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Abstract

We examined the impact of five silver carp biomass levels (0, 8, 16, 20, and 32 g m−3) on plankton communities and
water quality of Villerest eutrophic reservoir (France). We realized the experiments using outdoor mesocosms. The
presence of silver carp led to changes in zooplankton and phytoplankton assemblages. High fish biomass strongly
reduced cladoceran abundance (through predation). Silver carp inefficiently grazed down particles< 20µm. More
importantly, however, the suppression of herbivorous cladocerans resulted in the increase of small size algae which
were relieved from grazing and benefit from high nutrient concentrations.

In contrast, in mesocosms without fish, the dominance of cladocerans (mainlyDaphnia) controlled small size
algae and probably also larger size algae (colonial chlorophytes, cyanobacteria). Thus, the Secchi disc trans-
parency increased markedly. Through cascade effects, the modification of grazers communities led to changes
in the utilization patterns of the added nutrients by phytoplankton communities. In high fish biomass treatments,
nutrients were more efficiently accumulated into particulate fractions compared with no-fish and low-fish biomass
treatments that were characterized by higher dissolved nutrients concentrations. Zooplankton was an essential
source of food for silver carp. The productivity of zooplankton sustained a moderate silver carp biomass (up to
16 g m−3). In the presence of the highest fish biomass, the productivity of zooplankton was not large enough and
silver carps fed on additional phytoplankton. Although mesocosms with high fish biomass were characterized by
a slight cyanobacteria development compared with other fish mesocosms, silver carp was not effective in reducing
cyanobacteria dominance.

Introduction

As confirmed by recent studies (Christoffersen et al.,
1993; Vanni & Layne, 1997; Starling et al., in press),
the cascading effects of fish on lower trophic levels
continues to be a strong research focus in freshwa-
ter pelagic ecosystems. Of particular interest is the
possible control of excessive phytoplankton through
top down forces (Benndorf et al., 1984; Shapiro &
Wright, 1984; Carpenter et al., 1985; Miura,1990,
Van Donk et al., 1990) i.e. biomanipulation (reviews
in Benndorf, 1990 and Gophen, 1990). The classical
view of top down control is the reduction of plank-
tivorous fishes (through increased predation), which
results in higher densities of herbivorous zooplankters

and consequently in lowered densities of algae due to
zooplankton grazing. However, the ability of natural
populations of zooplankton to control cyanobacterial
blooms is still under discussion (see De Bernardi &
Giussani, 1990). In the presence of a cyanobacterial
bloom, the control of phytoplankton by zooplankton
may not be effective (Bays & Crisman, 1983; Nilssen,
1984).

An alternative food web manipulation based on
the direct control of undesirable net-phytoplankton
by filter feeding phytoplanktivorous fish was inves-
tigated (Drenner et al., 1986; Starling, 1993). Sev-
eral researchers have investigated the influence of
pump filter feeding fishes, particularly silver carp (Hy-
pophthalmichthys molitrix), on plankton community
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structure and its potential use as a biomanipulation
technique to reduce algal biomass (Kajak et al., 1977;
Opuszynski, 1979; Burke et al., 1986; Drenner &
Hambright, 1987; Leventer & Teltsch, 1990; Starling
& Rocha, 1990; Laws & Weisburd, 1990; Vöros et al.,
1997). However, the use of silver carp to control wa-
ter quality in lakes and reservoirs is still controversial
(Opuszynski, 1979, 1981; Smith, 1985, 1989; Burke
et al., 1986; Milstein et al., 1988; Starling, 1993). The
variety of biotic under which experiments were con-
ducted, such as phytoplankton communities size and
structure (Laws & Weisburd, 1990), efficiency of zoo-
plankton grazing pressure on dominant algae (Arcifa
et al., 1986), fish stocking rate and fish biomass (Laz-
zaro, 1992; Starling, 1993) explain these controversial
results.

The purpose of our studies, therefore, was to
evaluate the impact of silver carp on quality of eu-
trophic Villerest reservoir (France) characterized by
summer cyanobacteria blooms (Microcystis aerugi-
nosa). We conducted several experimental designs;
here, we present the results of one of these mesocosm
experiments in which we examine the impact of five
silver carp biomass levels on plankton communities
and water quality.

Study area

The Villerest reservoir (Loire River, France) covers
700 ha and has a volume of about 128× 106 m3

(maximum depth 45 m, mean depth 18 m) (Desmolles,
1997). Since its construction (1983), the reservoir has
been characterized by an accelerated eutrophication
caused by human influences (urban sewage, public
utilities, farmland). Aleya et al. (1994) showed that
the reservoir receives high nutrient loading, chiefly of
phosphorus and nitrogen, which are responsible for
the strong eutrophication and the frequently observed
blooms ofMicrocystis aeruginosa.

Materials and methods

We conducted the experiment in white fiberglass
mesocosms located on shore of the Villerest reser-
voir. The 28 mesocosms were 1.80 m in diameter
and 2.20 m high, and contained 5500 l water per
mesocosm. They were arranged in three rows and
were sampled from a walkway between them. The
mesocosms were filled with reservoir water using a

submerged pump. They were regularly mixed with an
airlift mixer system to prevent stratification and to en-
sure a well-mixed environment (Drenner et al., 1986).
The mesocoms were covered with a 0.5 cm mesh net
to prevent fish from jumping out.

