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Abstract

The effects of planktivorous fish on lower trophic levels through predation on zooplankton and nutrient excretion
were experimentally separated and their relative importance quantified in a eutrophic humic lake. The experiment
was performed in 12 enclosures (3)mwhich initially were identical with respect to all components except fish.

At the start of the experiment, caged fish not able to feed on zooplankton were added to four of the enclosures
(excretion treatment), and free swimming fish to four enclosures (excretion plus predation treatment). Four enclo-
sures were left as controls. Samples for nutrients and all major groups of organisms from bacteria to zooplankton
were taken after 14 and 28 d. The effect sizes of fish excretion and predation were calculated for each variable.
Our results suggest that in eutrophic lakes fish predation on zooplankton may be more important than nutrient
excretion by fish for the structure and dynamics of planktonic communities. Fish predation on zooplankton was the
most important mechanism accounting for fish effects on nutrient concentrations in the water, on phytoplankton
biovolume, on rotifers and total zooplankton biomass, as well as on protozoan densities. However, our results suggest
that nutrient excretion by fish may have important indirect effects on zooplankton. Hence, the effects of plankti-
vorous fish through both predation on zooplankton and nutrient excretion act in concert and may be quantitatively
important to shape the structure and dynamics of planktonic communities.

Although the effects of planktivorous fish on planktonic fish predation on large zooplankton results in increased den-
communities have been well demonstrated in many aquatisities of smaller zooplankton species that, owing to their
systems, the mechanisms accounting for these effects asenall size, are less vulnerable to predation by planktivorous
still not clear. The classical interpretation is that these effectfish (Vanni 1987). Similarly, size-selective predation by fish
result from size-selective predation processes throughout thmay also have indirect effects on microbial communities,
food chain. Planktivorous fish selectively consume large hersince bacteria and protozoa interact with both phytoplankton
bivores and often shift zooplankton structure toward domi-and zooplankton through many direct and indirect pathways
nance by rotifers, small cladocerans, and copepods (rg¢Porter 1996).
viewed by Gliwicz and Pijanowska 1989), which have a Recently, it has been recognized that the trophic cascade
lower grazing impact on phytoplankton and higher masseffect of planktivorous fish on phytoplankton can also arise
specific rates of nutrient recycling (reviewed by Sternemthrough mechanisms other than size-selective predation on
1989). The increase in phytoplankton biomass arising fronzooplankton, such as through excretion of limiting nutrients

(Vanni and Findlay 1990; Carpenter et al. 1992; Schindler
1992; Persson 1987 Vanni and Layne 1997). Many studies
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at times is supplied mainly by fish excretion (Brabrand eting. Although perch density in Dagstorp&sjbas not been
al. 1990; Persson 19BY, it may be hypothesized that nu- directly estimated, the stocking rate used here (1 fisB) m
trient recycling by fish increases bacterial growth and indiis within the range of planktivorous fish density in Swedish
rectly increases the growth of their protozoan consumers. lakes (Persson et al. 1993). Three 7-9-cm perch constitute a
Here we present results of a press perturbation experimestocking biomass of approximately 70 kg-haa reasonable
in a Swedish temperate lake designed to examine the relatiwnount of fish for a lake with TR 40-50ug L-* according
importance of the predation and excretion effects of plankto the regression equation of Hanson and Leggett (1982, fig.
tivorous fish on natural planktonic communities. Our goal4).
was to compare the relative magnitude of these effects on Twice a week, enclosures and cages were brushed to re-
phytoplankton, zooplankton, and microbial communities agluce colonization by periphyton and carefully checked for
well as on nutrient concentrations. We have done this bylead fish, since decaying fish could affect the outcome of
assessing the effect size of fish predation and excretion dine experiment (Threlkeld 1987). The potential artifact re-
the per unit net change of each response variable. With thisulting from the lack of cages in the control and the PE
approach, the relative importance of predation and excretiotiteatment is that cages collect periphyton and periphyton can
could be quantified by comparing the size of one effect relbe a substantial sink for nutrients. However, there was no

ative to that of the other. significant difference in the biovolume of periphytic fila-
mentous algae between the treatments (Kruskal-Wallis,
Material and methods 0.10), which indicates that brushing the cages twice a week

was effective to smooth out any differences in periphyton

Study site-Dagstorpssjo is a eutrophic and humic lake biomass among treatments.
situated in the middle of Scania, southern Sweden. The lake A 500-um mesh was used to separate fish from zooplank-
area is 0.48 ki maximum depth is 5 m, and mean depthton in the excretion treatment because this has been reported
is 2.8 m (Romare et al. 1999). Sparse rooted vegetatiotp be the minimum size of prey for 7—8-cm perch consump-
grows in the shallow parts of small bays, but most of thetion (Lessmark 1983, p. 133). This mesh was impermeable
shorelines are stony and steep. PerBkréa fluviatiliy is  to all zooplankton prey species excdgsminaand Cerio-
one of the most important species of fish in the lake and cadaphnia,which had a mean body (carapace) length in the
have strong effects on zooplankton and phytoplankton dyexcretion treatment of about 4Q@m. However, the mean
namics (Romare et al. 1999). During our experiment, thdength of these cladoceran prey in the excretion (E) treatment
chlorophyll a concentration in the lake ranged from 29 to did not differ from their mean length in the control during
77 ug Lt (mean= 50; SD= 20), the total phosphorus (TP) the experimentg > 0.10), which suggests there was little
concentration from 39 to 44g L-* (mean= 43; SD= 4), fish predation on zooplankton in the excretion treatment. On
the total nitrogen (TN) concentration from 850 to 1,326 the other hand, the mean lengths@ifiphanosoma, Cerio-
Lt (mean= 1,117; SD= 241), and the dissolved organic daphnia,and Bosminain the predation plus excretion (PE)
carbon (DOC) concentration ranged from 8.78 to 9.54 mgreatment were significantly lower than their mean lengths
L-* (mean= 9.02; SD= 0.31). in the control p < 0.05), which suggests that fish were

