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EXECUTIVE SUMMARY

Enclosure experiments and indeed whole lake investigations are
complicated by the contribution of the community growing on the
edge of the enclosure or in the littoral zone of lakes. It
consists of algae, bacteria, and invertebrates (zooplankton,

"amphipods, chironomids and snails).

In the following investigation, the relative importance of top-
down (fish) vs bottom-up (nutrients) on the biomass and
composition of the littoral community on large lake enclosures
was determined. The influence of wall growth on the phosphorus
cycling in the enclosure was shown to be no more important than
the influence of the littoral zone on small temperate lakes.
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RESUME

Les 8tudes réalis@es dans des enclos ou méme dans un lac sont
compliquées par la présence de la communaut@& vivant sur les bords
de l'enclos ou dans la zone littorale du lac. La communauté
comprend des algues, des bacté&ries et des inverté&brés
(zooplancton, amphipodes, chironomidés et escargots) .

La présente &tude vise @ déterminer 1l'importance relative de
l'effet descendant (poisson) et de 1l'effet ascendant (ElE&ments
nutritifs) sur la biomasse et la composition de la communaut@
littorale dans de gros enclos ménag8s dans des lacs. On a montré
que 1'influence des organismes colonisant les parois de 1l'enclos
sur le cycle du phosphore @ cet endroit n'@tait pas plus
importante que l'effet de la zone littorale sur les petits lacs

tempérés.



Summary 1. Periphyton, measured as particulate phosphorus (PP) and expressed as
periphyton PP, growing on vertically oriented substrata (polyvinyl impregnated nylon)
under different nutrient loadings, light intensities (exposures), and grazer communities was
examined in eight large enclosures (750 m3) where nutrients (N and P) and planktivorous

fish (1+ yellow perch) were added in a 2x2 factorial design.

2. During the first three weeks (25 June-15 July), there was a sign’iﬁcamly higher
accumulation of phosphorus into periphyton (periphyton PP) with fertilization, but fish
addition had no effect. During the fourth to seventh weeks (16 July-12 August), addition of
fish was associated with lower abundance of amphipods and chironomids and higher
concentration of periphyton PP. In the enclosures without fish, these invertebrates were
over 25 times more abundant, and periphyton PP decreased substantially compared to thé
June-July period. Fertilization increased periphyton PP only at high exposures in the

enclosures with fish.

3. Exposure had a significant effects on periphyton PP. In the enclosures with fish,
high abundance of nanoplankton reduced water transparency, and periphyton PP was
lower in the deeper waters which may have been due to limitation by low light. Lower
periphyton PP was also observed at the surface on sunny sides of enclosures without fish,
and therefore with high water transparency, may have been due to inhibitory effects of high

light intensity.

4. Periphyton communities in the enclosures with fish had higher uptake rates for
planktonic phosphorus, and lower rates of phosphorus release, suggesting that periphyton

with high phosphorus demand may have high internal cycling of assimilated phosphorus.



REsum&. 1. Les auteurs ont examin&, dans huit gros enclos

(750 m3) auxquels ils ont ajout& des &léments nutritifs (N et P) .
et des poissons planctonophages (perchaude 1+) selon un-plan
factoriel 2x2, le périphyton, mesur& sous forme d'&quivalent en
phosphate particulaire, ou PP du p&riphyton, colonisant un
substrat vertical (nylon impr&gn& de polyvinyle) en fonction de
divers apports en &l&ments nutritifs, intensit&s lumineuses
(exposition) et communaut®&s de brouteurs.

2. Au cours des trois premiéres semaines (25 juin -
15 juillet), une accumulation de phosphore dans le périphyton (PP
du périphyton) significativement plus €levée a &t& observ&e dans
le cas de l'addition d'€l&ments nutritifs, mais pas de celle de
poissons. Entre la quatriéme semaine et la septiéme (6 juillet
au 12 aolit), l'addition de poissons a conduit 3 une plus faible
abondance d'amphipodes et de chironomid&s et 3 une concentration
plus &levée de PP du périphyton. Dans les enclos sans poisson,
ces invertébrés Etaient environ 25 fois plus abondants et le PP
du périphyton a diminu& de fagon importante par rapport & sa
valeur en juin et juillet, Dans les enclos avec poissons,
l'apport d'éléments nutritifs n'a eu l'effet d'accroitre le PP du
périphyton gu'a de fortes doses.

