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Abstract – The impact of ﬁsh and cyclopoid copepod predation on zooplankton communities was evaluated
using large-volume mesocosms (depth 9.5 m; volume 13 m3) in the Řı́mov reservoir (Czech Republic). Two
yearling roach and perch individuals introduced into mesocosms represented the ﬁsh treatment, which was compared to cyclopoid copepods (initial abundance of 2 ind.Lx1) and a control with no initial addition of predators. Our results clearly support the hypothesis that planktivorous ﬁsh feeding leads to the suppression of
large-bodied cladocerans. In the presence of ﬁsh, the cladoceran community changed from a dominance of
large-bodied Daphnia spp. at the beginning to dominance by the smaller Bosmina longirostris at the end of the
experiment. Chlorophyll-a concentration and rotifer abundances increased in the absence of daphnids. In the
absence of ﬁsh, the presence of large-bodied cladocerans resulted in decreasing chlorophyll-a concentration.
Although no signiﬁcant diﬀerences were observed between cyclopoid abundances in treatments stocked with
cyclopoids and the control, the proportion of large cladocerans clearly showed the eﬀect of the manipulation.
The similar trends in both of these treatments did not conﬁrm the importance of cyclopoid predation in our
experiment. The overall strong eﬀect of ﬁsh over cyclopoid predation suggests the main role of ﬁsh predation
in the forming of zooplankton communities and in turn impacting phytoplankton biomass in mesocosms.
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Introduction
Predation is one of the important factors determining
food webs in the aquatic environment. The combination
of vertebrate and invertebrate predation forms zooplankton assemblages in natural lakes (Blumenshine and
Hambright, 2003) as well as in reservoirs (Hansson et al.,
1998). There are great diﬀerences between the eﬀect of ﬁsh
and that of invertebrate predators (IP) on zooplankton
species composition, biomass and size structure (e.g.,
Wojtal et al., 2004 or Manca et al., 2008). The reason for
such dissimilarities lies in the diﬀerent way they ﬁnd and
obtain suitable prey. Although most zooplanktivorous ﬁsh
(and predatory cladocerans) forage visually (Werner and
Hall, 1974), planktonic IP, such as cyclopoid copepods,
look for food by means of mechanoreceptors and/or
chemoreceptors (Dussart and Defaye, 2001). Generally,
the encounter rate increases with prey body size. Large
prey is more visible and therefore more susceptible to
*Corresponding author: michal.sorf@prf.jcu.cz
XDeceased

visually foraging predators. Furthermore, planktivorous
ﬁsh beneﬁt from feeding on larger prey which exceeds the
energy cost for foraging (Persson and Greenberg, 1990).
Unlike ﬁsh, planktonic predators such as cyclopoid copepods or predatory cladocerans cannot consume the whole
prey, but tear the prey into parts. Hence, feeding on small
or medium-sized prey seems to be more eﬀective for IP, as
predicted by the optimal foraging theory (Werner and
Hall, 1974).
The structuring role of ﬁsh on zooplankton assemblage
has been revealed by many authors since the 1960s. The
early observations of the dramatic impact of ﬁsh on zooplankton abundance and size structure (e.g., Hrbáček and
Hrbáčková-Esslová, 1960; Hrbáček et al., 1961; Hrbáček,
1962) resulted in the postulation of the size-eﬃciency
hypothesis (Brooks and Dodson, 1965), which greatly
inﬂuenced further studies on predator–prey interactions.
Afterwards, recognition of subsequent eﬀects of ﬁsh predation on lower levels of freshwater food webs led to the
concept of cascading trophic interactions (Carpenter et al.,
1985; see also the review by Brett and Goldman, 1996).
This concept suggests that the promotion of eﬃcient
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planktonic herbivores through decreased biomass of
planktivores by piscivores can reduce the biomass of
phytoplankton. This general pattern can be modiﬁed by
altered life histories or other interactions among particular
species such as defence mechanisms in prey (Jeﬀries, 1988;
Kolar and Wahl, 1998; Straile and Halbich, 2000). These
ﬁndings are widely used during food web manipulation
with the ultimate goal to improve water quality management (i.e., biomanipulation techniques) (Berg et al., 1997;
Beklioglu, 1999; Ha et al., 2013).
Although the role of ﬁsh in aquatic food webs is
widely accepted, the eﬀect of planktonic IP on lower
trophic levels might be even higher than that of ﬁsh (e.g.,
Blumenshine and Hambright, 2003). Benndorf et al. (2000)
reported high abundance of IP when planktivorous ﬁsh
were reduced in numbers by very strong pressure from
piscivorous ﬁsh. Increasing water turbidity also gives preference to IP over ﬁsh (Horppila and Liljendahl-Nurminen,
2005). On the contrary, Hansson and Tranvik (1996)
concluded that IP have only a marginal eﬀect compared
with vertebrate predation pressure on zooplankton.
The statement of Carpenter and Kitchell (1992) that a
“rigorous re-examination of accumulated results is beneﬁcial” seems to be valid even after 20 years.
In this study, large-volume mesocosms were employed
in a manipulation experiment aimed at evaluating the
separate eﬀects of vertebrate and invertebrate predation in
a man-made lake. The scope of the experimental manipulation lies in the evaluation of the separate eﬀects of
vertebrate and planktonic IP on a plankton community.
The pelagic zone of the meso-eutrophic Řı́mov reservoir (Czech Republic) was simulated in the ﬁeld mesocosm
experiment where top predators of zooplankton were
manipulated. Besides predatory cladocerans Leptodora
kindtii, which occur lately in the season, and Polyphemus
pediculus inhabiting inshore habitats, cyclopoid copepods
are the most abundant IP in the reservoir (Devetter and
Sed’a, 2006) though their impact on zooplankton assemblage compared to ﬁsh predation is largely unknown.
Based on the above mentioned facts on diﬀerences
between ﬁsh and invertebrate predation, and given the
situation in the Řı́mov reservoir, we hypothesised that (a)
IP (cyclopoid copepods) would prominently aﬀect both
rotifers and smaller cladocerans in terms of their abundances; (b) ﬁsh predation, eliminating larger cladocerans,
would increase phytoplankton biomass and (c) phytoplankton would facilitate the increase in rotifer abundance
by providing available food resources and exemplifying
the cascade eﬀect in aquatic trophic food web.