feeding on these cladocerans in the PE treatment. However,

Experimental desigh-We conducted an enclosure exper-the mean length oEudiaptomusand Cyclopsdid not differ
iment from 12 August to 10 September 1997 to determinemong the treatmentp (> 0.10). Since copepods are better
the relative importance of predation and excretion by plankthan cladocerans at avoiding predators, small perch (one year
tivorous fish on planktonic communities. Enclosures werenld, 1+) have higher capture rate and lower handling time
made of thin, clear polyethylene formed into a cylindricalwhen fed cladocerans than when fed copepods of similar size
tube and suspended from a wooden frame buoyed by styPersson 1987). Therefore, copepods and cladocerans small-
rofoam floats. Enclosures were sealed at the bottom and open than 500um are more likely to respond positively to fish
to the atmosphere at the top. The diameter of the enclosurgsedation due to their low electivities by perch.
was 1.6 m and the depth 1.5 m, yielding a volume of ap- Fish in the excretion enclosures were fedhw& g (wet
proximately 3 M. We employed three treatments in this ex- weight) of chironomid larvae every 3 d to avoid starvation.
periment: (1) enclosures containing natural plankton densiSimilar amounts of chironomids were added to all other en-
ties without addition of fish (control treatment, C), (2) closures to avoid biased enrichment of the excretion treat-
enclosures containing natural plankton densities plus threment. We added chironomids instead of zooplankton prey
perch Perca fluviatilig, 7-9 cm long, placed in 1.57 *m because many fish under natural conditions (includiegca
cages with 50Q+xm net to prevent fish predation on large fluviatilis) eat benthic prey and excrete nutrients from ben-
zooplankton but permit fish excretion to reach the wholehic habitats into pelagic habitats, which may have important
enclosure (excretion treatment, E), and (3) enclosures comonsequences for planktonic communities (Schindler et al.
taining natural plankton densities plus three perch of thed996; Vanni 1996). Chironomids were the only source of
same size free to feed on zooplankton (excretion plus prdeod in the E treatment, whereas in the PE treatment fish fed
dation treatment, EP). Each treatment was replicated fousoth zooplankton and chironomids. We estimated from
times. length—weight regressions that three 7-9-cm perch have

Enclosures were placed in Dagstorpssjon 9 August abou 6 g of dry-weight (unpubl. data). The maintenance
1997 and fish were added to the fish enclosures on 11 Augusidtio size, i.e., the ratio that covers metabolic demand, for
1997. Fish were obtained from Dagstorpssiy electrofish-  Perca fluviatilisat 20C (i.e., the temperature in the enclo-
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sures) is about 2% of fish weight per day respectively (Lessgroup were counted per zooplankton sample. For each zoo-
mark 1983, p. 38). Therefore, the maintenance ratio for 6 glankton sample, the length of 20 individuals of each rotifer,
of perch during a period of 3 d at 20 would be about 0.36 cladoceran, and copepod taxa was measured and the respec-
g (= 0.12 X 3). Assuming a dry to wet weight percentagetive biomass calculated using specific length—-weight regres-
of 15% for chironomids (Frank 1982), we estimate that thesion equations reported in Dumont et al. (1975) and Bottrell
amount of chironomids given to the fish every 3 d was abouet al. (1976). Bias due to logarithmic transformation of some
0.45 g. Therefore, we assume that fish growth rate in the Eength—weight regression models was corrected according to
treatment was close to zero, whereas in the PE treatmentBird and Prairie (1985). The biomass of each taxa in a given
was positive. sample was estimated as the product of its mean biomass
and density in that sample. Total zooplankton biomass was
Sampling and analytical methodsSamples were collect- estimated as the sum of the total biomass of rotifers, cla-
ed on day 1 (12 August), day 14, and day 28 for total nitro-docerans, and copepods.
gen (TN), total phosphorus (TP), dissolved organic carbon Phytoplankton were counted at 250 magnification on
(DOC), phytoplankton, zooplankton, protozoa, and bacteripermanent slides made using HPMA (Crumpton 1987). In
analysis. Water samples were taken from surface to bottormach sample a minimum of 10 fields or 200 cells were count-
of each enclosure with a Plexiglas tube (diameter 70 mmgd. The length and width of 20 individuals of each algal
at five different positions within the enclosure and pooledspecies were measured, and the biovolumes were calculated
From each pooled sample, 20-ml subsamples were taken fosing different formulae according to their geometric shape.
bacteria, 20 ml for flagellates, 100 ml for nutrients, and 100Algal species with greatest axial linear dimension (GALD)
ml for phytoplankton analysis. For zooplankton analysis, 1-smaller than 3Qum were categorized as edible algae, where-
liter subsamples were taken and filtered through auf®- as larger species were categorized as inedible algae.
mesh to concentrate the organisms. Phytoplankton and zoo-
plankton samples were preserved with acid Lugol’s solution. Data analysis—The total effect of fish on a given variable
Bacteria samples were preserved with Qr-filtered form-  was assessed as the difference between the per unit net
aldehyde at a final concentration of 2%, and flagellates sanchanges of that variable in the PE and control treatments
ples were preserved with a mixed solution of formalin, lugol,[IN(N,pg/Ny 9 — IN(N, /N, 0); Fig. 1]. The effect of fish ex-
and thiosulfate (Sherr and Sherr 1993). cretion was assessed as the difference between the per unit
Total phosphorus (TP) was analyzed as soluble reactiveet changes of the variable in the excretion (E) and control
phosphorus after digestion with potassium persulfate. Totareatments [In{, /N, — In(N,/N, o); Fig. 1], and the effect
nitrogen (TN) was analyzed as nitrite after digestion withof fish predation was assessed as the difference between the
potassium persulfate and sodium hydroxid and after nitratper unit net changes of the variable in the PE and E treat-
reduction by a copper-cadmium reductor column. Thesenents [INN,p/Nopd — IN(N.e/Noo); Fig. 1]. Nipe, Ng, @and
analyses were done with a Technicon autoanalyzer Il adN,c (or Nypg Nog, andN, o) are the concentrations, densities,
cording to Technicon protocols. Dissolved organic carboror biomasses of the target variable in the PE, E, and control
(DOC) concentration was determined with a Shimadzureatments respectively aftérd (or at the startt = 0) of
TOC-5000 analyzer. the experiment (modified from Osenberg et al. 1997). The
Bacterial abundance was determined with a Nikon Laboratios of abundance®({N,) were log transformed before the
phot-2 epifluorescence microscope after staining with acrieffect size metric was calculated in order to stabilize vari-
dine orange and filtration onto Og@m filters with gentle ances in the effect size data as well as provide a symmetrical
vacuum. At least 300 cells and 10 fields were counted ascale. In order to express the full range of variation in our
1,000 X magnification for each sample. Direct image anal-experiment, we calculated effect sizes based on all possible
ysis was used to estimate the biovolume of bacterial cellcombinations of replicates for each treatment comparison
Cell edge detection was performed using a Marr-Hildrethe.g., E1-C1, E2-C1, E3-C1, E4-C1,. ,E1-C4, E2-C4, E3-
operator and thresholding the image to zero according t€4, E4-C4). From these 16 effect size estimateX (4 rep-
Ramsing et al. (1996). Cell volume was calculated as a cyllicates) we calculated the mean and standard deviation of the
inder with hemispherical ends according to Blackburn et aleffect.
(1998). Total bacterial biovolume in a given sample was es- We used ANOVA to test for differences between treat-
timated as the product of bacterial abundance and mean biment effects and, when significant differences were found, a
volume in that sample. Tukey test was used for multiple comparison of means. The
Flagellate protists were counted by epifluorescence minonparametric Kruskal-Wallis test was used when the AN-
croscopy after staining with DAPI and filtration onto 0.8- OVA assumptions were violated. A significant differenpe (
um filters with gentle vacuum. Counts were made at 1,006< 0.10) between the per unit net changes of a given variable
X magnification by scanning strips until at least 200 cellsin the PE and control treatments [MgJ/Nyr9 #= IN(N,/
were counted for each filter. We did not discriminate heteroN, J)] indicates that the total effect of fish on that variable
trophic from mixotrophic and autotrophic cells, but small was significantly different from zero. Likewise, a significant
heterotrophic flagellates were far more abundant. Ciliatedifference between the per unit net changes of the variable
were counted at 20X magnification, and rotifers, clado- in the E and control treatments [ME/Nyo) # IN(N, /Ny J]
cerans, and copepods were counted at ¥OMagnification indicates that the fish excretion effect on that variable was
with an inverted microscope, after sedimentation in 10-mkignificantly different from zero. On the other hand, the fish
chambers for at least 2 h. At least 200 organisms of eacpredation effect was considered significantly different from