3. L'exposition a eu des effets importants sur le PP du
périphyton. En effet, dans les enclos avec poissons, la
transparence de 1'eau est réduite par la grande abondance de
nanoplancton; le PP du p&riphyton &tait plus faible dans les eaux
plus profondes, peut-&tre parce qu'alors la faible intensité
lumineuse devient un facteur limitant. Le PP du p&riphyton &tait
€galement plus faible & la surface du cOt@& ensoleill& des enclos
sans poisson,'donc 13 ol la transparence de l'eau est &levée;
cela pourrait toutefois &tre d0 aux effets inhibants d'une grande

intensité& lumineuse.

4, Dans les enclos avec poissons, les communaut&s de
périphyton pré&sentaient des taux d'absorption de phosphore



planctonique plus &levés, et des taux d'&limination de phosphore
plus faibles; le p&riphyton dont la demande en phosphore est
€levée pourrait donc comporter un cycle particuliZrement actif

'd'assimilation du phosphore.



Introduction

Aufwuchs or periphyton communities in streams and lakes are complex
aséemblages of organisms: algae, bacteria, fungi, proto;zoans and micrometazoans. Their
aggregate biomass is sensitive to changes in nutrient concentrations (Cattaneo & Kalff,
1980; Goldman, 1981; Sand-Jensen & Sgndargaard, 1981; Cattaneo, 1987), and
phosphorus is the limiting nutrient for both phytoplankton (Schindler et al., 1971; Dillon &
Rigler, 1974) and periphyton in most freshwater systems (Riber et al., 1983; Riber &
Wetzel, 1987; Bothwell, 1985, 1988; Hansson, 1988). Periphyton must compete with the
plankton for phosphortus in lentic systems, and Hansson (1988) demonstrated that
phytoplankton are competitively superior to periphyton in utilizing the phosphate in the
water. Nutrient concentration and light are of major importance in controlling the
development of the periphyton communities (Loeb et al., 1983; Martin et al., 1983; Miiller,
1983; Wetzel, 1983) and the effects of nutrients can further be complicated by nutrient-light

interactions (Hansson, 1988; Cattaneo, 1987), which are still poorly understood.

Grazing by invertebrates, such as amphipods, chironomids and snails, has been
reported to reduce periphyton biomﬁss._ Cattaneo and Kalff (1980) suggested that the
summer minimum in periphyton biomass is brought about by grazing, and Sand-Jensen
(1983) speculated that periphyton is effected by the grazers only during the late phases of
growth. Similar observations have been reported by others (Mason and Bryant, 1975;
Doremus and Harman, 1977). Most of these grazing studies have examined the effect of
one type of grazer in the laboratory or in the field; very little has been done on the effects of
natural grazers on natural periphyton assemblages (Moss, 1976).

We have conducted experiments in large enclosures for two summers to investigate
the effects of fertilization and addition of planktivorous fish on community structure and

dynamics in aquatic systems. We were interested in investigating the effects of these



manipulations on community structure and dynamics of phosphorus because phosphorus is
an important factor regulating the community structure and biomass of plankton
(Vollenweider, 1968; Schindler et al., 1971; Dillon and Rigler, 1974) as well as periphyton
(Cattaneo & Kalff, 1980; Riber et al., 1983; Bothwell, 1985, 1988; Cattaneo, 1987;
Hansson, 1988) in most tcrﬁpcmte lakes, and also because consumers can modify the
impacts of fertilization on aquatic organisms (Shapiro, 1980; McQueen et al., 1986;
Mazumder et al., 1988). Despite the fact that there may a variable amount of phosphorus

