,
~the higher than expected phosphorus levels in some lakes contribute to
this). The higher loading vaiues of the ‘census' method tend to compen-
sate for the high chlorophyll values, and therefore, 1ie closer to the
OECD Tine than 'land use' estimates. On the other hand, the ice-free
season chlorophyll means from Cornett are very much closer to expectation
and may indicate methodological overestimation in the other values.
The-high chlorophyll méans (both summer and annual) for Lake
Memphremagog's north basin may be the effect of wind and flow pattern.
There seems to be an export of algal cells producedlin the more heavily
1oaded southern basin to the more 1ightly loaded northern outflow. The
exceptionally high chlorophy11-P relationship in Waterloo (discussed

earlier) is also evident here.
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2.2.5 Primary Production in Relation to Loading. Primary production

data is only available for Lake Memphremagog (cf. Figure IT 7). Both the
north and south basins fit well with the expectation provided by the OECD
relationship. The tendency for production to be high in the north with
respect to its loading is supported by the chlorophyll data (also high

in relation to phosphorus concentration or Toading) and may‘be the effect
of transport of the algal gfowth response in the southern nutrient-rich

basin to the northern outflow which receives lower loading.

2.2.6 Secchi Transparency in Re]ation to Chlorophyll, Phosphorus

and Loading. Lake Memphremagog and Pink Lake Tie close to
the OECD line, whereas all Secchi readings for lakes of the two river
basins are less than would be expected on the basis of chlorophyll, P or-
flushing corrected inflow concentrations (cf. Figurés IT 8,-II 9, and
II 10). Some lakes of the river basins have a silty appearance from
clay erosion and some receive dyes from the effluent of the paint manu-
facturing industry (Carignan, pers. comm.). In general, transparency of
the water is controlled by factors other than phytoplankton but lack of
quantitative information regarding colour and turbidity prevents fufther

exploration of these factors as explanation.

2.3 Region II Conclusions

In general, the Quebec lakes do not essentially differ from
the OECD experience, but a few 'special' cases can be identified by the
comparison. Deviations appear to be related to extreme properties in the

physical characteristics of the Takes in question which may cause highly
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varied effects. A shallow basin may be responsible for a higher than
usual chlorophyll response to phosphorus concentration (as in Waterloo)
or may cause the opposite effect of low chlorophyll response. Low
chlorophy1l may be observed if phytoplankton lose importance in the plant
community structure (és in Boivin) and macrophytes dominate.

Overall, chlorophyll relationships are not entirely rep-
resentative because of the fact that the means available are those‘fqr
the summer period and not the full year. For this reason theyAtend to be

high relative to the OECD prediction for phosphorus concentrations.

Despite the tendency for chlorophyll vaiues to be high, nitrogen limitation

and/or nutrient competition in combination with shading by'macrobhytes
may be adequate to offset this, resulting in lower than expected chlorophyll
means (as in Lake Boivin).

Problems withAloading estimate methodology are apparent.
Comparison of the more common 'land use' estimates and a more detailed
'census' method may differ by as much as 1:2 (average 1.4 + 0.4). 1In
terms of OECD lakes, loading seems to be underestimated by the simplified
‘land use' procedure and overestimated by'the‘deta11ed accounting of
sources in the 'census' method. More realistic estimates probably lie
somewhere between the two.and in fact, the most recent communication with
the authors states that export coefficients for forest land may have been
overestimated in the original version of the 'census method. Differences in
the'estimates pose difficulties in relating these to lake response, but the
predicted patterns appear to emerge more clearly withadvances in estima-

tion procedures and update of annual means.
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CHAPTER 3. ONTARIO SHIELD LAKES REGiON IT1