1004 Attayde and Hansson

Excretion Effect Predation Effect

o=l
R

Predation +
Excretion, PE

U U N

Total Effect

Control, C Excretion, E

Fig. 1. Schematic representation of the experimental design. The total effect of fish on a given
variable was calculated as the difference between the per unit net change of the variable in the PE
and C treatments. The fish excretion effect was calculated as the difference between the per unit
net change of the variable in the E and C treatments, whereas the fish predation effect was calculated
as the difference between the per unit net change in the PE and E treatseswsaferial and
methods section for more details).

zero when there was a significant difference between the pément, and fish predation on zooplankton accounted for most
unit net changes of the target variable in the PE and E treatf these effects (Table 2).
ments [INN,pe/Nope) # IN(N, /N, 9]

Note that statistical significance does not measure the bi- Effects on phytoplankteaThe average biovolume of total
ological importance of a factor or mechanism. The relativephytoplankton and inedible algae (GALD 30 um) de-
importance of a factor can only be ascertained by comparingreased in the control and excretion treatments but increased
the effect size of this factor (which is a quantitative measurén the PE treatment during the experiment (Fig. 3). On the
of magnitude, not statistical significance) relative to the efother hand, the average biovolume of edible algae (GALD
fect size of other factors. Recently, many ecologists have< 30 um) increased in all treatments during the experiment
advocated the use of effect size estimates to quantify trea{Fig. 3). The changes in phytoplankton biovolume were sig-
ment effect and compare the relative importance of differennificantly higher in the PE treatment than in the control or
ecological processes (e.g., Osenberg and Mittelbach 199éxcretion treatments, indicating that fish, particularly fish
Osenberg et al. 1997). The aim of our study was to assegsedation on zooplankton, had significant effects on phyto-
the relative importance of fish predation and excretion efplankton (Table 1). The total effects of fish on the biovolume
fects. Therefore, we provide measures of effect sizes (anef total phytoplankton and both edible and inedible algae
their standard deviations) for these factors. were positive during the experiment, and fish predation on

zooplankton accounted for most of these effects (Table 2).
Results
Effects on bacteria and protozeaDuring the experiment,

Effects on nutrients-The average concentration of TP, the average biovolume of bacteria decreased in all treat-
TN, and DOC increased in all treatments during the experments, whereas the average densities of flagellates increased
iment (Fig. 2). However, the increases in TN and DOC condin the PE treatment (Fig. 4). In the control and excretion
centrations were significantly higher in the PE treatment thatreatments, the average densities of ciliates and flagellates
in the control (Table 1), which indicates that fish had a sigshowed no clear trends (Fig. 4). The changes in densities of
nificant overall effect on TN and DOC concentrations. Re-ciliates and flagellates were significantly higher in the PE
sults also show that the increases in TP and TN concentréareatment than in the excretion treatment after 14 d, which
tions were significantly higher in the PE treatment than inindicates that fish predation on zooplankton had significant
the E treatment (Table 1), which indicates that fish predatioeffects on protozoa densities (Table 1). The size of the total
on zooplankton had significant effects on TP and TN coneffect of fish on densities of flagellates was positive during
centrations. The sizes of the total effect of fish on TP, TNthe experiment, and fish predation on zooplankton accounted
and DOC concentrations were all positive during the experfor most of these effects (Table 3). Fish predation also ac-
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120 - in the other treatments, whereas the mean biomass of rotifers
C BE (OPE showed decreasing trends in the control and excretion treat-
100 - ment but no clear trend in the PE treatment during the ex-
periment (Fig. 5). The changes in rotifer biomass were sig-
nificantly higher in the PE treatment than in the excretion
or control treatments, which indicates that fish, particularly
fish predation on zooplankton, had significant effects on ro-
tifers (Table 1). Fish also had significant effects on total
zooplankton, cladoceranBosmina,and Cyclopsafter 28 d
(Table 1). Except for copepods after 14 d, all major zoo-
plankton groups and total zooplankton biomass responded
positively to fish (Table 3). A comparison of the average
magnitude of the fish predation and excretion effects indi-
cates that fish predation had stronger effects on rotifers and
20 - total zooplankton biomass, whereas fish excretion had stron-
' ger effects on the total biomass of cladocerans during the
experiment (Table 3). Fish excretion also had stronger effects
on the total biomass of copepods after 14 d of experiment,
whereas fish predation accounted for most of the fish effects
on copepods after 28 d (Table 3).

