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 We performed a meta-analysis of 31 lake mesocosm experiments to investigate diff erences in the responses of pelagic 
food chains and food webs to nutrient enrichment and fi sh presence. Trophic levels were divided into size-based 
functional groups (phytoplankton into highly edible and poorly edible algae, and zooplankton into small herbivores, 
large herbivores and omnivorous zooplankton) in the food webs. Our meta-analysis shows that 1) nutrient enrichment 
has a positive eff ect on phytoplankton and zooplankton, while fi sh presence has a positive eff ect on phytoplankton 
and a negative eff ect on zooplankton in the food chains; 2) nutrient enrichment has a positive eff ect on highly edible 
algae and small herbivores, but no eff ect on poorly edible algae, large herbivores and omnivorous zooplankton in 
the food webs. Planktivorous fi sh have a positive eff ect on highly edible algae and small herbivores, a negative eff ect 
on large herbivores and omnivorous zooplankton, and no eff ect on poorly edible algae. Our meta-analysis confi rms 
that nutrient enrichment and planktivorous fi sh aff ect functional groups diff erentially within trophic levels, revealing 
important changes in the functioning of food webs. Th e analysis of fi sh eff ects shows the well-described trophic 
cascade in the food chain and reveals two trophic cascades in the food web: one transmitted by large herbivores that 
benefi t highly edible phytoplankton, and one transmitted by omnivorous zooplankton that benefi t small herbivores. 
Comparison between the responses of food webs and simple food chains also shows consistent biomass compensation 
between functional groups within trophic levels.   

 After decades of research, it is now widely recognised that 
both resources and consumers control ecosystem pro-
ductivity (Hunter and Price 1992, Leibold et   al. 1997, 
Polis 1999, Rothhaupt 2000). Th e eff ects of resources are 
obvious since they are essential to sustain higher trophic 
levels, and their abundance may determine the number of 
trophic levels (Oksanen et   al. 1981, Kaunzinger and Morin 
1998). Th e interaction between consumer and resource 
controls, or respectively top – down and bottom – up 
controls, has also led to controversial debates. Th e 
fundamental issue in these debates is the importance of 
consumers ’  cascading control on autotroph biomass rela-
tive to the resource control. Th is has led to numerous fi eld 
experiments in freshwater, marine and terrestrial ecosys-
tems and subsequent meta-analyses (Brett and Goldman 
1996, 1997, Leibold et   al. 1997, Micheli 1999, Schmitz 
et   al. 2000, Gruner et   al. 2008). 

 In freshwater ecosystems, Brett and Goldman (1996) 
showed that zooplanktivorous fi sh reduced zooplankton 
biomass and increased phytoplankton biomass. However, 
phytoplankton response to consumer control was highly 

skewed: it was very strong in slightly more than one-third of 
the 54 cases studied and weak in the other cases. In a second 
meta-analysis of 11 factorial experiments, Brett and 
Goldman (1997) showed that 1) phytoplankton biomass 
was under strong resource control and moderate fi sh control 
whereas zooplankton biomass was under strong consumer 
control and weak resource control; and 2) contrary to 
theoretical predictions, there were no signifi cant interac-
tions between resource and consumer controls of phyto-
plankton and zooplankton. More recently, Gruner et   al. 
(2008) analysed the bottom – up and top – down controls on 
producer biomass across ecosystems. Th ey reached the same 
conclusion as Brett and Goldman ’ s (1997). It should be 
stressed that aquatic trophic cascades have been assessed at 
the community level, i.e. they aff ect whole trophic levels, 
whereas species-level cascades aff ect one or a few species at 
each trophic level (Polis 1999). Meta-analyses conducted on 
community-level cascades in aquatic ecosystems suggest 
that the discrepancies between theoretical predictions and 
experimental results hinge on the weak coupling between 
primary producers and their consumers. Th is weak coupling 
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might be due to interference within zooplankton (Leibold 
1989, Hunter and Price 1992, Strong 1992, Polis and 
Strong 1996, Leibold et   al. 1997, McCann et   al. 1998) or to 
diff erences in edibility within phytoplankton (Leibold 
1989, Watson et   al. 1992), which dampen the control 
of plants by herbivores (Power 1992, Shurin et   al. 2002). 
Testing these hypotheses, however, implies considering a 
food web with multiple species per trophic level rather than 
a simple food chain. 