Haliburton County

Beech Be
Bob Bo
Cameron Ca

Cranberry Cr

Eagle-Moose Ea-Mo

Muskoka County

Dudley Bay DB
Jerry Je
Harp Hp

Gravenhurst Bay GB

Algonquin Park

Brewer Br
Clarke Cl
Costello Co
Found Fo

Haliburton-Muskoka

Basshaunt Ba
Bigwind Bi
Blue Chalk BC
Buck Bu
Chub Ch

Four Mile
Halls

Maple

Oblong-Haliburton

Pine

Joseph
Little Joseph
Little Otter
Muskoka

Kearney

Little McCauley

Crosson
Dickie

Glen
Gullfeather

Harp‘

FM
Ha
Ma
0-H
Pi

- Jo

LJ
Lo
Mu

Ke

Cs

- Di

Gl
Gu
Hr

Raven

Talbot

Twelve-Mile-Boshkung

Rosseau
Simcoe

Skeleton Bay

Jerry

Little Clear
Red Chalk
Solitaire

Walker

Ra
Ta
TM-B

Ro
Si

LC
RC
So
Wa



ITI.2

3.1 Ontario Shield Region, Description of Location

These lakes lie in the 'eastern wet region' of North America
(Bryson and Hare, 1974) and annual precipitation is 80 to 100 cm. The
soils are poorly drained and sphagnum bogs are common with the result
that many of the lakes are ‘brown-water' lakes.

This Shield region is characterized by a rugged, rocky
* landscape. The irregular granitic basins which these Takes occupy have
highly convoluted shorelines and numerous islands. Tﬁey are typica]iy
deep relative to surface area and fhe dilute soft water conditions support
the plant or animal communities associated with o]igotrophy. The most

obvious macrophytes include Isocetes, Nuphar, Nymphaea, Potamogeton and

Fontinalis and the usual catch of the sports fisherman is trout and
smallmouth bass. _

In the 1970s, year-round occupancy and population growth has
led to cultural enriéhment and, as is commonly the experience, bloom-
forming.Cyanophyceae (Anabaena) have appeared (Michalski and Conroy, 1973).
Formerly, no such component was found amongst the typical Shield assemb]age
of Chrysophyceae and Diatomae with the more seasonal growth of Cryptomonads
and Chlorophyceae. Public concern for the obvious changes in tropic
condition of these 'vactionland' lakes has been the impetus for collection
of much of the data used in this analysis.

3.1.1  Phosphorus Loadings. Phosphorus loadings to Ontario Shield

lakes are generally those occurring naturally. Lakes of Haliburton County
and Algonquin Park are surrounded by boreal forest, used solely for

recreational purposes, and as such, are devoid of point source loadings.
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On the other hand, Muskoka County lakes are influenced by
cottages and municipal and industrial development (cf. Table III 1, following).
Effects of - these inputs became evident in the mid-1960s when
deterioration of water quality and algal blooms were reported in Graven-
hurst Bay, Lake Muskoka and Little Otter Lake (cf. Fig. III 1).
Gravenhurst Bay received 92% of its total P load through discharge from
the Ontario Fire College and Gravenhurst and Ontario Hospital sewage
treatment plants. In 1971 80% P removal was effected in these plants,

greatly reducing the P load. Most cottages around Lake Muskoka

are served by septic tank-tile bed systems, but much of the high-phosphate
dishwater and laundry wastewaters and lawn fertilizer leachates bypass
these. The Harp-and Jerry Lake sfudy_was intended as a comparison of
cottaged and uncottaged lakes (cf. Fig. III 2) to determine the influence
of cottages in phosphorus loading and the extent to which export of this to
~the Takes should be expected. Since the sandy soils of the area retain only
small amounts of phosphorus, they provide little protection frpm these
inputs; hence, in 1971 the Ontario Ministry of Environment recommnended a
minimum of lawn fertilization and use of low phosphate cleaning compounds
to residents. In Little Otter Lake (cf. Fig. III.3),a dense Anabaena
limnetica bloom occurred in 1971 when Rockwell International (an automobile
parts manufacturer) discharged a po1ypho$phate de-scaling agent into the
lake. This was discontinued.in,1972‘and transparency, phosphorus, chloro-
phyll and algal levels returned to normal. Fortunately, flushing rates of
these lakes are relatively high allowing them to respond more feadi]y than
they otherwise would to these abatement measures. As exemp]ifiéd by the -

Atlantic Region case, attention to time coordination of maximal inputs




|

I11.4

Table IIT 1. Phosphorus loading to Muskoka lakes.

Lake Lp land use T
(mg/m2/y) (dwellings etc.) (years)

Gravenhurst Bay 2370 5900 municipal 1.8
300 cottagesA |
Skeleton Bay 1026 45 cottages 0.2
Muskoka 747 _ 13460 municipal 0.9
| 5000 cottages

4 resorts
Jerryl 316 1 cottage 1.5
Little Otter - 238 20 commercial 0.1
units :

17 cottages

Littie Joseph 210 v81 cottages 2.3
Dudley Bay 195 210 cottages 1.4
Simcoe » 190 20.9
Harp 180 | 75 cottages 3.5
" Rosseau 153 230 municipal 4.8

1690 cottages
’3 resorts

Joseph - 76 1100 cottageé 20.9

2 resorts
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with periods of high flushing rate may be effective in dampening the
trophic response which might otherwise be expected.