Materials and Methods
Experimental setup and treatment description

The ﬁeld experiment was conducted in the mesoeutrophic canyon-shaped Řı́mov reservoir (48x50'N,
14x29'E; South Bohemia, Czech Republic) in May and
June 2008. The Řı́mov reservoir has a surface area of

2.1 km2, the mean theoretical retention time is 95 days.
Two ﬂoating metal constructions with dimensions of
3.4 r 3.4 m2 were assembled near the dam, where the
maximum depth is 45 m. The supporting construction was
ﬁxed in each corner on polystyrene ﬂoats and anchored to
the bottom by concrete blocks. Both constructions carried
altogether eight transparent polyethylene bags (diameter
of 1.5 m and length of 9.5 m). The enclosed volume of
water was 13 m3. Metal rings clipped from the outside on
the top and above the bottom of each bag allowed in
maintaining a regular cylindrical shape for each mesocosm. The top of the mesocosms was not covered and
remained approximately 0.4 m above the surface to
prevent inﬂow of reservoir water by wave action. At the
bottom, the bags were tightly closed and thus water exchange between the inner and outer environments was
eliminated. Šorf et al. (2013) provided the detailed
description of the mesocosm design.
The mesocosms were ﬁlled with reservoir water ﬁltered
through 100 mm mesh. Water was pumped into the mesocosms a week before the beginning of the experiment. Two
days were needed to ﬁll all the polyethylene bags using a
petrol pump. Zooplankton was collected from the reservoir
by vertical hauls from 0 to 10 m and 710–1000 mm fraction
consisted mainly of larger cladoceran Daphnia spp. was
sorted on a mesh and after thorough mixing added to all
mesocosms. Initial daphnid density in the mesocosms was
set at 4 ind.Lx1. At the time of ﬁlling, daphnid density in
the reservoir reached almost 20 ind.Lx1 on 12th May 2008,
the ﬁrst day of the experiment. Triplicated treatments were
established to evaluate the eﬀect of vertebrate predators
(VP) and IP. In addition, two duplicated mesocosms were
left as controls with no extra addition of predators (NP).
An unbalanced design with triplicated treatments and
duplicated controls is the result of trade-oﬀ between the
number of supporting constructions and the manpower
needed to perform the experiment (Šorf et al., 2013). The
vertebrate treatment was composed of two roach (Rutilus
rutilus) and two perch (Perca ﬂuviatilis) of the year-class
2007. All yearling ﬁsh were seined in the Řı́mov reservoir
where both juvenile roach and perch are known to feed
mainly on microcrustaceans (Peterka and Matěna, 2009).
Initial standard lengths were 90.8 ¡ 7.4 mm for roach and
75.8 ¡ 7.4 mm for perch. Fish lengths were converted to
biomass using length–weight regressions obtained for
juvenile roach and perch in the Řı́mov reservoir (M. Vašek,
unpublished data). The experimental biomass of roach
reached 147 kg.hax1 whereas that of perch was 83 kg.hax1
at the beginning of the experiment. At the end of the
experiment, the ﬁsh were caught alive, with the exception of
one lost roach, whose remains were recorded. The IP
treatment contained planktonic IP, mainly the cyclopoid
copepods Cyclops vicinus Uljanin and Mesocyclops leuckarti Claus in initial densities of about 2 ind.Lx1 corresponding to the reservoir density of copepods. Invertebrate
predators were collected in the same way as daphnids,
sorted on a 620 mm mesh and separated from cladocerans
using a few drops of narcotising agent (chloroform and
ethanol 1:10), which immobilises cladocerans, but has just
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a weak eﬀect on cyclopoids (Straškraba, 1964). During
the procedure, an injection of numerous small air bubbles
into the vessel with the mixture of cladocerans and
copepods caused the air bubbles to be trapped between
the cladoceran carapaces. After few minutes, the daphnids
remained at the water surface whereas the cyclopoids
freely swam in the water column. Besides cyclopoids, the
predatory cladocerans L. kindtii and P. pediculus occurred
in the mesocosms during the experiment.
Both the VP and IP were added on 12th May. A 3-day
period between addition of the organisms and the ﬁrst
sampling served as an acclimation period, when temperature stratiﬁcation and distribution of organisms in the
bags developed. A 5-week experimental period was used
with respect to the generation time of planktonic populations. At 20 xC, the generation time of Daphnia galeata
ranges from 6 to 15 days depending on food availability
(Hrbáčková, 1974), whereas phytoplankton and rotifer
generation times are generally much shorter (Reynolds,
2006; Wallace et al., 2006).