| per unit biomass among different algae, our results from enclosure experiments indicated
that the size-distribution of particulate phosphorus can be used as a convenient indicator of
community structure and biomass of plankton in phosphorus limited systems (Mazumder et
al., 1988). Other commonly used indices of plankton or periphyton biomass, for example,
chlorophyll content and protein content, may also be influenced by similar variable
relationships. Morin and Peters (1988) found that although chlorophyll content per unit
dry weight of seston varied an order of magnitude, chlorophyll concentration was the best
indicator of grazer (black fly) abuadance. As chlorophyll concentration is strongly
correlated with phosphorus concentration (Sakémoto, 1966; Dillon and Rigler, 1974;
Chapra and Tarapchek, 1976) in lakes, we assumed that although the concentration of
particulate phosphorus in periphyton may not represent actual biomass, it may still indicate
the effects of treatments on periphyton which may be due to changes in periphyton

biomass.

A problem associated with experiments in enclosures is the development of
periphyton on enclosure walls (Uehlinger et 'al., 1984; reviewed in Goldsborough et al.,
1986). Periphyton may also act as a sink for nutrients from the epilimnion, and due to the
relatively greater area to plaﬁkton volume in enclosures, create effects not due to direct
effect on plankton. Therefore we were interested to estimate the amount of phosphorus lost

into periphyton growing on enclosure walls. Goldsborough et al. (1986) suggested that




people using enclosures should consider the ratio of wall surface io the enclosed volume.
(A/V). Attempts to alleviate the 'wall effects’ or intense periphyton growth have involved
the use of large diameter enclosures with low A/V (Lack and Lund, 1974). The enclosures
we used were large (8 m diametcr and 15 m deep), and we hoped that the interference
caused by wall growth of periphyton would be insignificant.

However, as pointed out by Goldsbqrough et al. (1986), manipulations conducted
in enclosures may also contribute to our knowledge of processes influencing the biomass
and growth of periphyton. Changes that occurred in the size-distribution of plankton,
nutrient limitation, and water clarity following manipulation in the first year (1986) of our
study motivated us to explore effects of these changes on periphyton in our manipulated
enclosures. Our gut content analysis of fish from the experimental enclosures indicated that
these fish were preying on invertebrates such as amphipods and chironomids that live on
periphyton (unpublished data). Therefore we assumed that addition of fish may have some
effects on these invertebrates which are known to graze on periphyton, and thus may effect

the overall periphyton biomass.

The purpose of this paper is to examine how the periphyton; expressed as
periphyton PP, growing on the enclosure walls are affected by the addition of nutrients and
planktivorous fish. Specifically, we examine how the nutrient loading and changes in
abuﬁdance of grazers colonizing on periphyton affect accrual of phosphorus in periphyton,
and how planktonic PP and periphyton PP interact in terms of availability of light and
nutrients. As our treatments produced significant changes in water clarity (Mazumder et al.,
1988) and the opaque enclosures walls produced additional shading on the north side of all
enclosures, we were interested to examine the effects of shading caused by plankton and
enclosure walls on vertical distribution of periphyton expressed as periphyton PP. We also
used 32P as a tracer to look at phosphorus exchange between periphyton communities and

plankton.



Materials and methods

Measurements of periphyton PP and its accrual rate were made in eight large
enclosures (8 m in diameter, 15 m deep and open to the sediment interface) in Lake St.
George, Oak Ridges, Ontario, during June through August of 1987. Nutrients (N and P)
and planktivorous fish (1+ yellow perch, 2.98 g mean wet weight, 9000 ha'l) were added
in a 2x2 factorial design with two replicate enclosures per treatment. Treatments were
control (without nutrients and fish), +F (with ﬁSh), +N (with nutrients), and +NF (with

nutrients and fish). See Mazumder et al. (1988) for details.

Four substrata (4 m long, and 2.5 cm wide), were placed 30 cm away from the wall
on both the sunny (high light exposures) and shady (low light exposures) sides of each
enclosures on 25 June, 1987. The sub-surface water on one side (shady side) of each
enclosure received less light during a major portion of the day-light period because of |
shading produced by the opaque enclosure walls. We describe the sunny and shady sides
as low and high exposure, respectively. The vertically oriented substrata were tied 10 cm
apart to plexiglass bars which were suspended immediately above the water surface.
Materials that were used to make the substrata were of same age and kind (14 yr. old,

0.25 mm polyviny! impregnated nylon) as the enclosure walls.