In the following discussion, the most recent data of a four-
year study is treated separately from the less systematic data extracted

from a variety of sources.

3.2 Trophic Response-Nutrient Relationships

3.2.1 Chlorophyl1-Phosphorus Relationship. Chlorophyll is plotted

against spring phosphorus (at overturn) and annual mean phosphorus in
Figs. III 4; IIT 5, III 6, and III 7. 1In relation to spring phosphorus,
(Fig. 1II 4) ch]orophy]T va]uéé appear to be low in comparison with the
OECD relationship, particularly considering that many of thé chlorophyll
averages used are those for the growing season rather than representations
of the full year; On the other hand, the more recent data of a four-year
study of lakes in the same region (Fig. III 5) appears to have high
chlorophyll levels in re]atfon to spring phosphorus. Although less
scattéred when chlorophyll is plotted against the mean phosphorus con-
centration for the yeér (Figs. III 6 and 1II 7), the same relative position
of the data sets persists. This may be an indication that chlorophyll
extraction procedurés have been more ¢omp1ete in the recent study. VYearly
vé]ues all fall within the 80% margin and the tighter clustering of this
data indicatesthatch]orophy]]‘15 better predicted by yearly mean
phosphorus concentration than the single value sprihg phosphorus

concentration. An additional factor causing ]ow'chlorophyll response
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toiphosphorus may be light 1im1ta£ion by dissolved humic substances.

3.2.2 Chlorophyll1-Nitrogen Re]ationshjg; In the Muskoka lakes

(and two Haliburton lakes) there appears to be no relationship of
chTorophy]] to inorganic nitrogen (Fig. III 8) or 4-year means of
total nitrogen found during the growing seéson (Fig. III 9). Lake

N : P ratios are high (on the avekage approximately 30 : 1) and are
are in excess of our éssumed biomass requirement of approximately

10 : 1. Gravenhurst Bay with an N : P ratio of 11 seems the only
candidate for possible nitrogen limitation, but even this situation
has probably changed since 1971 when pre-treatment of wastewaters for
phosphorus removal began, N : P ratios have proba51y resumed a higher

value and N Timitation would not be expected.

3.2.3 Phosphorus-Loading Relationship. Both spring and yearly

mean phosphorus concentrations tend to be low in relation to loadings

when compared with OECD findings'with, as expected,'yearly values
consistently below those for the spring (cf. Fig. III-10). To retain
perspective, it should be remembered that the OECD reference was established
with a majority of lakes having had some previous history of enrichment
contemporaneous with land development. In lakes which have been fertilized.
for several consecutive years, a high percentage of the binding capacity

of sediments may be charged .  The equilibrium between concentration and
input load in these lakes maintains a position highér than could be

expected for the unexposed, oligotrophic lakes of the shield where binding

capacity of the sediments is high (cf.als0 Chapter V). Consequently,
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measured phosphorus concentrations are overestimated by flushing corrected
inflow concentrations and sedimentation (rather than internal loading)
is a dominant process in these lakes.

In the particular case of Gravenhurst Bay, phosphorus
concentrations (both spring and summer means) are considerably below
what one would expect on the basis of the high loading this bay received
prior to abatement measures. Although this result resembles that for
the artificially enriched Iakes of the ELA (cf. Chapter V), it should be
noted that the mode of enrichment is quite different in the two situations.
In the ELAblakes,fertilization took place at the surface and low resultant
phosphorus concentrations were due to rapid fixation in the sediments.
In Gravenhurst Bay, it is possible that nutrient rich wastewaters from .
treatment plants introduced into the bay's hypolimnion, never
mixed into epilimnetic waters. This might explain why phosphorus values

of these two situations appear similarly low in relation to loading.