 In addition to resource availability and predation, the 
trophic structure of the community is also an important 
factor controlling species or groups of species that benefi t 
from nutrient enrichment (Leibold and Wilbur 1992, 
Abrams 1993, Leibold et   al. 1997, Hansson et   al. 1998, 
Persson 1999, Hulot et   al. 2000, Th  é bault and Loreau 
2003, Hulot and Loreau 2006, Loreau 2010, Wollrab et   al. 
2012). Trophic structure, defi ned as the partitioning of 
biomass among groups of species (Leibold et   al. 1997), 
involves not only trophic levels but also trophic groups 
within trophic levels. In freshwater ecosystems, trophic 
levels are often split into trophic or functional groups gen-
erated by a diff erential planktivory (the size-effi  ciency 
hypothesis: Brooks and Dodson 1965, Dodson 1974). Th e 
relative abundance of these trophic groups may change 
depending on both the abiotic environment and fi sh stock 
(Hrb á cek et   al. 1961, Brooks and Dodson 1965, Dodson 
1974, Hall et   al. 1976). Zooplanktivorous fi sh generally 
prey selectively upon large herbivores and invertebrate car-
nivores. Predation by invertebrate carnivores is also limited 
by the size and shape of their prey. Th e body size of 
herbivorous zooplankton determines their grazing 
selectivity pattern and the size range of grazed algae. Th us, 
several functional groups can be distinguished within 
zooplankton forming the basis of pelagic food-web model 
(Carpenter and Kitchell 1993, Hansson et   al. 1998, Hulot 
et   al. 2000): small herbivores, which feed mainly upon 
small and unprotected algae, and large herbivores, which 
feed on a wider size range of algae, including larger 
and protected algae; invertebrate carnivores feed mainly on 
small herbivores. Within phytoplankton, two groups of 
algae can also be distinguished according to their vulnera-
bility to herbivores: highly edible algae that are small and 
unprotected, and poorly edible algae that are larger or 
more or less protected. Because zooplanktivorous fi sh prey 
mainly upon large herbivores and invertebrate carnivores, 
fi sh presence or absence can shift dominant associations 
within the plankton community. 

 In this study, we report the results of a meta-analysis 
conducted on 31 lake mesocosm experiments analysing the 
eff ects of nutrient enrichment and zooplanktivorous fi sh 
on phytoplankton and zooplankton. Our meta-analysis 
specifi cally addresses the diff erent responses of diff erent 
functional groups within trophic levels to perturbations 
both at the top and at the bottom of the food web. Th is 
approach allows us 1) to assess whether responses to pertur-
bations are homogeneous within trophic levels; 2) to formu-
late hypotheses regarding the eff ects of phytoplankton 
edibility and a potential interference within zooplankton, 
and therefore to gain an insight into the importance of 
these mechanisms for food-web dynamics.   

 Methods 

 To conduct the analysis, we searched for studies performed 
in mesocosms based on the following criteria. Th ey should 
report results from cross-classifi ed treatments of nutrient 
low/high  �  fi sh presence/absence. Th e experiments should 
have a balanced factorial design. Some experiments included 
sediments in mesocosms, for instance by keeping their bot-
tom open and sealing it in the lake sediments. We excluded 
these experiments from our analysis because our objective is 
to analyse experiments that focus on the pelagic organisms 
and their interactions. We discuss how this might have 
infl uenced our results in the Discussion. Selected experi-
ments also should display results in which species or groups 
of species would be identifi ed or, at least, identifi able. For 
instance Lynch and Shapiro (1981) reported separate 
responses by  ‘ rotifers ’  and  Asplanchna   priodonta  to nutrient 
enrichment and fi sh. Since  A. priodonta  is a carnivorous 
rotifer, we deduced that  ‘ rotifers ’  are small herbivores. 
Th e literature search included an electronic search, an exam-
ination of the main ecological and limnological reviews 
and papers ’  bibliography. Th e literature search provided 21 
published studies reporting the results of 31 independent 
experiments (Table 1). 