Examining the response of the zooplankton community to
fish predation and excretion in more detail reveals a positive
trend in biomass development fGeriodaphnisandCyclops
in all treatments and faBosminain the E and PE treatments
(Fig. 6). Diaphanosomashowed an increase followed by a
decrease in mean biomass in all treatments during the ex-
0.0 . . A periment, whereaBudiaptomushowed the opposite pattern
(Fig. 6). Overall, fish had positive effects @osminaand
Cyclopsand negative effects ddiaphanosomandEudiap-
tomusduring the experiment (Table 4). Fish predation had
positive effects orCyclopsand negative effects on biomass
of Ceriodaphniaand Diaphanosomabut mixed effects on
Bosminaand Eudiaptomugduring the experiment (Table 4).
Except for Eudiaptomusall major zooplankton genera in-
cluded in this study responded positively to fish excretion
(Table 4). A comparison of the average magnitude of these
two effects indicates that fish predation had stronger effects
on the biomass oDiaphanosomawhereas fish excretion
had stronger effects on the biomasskafdiaptomusduring
the experiment (Table 4). In addition, fish excretion had
stronger effects o@eriodaphniaand Cyclopsafter 28 d and
on Bosminaafter 14 d of experiment (Table 4).

DOC (mg L)

S N A N X O

Days 1 14 28 Discussion

Fig. 2. Mean (1 SD) concentration of total phosphorus (TP), .
total nitrogen (TN), and dissolved organic carbon (DOC) in the It has been repeatedly demonstrated in lakes that plank-

control (C), excretion (E), and predation plus excretion (PE) treattivorous fish increase phytoplankton biomass, change phy-
ments after 1, 14, and 28 d of experiment. toplankton community structureséeCarpenter and Kitchell
1993), and increase the concentration of total phosphorus
(TP) and total nitrogen (TN) in the water column (e.g.,
counted for most of the fish effects on ciliate densities afteSchindler and Eby 1997; Vanni et al. 1997). However, the
14 d (Table 3). However, after 28 d, the effects of fish ex-relative importance of the mechanisms by which fish can
cretion on ciliate densities and bacteria biomass were stror@&ffect phytoplankton communities and influence the dynam-
ger than the effects of fish predation (Table 3). ics of limiting nutrients is still not clear. Our results suggest
that fish predation on zooplankton can be the most important
Effects on zooplankterThe average biomass of cope- mechanism accounting for the higher phytoplankton biomass
pods and cladocerans increased in all treatments during tend higher TP and TN concentrations in the presence of fish
experiment (Fig. 5). The average biomass of total zooplankfTable 2).
ton increased in the PE treatment but showed no clear trend Most studies addressing the impact of planktivorous fish
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Table 1. Mean and standard deviation of the net changes in the abundance of the response
variables in the control (C), excretion (E), and predation plus excretion (PE) treatments after 14
and 28 d of experiment. The net change was estimated for each replicate as the log of the ratio
between the abundance of the variable aftdays and at the start of the experiment [i.e., Ny (

No)]. Results of ANOVA and Tukey test for differences between treatment effects on the net changes
of the variables. Note that only variables showing significant differences (at the 10% level) are

shown.
€ E PE ANOVA
Mean SD Mean SD Mean SD pvalue Tukey
14 days
TP 0.23 0.18 0.00 0.34 0.54 0.07 0.025 PE> E
TN 0.19 0.03 0.14 0.07 0.37 0.10 0.003 PE>E=C
DOC 0.13 0.11 0.20 0.03 0.29 0.07 0.060 PE>C
Edible algae 1.12 0.60 1.71 0.55 2.43 0.43 0.022 PE> C
Flagellates -0.44 052 -0.80 0.52 0.23 0.39 0.038 PE> E
Ciliates -183 096 —1.59 1.05 1.20 141 0.009 PE>E=C
Rotifers -1.98 146 —2.06 1.23 0.39 0.82 0.028 PE>E=C
28 days
TP 0.55 0.28 0.26 0.34 0.84 0.26 0.065 PE> E
Total algae -0.99 061 -1.10 1.21 0.66 0.28 0.021 PE>E=C
Inedible algae -1.81 0.74 -—-1.42 1.22 0.33 0.31 0.013 PE>E=C
Edible algae 212 112 1.86 1.09 3.66 0.29 0.044 PE> E
Total zooplankton —0.33 0.75 0.04 0.65 0.73 0.19 0.083 PE> C
Cladocerans 0.87 0.95 2.17 0.98 3.03 147 0.074 PE> C
Rotifers -3.25 024 -3.11 123 -1.06 0.83 0.010 PE>E=C
Bosmina —-0.86 0.88 0.10 2.3 3.02 1.22 0.029 PE> C
Cyclops 0.19 2.01 231 182 3.13 0.70 0.079 PE> C