3.2.4 Chlorophyll-Loading Relationship. The general trend is for

chlorophyll values to be low in relation to flushing corrected phosphorhs
inputs from the Haliburton and Muskoka lakes (cf. Fig. III 11). Although
most points lie within or.near the 80% limits, Gravenhurst Bay lies

just beydnd the Tower 95% limit. The generally low chlorophyll response
mirrors the concentfation—]oading relationship. In contrast, Algonquin
lakes lie mostly above the OECD line, but this is the consequence of the
-relatively high concentrations of chlorophyll observed in relation to

phosphorus (cf. III 4). (It is notable that chlorophyll extractions
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of the Algonquin lake study included a grinding procedure and may be

higher for that reason. )

3.2.5 Secchi Transparency in Relation to Chlorophyil, Phosphorus

and Loading. Secchi disc readings plotted against mean chlorophyll
concentrations {(cf. Figs. ITI 12 and III 13) nearly all fall within the
80% 1imits of the OECD line. It is notable that both summer and yearly
means for chlorophyll are low, and despite use of the summer mean when
phytoplankton growth is greatest, transparency is controlled by factors
other than chlorophyll. Mean depth of some lakes (notably Raven and
Talbot) is less than 1 m and flushing is high (> 5 times per year), but
resdspension or influx of silt cannot explain the low position of Secchi
transparency either, since the average‘transpakency for lakes of the regioh
flushed in excess .of even 10 times pér'year is approximately 5 m. The
“tendency for readings to be low is most 1ikely a result of humic colouring.
With regard to the relationship between Secchi depth and spring phosphorus
toncentration, there is good agreement with the OECD findings (ef} Fig.
111 14). Slightly less scatter in the relationship results when Secchi
depths are plotted against themore stable summer or yearly means for
phosphorus (cf. Fig. I1I 15 and III 16) and with only two exceptions
(cf. Fig. 1II 14), lakes lie well within the 80% limits. Talbot and
Little Otter deyiate most from the OECD prediction of Secchi depth from
spring [P] and lie near the upper and lower extremes of the limits,
respectively (cf. Fig. III 14). In each case, spring phosphorus
concentration is uncoupled from the factors most important in decreasing

transparency. For Talbot Lake, the high flushing rate (5 times per year),
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shallow mean depth (0.85 m) and 1arge surface area/volume ratio

(1.07 km2/0.91 x 10%m3) are conditions which contribute to high
variability and without strict adherence to equivalent sampling periods
a lack in coordination of parameters is not surprising. In Little

Otter Lake, the spring heasurement does not represent the cultural input
which follows throughout the growing season, and therefore it is
unrelated to the summer chlorophyll build up which results in low mean
Secchi transparency.

Secchi transparency plotted against loading in Fig. III 17 is
~in agreement with the OECD findings and only a few of the Algonquin Takes
cluster toward the lower 80% limit. Although in the majority of cases
' here,iow phosphorus in relation to loading is compensated for by high
chlorophyll in relation to phosphorus (cf. previous sections), Secchi
depths remain low in relation to chlorophyll. Therefore, the Secchi
readings also appear low in relation to loading, and factors other than

phytoplankton growth are responsible for low Secchi transparency.'

3.2.6 Hypolimnetic Oxygen Depletion. The culturally enriched Muskoka

bays (Skeleton and Dudley) show oxygen depletion rates far in excess
of what would be expected on the basis df the average biomass (as
chlorophyll) observéd there'(cf; Fig. III 18). The eastern and central
bésins of Lake Erie behave similarly. These locations appear

to be analogous to the experimental enrichment of fhe hypolimnion of
Lake 302 N wheré there were no changes in the algal populations of the
epilimnion, but severe oxygen depletion occurréd. At least partial

exp]anation'of high oxygen depletion rates,in the absence of chlorophyll densities
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" which would result in this,is the diversion of nutrients or oxydizable

materials into hypolimnetic waters.

3.3 Region I1I Conclusions

It is noticeable that the information base complied from
less current and‘more varied sources relates to the OECD findings with as
little scatter as do the results of the most recent (and better coordinated)
data of a four-year study of the same location. In addition, the two data
sets indicated that the most stable and therefore best predictive relation-
ships, are those between parameters which represent similar time periods,
for exampTe mean ch]orophyl]AleVels are best predicted by the yearly mean

phosphorus concentrations rather than spring measurements.

A dominant process of the region seems to be transfer of

phosphorus into the sediments as evidenced by the re]atively low positions
of both phosphorus lake concentrations and chlorophyll levels in relation
to loading estimates. Furthermore, nitrogen limitation may have only been approached
in the single case of culturally enriched Gravenhurst Bay; N : P ratios obsérved
are high (generally 30 : 1) and could not explain the low chlorophyll levels.