Sampling and laboratory analysis

Seven regular samplings were made at 6-day intervals
in the period from 16th May and to 21st June 2008. A Van
Dorn sampler of 1 m length and 6.5 L volume was used for
zooplankton collection. We sampled the whole water
column in every mesocosm at 1 m intervals and an integrated sample was ﬁltered through 40 mm mesh size. The
samples were preserved in 4% formaldehyde solution.
Zooplankton samples were determined and counted in
an open Sedgwick–Rafter chamber (Edmonson, 1971).
Vertical temperature and dissolved oxygen proﬁles, along
with surface values of pH and conductivity, were measured using a multiparameter WTW Multi 340i probe
(WTW, Germany). Additionally, water transparency was
measured with a Secchi disc.
A multi-wavelength submersible ﬂuorescence probe
(FluoroProbe, bbe-Moldaenke, Kiel, Germany) with temperature sensor was employed to measure temperature and
chlorophyll-a concentration in a detailed vertical proﬁle at
y 0.2 m intervals down to the bottom of the experimental
mesocosms. According to the speciﬁc ﬂuorescence spectra
of distinct groups of phytoplankton, the probe permits
diﬀerentiation of cyanobacteria, chromophytes + dinoﬂagellates (a mixed group with diatoms being frequently
the most important), cryptophytes and chlorophytes in
mixed natural populations (Beutler et al., 2002). The
ﬂuorescence probe was provided with original software
(FluoroProbe 1.8.4, bbe Moldaence), which allowed for
quantiﬁcation of each phytoplankton group expressed as a
mean value for the whole water column in the mesocosms.

Statistical analysis

The eﬀects of vertebrate and invertebrate predation
were tested by one-way repeated measures ANOVA with
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the post hoc Tukey Unequal N HSD test. The two-sided
Dunnett test was used when direct comparison with the
control was applied (e.g., for proportion of Daphnia spp.
in cladoceran community). The unequal test was applied
because the treatments were in triplicates, whereas the
control was only duplicated. Due to diﬀerences from
normality, data on zooplankton and phytoplankton were
log (x + 1) transformed. Two-way repeated measures
ANOVA was used for testing the diﬀerences in the vertical
temperature and dissolved oxygen proﬁles with time and
depth as categorical factors. Comparison of ﬁsh biomass
was done by paired t-test. All statistical analyses were run
using Statistica 6.0 (StatSoft Inc., USA).