 In addition to the detailed treatments, each experiment 
provided a set of data: either phytoplankton response val-
ues, or zooplankton response values, or both phytoplankton 
and zooplankton response values. Phytoplankton and zoo-
plankton response values were taken directly from tables or 
fi gures (Supplementary material Appendix 1 Table A1 – A3). 
Th e data were from the fi nal sampling. If some data were 
missing, we took the data from the last common sampling 
date. Each species or group of species was assigned to a 
group according to its biology and/or size. Highly edible 
phytoplankton includes small algae (length    �    20 – 50  μ m 
according to the study), and poorly edible phytoplankton 
includes algae protected by their size (length    �    20 – 50  μ m), 
thick walls or gelatinous sheaths (Supplementary material 
Appendix 1 Table A2). Note that the discrepancy between 
the limits set by the authors might aff ect the analysis, in par-
ticular the interaction between experiments and the eff ects 
that are explored. Small herbivores are roughly 50 to 200  μ m 
long and feed mainly on highly edible phytoplankton 
whereas large herbivores are roughly 400  μ m to 2 mm long 
and feed on highly edible algae and may also feed on poorly 
edible algae (Supplementary material Appendix 1 Table A3). 
Th e third group of zooplankton includes invertebrate 
carnivores. Note that Calanoids, which have been frequently 
considered as herbivorous organisms, can also consume 
zooplankton (Brandl 2005). Th en, in this meta-analysis, 
calanoids were considered as omnivorous zooplankton. 

 Fish foraging behaviour may drive food-web topology 
and ultimately ecosystem functioning (Lazzaro et   al. 
2009). For instance, visual feeders that feed upon large 
zooplanktonic prey increase the ratio of poorly edible algae, 
and induce more trophic cul-de-sac, i.e. organisms without 
consumers, within phytoplankton than fi lter feeders 
(Lazzaro et   al. 2009). Th erefore, we assigned fi sh species 
to one foraging behaviour, either fi lter or visual feeder 
(Table 1), and we tested for this eff ect. 
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zooplankton (p    �    0.56; Fig. 1g). Th ese eff ects depended 
marginally on the experiment (small herbivores: p    �    0.08; 
large herbivores: p    �    0.05) but there was no signifi cant inter-
action for omnivorous zooplankton (p    �    0.95). Fish pres-
ence had a positive eff ect on small herbivores (p    �    0.001; 
Fig. 1e), a negative eff ect on large herbivores (p    �    0.001; 
Fig. 1f ) and on omnivorous zooplankton (p    �    0.03; 
Fig. 1g). Again, these eff ects depended on the experiment, 
marginally for small herbivores (p    �    0.07) and signifi cantly 
for large herbivores (p    �    0.04). Th e eff ects of fi sh 
presence interacted signifi cantly with nutrient enrichment 
(p    �    0.02).    

 Discussion 

 Th e aim of the present meta-analysis was to assess the 
responses of food chains and size-based functional groups to 
two perturbations, i.e. nutrient addition and presence of 
planktivorous fi sh, in freshwater mesocosms. Th e results 
reveal a positive eff ect of nutrient enrichment on phyto-
plankton and zooplankton and a fi sh-induced trophic 
cascade. Th ey also show that functional groups belonging 
to the same trophic level do not respond in the same way 
to perturbations and may sometimes have opposite res-
ponses (see Fig. 2 for a summary of the results). Contrary to 
theoretical models (Leibold 1997, Hulot et   al. 2000, Hulot 
and Loreau 2006, Wollrab et   al. 2012), we observe no 
eff ect of nutrient enrichment on poorly edible phyto-
plankton while we would expect that they benefi t from 
nutrient addition at the expense of highly edible but poorly 
defended phytoplankton. Although various hypotheses 
could explain this result, one possible explanation is that 
this result refl ects diff erent experimental designs. We discuss 
this hypothesis in the  ‘ Nutrient enrichment eff ects ’  section. 
Th e responses of the various functional groups to nutrient 
addition and fi sh presence also show some discrepancies 
with theoretical predictions (Hulot et   al. 2000, Wollrab 
et   al. 2012). We discuss various hypotheses that may explain 
these results in the following sections. We then conclude 
on robust responses and the concrete mechanisms that 
underlie these responses.  