Hypolimnetic enrichments (as in the particular situation of bays
receiving effluents) may remain jsolated in deeper water where they
cause oxygen depletion in excess of that predicted by autochthonous
biomass production (as measured by chlorophyll) alone. Secchi
transparencies of the region are characteristically low in relation to

chlorophyll and this is most probably a result of dissolved. humic susbstances.
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CHAPTER 4. LAURENTIAN GREAT LAKES REGION IV

- Lake Superior (Sp)
- Lake Michigan {Mc)
- Lake Huron (Hr)
- Lake Erie
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4.1 The Laurentian Great Lakes System, Description of Location

The Laurentian Great Lakes System (cf. Figure IV 1) is
perhaps the largest single lake system in the world covering a total area
of 784,325 km? of which 245,126 km? represent the surface area of the
Greét Lakes, and 538,899 km? represent land area plus scattered smaller
lakes; some of which are still considerable in size compared to'other

Takes of the world.

The water mass comprised by the Great Lakes amounts to some
22,600 km3® which represent some 10% of the world's freshwater resource,
with more than half contained in Lake Superior alone. On the
other hand, the land to lake surface ratio is relatively small (2.2),
and the buik renewal time amounts to some 110 years for the total water ;
mass,'howevef, varying considerably from lake to lake, being shortest

for Lake Erie (2.6 y) and longest for Lake Superior (185 y).

Accofding]y, these lakes are inland seas rather than lakes
in the classical sense, yet, limnologically speaking, they do not differ
in their overall characteri§t1c§ from other freshwater lakes. Physical
properties, i.e. current features, thermal regime and inshore-offshore
relationships, become more important than in lakes of considerably

smaller size.

The humid continental interior climate of the Great Lakes
area is basically the same as that for the first three regions (i.e.
Atlantic, Quebec and Ontario shield) described, but average annual pre-

cipitation is slightly lower at approximately 80 cm/y. The forest which
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Flgure IV 1. Laurentian Great Lakes Basin
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tolerates this climate is the Great Lakes - St. Lawrence mixture of
conifers and hardwoods. The soil developéd by the interaction of this
particular organic litter and rainfall is a lightly leached grey-brown
podzol. Some calcium ié still retained By the lower layers such that

the soil is not excessively'acidic; The undef1yihg bedrock is g]aciéted

sediment of the Ordovician.

Lake Superior, the source lake of the.chain, is basically
different from the other Great Lakes.L The climate is somewhat colder and
the surrounding'forest is coniferous. The unproductive soil that this
litter develops is acidic and highly leached of calcium and other nutrients.
The basin lies on clean shier bedrock of granite and granitic gneisses
without influence of any subsequeht 6rdovician sediments, as is the case
for the other lakes. In conjunction with the morphological character of

great depth, these features have produced a beautifully clear and highly

oligotrophic body of water.

Some 50 million people reside in the Great Lakes basin, and
water usage is as varied as the basin itself, extending from recreation,
commercial and sport fishiﬁg, water supply for drinking water, industrial
use, cooling water for energy productfon, to large scale shipping and,

of course, as a receptacle of sewage and other dumpings in large amounts.

The pollution aspect, particulariy that of the lower lakes
(Ontario, Erie) has been the focus of studies conducted which led to
a high lTevel international agreement between the United States and Canada
in 1972, and large scale cooperation between the two countries through
the International Joint Commission (IJC) and its Great Lakes Office
located in Windsor, Ontario. Reports issued over the Tast several years

through the IJC are a most important source of information on Great Lakes status.
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Prior to the mid-1960s, the characteristics of this system were
poorly understood, but sincé that time, large scale studies have been
made by Canada and the United States covering many different asbects,
including limnological surveys, sediment distribution, physical properties,
land use and connected socio-economic studies, etc. This system is now one

of the best understood of any comparable in complexity.

4.2 Land Use and Sources of Phosphorus to the Great Lakes

These are summarized in Tables IV 1 aﬁd Iv 2. G]obé]ly
speaking, the Great Lakes basin is covered to about 60% by forest;
cropland, pastures and unused land make up some 12% each, and less than
5% is occupied by residential and industrial development. However,
within the sub-basins, large differences exist. Most noticeable is the
high forest coverage in the Lake Superior basin (> 90%), and the large
agriculturally utilized area of the Lake Erie basin (ca. 60%). This

latter is also the most densely popd]ated area.