Results
Abiotic factors

Thermal stratiﬁcation was established soon after
the beginning of the experiment and lasted through its
course with the overall mean of surface water temperature
across all mesocosms of 19.92 ¡ 2.48 xC (mean ¡ SD).
Temperature proﬁles signiﬁcantly diﬀered over time
(F = 5349; d.f. = 6; P < 0.001), but not among treatments
(F = 1; d.f. = 12; P = 0.7). Contrary to temperature, dissolved oxygen concentration signiﬁcantly changed not
only over time (F = 1161; d.f. = 6; P < 0.001) but even
among treatments (F = 5.7; d.f. = 12; P < 0.001). The timeweighted averages of the dissolved oxygen concentration
measured near to the water surface were as follows:
11.4 ¡ 0.1 mg.Lx1 in VP, 11.6 ¡ 0.1 mg.Lx1 in IP and
10.8 ¡ 0.8 mg.Lx1 in no predation (NP). Neither pH nor
conductivity diﬀered signiﬁcantly among treatments.
Transparency measured as Secchi depth was greatly
aﬀected by the presence or absence of ﬁsh (F = 20.93;
d.f. = 2; P < 0.01). Transparency was highest in the control
at the end of the experiment (VP: 2.4 ¡ 0.25 m, IP:
3.2 ¡ 1.1 m and NP: 4.45 ¡ 0.6 m; Fig. 1).

Phyto- and zooplankton

At the beginning of the experiment, the depthintegrated mean concentration of chlorophyll-a was
y 1 mg.Lx1 in all treatments and the reservoir. Later,
chlorophyll-a gradually increased particularly in the VP
treatment attaining 7.5 mg.Lx1 at the end of the experiment (Fig. 2A). An increasing but less prominent trend
was found in the IP treatment whereas no signiﬁcant
change was observed in the control. Both eﬀects of
treatment and time were signiﬁcant for all major phytoplankton groups (Fig. 2). The eﬀect of ﬁsh predation on
phytoplankton was signiﬁcantly diﬀerent from that of
invertebrate predation and the control. Fish predation
supported mainly chlorophytes, cryptophytes and chromophytes/dinophytes (Fig. 2B–D). Cyanobacteria were
far less abundant and their biomass slightly increased
at the end of the experiment in all treatments (Fig. 2E).
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Fig. 1. Secchi depth changes (mean ¡ SE) during the mesocosm experiment (blank columns = VP, hatched columns = IP, gridded
columns = NP).

At the beginning of the experiment, zooplankton
abundance (mean ¡ SD) was as follows: rotifers
124 ¡ 56 ind.Lx1; cladocerans including Daphnia spp.
6 ¡ 3 ind.Lx1 and copepod developmental stages
41 ¡ 13 ind.Lx1 (both nauplii and copepodites).
Abundances of C. vicinus and M. leuckarti at the beginning of the experiments were 2.3 ¡ 0.6 ind.Lx1 in IP,
0 ind.Lx1 in VP and 1.5 ¡ 0.7 ind.Lx1 in the control.
Adult cyclopoids in the control developed from copepodites because there were no adults added as inoculum.
Ascomorpha ecaudis, Conochilus hippocrepis, Kellicottia
longispina, Keratella cochlearis, Keratella quadrata and
Polyarthra dolichoptera were the most abundant rotifer
species. Altogether 31 rotifer species were recorded
through the whole experiment. Besides the daphnids
D. galeata and the larger D. pulicaria, Bosmina longirostris
formed the cladoceran community at the beginning of the
experiment. During the experiment, 13 other cladoceran
species were recorded in the samples, most of them, such
as chydorids or Diaphanosoma brachyurum, occurred only
occasionally with no preferences for any particular treatment. The predatory cladoceran L. kindtii was present
only a few times in low abundances in IP (the highest abundance was 4 ind.Lx1). The regular ﬁnding of P. pediculus
in the IP and NP treatments were highly signiﬁcant in
contrast with no occurrence in VP (Table 1). The only
calanoid species, Eudiaptomus gracilis, regularly occurred
in the Řı́mov reservoir and also was the important component of the zooplankton community in the experiment.
Cyclops vicinus and M. leuckarti were the most abundant
cyclopoids in all treatments, whereas Acanthocyclops
trajani and Thermocyclops crassus were rarely recorded.
There were no signiﬁcant diﬀerences between IP and the
control for either of the zooplankton taxa abundances
(Table 1). However, the clear diﬀerence in proportions of

cladoceran taxa showed successful manipulation (F = 17.0;
d.f. = 2; P < 0.01). Similar patterns were revealed in the
abundances of rotifers, cladocerans and the developmental
stages of copepods in IP and the control. Cyclopoid
copepod abundances increased in all treatments during the
experiment (Fig. 3D and E). Similarly to the phytoplankton, zooplankton abundances varied between VP
and the other treatments. Rotifers, namely A. ecaudis,
K. longispina, K. cochlearis, K. quadrata and Polyarthra
spp., signiﬁcantly increased in abundance peaking in VP in
the third week of the experiment (Fig. 3A, Table 1). The
highest abundance of nauplii occurred also in VP, but
peaked 1 week later (Fig. 3B). Cladoceran abundances
of both predation treatments notably diﬀered from the
control where a gradual increase up to a mean density of
52 ind.Lx1 was recorded. Although the initial peak with
subsequent decline followed by increase occurred in IP, VP
showed the opposite trend (Fig. 3C). Cladoceran abundances along with species composition considerably
changed between VP and the control. Although daphnids
decreased in VP, B. longirostris increase (Fig. 4). Daphnids
(NP) were replaced mainly by B. longirostris (VP) whereas
both large and small cladocerans coexisted in IP (Fig. 5).