 Nutrient enrichment effects 

 Nutrient enrichment had a clear positive eff ect on 
phytoplankton and zooplankton as whole trophic levels. 
But these responses were heterogeneous among trophic 
groups: highly and poorly edible phytoplankton had diff er-
ent responses (positive and non signifi cant, respectively) 
and among zooplankton, only small herbivores responded 
with an increase in biomass (Fig. 2). Th e response of phy-
toplankton to nutrient enrichment refl ects the response of 
highly edible phytoplankton whereas we would expect 
a positive eff ect on poorly edible phytoplankton. Th e 
diff erential response of the two phytoplankton groups 
does not support the hypothesis of a species compositional 
turnover with increased productivity from highly competi-
tive but poorly defended species to less competitive but bet-
ter defended species (Leibold 1996). Several hypotheses 
could explain this result. First, poorly edible phytoplankton 

 To test nutrient enrichment and fi sh eff ects we con-
ducted block analyses of variance without replication 
(ANOVA). For each functional group and each experi-
ment, the treatment responses corresponded to the sum of 
the component responses. Th e data from each experiment 
were considered as a block of observation without replica-
tion and were transformed as in Brett and Goldman (1997), 
that is, response    �    log(treatment mean/geometric mean), 
where the geometric mean is taken over the four treat-
ments. In the calculation of the  F -statistic, the overall 
interaction term for fi sh  �  nutrients  �  experiment replaced 
the residual sum of squares. In order to test for the eff ect of 
fi sh behaviour, we also ran analyses with the behaviour as a 
nested factor of the fi sh presence. However, we did not 
observe any signifi cant eff ect of fi sh behaviour (data not 
shown). Th us, we focus only on the eff ect of fi sh presence 
in this paper. Th e p-levels considered for signifi cance and 
marginal signifi cance are respectively 0.05 and 0.10.   

 Results  

 Phytoplankton response to nutrient enrichment 
and fi sh presence 

 Both nutrient enrichment and fi sh presence had a positive 
signifi cant eff ect on phytoplankton (p    �    0.0001; Fig. 1a). 
Th ese eff ects depended on experiments (experiment inter-
action with nutrient enrichment (p    �    0.001), but not fi sh 
presence (p    �    0.10)). Th ere was no interaction between 
nutrient enrichment and fi sh presence on phytoplankton 
(p    �    0.45). 

 Eff ects on highly and poorly edible phytoplankton 
were diff erent than on phytoplankton overall. Nutrient 
enrichment had a positive eff ect on highly edible phyto-
plankton (p    �    0.005; Fig. 1c); this eff ect did not depend on 
experiment (p    �    0.26). Fish presence had also a positive 
eff ect on highly edible algae (p    �    0.015) that did not depend 
on the experiment (p    �    0.21). Th e responses of poorly 
edible phytoplankton diff ered from the responses of 
highly edible phytoplankton: there was no eff ect of nutrient 
enrichment and fi sh presence (p    �    0.63 and p    �    0.33 respec-
tively; Fig. 1d) but these responses depended at diff erent 
levels on the experiment (p    �    0.07 and p    �    0.009 respec-
tively; Fig. 1d). Th ere was no signifi cant interaction between 
nutrient enrichment and fi sh presence for both groups of 
phytoplankton.   

 Zooplankton response to nutrient enrichment 
and fi sh presence 

 Nutrient enrichment had a positive eff ect on zooplankton 
(p    �    0.01; Fig. 1b) and this result did not depend on the 
experiment (p    �    0.23). Fish presence had a negative eff ect 
on zooplankton (p    �    0.02) and this eff ect depended margin-
ally on the experiment (p    �    0.07). 

 Zooplankton was split into three trophic groups: 
small and large herbivores and omnivorous zooplankton. 
Nutrient enrichment had a positive eff ect on small herbi-
vores (p    �    0.002; Fig. 1e), a marginal negative eff ect on large 
herbivores (p    �    0.07; Fig. 1f ) and no eff ect on omnivorous 
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  Figure 1.     Response of plankton groups to nutrient addition and fi sh presence. Th e horizontal line, the top and the bottom of the 
box represent the median, the 25th and the 75th percentiles respectively. Th e vertical dashed lines represent either the minimum or 
maximum value or, in presence of outliers (open circles), the interquartile range of the data times 1.5. Number of data sets (n) and 
probability values from ANOVA of experiment (E), nutrient addition (N), fi sh presence (F) eff ects and their interaction eff ects (N  �  F: 
nutrient addition  �  fi sh presence; E  �  N and E  �  F: experiment in interaction with nutrient addition and fi sh presence respectively) are 
indicated to the right of each graph.  