These differences are reflected in the considerable

differences in global phosphorus export coefficients, lowest for Lake
Superior (19 kg/km?.y) and highest in the Lake Erie Sasin (ca. 200 kg/km2.y).
In this latter, about half of this load results from agriculturally

utilized areas; however, some 30% has been attributed to direct discharges

from municipal treatment plants, highest 1n a11 sub- bas1ns both in terms
of % contribution and absolute amounts
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Table IV 1. % Land Use Great Lakes Basin

Basin G‘Ioba'l*) Urban LAnd 'Use ) Rural lLand Use
) Export Coeff. Developed Land Agricultural Land Non-Agricultural Land
2 2, Resid/Commerc./Indis tf) Cropland Pasture | Forest/Wood-| Barren/Brush
Car?) ko Plknt.y - [(Restdf . land Wetland
Superior 19.1 A .2 1.2 94.5 4.0
8586) ‘ .
i
'?%%?403? 39.8 3.5 12.8 1n.o 49.8 23.3
r—";‘;ggm 23.8 1.8 9.3 130 65.7 10.0
(rie 1 14.6
78769) 198.3 9.2 39.4 19.7 17. :
earey 86.3 4.4 10.6 21.0 55.8 8.8
nggges ' 3.2 12.2 n.7 61.1 1.8

+) Including all sources from land; excluding upstream lakes and nunospheric'contributions

From: International Joint Commission Report on Great Lakes Pollution from Land Use Activities (PLUARG).
1JC Office, Windsor, Ontario, July, 1978.

Table IV 2. Phosphorus sources to Great Lakes. % contribution 1976

Superior Michigan Huron Erie ©  Ontario
Direct Municipal Treatment Plants 2 16 3 32 17
Tributary Municipal Treatment Plants 5 23 ' 8 7 7
Direct Municipal ) 2 <1 <1 2 <1
Tributary Municipal <1 4 2 < 1 <1
Urban Non-point Direct <1 - <1 < 1 3
Tributary Offfused 53 30 ‘50 48 28
Atmospheric 37 26 23 4 4
Load from Upstream Lake - - 14 5 41

From: I1JC Report'on Great Lakes Pollution From Land Use ACTIVITIES (PLUARG),

International Joint Commission Office, Windsor, Ontario, July, 1978,
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The global export coefficient reflects reasonably well the
trophic situation of the respective Takes. However, in the case of
Lake Ontario, the additional contribution from the upstream lake and
the connecting channel is of significance, whereas for the upper lakes
(Superior, Michigan, Huron), it is notable thatvthé atmospheric: con-
tribution is a significant fraction of the total load, though it is
as yet undetermined what biological consequences may be attributedvto
this source. Specific lToading values to the lakes take into account

all of these sources.

4.3 Trophic Response - Nutrient Relationships

In regard to the trophic response of the lakes (cf.
Table IV 3) it is to be noted that the primary reactors 1ie inshore
which in soime cases are more or less separated embayments, as e.g.
the highly eutrophic Saginaw Bay of Lake Huron, the open basin of which
remains largely oiigotrophic. Substantial differencesin inshbre versus

offshoke conditions have been found in Lake Ontario.

Lake Huron and Lake Erie cannot be treated as single basin
lakes; where - with the exception of Saginaw Bay - this is of minor
consequence for Lake Huron ih the present contekt, the differentiatioﬁ-*
of Lake Erie into thrée distinct subjbasihsicénnot be neglected. There-
fore, an attempt has been made to estimate loadings to each sub-basin,
and connected in-lake parameters are repdrtéd separately (cf. Table IV 4).

In regard to data used for the present e]aboration, it has

been unavoidable to combine information from- several sources, and in
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Table IV 3.
A. Mean values and range of surface phytoplankton biomass in lakes Ontario, Erie, and Huron.
Phytoplankton
biomass
x103 x mg/m3
No. ) .
stations Mean  Range Remarks Reference
L xxe Ontario -7 2 7 0.7-8.5 Jan.-Dec. 1970
) 13 cruises

Inshore 7 33 0.8-7.4 "o Muinawar and Nauwerck (1971)
Offshore 20 2.6 0.6-9.0 » i :

Lake Erie ) 24 34 1.8-5.2  Apr.-Dec. 1970
) ‘ 10 cruises N
Westein Basin! 5 5.3 0.8-13.2 w o o» Munawar et al. (1973)
Central Basin 12 3.2 0.6-6.0 L
Eastern Basin 7 2.4 1-4.2 M