Fish

With the exception of one roach, all ﬁsh were caught
alive at the end of the experiment. Although there was a
clear trend in increasing biomass of both perch and roach
(Fig. 6), individual ﬁsh biomass did not signiﬁcantly
diﬀer over time (t = 1.18; P = 0.84 for perch and t = 1.35;
P = 0.97 for roach). The daily biomass accumulation of
perch reached 0.04 g (0.12 mm in length). The growth of
roach was slightly faster: 0.06 g dayx1 corresponding to
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Fig. 2. Chlorophyll-a concentration (mean ¡ SE; mg.Lx1) of the mesocosm experiment (blank columns = VP, hatched columns = IP,
gridded columns = NP). Results of one-way repeated measures ANOVA (F ratio and probability) are shown in each graph. The ﬁrst
graph represents the overall chlorophyll-a concentration (A) whereas the others distinguish it into cryptophytes (B), chlorophytes (C),
chromophytes + dinophytes (D) and cyanobacteria (E).
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Table 1. Results of one-way repeated measures ANOVA testing the eﬀect of treatment, time and their interaction on the
abundances of rotifers, cladocerans and copepods.
d.f.
Rotifera
Treatment
2
Time
6
Treat. r time
12
Ascomorpha ecaudis
Treatment
2
Time
6
Treat. r time
12
Asplanchna priodonta
Treatment
2
Time
6
Treat. r time
12
Collotheca sp.
Treatment
2
Time
5
Treat. r time
10
Conochilus hippocrepis
Treatment
2
Time
6
Treat. r time
12
Kellicottia longispina
Treatment
2
Time
6
Treat. r time
12
Keratella cochlearis
Treatment
2
Time
6
Treat. r time
12
Keratella quadrata
Treatment
2
Time
6
Treat. r time
12
Polyarthra spp.
Treatment
2
Time
6
Treat. r time
12
Synchaeta spp.
Treatment
2
Time
6
Treat. r time
12
Cladocera
Treatment
2
Time
6
Treat. r time
12
Bosmina longirostris
Treatment
2
Time
6
Treat. r time
12
Daphnia spp.
Treatment
2
Time
6
Treat. r time
12
Polyphemus pediculus
Treatment
2
Time
6
Treat. r time
12
Copepoda
Eudiaptomus gracilis – adults
Treatment
2
Time
5
Treat. r time
10

MS

F

P

VP–IP

VP–NP

IP–NP

2.4
0.25
0.17

16.5
6.51
4.46

0.006
<0.001
<0.001

**

*

ns

2.59
0.29
0.26

72.59
2.96
2.73

<0.001
0.022
0.013

***

***

ns

0.28
0.35
0.05

1.56
6.28
0.92

0.300
<0.001
0.540

ns

ns

ns

0.18
0.09
0.02

1.58
2.04
0.42

0.290
0.110
0.930

ns

ns

ns

0.56
0.15
0.17

1.81
2.22
2.49

0.260
0.070
0.020

ns

ns

ns

2.17
0.28
0.11

28.65
6.45
2.56

0.002
<0.001
0.018

**

**

ns

4.25
1.25
0.23

44.62
32.86
6.03

<0.001
<0.001
<0.001

***

**

ns

1.44
0.5
0.09

10.25
9.79
1.69

0.017
<0.001
0.120

*

ns

ns

2.67
0.27
0.28

6.21
2.11
2.23

0.040
0.080
0.040

ns

ns

ns

0.74
1.22
0.1

4.68
10.7
0.85

0.070
<0.001
0.600

ns

ns

ns

0.03
0.05
0.15

0.16
0.95
3.02

0.860
0.470
0.007

ns

ns

ns

2.19
0.34
0.36

4.09
3.23
3.39

0.090
0.014
0.003

ns

ns

ns

1.1
0.23
0.14

2.68
2.91
1.76

0.160
0.020
0.100

ns

ns

ns

0.27
0.09
0.03

64.80
6.85
2.72

<0.001
<0.001
0.013

***

***

ns

0.3
0.11
0.03

17.16
6.46
1.51

0.006
<0.001
0.190

**

*

ns
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Table 1. (Contd)
E. gracilis – copepodites
Treatment
Time
Treat. r time
Cyclopidae – adults
Treatment
Time
Treat. r time
Cyclopidae – copepodites
Treatment
Time
Treat. r time
Nauplii
Treatment
Time
Treat. r time

d.f.