might be partly controlled by omnivorous zooplankton. In 
this case, we would expect a positive eff ect of nutrient 
enrichment on omnivorous zooplankton as their other prey, 
i.e. small herbivores, also responded positively to this per-
turbation. But omnivorous zooplankton did not respond to 

nutrient enrichment even though there were variations 
among experiments. Second, poorly edible phytoplankton 
might be partly controlled by fi sh. However, the fi sh used in 
most of the experiments and included in the meta-analysis 
are visual feeders and do not prey on poorly edible algae 
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  Figure 2.     Main eff ects of nutrient enrichment and fi sh presence on plankton groups (A1: highly edible phytoplankton; A2: poorly 
edible phytoplankton; H1: small herbivores; H2: large herbivores; OZ: omnivorous zooplankton). Th e sign next to each functional group 
represents the main eff ect ( � : positive eff ect;  � : negative eff ect; ns: non signifi cant). Plain lines: predation interactions. Dotted lines 
show the potential exploitative competition of the two algae groups for a limiting nutrient.  

(Menezes et   al. 2010). Moreover, we did not fi nd any sig-
nifi cant eff ect of fi sh behaviour on the response of poorly 
edible algae. Th erefore, we cannot explain the response of 
this group of algae by control by a predator. 

 An alternative hypothesis relies on experimental design. 
Usually, the phytoplankton developing in mesocosms 
comes from pond or lake water, with one initial introduc-
tion. Th e initial diversity may sharply decrease at the begin-
ning of the experiment, as observed by Mette et   al (2011), 
as a consequence of species selection in the experimental 
mesocosms. Th is initial step may select small phytoplank-
ton species with a high growth rate. A tradeoff  between 
growth rate and cell size, which off ers higher grazing 
resistance, seems ubiquitous (Litchman and Klausmeier 
2008) and species that grow slowly and are present in 
very low density at the beginning of the experiment may 
either not be introduced in mesocosms, or be excluded or 
lost by sedimentation if introduced. In particular, sedimen-
tation might be high in some enclosures (Bloesch et   al. 
1988), and this phenomenon might aff ect more severely 
large than small phytoplankton. Moreover, the study of 
succession in phytoplankton communities shows that large 
inedible phytoplankton species become abundant by the 
end of the summer (Sommer et   al. 2012). Methodological 
sections in the analysed papers suggest that plankton spe-
cies were introduced in most cases at the beginning 
of experiments only. Regular introductions of species dur-
ing the experiment might be necessary for ensuring their 
development in mesocosms when favourable conditions are 
met. In addition, sediments contain a bank of dormant 

cells that may seed water during the growing season 
(Rengefors et   al. 2004) or following sediment bioturba-
tion by macro-invertebrates or fi sh (Adamek and Marsalek 
2013). For instance,  Microcystis aeruginosa , a large colonial 
cyanobacteria, may build up dense blooms from dormant 
cells that emerge from the sediments during the spring and 
summer (Verspagen et   al. 2005). Because we excluded from 
the meta-analysis experiments with mesocosms that 
included sediments, we also excluded from the data basis 
experiments with a endogeneic source of species. In con-
clusion, theoretical models predict a positive response 
of poorly edible phytoplankton to nutrient enrichment 
(Leibold 1997, Hulot and Loreau 2006). Th e marginally 
negative response revealed by our meta-analysis might 
be explained by the typical experimental design of nutrient 
manipulation in mesocosms, which does not off er an 
optimal environment for the development of large 
phytoplankton. Th e absence of response to nutrient enrich-
ment of poorly edible phytoplankton is in accordance with 
the results of Sarnelle (1992), who assessed the eff ects 
of nutrient enrichment by a survey of enclosure (5) and 
whole-lake (1) experiments (Table 4) and of diff erent total 
phosphorus concentrations. Even in eutrophic lakes, his 
survey shows that  Daphnia  grazing prevents the develop-
ment of resistant algae (Sarnelle 1992). 