On 15 July, 1987 (after 20 days), subsamples (2.5 x 2.5 cm each) were collected
from two substrata at each of 0.5, 1.5, 2.5, 3.5 m depths on both sides of the eight
enclosures. Care was taken to minimize detachment of material. Each subsample
(substratum containing periphyion community) was placed into a clean screw-capped test
tube containing 35 ml of deionized distilled water. In the laboratory, the amount of P
(mgP m-2) in each subsample was determined after oxidation with potassium persulfate
under pressure (Menzel and Corwin, 1965) with the ascorbic acid modification of the

molybdenum blue method (Strickland and Parsons, 1972). Measured concentrations were

£
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corrected for the initial amount of P m the substrata. On 12 August, 1987 (after 48 days),
in addition to the determination of P, the remaining substrata from each enclosure were
preserved in 4% buffered formalin. The material from each pr‘eseﬁcd substratum was
scraped into a 100 pm mesh sieve and the animals that were associated with the periphyton
were collected from the sieve. Invertebrates (amphipods, chironomids, copepods,
cladocerans, planarians, hydroids, and gastropods) were counted and were expressed as
individuals per m2. Qualitative estimates (rare, common, or abundant) were obtained for

bryozoan colonies.

Li gvht‘ intensity was measured for every meter depth from the surface to 4 m on both
sides of the enclosures using a Li Cor (Model LI 185B) light meter. Concentrations of
dissolved and particulate phosphorus in the water, and P0_43‘ turnover time were measured
from O - 4 m integrated tube samples collected on the same dates. Details for estimating

PO4 turnover time are described in Mazumder et al. (1988).

On 12 August, 1987, experiments were conducted at the lakeside laboratory to
determine the exchange of phosphorus between the periphyton and the planktonic
communities in each enclosure. Plankton samples were collected from 1.5 m depth of each
enclosure using a 4 L van Dorn sampler. Two 2.5 x 2.5 cm subsamples of substrata were
collected from 1.5 m on the sunny side of each enclosures and placed in polyethylene
beakers containing water from the same enclosure. Two 100 ml subsamples from each
plankton sample were placed in 150 ml polyethylene beakers and spiked with carrier free
32p043- (2.5 MBq). After one and a half hours of incubation at 20 - 229C, one
substratum subsample containing the periphyton community was placed vertically into the
spiked plankton from its respective enclosure. As soon as the substratum was added, four
1 ml aliquots were collected from each beaker. Two of the four aliquots were filtered
through 0.2 um Nuclepore™ membrane filters. The filters were collected in scintillation

vials and the assimilated radioactivity was measured (Mazumder et al., 1988). The other



two aliquots were collected in scintillation vials and were measured for total radioactivity in
the water. The same collections and measurements were made from 1 ml aliquots at 15, 30,
60, and 120 min after the addition of the substrata. Uptake rate of 32P per unit surface area
of substratum containing periphyton (% of watef cm™2 h-1) was calculated from the linear
portion of the plot of % disappemnce 6f isotope from water against time. Losses of 32P
from the water were assumed to represent assimilation by the periphyton communities, and
were expressed as volume of water cleared of P per-unit surface area of substratum
containing periphyton per unit time (mL cm-2 hr-1). At 120 min, the two replicate substrata
for each enclosure were re_mo?ed from the beakers, dipped gently into filtered cnciosurc
water several times and were transferred to two beakers containing 100 ml of unspiked
plankton from their respective enclosures. After nine hours, three 5 ml aliquots of water
from each beaker were collected into individual scintillation vials and were measured for