MS

F

VP–IP

VP–NP

IP–NP

2
6
12

0.03
0.04
0.04

1.98
1.87
2.06

0.230
0.120
0.054

ns

ns

ns

2
6
12

0.11
0.63
0.09

0.43
10.69
1.58

0.670
<0.001
0.150

ns

ns

ns

2
6
12

0.05
0.43
0.03

0.23
8.23
0.53

0.800
<0.001
0.880

ns

ns

ns

2
6
12

0.25
0.15
0.19

2.26
1.63
1.99

0.200
0.170
0.060

ns

ns

ns

P

Post hoc tests showed diﬀerences between particular treatments (VP = vertebrate predation, IP = invertebrate predation and NP = no
predation).
Statistical signiﬁcance is marked as follows: *P < 0.05; **P < 0.01; ***P < 0.001; ns = not signiﬁcant. Signiﬁcant values assuming
a < 0.05 are shown in bold.

0.14 mm of standard length. Total ﬁsh production during
the experiment was 46 kg.hax1.

Discussion
In our experiment, the cladoceran community in the
ﬁsh treatment changed from dominance of large-bodied
Daphnia spp. at the beginning of the experiment to
dominance of the small B. longirostris at the end (Figs. 4
and 5). Our results clearly conﬁrm the hypothesis that
feeding by planktivorous ﬁsh leads to a marked suppression of large-bodied cladocerans. As a consequence of the
apparent lower grazing pressure, chlorophyll-a concentration and rotifer abundances increased in the absence of
daphnids (cf. Figs. 2 and 5). Rotifers and small-bodied
cladocerans were repeatedly shown to exhibit lower
grazing pressure on phytoplankton (Table 2). On the
other hand, our results do not support the hypothesis that
rotifers and small cladocerans are predominantly aﬀected
by cyclopoid predation (in terms of abundances). Cyclopoid copepods usually prefer smaller prey (Brandl,
2005) which corresponds to higher proportion of the
large-bodied daphnids in IP treatment and the control. In
general, no signiﬁcant diﬀerences were observed between
the IP treatment and the control, which showed similar
trends during the whole experiment.
A decline in Daphnia spp. populations often correlates
with the development of ﬁsh, especially the 0 + classes.
Vertebrate predation, represented mostly by ﬁsh, is commonly considered as the essential factor aﬀecting planktonic communities at lower trophic levels. Ha et al. (2013)
provided successful biomanipulation on the lake with
maximum depth of 9.1 m and showed an increase in
transparency from 2–4 m due to the enhanced grazing
of D. galeata when planktivorous ﬁsh were eliminated.

The manipulative experiment in this study was performed
using juvenile perch (P. ﬂuviatilis L.) and roach (R. rutilus
(L.)) as the ﬁsh predators. Both species are a regular
component of ﬁsh assemblages in European meso- and
eutrophic water bodies (Persson et al., 1991). The VP
treatment, stocked with yearling ﬁsh, combined the almost
exclusive feeding on herbivore zooplankton by roach with
the broader perch diet also consisting of copepods.
D. galeata has been shown to contribute almost 100% to
the diet composition of roach in the Řı́mov reservoir in
May (Vašek and Kubečka, 2004). In contrast, copepods
comprise one half of the perch diet in the Řı́mov reservoir
in spring (Peterka and Matěna, 2009). It has been suggested that a lack of extensive littoral habitats along with
the occurrence of regular oxygen deﬁciency in deeper
strata limits the area of ﬁsh feeding to the epilimnion
where an abundant zooplankton community is available
(Kubečka et al., 1998; Vašek et al., 2006). Our experimental ﬁsh stock was higher in comparison with the
current estimation of the reservoir ﬁsh biomass but did not
exceed biomass in the past years. Kubečka (1989) reported
the total biomass of roach, perch and bream to be almost
900 kg.hax1 in 1982. Based on horizontal acoustics data,
the average total ﬁsh biomass in 2004 was 216.3 kg.hax1
ranging from ca 700 kg.hax1 in the tributary zone to
200 kg.hax1 at the dam (Draštı́k et al., 2008).
Both perch and roach were often used as the ﬁsh
predator in mesocosm studies in the past. We summarised
selected results regarding mesocosms stocked with perch
and roach (Table 2). With only one exception (Kurmayer
and Wanzenböck, 1996), daphnids were always eliminated
and in turn phytoplankton increased in biomass.
Consequently, Secchi depth decreased regardless of ﬁsh
abundance. In general, similar experiments yielded similar
results as documented in our study which stressed the
impact of more complex ﬁsh assemblages. However, clear
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Fig. 3. Zooplankton abundances (mean ¡ SE; ind.Lx1) of the mesocosm experiment (blank columns = VP, hatched columns = IP,
gridded columns = NP; the legend in panel A is valid for all the panels). Five groups of zooplankton were taken into account: rotifers
(A), nauplii (B), cladocerans (C), copepodites (D) and adult cyclopoids (E).
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Fig. 4. The changes of cladoceran abundances (mean ¡ SE; ind.Lx1) during the course of the experiment (blank columns = VP,
hatched columns = IP, gridded columns = NP). Left panel (A): Daphnia spp. abundance; right panel (B): B. longirostris abundance.