 Th e positive response of zooplankton to nutrient enrich-
ment hinges mainly on small herbivores. Herbivorous rotifers 
are known to prey selectively upon small phytoplankton 
species. Because nutrient enrichment seemed to benefi t 
highly edible phytoplankton, small herbivores might have 
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large herbivores (p    �    0.02). In their meta-analysis, Brett 
andGoldman (1997) did not fi nd such interactions in 
either phytoplankton or zooplankton. Our results for the 
phytoplankton are also consistent with those of Borer et   al. 
(2005) and Gruner et   al. (2008), who did not fi nd interac-
tive eff ects between nutrient and herbivore controls in 
aquatic and terrestrial habitats. Th e interaction eff ect 
observed for large herbivores (the biomass of which tended 
to increase with nutrients in absence of fi sh and to decrease 
with nutrients in presence of fi sh) is more intriguing. Such 
a pattern might result from complex ecological interactions 
and modifi cations of life-history parameters of the species 
included in the group. For example, Borcic et   al. (1998) 
observed a strong decrease in body size within  Daphnia 
galeata  populations along an experimental gradient of fi sh 
abundance (mean size of adults ranging from 1650  μ m in 
the absence of fi sh to 1050  μ m when fi sh were abundant). 
Th is size reduction appeared to be independent of nutrient 
load. One consequence of this reduction in body size is a 
greater susceptibility of large herbivores to invertebrate 
predators. Indeed, according to the experimental results of 
Caramugo and Boavida (2000), the predation rate exerted 
by adult females of the cyclopoid copepod  Acanthocyclops 
robustus  would be tenfold to twentyfold higher on 1050- μ m 
 Daphnia  than on 1650- μ m  Daphnia . In the presence of 
fi sh, increased nutrient abundance would not necessarily 
benefi t large herbivores due to predation by both omnivo-
rous zooplankton and zooplanktivorous fi sh. In the absence 
of fi sh, a positive response is expected due to reduced preda-
tion pressure by invertebrate omnivores. Statistically, such 
a pattern might lead to a fi sh    �    nutrient interaction eff ect.   

 Compensatory mechanisms within trophic levels 

 Th e community regulation hypothesis suggests that trophic 
cascades may be limited by compensation between species 
or functional groups within trophic levels (Gonzalez and 
Loreau 2009) due to their diversity (Holt and Polis 1997, 
Pace et   al. 1999). In their analysis of trophic cascades in 
diff erent ecosystems, Borer et   al. (2005) examined trophic 
cascade intensity as a function of species diversity. Th eir 
results showed no signifi cant relationship between species 
diversity at three trophic levels and trophic cascade inten-
sity. But they concluded that species diversity might have 
been limited in the experiments they surveyed. 

 In our analysis, compensation was assessed through 
changes in trophic group biomass. At the level of phyto-
plankton, our results do not show strong evidence for com-
pensation: the responses of phytoplankton to nutrient 
enrichment or fi sh presence mirror the responses of highly 
edible phytoplankton while poorly edible phytoplankton 
shows non signifi cant responses. But our meta-analysis 
shows that zooplankton groups are diff erentially aff ected by 
zooplanktivorous fi sh, and that the positive response of 
small herbivores to fi sh is buff ered by the negative response 
of large herbivores and omnivorous zooplankton. Th ese three 
groups of zooplankton are usually mixed in analyses. It is 
often assumed that trophic cascades do not propagate to 
lower trophic levels because of compensatory mechanisms 
(Leibold 1989, Hunter and Price 1992, Strong 1992, Polis 
and Strong 1996, Leibold et   al. 1997, McCann et   al. 1998). 

echoed the response of their prey without fuelling omnivo-
rous zooplankton.   

 Fish effects and trophic cascades 

 Our meta-analysis shows a clear trophic cascade at the 
community level with a negative eff ect on zooplankton 
and a positive eff ect on phytoplankton. Th ese results are 
consistent with previous studies, including meta-analyses 
(Brett and Goldman 1996, Shurin et   al. 2002, Gruner 
et   al. 2008). However the responses are not homogenous 
within trophic levels. Th e negative response of large herbi-
vores and omnivorous zooplankton is probably largely 
due to direct mortality since zooplanktivorous fi sh prey 
mainly upon large zooplankton (Hrb á cek et   al. 1961, 
Brooks and Dodson 1965, Dodson 1974, Hall et   al. 1976). 
Th e positive eff ect of fi sh on highly edible phytoplankton is 
presumably a consequence of zooplanktivory, revealing 
a trophic cascade at the level of functional groups involving 
fi sh, large herbivores and small algae. Again we expected a 
positive eff ect on poorly edible phytoplankton, which 
would be released from grazing by large herbivores and, to a 
lesser extent, by omnivorous zooplankton. Th e absence of 
such a response might be explained by the same factors as 
those suggested previously. Th e highly signifi cant inter-
action between fi sh addition and experiment might reveal 
biological eff ects of fi sh. For instance, Menezes et   al 
(2010) used Nile  Tilapia , which feeds directly on large 
phytoplankton. Two studies (McQueen et   al. 1992, Proulx 
et   al. 1996) discuss the indirect positive eff ects of fi sh on 
small phytoplankton at the expense of large phytoplankton 
through nutrient regeneration. 