on planktonic communities use an absence of fish as thiead significant effects on phytoplankton, which is also con-
experimental control for fish and, therefore, do not distin-firmed by our study (Table 1). However, as they did not have
guish the effects of fish predation from those of fish excrea treatment without fish, the effects of fish excretion on phy-
tion. Hansson and Carpenter (1993) used fish placed insideplankton could not be assessed.
cages as a control treatment for fish, and with this design Persson (199 found that phytoplankton biomass was
they were able to address the effects of fish predation osignificantly enhanced when fish predation and excretion act-
phytoplankton without the confounding effects of fish ex-ed together but not when they acted alone and suggested that
cretion. They found that fish predation on zooplankton a|0n%oth are important mechanisms by which fish affect phyto-
plankton. However, the effect of fish predation in his study
Table 2. Mean effect size and standard deviation of excretionWas quantified by artificially removing zooplankton with a
predation, and total effects of fish on nutrient concentrations an@€t, which resulted in a significant decrease in total phos-

algal biovolume after 14 and 28 d of experiment. phorus concentration. Thus, it is not clear from his results if
algal biomass failed to increase with the artificial removal

Total Excretion Predation of zooplankton because nutrients were unavailable or be-

effect effect effect cause algae were unaffected by zooplankton. To circumvent

Mean SD Mean SD Mean SD this problem, we estimated the effect of fish predation in

14 days Persson’s experiment b_y subtracting the excretion effgct
P 031 017 -023 035 055 031 fr_om_ the total effec_t of flsh_ (the E b:_;lr from the_ PE_ bar in
™ 018 009 -005 007 023 011 _hls fl_g. 5). Quantifying the f_|sh predat_lon effects in his study

DOC 0.16 0.12 0.07 0.11 0.08 0.07 in this way suggests that fish predation on zooplankton had

Total algae 0.86 0.64 0.28 0.80 0.58 0.90 much stronger effects on total phytoplankton biomass than
Inedible algae 0.82 0.74 0.15 101 0.66 1.09 did nutrient excretion by fish. This is in accordance with the
Edible algae  1.31 0.66 059 0.73 0.72 0.63 results from our study, which suggests that the indirect effect

28 days of fish predation on zooplankton can account for most of the
TP 029 034 -029 040 058 0.39 fish effects on phytoplankton biomass (Table 2).
TN 0.25 0.16 0.07 020 0.18 0.25 On the other hand, Vanni and Layne (1997) provided ex-
DOC 0.18 0.22 0.07 017 0.11 0.14 perimental evidence suggesting that nutrient excretion by

Total algae le6 060 -010 122 176 111 fish is an important mechanism controlling phytoplankton
:E”gg'lb'e Ialgae iéi g'gi _8-2? i-% i-gg 1%% communities, but it is not clear from their results whether
ible algae : : i : i : the effects of fish excretion were more important than the
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Fig. 3. Mean (-1 SD) biovolume of total phytoplankton, edible  Fig. 4. Mean (1 SD) biovolume of bacteria and density of
(GALD < 30 um) algae, and inedible (GALD- 30 um) algae in  flagellates and ciliates in the control (C), excretion (E), and preda-
the control (C), excretion (E), and predation plus excretion (PE)}ion plus excretion (PE) treatments after 1, 14, and 28 d of exper-
treatments after 1, 14, and 28 d of experiment. iment.

effects of fish predation on zooplankton. In their experimenttaxa responded to fish even when separated from direct her-
several phytoplankton taxa showed increased abundance livory but exposed to nutrients recycled by fish and zoo-

nutrient permeable chambers (excluding herbivores) incuplankton. In separate enclosures without fish, phytoplankton
bated in enclosures with fish compared to chambers inciwere exposed to contrasting zooplankton assemblages
bated in enclosures without fish, which suggests that thesshaped by fish predation. Since the phytoplankton response
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Table 3. Mean effect size and standard deviation of excretion, Table 4. Mean effect size and standard deviation of excretion,
predation, and total effects of fish on biovolume of bacteria, denpredation, and total effects of fish on biomass of the major zoo-
sities of flagellates and ciliates, and biomass of rotifers, cladoceranplankton taxa after 14 and 28 d of experiment.
copepods, and total zooplankton after 14 and 28 d of experiment

Total Excretion Predation
Total Excretion Predation effect effect effect
effect effect effect Mean SD Mean SD Mean SD
Mean SD Mean SD Mean SD 14 days
14 days Bosmina 0.78 1.70 115119 -0.371.64
Bacteria —-0.01 0.62 0.20 0.56 -0.20 0.39 Ceriodaphnia —0.66 1.58 1.06 1.00 -1.721.32
Flagellates 0.68 0.58 —0.36 0.66 1.03 0.58 Diaphanosoma —1.16 1.68 0.07 2.25 —-1.23 2.53
Ciliates 3.03 1.53 0.24 1.27 2.79 1.58 Cyclops 0.87 2.26 0.23 2.04 0.64 2.93
Rotifers 2.36 1.50 -0.08 1.70 2.44 1.32 Eudiaptomus -0.480.94 —-0431.05 -0.051.39
Cladocerans 0.33 1.01 0.67 0.89 —-0.35 1.22 28 days
Copepods —0.26 1.94 -0.56 1.70 0.30 2.51 .
Total gooplankton 0.60 0.79 —0.28 0.67 0.88 0.94 Bosmina 3.121.80 095206 217250
Ceriodaphnia 0.26 1.96 1.09 0.95 —0.83 2.00
28 days Diaphanosoma —0.44 1.82 0.192.66 —0.632.29
Bacteria —0.22 0.27 -0.18 0.31 -0.04 0.25 Cyclops 2.941.90 2.12 2.42 0.82 1.74
Flagellates 0.76 0.93 -0.20 0.79 0.96 0.51 Eudiaptomus -0.21143 -0.510.59 0.301.39
Ciliates —0.11 0.98 -0.70 0.39 0.60 1.00
Rotifers 2.19 0.77 0.14 1.12 2.05 1.33
Cladocerans 2.16 1.57 1.30 1.22 0.86 1.58 e i
Copepods 137 116 034 142 103 0.98 is likely to be consumed by zooplankton. In fact, Schaus and