radioactivity released from the periphyton into the water.
Results

Periphyton PP on 15 July 1987- Concentration of phosphorus in periphyton

(mg P m-2) was different for individual depth among treatments and among depth within
each treatment (Figure 1). For all depths on both light exposures taken together, there was
no effect of either the addition o‘f nutrients or fish on periphyton PP, but there was
heteroscedasticity of variance (P = 0.007) among different depths and light exposures.
Therefore we analyzed (ANOVA) periphyton PP for individual depths and exposures
separately. Periphyton PP at individual depths was higher (high and low exposures
analyzed separately) in the fertilized enclosures with and without fish (+N and +NF;
0.000 < P < 0.055). There was no effect of fish addition on periphyton PP at any depth
(0.124 < P < 0.641). In the unfertilized enclosures, addition of fish was associated with
lower concentrations of periphyton PP at low exposure, but with higher concentrations of

periphyton PP at high exposure, relative to the control enclosures. In the fertilized
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~ enclosures, no such pattern was observed. Addition of nutrients and exposure (PP for both

exposures at each depth) had significant interaction (0.006 < P < 0.028), except at the
surface (0.5 m; P = 0.242). On this date, the depth-integrated mean PP at low light
exposure was as high as or higher than at high light exposure for the enclosures without
fish (Control and +N; Figure 2), whereas they were usu‘ally lower at low exposure than at

high exposure in the enclosures with fish (+F and +NF).

Periphyton PP on 12 August 1987 - After 7 weeks (12 August), enclosures with

fish (+F and +NF) had significantly higher periphyton PP at high exposures for individual
depth and also for all depths combined (0.001 < P < 0.006; Figure 1). At low exposures,
periphyton PP was significantly higher with addition of nutrients (P = 0.003) only.at the
surface (0.5 m); deeper water had very similar biomasses among all treatments (Figure 1).
As a result, neither the .a_ddition of nutrients nor the addition of fish had significant effects
on periphyton PP when all depths were analyzed together. Periphyton PP analyzed for each
depth, and for all depths together was slightly higher or similar at both exposures in the
enclosures without fish, except at the surface where it was significantly higher at low
exposure than at high exposure (0.035 < P < 0.058). In the enclosures with fish,
periphyton PP was significantly lower at lqw exposure for each individual depth and for all
depths combined (0.001 < P < 0.021).

The vertical distributions of the periphyton PP were even more variable on 12

* August than that observed on 15 July (Figure 1). The depth integrated mean periphyton PP

at both low and high exposures decreased substantially in the enclosures without fish
(Figure 2; control and +N). In the enclosures with fish (+F and +NF), depth integrated
mean periphyton PP increased at high exposure, and decreased at low exposure. The

highest biomass increase was at high exposure in the fertilized enclosures with fish. The

‘depth integrated mean biomasses (both exposures combined) were 7.2, 10.4, 8.9, and

20.5 mg P m-2 in control, +F, +N, and +NF enclosures, respectively.



Accrual rate of phosphorus in periphyton- During 25 June to 15 July period, the
accrual rates of phosphotus in periphyton (all depths and both exposures included) were
higher with fertilization (Figure 3). There was no effect of fish addition during this first
three weeks. However, addition of fish was associated with lower accrual at low exposure
than at high exposure. During this period (25 June-15 July), the accrual rates of
phosphorus (for both exposures and all depths combined) in periphyton were 0.56, 0.49,
0.71, and 0.71 mg P m-2 d! in the control, +F, +N, +NF enclosures.

During the 4th to 7th weeks of our experiments.(15 July to 12 August), substantial
declines were observed in periphyton PP for enclosures without fish, both with and
withbut fertilization. Addition of fish was associated with significant accrual only af high
exposure, especially with fertilization. At low exposure, the enclosures with fish had very
low (+F) or negative accrual rates (+NF) (Figure 3). The accrual rates of phosphorus in
periphyton were -0.15, 0.13, -0.19, and 0.22 mg P m-2 d-1 in control, +F, +N, and +NF

enclosures.