evidence that ﬁsh feeding regulates zooplankton seasonal
community dynamics is still missing (Mehner and Thiel,
1999).
Recently, Nicolle et al. (2011) reported suppression
of cladocerans by juvenile roach regardless of resource
availability. Cladoceran decline was not so prominent in
treatments with low ﬁsh densities and high resource
availability at the same time. Such an eﬀect can be possible
due to an increase in population growth through changes
in reproductive parameters of particular zooplankton
taxa. Besides lesser clutch sizes and/or shorter development time, cladocerans reach maturity earlier and the
body size of primiparae is smaller. Macháček and Sed’a
(1998) revealed a similar pattern in the Řı́mov reservoir
where smaller Daphnia body sizes were found in the more
eutrophic tributary zone compared to the dam. Since the
tributary phytoplankton biomass is usually much higher
than near to the dam, Vašek et al. (2003) also concluded
that decreased daphnid length is probably related to ﬁsh
predation pressure.
Although D. galeata forms the distinct hypolimnetic
subpopulation in the Řı́mov reservoir, the majority of
daphnid population inhabits the upper part of epilimnion
(0–4 m). Horizontal migration was not observed (Sed’a
et al., 2007). The depth limitation of our mesocosm design
(9.5 m) was therefore not a constraint on using a deep
water refuge.
Total daily consumption by pelagic underyearling
ﬁsh in the dam part of the Řı́mov reservoir in 2006
and 2007 did not exceed 0.3% of the total biomass of
D. galeata during the May–July period (Vašek, unpublished data), which indicates a rather low impact of
underyearling ﬁsh on spring–early summer daphnid
dynamics. These results contrast to the signiﬁcant daphnid
decline in the VP mesocosms, which was apparently
caused by a higher abundance of juvenile ﬁsh compared

to the reservoir or possibly by some artiﬁcial interactions
between zooplankton and ﬁsh derived from the enclosed
assemblages.
In spite of the substantial eﬀect of ﬁsh stock on zooplankton, a relatively high importance of direct predation
by planktonic IP was also reported (e.g., Chang and
Hanazato, 2005; Wojtal et al., 2007; Manca et al., 2008).
Cyclopoid copepods, mainly C. vicinus and M. leuckarti,
represented the planktonic IP in our mesocosms. Although
later copepodites and adults of both species are carnivorous, C. vicinus is able to survive and develop to
adult stage on an algal diet whereas M. leuckarti requires
rotifers as part of their diet (Brandl, 2005). Predation
rates of C. vicinus on rotifers varied during springtime up
to a maximum of 11.3 rotifers per day in the Řı́mov
reservoir in April (Devetter and Sed’a, 2006). Nevertheless, C. vicinus is able to reduce D. galeata population
density by its predation on the juvenile Daphnia, as
shown in the Řı́mov reservoir by Brandl (1998). Cyclops
predation also showed a great selectivity and, therefore,
it is reasonable to assume a diﬀerent species-speciﬁc
impact. The rotifer species Synchaeta lackowitziana,
Polyarthra spp. and K. cochlearis were positively selected
in contrast to K. longispina, which bears long spines
(Devetter and Sed’a, 2006). Brandl (2005) estimated the
predation rates of C. vicinus as from 0.3 to 43 rotifers per
cyclopoid per day. M. leuckarti seemed to be even more
carnivorous than C. vicinus because it requires a rotifer
diet to produce eggs (Brandl, 2005). Wojtal et al. (2004)
found an important role of predatory cladocerans over
juvenile ﬁsh in the decline of daphnid density. Gliwicz
et al. (1978) reported L. kindtii and cyclopoid copepods
(mainly M. leuckarti) to be responsible for elimination
of zooplankton biomass. There are no IP such as
Chaoborus larvae or Bythotrephes in the Řı́mov reservoir.
Predatory cladocerans were represented only by
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Fig. 5. The proportion of cladoceran taxa groups in every
treatment (VP, IP and NP) over the course of the experiment.
Cladocerans were divided into the following groups: Daphnia
spp., B. longirostris and other taxa, including Leptodora and
Polyphemus.