Lake Huraon ’
Mid-lake station 1 0.9 0.3-1.8 Apr-Decc. 1971  Munawar and Munawar (1973)
8 cruises

Saginaw Bay station 1 8.3 1.6-17.3 .o”

Mean range of chlorophyll a (rmg Cim?3) in the Great Lakes (lakes Mlchlgnn and Superior

B.
values are not corrcc(ed for pheoplgmenls)
= — = _——___”m
. Chlorophyll a
“No. v — =
stations Mean Range Remarks Reference
Lake Ontario
Inshore 10 5.2 2.7-12.0 Jan.-Dec.. 1970 Glooschenko et al,
_ 13 cruiscs (1972, 73, 74b)
Offshore 22 3.8 1.8-7.9 ” "
Lake Erte
Western basin S 8.9 3.3-19.3 Apr.-Dec. 1970 .o"
C o 10 cruises
Central basin 12 4.4 2.5-9.2 v
Eastern basin 8 3.2. 1.4-5.4 »o»
Lake Hiron
Open lake - 4“4 1.7 1.4-2.2 Apr.-Dec. 1971 . -
. . 8 cruises
Saginaw Bay -2 16.9 9.5-27.4 . ” "
_ Lake Michigan _ .
3 2.3 0.3-5.3 May-Nov. 1967 “Roberison et al.
) 8 cruises (1971)
Inshore 2 - 1.1-10.3 May 1970-Feb. 1971 Fee (1971)
_Offshore 3 - 0.6-3.7 16 cruises o
' . - Lake Superior v
130 - 0.4-9.7 May-Aug. 1973 H. F. Nicholson
. ‘ (unpublished data)
4




Table IV 3. (continued)
C. Photosynthesis rates in the Great Lakes.

. o —————  —————— = — ————

Date mg C/m3h mg C/m!/h mgC/m2day g C/m?fyr Reference

Lake Ontario
Inshore stations (10) Jan.-Dex. 1970 2.9-25.08 27-1102 120-1080° 190(170)®  Glooschenko et al. (1974a)
Offshore stations (22) Jan.-Dec. 1970 1.7-12.4% 17-100% b - "
loshote station (1) Apr.-Apr, 1972-73 - 1.8-26.7¢  11-1844 119-20034 270‘ Stadelmano et al, (1974)
Offshore station (1) Apr.-Apr. 1972-73 - 1.4-33.3¢ 231784 58-1443¢ 170 » "
Lake Erie
Eastern stations (8) Apr.-Dec. 1970 3.2-13.99 15-1208 140-14403 (160)®  Glooschenkoet al. (1974a)
Central statioos (14) Apr.<Dec. 1970 5.5-21.42 17-1418 120-16908 (210)® ot .
Western stations (3) Apr.-Dec. 1970 4.8-146.93 . 53979 3047609 Glop ol »
" Lake Huron :
Stations (13-14) May-Aug. 1968 4.9-12.02 Parkos et al. (1969) o
Stations (40) Apr.-Dec. 1971 2.2.9.99 21-6)4 147-6988  100(80-90)® Glooscheoko et al. (1973)
Saginaw Bay (2) Apt.~Dec. 1972 4.1-127.28 - - - - -
Lake Michigan
Stations (17-24) July-Oct. 1967 8.1-17.52 - - - Parkos et al. (1969)
Northern stations (11-5)  July-Aug. 1969 2.5-4.1 - - - Schelske and Callender (1970)
Offshore stations (3) June-Feb. 1970=71 - - 0.9-4.2¢ - 67-1030 121-139 Fee (1971)
lnshore stations (2) June-Feb. 1970-71 - 1.4-30.1)¢ - - 67-1567 187-247 b
Lake Superior

Larsmont station (1) July-Aug. 1961 0.25-0.73¢ - 18)e - Olson and Odlang (1966)
Stations (23-26) July-Oct. 1967 2.6-8.8% - 185¢ - Parkos et al. (1969)
Stations (20-22) May-Aug. 1968 4.7-6.49 - - " "
Stations (58) July-Sept. 1973 2.2-2,78 32-3% 330-3504 C.C.1.W. (unpublished data)

@Mecan of each cruise,

bDuring the investigalion period.

<P,
Jtnq:‘:tu values,

eMaximum observed values,

fMecan of the two seasons,

- From Vollenweider et al., 1974



Table IV 4. Lake Erie  Phosphorus Loading.