Abundance of colonizing invertebrates - Amphipods (Hyalella azteca) were much
more abundant in the enclosures without fish (Student t-test, P< 0.05) and this effect was
magnified by fertilization (P < 0.05; Figure 4). Abundance of chironomids was also higher
without fish and with fertilization (P < 0.05). Copepods, cladocerars and hydroids were
higher with fish in the unfertilized enclosures, while they were lower with fish in the
fertilized enclosures. Planarians showed opposite results; abu:xdan_c,es were lower and
higher with fish in the unfertilized and fertilized enclosures, respectively. Gastropods were
more abundant in the enclosures with fish, and with fertilization (Figure 4). Estimates for
the bryozoan colonies were only qualitative, but they were abundant only in the enclosures

with fish.




Light in_i_en_sity- Alt_hough the light intensity at the surface was same for both sides of all
enclosures, the percent of surface light intensity available at any depth was lower with
fertilization and addition of fish (Figure 5). At any depth, it was at least an order of
magnitude higher at high exposure (sunny sides) than those at low exposure (shady side)

of all enclosures.

Exchange of phosphorus - Transfer of 32P043- from water and plankton to the
substrata containing periphyton was higher in the enclosures with fish (P = 0.011), and
with fertilization (P = 0.042; Figure 6). The highest uptake rate, expressed per unit area,
was observed in the fertilized enclosures with fish and the lowest in control enclosures
(Table 1). However, this pattern changed when periphyton PP specific uptake rate

(1g P(water) mg P(pen’phyton)'l h-1) is considered, +N periphyton was the most active
(Table 1). |

When the substrata with assimilated 32P043- were transferred to unspiked
enclosure waters with plankton, 87 to 96% of the assimilated 32P043' was released into
the water after 9 h for the enclosures without fish, whereas 40 to 50% was released into the

water for the enclosures with fish (Table 1).
Discussion

Concentration of phosphorus in periphyton in our experimental enclosures changed
following fertilization and the addition of planktivorous fish. However, the effects of our
manipulations on periphyton PP were complicated by light intensity. In the enclosures with

fish (+F and +NF), where water transparency was reduced by the abundant nanoplankton

' (Mazumder et al., 1988), periphyton PP was lower at low light exposures on the shady

sides. This suggests that periphyton were light-limited on the shady sides, especially in the
fertilized enclosures with fish. The periphyton PP at 0.5 m depth were lower at high



exposures of enclosures without fish (enclosures with high water transparency) during
both phases of growth, suggesting that there may be an inhibitory effect of high light at

least at the surface.

During the first three weeks, periphyton PP was unaffected by the presence of
planktivorous fish in the enclosures, except perhaps indirectly by shading as discussed
above. Fertilization increased the accrual of phosphorus in periphyton during this early
phase of their growth, as it has been reported for periphyton biomass in previous studies
(Moss, 1976; Bothwell and Jasper, 1983; Loeb et al., 1983; Martin et al., 1983; Miiller,
1983; Wetzel, 1983; Bothwell, 1985). Growth of periphyton can be estimated during this
early phase, as the effect of grazers is of minor importance, and good correlations can be
obtained between external parameters and biomass changes (Sand-Jensen, 1983; Bothwell,

1985; Bothwell & Jasper, 1983).

Later during 4th to 7th weeks of our experimeni, periphyton PP was reduced by
36% and 37% in the enclosures without fish (control and +N). In the enclosures with fish
(+F and +NF), it increased by 6% and 30%, there were much lower abundances of
amphipods and chironomids. This suggest that fish can reduce the grazing impact of
invertebrates. These animals were also observed in the fish guts (unpublished data).
Cooper (1965) reported that yellow perch can effectively reduce the abundance of
amphipods by selecting the reproductively mature individuals during the summer months.
Moss (1976) reported that addition of planktivorous fish (bluegill sunfish) to fertilized
systems caused an increase in biomass of certain macrophytes and epiphytes which was
probably due to fish predation on the grazing invertebrates, and Mason and Bryant (1975)
found a decline in the standing crop of periphyton that was largely due to the presence of

chironomid larvae.