P. pediculus, which ﬂourished in the IP and control treatments (Table 1). Although P. pediculus typically inhabits
littoral zones, its occurrence in pelagic mesocosms implicated its origin from the plankton community used to
inoculate the mesocosms at the beginning. Contrary to
cyclopoid copepods, the predatory strategy of P. pediculus
includes visual contact followed by chasing and attack if
the prey size is assessed as optimal, not too small but not
too large either (Young and Taylor, 1988).
The simple direct reduction of large-bodied zooplankton by planktivorous ﬁsh is not probably the only
mechanism of their decline. Hülsmann and Mehner
(1997) found a higher proportion of adult daphnids in
control treatments than in their treatment comparable
with our VP. They concluded that the lack of larger
size classes may lead to a decline of D. galeata due to
selective feeding by ﬁsh together with insuﬃcient food
quality. Daphnids are not entirely eliminated by direct
feeding, but low reproduction in low resource availability
caused the reduction anyway. However, in the VP treatment, cryptophytes and chlorophytes dominated the
phytoplankton and are considered to be a suitable food
source for zooplankton (Reynolds, 2006). Thus, food
availability was likely not the limiting factor. Although we
did not present zooplankton body sizes, we also observed
a higher percentage of juveniles over adult daphnids in
VP. Finally, non-direct eﬀects such as nutrient recycling
by ﬁsh may greatly inﬂuence phytoplankton growth
and consequently the structure and abundance of the
zooplankton community (Vanni and Layne, 1997). The
increase in a mixed group of chromophytes and dinophytes (Fig. 2D) at the end of the experiment was likely
associated with the development of the early summer
population of the diatom Fragilaria crotonensis, which
recurrently dominates the summer phytoplankton along
with ﬁlamentous and colonial cyanobacteria (Znachor
et al., 2008).
The Norwegian mesotrophic Lake Gjersjøen
(Brabrand et al., 1986) illustrates nicely the complexity
of interactions between ﬁsh and cyclopoid predators.
The roach population in that lake fed on both daphnids
and cyclopoids. The absence of roach predation
allowed an increase in the cyclopoid population which
eﬀectively controlled daphnids. Phytoplankton biomass
remained high in both cases. A similar situation was
found in Lake Kinneret where the reduction in Kinneret
bleak (Acanthobrama terraesanctae) increased the abundances of cyclopoid copepods. Cyclopoid predation
on herbivorous zooplankton subsequently increased the
phytoplankton biomass (Blumenshine and Hambright,
2003).
This experiment showed a strong eﬀect of large-bodied
cladocerans in decreasing chlorophyll-a concentration in
the absence of ﬁsh. Therefore, a strong eﬀect of ﬁsh over
cyclopoid predation was supported. Since cladoceran size
structure should be responsible for the diﬀerent eﬃciencies
in phytoplankton elimination, switching from daphnids to
bosminids or altering body size in Daphnia spp. could
increase phytoplankton abundances.
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Fig. 6. Fish biomass (mean ¡ SE) at the beginning (blank columns) and end (hatched columns) of the experiment. Neither perch nor
roach biomasses were signiﬁcantly higher at the end.
Table 2. Summary of the selected experimental studies using roach (Rutilus rutilus) or perch (Perca ﬂuviatilis or P. ﬂavescens) as the
top predator of the zooplankton community.
Fish
class
Perch and roach
1+
Perch
0+
0+
0+
0+
>1+
Roach
0+

0+
1+
1+
1+
2+

Volume Duration
(m3)
weeks

Abundance
(ind.m3)

Phytoplankton

Rotifera

Daphnia

Bosmina

Secchi

0.3

+

+

x

+

x

13

5

0.3
0.8
1.9
2

+
+
+
+

x
x
x
x

+
+

x
x
x
x

750
750
9.5
40

16
16
6.7
10.9

+

9.5

6.7

x

40

10.9

0.4
ca 1
0.3
ca 1
7

6
5.6
1.6
5.6
4

+

x

0.1
2

+

12.5–105
3–4
10
13–21
0.4–0.5

+
+
+
+

x
x

+

+
+
+
+

x
x

x

x
x

x
x

+
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