(pata combined from 1970 to 1975 studies)

. P-Load t/y 30‘ []5]J P1,mg/m3 __Jconcentr; predicted|f R. Average chl. a
carry total km3/y year |predictoriiconcentr.|'meds mg/m3
over external | (g/m?.y) || (T,¥) -mg/m3 |lspring| max yr| average [P]gred‘ [, %) % found predictedS)-
Total Lake
From L. Huron | 23351)
181701) | 205051) 183 n2 - - - 43 34 - 7.5 - 8.5
to Niagara 39102) (.81) || (2.56) 81
Western Basin (
from L. Huron || 23351)
110601) | 13395 176 76 62 62 46 54 4 54 8.9 -11.4|19 -1
(3.66) (.16)
Central Basin
from W. Basin || 6220%) _
50801) | 11300 179 63 18 39 22 28 24 73 [la5-55[5.2-5.9
{..78) (1.53)
Eastern Basin
from C. Basin | 30202)
20301) | 5050 183 8 |2 24 16 14 13.5 123 |3.3-4.3[3.0- 3.4
to Niagara . ( .81) ( .91)
39102)

1) y.S. Corps of Engineers Estimates (1974-75)
2) From: N. Burns 1970/71 Study
3) predictor = [P]J/(l + v rwﬁ

4) From: Predicted Concentration = OECD Relationship [
5) From: OECD Relationship Chl = (.37 = .43) {[P]{’ed'

P

.79

= 1.55 ([P]ﬁ"ed'} .82

OL Al
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part combine values determined for different years. Given the enormous
size of these lakes, it is somewhat arbitrary to reduce information to
simple averages. Therefore, aVerages’ca1cu1ated by different pébp1e
may differ between them; however, accounting for the difficulties
connected with data reduction, it is surprising how close such values

are in the end.

A weakness of the - for the rest excellent - data base is
the insufficiency of nitrogen data, in particular, total nitrogen.
Therefore, the respective relationships cannot be explored further in

this report.

4.3.1 Ch]orophy]]-Phdthorus Relationship. Pertinent data are

plotted in Figure IV 2 which show an excellent relationship with the
overall OECD findings. Lake Superior is slightly low, perhaps due to

the relatively low average temperature of this lake.

STightly at variance from the lake-wide relationship is that re-
sulting from the several subsections of Saginaw Bay. The reason for
this is not clear, but it is nevertheless noteworthy that there is

consistency in other data points.

4.3.2 Phxt0p1ankton-Phosphorus Relationship. Available data are
plotted in Figure IV 3. Although considerable difference in phytoplankton
composition between the various lakes exists(cf. e.g. Vollenweider et al.
1974), the data points lie practicélly'on one line from which it would
result that to 10 mg TP about 1500 mg phytoplankton freshweight (or

1.5 cm®/m3 phytoplankton volume) correspond. If a10% volume carbon content
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and a C/P ratio of 40 apply, this would mean that about 3 to 4 mg P
of a total of 10 mg tota] P are tied up on average in'phytoplénkton;
conversely, ft would also mean that 1 mg/m3 of chlorophyll corresponds
tovapproximatély 500 to 600 mg/m3 (or 0.6 to 0.7 cm3) of phytoplankton,
as found for the Quebec Region. This appears to be roughly double the

values resulting from the Alpine Project.

4.3.3 Phosphorus-Loading Relationship. This

relationship is plotted in Figure IV 4 and results practica]]y.identi-
cally with the overall QECD relationship. The slight positive deviation
of measured values for the Eastern and Central basins of Lake Erie is
probab1y insignificantz given the difficulty of estimating the transfer
between the basins correctly, whereas the OECD re]ationship would slightly
underestimate the_éctual concentration in Lake Ontario. Whether this is
due to a non-equilibrium situation (which would imply from the data that
sediment return is imﬁortant though unlikely) or_due to an underestimate
of the actual loading, cannot be decided yet. Cohsidering the same dis-
placement observed for Lake Ontarioregarding the chlorophyll-loading

relationship (cf. Figure IV 5), this latter is a possibility..

4.3.4 Chlorophyll-Loading Relationship. This relationship is

plotted in Figure IV 5. The scattering along the OECD relationship
appears to be somewhat larger than for the formerly discussed relation-
ships, yet still within conforming 1imits of confidence. The relatively
low position of Lake Superior is fn agreement wifh that already noted

preVious]y, whereas for Lake Michigan, uncertainties exist regarding
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