Vanni (2000) demonstrated that the effects of fish excretion
on phytoplankton biomass were only observed when zoo-
plankton were suppressed by fish. Indeed, food chain theory
predicts that when herbivores are not controlled by carni-
was weaker in chambers (excluding herbivores) incubated isores, nutrient enrichment should increase the equilibrium
these enclosures than in chambers incubated in the enclbiomass of herbivores, leaving the equilibrium biomass of
sures with fish, Vanni and Layne (1997) concluded that diprimary producers unchanged (Oksanen et al. 1981). The
rect nutrient recycling by fish was an important mechanisndistinction between fish-mediated nutrient effects on algal
by which fish affected phytoplankton. growth versus on “equilibrium” algal biomass highlights the
Several factors might explain why the effects of fish ex-limitation of sampling phytoplankton at 2-week intervals in
cretion on phytoplankton were more important in the studythis type of study.
of Vanni and Layne (1997) than in our study. First, our ex- Finally, as pointed out by Vanni and Layne (1997), it is
periment was performed in a eutrophic lake, whereas thékely that their excretion effects were somewhat overesti-
experiment in Vanni and Layne (1997) was conducted in anated by their experimental design. On the other hand, our
low-nutrient system. The relative importance of fish predaexperimental design could possibly result in underestimation
tion and excretion should change along the trophic gradienbf excretion effects, and this potential bias needs to be ad-
Nutrient excretion by fish may be more important in lakesdressed. Fish excretion is strongly dependent on fish feeding
with low P inputs (and high seston C:P) and a relativelyand growth pattern (Threlkeld 1987; Mather et al. 1995).
high biomass of planktivorous fish, which may arise whenBecause fish were also fed zooplankton in the PE treatment,
piscivore fish are absent or rare and when planktivorous fisthey might have excreted more nutrients in the PE than in
consume considerable amounts of littoral/benthic resourcebe E treatment, where they were fed only chironomids. This
(Vanni and Layne 1997). Therefore, it is possible that nutriavas unavoidable given the necessity of preventing the fish
ent excretion by fish was not so important in our study befrom feeding on enclosure zooplankton in the E treatment.
cause phytoplankton may have been less limited by nutrientdnfortunately, we do not know how conservative our excre-
in the eutrophic lake where we conducted our experiment.tion estimates are, since fish growth was not estimated in
Second, we might not have observed a stronger responseir study. Therefore, our predation effect estimates also in-
of phytoplankton to fish excretion because any increase iolude an excretion component from the zooplankton diet in
phytoplankton biomass resulting from nutrient excretion bythe PE treatment, and this may have caused a bias toward a
fish in the E treatment is likely to have been obscured bygreater predation effect of fish compared to the excretion
zooplankton grazing on phytoplankton. In the study of Vannieffect. Thus, we must exercise restraint when concluding that
and Layne (1997), the effect of fish excretion on phytoplankpredation effects were stronger than excretion effects.
ton was estimated inside chambers that excluded zooplank- Numerous studies have demonstrated that when plankti-
ton. We have also shown in a previous study that nutrientorous fish are abundant, zooplankton communities are dom-
excretion by fish has substantial effects on phytoplanktoinated by ciliates, rotifers, small cladocerans, and copepods,
community structure in the absence of herbivores (Attaydevhereas in the absence of fish, zooplankton is dominated by
and Hansson 1999). However, when zooplankton are abutarge taxa (reviewed by Gliwicz and Pijanowska 1989). This
dant, any increase in productivity and/or phytoplankton bio-effect of planktivorous fish on zooplankton communities is
mass resulting from nutrient enrichment (i.e., fish excretionpften attributed to size-selective predation on larger zoo-

Total zooplankton  1.05 0.70 0.36 0.89 0.69 0.61
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Fig. 5. Mean {1 SD) biomass of rotifers, cladocerans, copepods, and total zooplankton in the
control (C), excretion (E), and predation plus excretion (PE) treatments after 1, 14, and 28 d of
experiment.

plankton. Indeed, our study suggests that fish predation ofish excretion on zooplankton suggests that fish excretion
large cladocerans<500 um) was the most important mech- can have substantial effects on zooplankton communities
anism accounting for the observed increase in protozoan&chindler 1992), but it is not clear whether such excretion
and rotifers in the presence of fish (Table 3). A plausibleeffects can be stronger than the effects of fish predation.
explanation is that the selective predation of perch on larg®bviously, the extent to which fish excretion influences the
cladocerans may have released the microzooplankton fromooplankton community will depend on how phytoplankton
the negative effects of these large herbivores, such as messpond to fish excretion and how the coexisting zooplank-
chanical interference and exploitative competition for foodton populations respond to these changes in food availability
(Sarnelle 1997; Pace et al. 1998). In spite of their stron@nd quality. In our study, all major zooplankton taxa, except
positive effect on protozoans and rotifers after 14 d, plankEudiaptomusresponded positively to fish excretion (Table
tivorous fish had no effect on bacteria biomass (Table 3). I#). Even though we have not found any statistical difference
this case, the increase in microzooplankton may have supa zooplankton biomass between the control and excretion
pressed bacterial biomass by the time our first samples weteeatment, our effect size estimates suggest that nutrient ex-
taken. cretion by fish may have important indirect effects on zoo-
It has been shown that the increase in phytoplankton avaiplankton that could be of equal or greater magnitude than
ability arising from fish predation on large zooplankton re-the effects of fish predation (Table 4).
sults in increased survival and/or reproduction of the smaller This reinforces our suggestion that zooplankton may have
zooplankton individuals that manage to avoid predatiomprevented their resources (phytoplankton and bacteria) from
(Vanni 1987). Likewise, any increase in food (phytoplank-accumulating in response to a fish-induced stimulation of
ton) availability arising from nutrient excretion by fish may growth rates. Fish excretion may have strongly influenced
also have indirect effects on zooplankton communities. Thalgal growth, but this response may have been masked by
only study we know of that has investigated the effects ofday 14 due to the stimulation of grazers. The long time scale
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Fig. 6. Mean (1 SD) biomass of the most important crustacean zooplankton in the control
(C), excretion (E), and predation plus excretion (PE) treatments after 1, 14, and 28 d of experiment.