 Fish had a signifi cant positive eff ect on small herbivores. 
Th is eff ect might involve several indirect mechanisms. 
Since the two size groups of herbivores were in competition 
for the exploitation of highly edible algae, the selective 
removal of large herbivores and the positive eff ect of fi sh on 
highly edible phytoplankton might benefi t small herbivores. 
Moreover, large herbivores might have a direct negative 
eff ect on small herbivores through mechanical interference. 
For instance,  Daphnia  can damage or ingest small rotifers 
while fi ltering water and be an additional source of mortal-
ity (Gilbert 1988). Fish may also induce changes in the life-
history parameters of large herbivores; for instance, they can 
reduce their body size (Vanni 1987a, Pourriot 1995, Borcic 
et   al. 1998, Bertolo et   al. 2000). Because the size range of 
fi ltered particles is related to the body size of herbivorous 
zooplankton (Burns 1968) and fi sh prey on large herbivores 
(Brooks and Dodson 1965, Dodson 1974), the direct nega-
tive eff ect of large herbivores on small ones is decreased in 
the presence of fi sh. Th us the negative eff ect of fi sh on large 
herbivores might benefi t small herbivores. Th e positive 
response of small herbivores to fi sh presence might also 
be the result of a trophic cascade mediated by omnivorous 
zooplankton, which responded negatively to fi sh predation.   

 Interactions between nutrient enrichment and fi sh 
presence 

 Our analysis did not reveal any signifi cant interaction 
between nutrient enrichment and fi sh presence, except for 
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Our results show that the responses of large herbivores and 
omnivorous zooplankton mask the positive response of 
small herbivores such as rotifers to fi sh presence, which nev-
ertheless reveals a signifi cant change in ecosystem function-
ing. For instance, the dynamics of bacterioplankton and 
small heterotrophic eukaryotes (i.e. protists) is controlled by 
small herbivores (Lep è re et   al. 2007, Riemann 1985). 
Regarding the eff ects of nutrient enrichment on zooplank-
ton, our results showed a positive response of small herbi-
vores with no signifi cant response of the other two groups. 
Th ese heterogeneous responses might be an explanation 
for the weak responses of the entire zooplankton trophic 
level to nutrient enrichment.   

 Conclusions 

 Th e positive eff ects of nutrient enrichment on phytoplank-
ton and zooplankton in the food chain and on highly 
edible phytoplankton and small herbivores in the food web 
turn out as robust responses. Nutrient enrichment fuels 
competitive phytoplankton species that support small her-
bivores and food-chain responses echo the responses of these 
functional groups (Fig. 2). Th e analysis of fi sh eff ects shows 
the well-described trophic cascade in the food chain and 
reveals two trophic cascades in the food web: one transmit-
ted by large herbivores that benefi t highly edible phyto-
plankton and one transmitted by omnivorous zooplankton 
that benefi t small herbivores (Fig. 2). Th e negative eff ect of 
fi sh on large herbivores might also benefi t small herbivores 
through a release of highly edible phytoplankton exploita-
tion. Th e absence of response of less edible phytoplankton 
and the role of omnivorous zooplankton deserve more 
research. More generally, our meta-analysis shows that 
the response of some trophic groups to nutrient enrichment 
and fi sh presence may be hidden when species are aggre-
gated in trophic levels. Diff erential responses to perturba-
tions within trophic levels result from the interplay 
between direct and indirect interactions and reveal impor-
tant aspects of food-web functioning in response to pertur-
bations. Th e discrepancy between theoretical predictions 
and the results of our analysis suggests that the spatio-
temporal dynamics of plankton, i.e. exchanges between the 
water column and the sediments through sedimentation, 
resuspension and seeding, may be of great importance for 
pelagic food-web dynamics. 
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