We observed a high abundance of snails in the fertilized enclosures with fish.
Snails have been reported to be effective grazers of periphyton. For example, Doremits and
Harman (1977) found that the population density of two snails, Physa heterostropha and
Prometus exacuous, was inversely correlated with periphyton standing crop under
laboratory conditions. But we found that a high abundance of snails was associated with a
high concentration of periphyton PP in the +NF enclosures. Although snails are likely to
be resistant to predation by small perch, hence favored in the enclosures with fish, we

cannot explain why their great abundance is restricted to the +NF treatments.

| Our 32P043- uptake experiments indicate that there was more rapid translocation
of phosphorus from the plankton community to periphyton in the enclosures with addition
of nutrients and with fish, which also had higher concentration of periphyton PP. We
cannot distinguish the mechanism(s) involved; the greater uptake of 32p from water by the
periphyton community may partly be due to feeding on plankton by the periphyton
invertebrates. Phosphate was more limiting for plankton in the enclosures with fish, as .
indicated by faster turnover times and lower concentrations of dissolved phosphorus
(Table 2; Mazumder et al., 1988), so the enhanced translocation is not due to greater
availability of phosphate. Higher biomass (PP)-specific uptake observed in +F and +N
enclosures may be a reflection of higher periphyton invertebrate feeding on plankton. Both
of these enclosures had abundant Hydra. Periphyton communities in the enclosures
without fish released their assimilated 32PO43- more rapidly suggesting a more rapid
biomass turnover consistent with high grazing. Because most assimilated 32P was released

in the fishless enclosures, the release rates are probably underestimated.

The net uptake and release of labelled phosphorus from seston suggest that
radioisotopic equilibrium was not achieved during the incubations. Based on uptake rates,

turnover times for periphyton PP were 64 - 166 days, which is much longer than would



reasonably be expected. Because particulate phosphorus in the seston would have had a
lower specific activity than dissolved phosphorus after short incubation, this indicates that
particulate P may have been the important source of P-translocation to periphyton.
Conversely, the turnover time for periphyton PP, calculated from the release rate, is 9.4 to
51 hrs, and this is shorter than expected. This indicates that released P had a low specific
activity, as would be expected if grazing were responsible for P-release, rather than
periphyton directly. Both calculations again suggest an important role for animals in

periphyton-plankton nutrient interactions.

Our observations suggest that high light intensity on the sunny sides of enclosures
without fish (control and +N) may have inhibited periphyton growth (as indicated by
accrual rates of phosphorus), at least at the surface, while low light intensity on the shady
sides of the enclosures with fish (+F and +NF) limited the growth of periphyton
communities, which was more limiting in deeper waters. Periphyton PP was unchanged or
declined at low exposures in the enclosures with fish during last four weeks despite the
addition of nutrients, suggesting that light limitation can reduce the effects of fertilization.
During this period, maximum accrual of periphyton PP was observed on the sunny side of
the enclosures with fish where light intensity may not be limiting and grazing pressure was
reduced by the fish, and highest accrual was in +NF enclosures. These observations
suggest that nutrient-grazer and nutrient-light interactions were important in regulating
phosphorus dynamics in periphyton PP, and therefore growth of periphyton in our
experimental enclosures. The large variability of seasonal changes in periphyton PP among
11 lakes in Quebec (Cattaneo, 1987) may be due to these interactions. ‘Meulema‘ns (1988)
reported an inhibitory effect of high light intensity on primary production of periphyton.
Hansson (1988) demonstrated that periphyton algae decreased following a reduction of
light (directly and via shading by algae) in experimental tubes. He also found a weak
negative relationship (r2 = 0.20) between total planktonic phosphorus and periphyton algal

14




biomass. Overall, our results indicated a positive relationship between planktonic PP and

periphyton PP. However, this relationship was only marginally significant.