of the experiment (relative to the dynamics of bacteria andeasons. Hence, generality can only be inferred by compar-
phytoplankton) may explain why fish excretion may haveing the results of many experiments conducted in a variety
had a stronger influence on certain zooplankton than on phyf systems (Morin 1998). Owing to their small size, meso-
toplankton or bacteria. cosms necessarily exclude some processes that may be im-
Obviously, no single study can claim to yield general re-portant at larger scales. Under natural conditions, many fish
sults that hold for the full diversity of species, communities,feed in the littoral zones of lakes, migrate, and excrete nu-
and ecosystems or can tell us whether a process operatitigents into the pelagic habitats (Schindler et al. 1996; Vanni
in a single location and season occurs at different sites antB96). Although we have tried to simulate this process of
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nutrient transport by fish by adding chironomids to the en¥rank, C. 1982. Ecology, production and anaerobic metabolism of
closures, we might expect that under natural conditions the Chironomus plumosuk. larvae in a shallow lake I. Ecology
effects of fish excretion on planktonic communities may be ~ @nd production. Arch. HydrobioB4: 460—491. .
more important than in our mesocosm study. Even thougff-'V/¢Z: Z- l'\""kAND J. RIANOWSKA, 21989-2 The role of predaélon
great care should be taken in generalizing or extrapolating IFTlazr?lft?)r?ne?(?losugcessjclzc()gsgi.OHS?r: g‘?égl.(tgr?mcrgﬁngin.i]t,ies
results of small-scale experiments to larger scales, this is an Springer. 9y: P '
important step for understanding mechanisms acting in na3,yson, J. M., ANp W. C. LEGGETT. 1982. Empirical prediction of
ural systems. Thus, the results of our mesocosm study should  fish biomass and yield. Can. J. Fish. Aquat. $6i. 257-263.

help us understanding the mechanisms by which planktivoransson L. A., AND S. R. GRPENTER 1993. Relative importance

rous fish may affect planktonic communities in lakes. of nutrient availability and food chain for size and community
In summary, our results suggest that in eutrophic lakes composition in phytoplankton. Oikd&7: 257-263.

fish predation on zooplankton may be more important thahEssMARK, O. 1983. Competition between perdpefca fluviatiliy

nutrient excretion by fish for the structure and dynamics of ‘E‘Jr:]?vg’gﬁg'g?tl'_'lljﬁéugyvs)eg;ﬁoum Swedish lakes. Ph.D. thesis,

planktonic commun_ities. These results, when contrastc_ad Wi:P/lATHER ME. M IV T E. WssiNG S. A. Davis. AND M

the _results of Vanni and Layne_ (1997), Sl.JggeSt 'ghat T'Sh X é:HAUS.' 1995. Rege‘neration of nit}ogen and pﬁosphorus by

CI’QIIOI’I may be less Important'ln eutrophic Fhan In.ollgotro— bluegill and gizzard shad: Effect of feeding history. Can. J.

phic lakes. However, even with conservative estimates of sy~ aquat. Scis2: 2327-2338.

excretion effects, we show here that nutrient excretion byiorn, P. J. 1998. Realism, precision, and generality in experimen-

fish can have important indirect effects on zooplankton. The  tal ecology, p. 50-70In W. J. Resetarits Jr. and J. Bernardo

time scale of the experiment may explain why fish excretion  [eds.], Experimental ecology: Issues and perspectives. Oxford

had stronger effects on zooplankton than on phytoplankton  Univ. Press.

or bacteria. Hence, planktivorous fish affect planktonic comMoris, D. P, aND W. M. Lewis. 1992. Nutrient limitation of bac-

munities directly and indirectly through both predation on  terioplankton growth in Lake Dillon, Colorado. Limnol.

zooplankton and nutrient excretion. Therefore, the relative, ©Oc€anogra7: 1179-1192.

importance of direct versus indirect effects in pelagic food?<SANEN L S. D. FRETWELL, J. ARRUDA, AND P. NEMELA. 1981,

A Exploitation ecosystems in gradients of primary productivity.
webs and the relative importance of top-down versus bot- A"\t 118 240—261.

tom-up control in planktonic communities can only be ac-osengerg C. W, AND G. G. MiTTELBACH. 1996. The relative im-
knowledged if we understand how consumer-mediated nu-  portance of resource limitation and predation limitation in food
trient recycling affects the structure and dynamics of  chains, p. 134—148n G. A. Polis and K. O. Winemiller [eds.],

planktonic communities. Food webs: Integration of patterns and dynamics. Chapman
and Hall.
References , O. SARNELLE, AND S. D. Goorper 1997. Effect size in
ecological experiments: The application of biological models
ATTAYDE, J. L.,AND L. A. HAaNssoN 1999. Effects of nutrient re- in meta-analysis. Am. Natl50: 798-812.
cycling by zooplankton and fish on phytoplankton communi-Pacg, M. L., J. J. @LE, AND S. R. G:RPENTER 1998. Trophic
ties. Oecologidal2l: 47-54. cascades and compensation: Differential responses of micro-
BirD, D. F, AND Y. T. PRARE. 1985. Practical guidelines for the zooplankton in whole-lake experiments. Ecolotgy 138—152.
use of zooplankton length-weight regression equations. JPErsson A. 1997a. Effects of fish predation and excretion on the
Plankton Res7: 955-960. configuration of aquatic food webs. Oik@9: 137-146.
BLACKBURN, N., A. HAGSTROM, L. WIKNER, R. C. HANSSON AND . 199D. Phosphorus release by fish in relation to external

P. K. BiornseN 1998. Rapid determination of bacterial abun- and internal load in a eutrophic lake. Limnol. Oceanci.
dance, biovolume, morphology, and growth by neural-network 577-583.
based image analysis. Appl. Environ. Microbi@4: 3246—  Persson L. 1987. The effects of resource availability and distri-

3255. bution on size class interactions in peréterca fluviatilis.Oi-
BOTTRELL, H. H., AND OTHERS 1976. A review of some problems kos 48: 148-160.
in zooplankton production studies. Nor. J. Zo24: 419-456. , L. JoHANsSsON G. ANDERSSON S. DEHL, AND S. F. Ham-

BRABRAND, A., B. A. FAAFENG, AND J. P. M. NLseN. 1990. Relative RIN. 1993. Density dependent interactions in lake ecosystems:
importance of phosphorus supply to phytoplankton production: Whole lake perturbation experiments. Oike& 193-208.
Fish excretion versus external loading. Can. J. Fish. Aquat. ScPorTER K. G. 1996. Integrating the microbial loop and the classic

47. 364-372. food chain into a realistic planktonic food web, p. 51-59.
CARPENTER S. R.,AND J. F KiTcHELL [EDS] 1993. The trophic G. A. Polis and K. O. Winemiller [eds.], Food webs: Integra-
cascade in lakes. Cambridge Univ. Press. tion of patterns and dynamics. Chapman and Hall.
, C. E. KrRAFT, R. WRIGHT, X. HE, P. A. SORANNO, AND J. RamsING, N. B., H. AssiNg, T. G. FERDELMAN, F. ANDERSEN AND
R. Hobgson 1992. Resilience and resistance of a lake phos- B. THAMDRUP. 1996. Distribution of bacterial populations in a
phorus cycle before and after food web manipulation. Am. Nat. stratified fjord (Mariager Fjord, Denmark) quantified by in situ
140: 781-798. hybridization and related to chemical gradients in the water

CrumpPTON, W. 1987. A simple and reliable method for making column. Appl. Environ. Microbiol62: 1391-1404.
permanent mounts of phytoplankton for light and fluorescencéReiINERTSEN H., A. ENSEN A. LANGELAND, AND Y. OLSON. 1986.
microscopy. Limnol. OceanogB2: 1154-1159. Algal competition for phosphorus: The influence of zooplank-
DumonT, H. J., I. VAN DE VELDE, AND S. DUMONT. 1975. The dry ton and fish. Can. J. Fish. Aquat. S48: 1135-1141.
weight estimate of biomass in a selection of cladocera, copeRoMARE, P., E. BERGMAN, AND L. A. HANssoN 1999. The impact
poda and rotifera from the plankton, periphyton and benthos  of larval and juvenile fish on zooplankton and algal dynamics.
of continental waters. Oecologi®: 75-97. Limnol. Oceanogr4d4: 1655-1666.


http://www.aslo.org/lo/pdf/vol_32/issue_5/1154.pdf
http://www.aslo.org/lo/pdf/vol_37/issue_6/1179.pdf
http://www.aslo.org/lo/pdf/vol_32/issue_3/0577.pdf
http://www.aslo.org/lo/pdf/vol_44/issue_7/1655.pdf

1012 Attayde and Hansson

SARNELLE, O. 1997. Daphnia effects on microzooplankton: Com-STerNErR R. W. 1989. The role of grazers in phytoplankton suc-
parisons of enclosure and whole-lake responses. EcdiBgy cession, p. 107-170n U. Sommer [ed.], Plankton ecology:
913-928. Succession in plankton communities. Springer.

ScHAus, M. H., AND M. J. VANNI. 2000. Effects of gizzard shad on THRELKELD, S. T. 1987. Experimental evaluation of trophic-cascade
phytoplankton and nutrient dynamics: Role of sediment feed-  and nutrient-mediated effects of planktivorous fish on plankton

ing and fish size. Ecolog§l: 1701-1719. community structure, p. 161-17B W. C. Kerfoot and A. Sih
ScHINDLER, D. E. 1992. Nutrient regeneration by sockeye salmon [eds.], Predation: Direct and indirect impacts on aquatic com-

(Oncorhynchus nerRary and subsequent effects on zooplank- munities. University Press of New England.

ton and phytoplankton. Can. J. Fish. Aquat. $t9: 2498—  VANNI, M. J. 1987. Effects of food availability and fish predation

2506. on a zooplankton community. Ecol. Mono&7: 61-88.

. S. R. @RPENTER K. L. COTTINGHAM, X. HE, J. R. Hopa- . 1996. Nutrient transport and recycling by consumers in
son, J. F KITCHELL, AND P. A. SoranNo. 1996. Food web lake food webs: Implications for algal communities, p. 81-95.
structure and littoral zone coupling to pelagic trophic cascades, N G- A. Polis and K. O. Winemiller [eds.], Food webs: Inte-

p. 96-105.In G. A. Polis and K. O. Winemiller [eds.], Food gration of patterns and dynamics. Chapman and Hall.
webs: Integration of patterns and dynamics. Chapman and Hall— AND D. L. FiNDLAY. 1990. Trophlc.cascade and phyto-
, AND L. A. EBy. 1997. Stoichiometry of fishes and their plankton community structure. Ecologil: 921-937.

rey: Implications for nutrient recycling. Ecologs8: 1816— + AND C. D. LAYNE. 1997. Nutrient recycling and herbivory
Eggyl_ P yelng 9B as mechanisms in the “top-down” effect of fish on algae in
, J. F KTCcHELL, X. HE, S. R. ®QRPENTER J. R. HODGSON lakes. Ecologyrs: 21-40.

AND K. L. CoTTINGHAM. 1993. Food web structure and phos- » AND S. E. ARNOTT. 1997. “Top-down” trophic
|nteract|ons in lakes: Effects of fish on nutrient dynamics. Ecol-

phorus cycling in lakes. Trans. Am. Fish. Sd22: 756-772. ogy 78 1-20.

SHERR, E. B.,AND B. F. SHERR 1993. Preservation and storage of 9y )
samples for enumeration of heterotrophic protists, p. 207-212. Received: 21 September 2000
In P. F Kemp, B. F. Sherr, E. B. Sherr, and J. J. Cole [eds.], Amended: 22 January 2001

Handbook for methods in aquatic microbial ecology. Lewis. Accepted: 14 February 2001