We conclude that fertilization increases accrual 6f phosphorus into periphyton if
light intensity is not a limiting factor, but it is maximized when grazing pfessure from
invertebrates is also reduced by visual predators. The response of periphyton to nutrient
addition is light dependent, as suggested by the lower concentration and accrual of
phosphorus into periphyton on the shady sides of the fertilized encloﬁurcs with fish. Light
limitation was caused by the abundant nanoplankton, which was a result of reduced
zooplankton grazing pressure (Mazumder, 1988), émd by shading effect caused by the
opaque enclosures walls. Maximum light limitation was observed on the shady sides of the
enclosures with fish. Inhibitory effects of high light intensity in the clearwater enclosures
were less strong than the limiting effects of light. Maximum periphyton PP was observed
on the sunny sides of fertilized enclosures with fish and results from a combination of
"bottom up"” (fertilization) and "top down" (reduced invertebrate grazing associated with
fish addition) effects. However, light plays an important role in these effects, especially for
"bottom up" effects. Aquatic systems with a high abundance of small fish and high nutrient
loading might be expected to support maximum concentration of periphyton for equivalent

light regimes.
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Table 1. Uptake and release rates of phosphorus by periphyton in different treatments.
Uptake rates are ex'prcssed’ as volume of water cleared of 32PO43- per unit surface area per
unit time, P taken up per unit area per unit time (assuming isotopic equilibrium in the
seston), and P taken up per unit periphyton PP. Release rates are expressed as the percent

of assimilated 32P released into unlabeled water per unit time.

Control +F +N +NF
Uptake rates
mL m-2 h-1 244 407 47 517
g P(water) m2 bl 321 573 919  10.25
pugPmgP-1h-1 0.25 .44 0.65 0.27
' Release rate::
% of assimilated 32PO43- h-1 9.7% 1.5% 10.7%  4.5%

lG



Table 2. Total dissolved phosphorus, total planktic PP, and 32PO43- turnover times for

plankton in June, July, and August. Error estimates are 2 standard errors (n = 4)

Control +F +N +NF

Total dissolved phosphorus (ug P liter1)

2Jun - 9.6+063 6.6 + 0.63 9.9 + 1.48 7.1+0.2
13 Jul 10.0 + 1.55 7.9 + 0.23 90+1.5 6.5 + 0.87
12 Aug 6.8 + 0.35 54+0.72 10.2 + 2.08 6.8 + 0.84

Total particulate phosphorus (ug P liter-1)

22 Jun 6.8 + 0.43 13.3 £ 1.98 12.3 £ 0.68 146+ 1.4
13 Jul 6.6 + 0.68 15.1 £ 1.15 13.2 + 095 205+ 245
12 Aug 6.4 + 0.37 8.7+ 0.73 104 + 0.28 13.0 + 2.05

32PO43‘ turnover time (min)

22 Jun . 198 +4.4 64+ 1.5 585+9.8 81+18
13 Jul 10.1 £1.2 3.7+£05 66.8 + 14.8 50+0.7
12 Aug 13527 65+14 162.8 + 45.2 72+1.6




List of Figures

Figure 1. Concentration of periphyton PP on the sunny sides or high exposures (open
bars) and shady sides or low exposures (dark bars) of enclosures for four
treatments. Number on the top-left corner of each panel is the depth of sample
collection. Each row represents individual depth for four treatments on 15 July (left
panel) and 12 August (right panel). Note that y axes are same for all panels. Error

~ bars are 2 standard errors (n = 4).

Figure 2. Depth integrated mean periphyton PP at high (sunny side) and low (shady side)
exposure of enclosures for four treatments on 15 July and 12 August. Error bars
are 2 standard errors (n=16).

Figure 3. Accrual rates of phosphorus in periphyton (depth integrated means) during 25
June - 15 July and 16 July - 12 August periods at high and low exposures of
enclosures for four treatments. Figure legends are same as in figure 2. Error bars
are 2 standard errors (N = 16).

Figure 4. Abundance of invertebrates (means of two replicate enclosures in each treatment)

| on 12 August for four treatments. Error bars are 2 standard errors (n = 2).

Figure 5. Light intensities (percent of light at 0 m) at four depths on the sunny and shady
sides of enclosures for four treatments at 1200 h on 12 August 1987. Light
intensity at the surface was 1140 UE m-2s1,

Figure 6. Losses (%.cm-2) of 32P043' from water by the periphyton in four treatments as

a function time (min). Error bars are 2 standard errors (n = 8).
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