Silver carp that were obtained from a fish farm
(Les Clouzioux, Brinon (18), France) were acclima-
tized to reservoir plankton and water conditions in
mesocosms during two weeks prior to the experiment.
Mean (± SD) individual mass and length of silver
carp were 22.5 ± 6.3 g and 11.9 ± 1.2 cm, respec-
tively. On 23 July, fish were netted from the holding
mesocosms, and stocked into the experimental meso-
cosms. Five levels of silver carp biomass (0, 8, 16,
20, 32 g m−3 represented by the introduction of 0,
2, 4, 5, 7 silver carp per mesocosm, respectively)
were tested. We used low (8 g m−3; 180 kg ha−1),
medium (16, 20 g m−3; 350, 450 kg ha−1) and high
(32 g m−3; 700 kg ha−1) fish biomass. Each treat-
ment had three replicates that were randomly assigned
among mesocosms.

Starting on day 0, 240µgN l−1 as NH4Cl and
NaNO3 and 30µgP l−1 as KH2PO4 were added to
each mesocosm three times a week to maintain high
nutrient concentrations similar to those measured in
reservoir. Beginning on 23 July (day 0), mesocosms
were sampled at weekly intervals for 5 weeks (days
0, 7, 13, 20, 27). Zooplankton was sampled with
vertical tows of a 60µm mesh plankton net and
preserved in 5% sucrose formalin (Haney & Hall,
1973; Prepas, 1978) and counted under a binocu-
lar microscope (Wild M3Z) in a Dolfuss chamber.
Phytoplankton samples were preserved with 1% Lu-
gol’s iodine and counted with an inverted microscope
after sedimentation for 24 h (Utermöhl, 1958). In
addition, each phytoplankton sample was subsam-
pled for additionalMicrocystiscountings. Cyanobac-
teria colonies were sonicated for 30 s (40 kHz) in
Bioblock Vibra Cell 72434 disintegrator (Bioblock
scientific, Illkirch, France) based on counting method
of Humphries and Widjaja’s (1979) and then directly
counted with haemocytometer. Chlorophyll-a samples
were collected on Whatman GF/C filters, and chloro-
phyll was extracted in 90% acetone for at least 6 h.
The absorbance was measured at 665 nm and 750 nm
before and after acidification (Lorenzen, 1967). One
litre of water was sampled for chemical analysis of
orthophophate (PO4–P), total dissolved phosphorus
(TDP), total particulate phosphorus (TPP), nitrates
(NO3–N), ammonia (NH4–N), total dissolved nitrogen
(TDN) and total particulate nitrogen (TPN) (APHA,
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1992). The water temperature, pH, dissolved oxy-
gen and transparency (Secchi disc depth) were also
measured on each date.

On final date (August 19) fish were netted. After
draining the mesocosms, periphyton was sampled by
removing one 5× 5 cm area of periphyton (at 20 cm
depth) with a blade and filtered using a Millipore
Hawp Membrane filters (0.45µm pore size). Peri-
phytic chlorophyll-a was extracted using the method
as for phytoplankton.

Main effects of fish biomass were analyzed with
a repeated measures ANOVA (5 fish biomass, and
four sampling dates, days 7, 13, 20, 27). ANOVA on
day 0 was tested to check that the initial values were
similar in all enclosures. We chose a probability level
α < 0.10 to reduce the chance of making the type error
of failing to reject a false null hypothesis. Moreover,
we applied Pearson correlation on biotic and abiotic
parameters (days 7, 13, 20, 27).

Results

On day 0 (pretreatment) there were no significant dif-
ferences between mesocosms, except forCeriodaph-
nia and copepod number and N/P ratio (respectively,
p = 0.048;p = 0.031;p = 0.040).

Fish

Individual mass of silver carp slightly increased during
the experiment in all the mesocosms, whereas length
of fish was unchanged. The lowest individual gain
in weight was observed in 32 g m−3 treatment, with
mean (± SD) individual gain of only 0.2± 0.1 g per
fish for 27 days of experiment. In the other meso-
cosms, gain in weight was up to 6 times higher than
in 32 g m−3 treatment.

Zooplankton

Zooplankton was mainly represented by cladocer-
ans, Daphnia, Ceriodaphnia, Bosmina and Chy-
dorus; copepods,Cyclops, Eudiaptomus; and rotifers,
Keratella, Polyarthra and Asplanchna. The daph-
nids (D. longispina) varied in length from 0.8 to
1.5 mm and were considered large when>1 mm (Mc-
Queen & Post, 1988). Microzooplankton, less efficient
consumers of algae, were represented byBosmina
longirostris (0.2–0.6 mm) andChydorus sphaericus
(0.2–0.5 mm) andCeriodaphnia quadrangula(0.4–
0.8 mm). Zooplankton largely decreased with time in

all mesocosms. The decrease in zooplankton density
was clearly a function of fish biomass (p = 0.000;
Figure 1).

Total rotifer densities decreased markedly with
time (Figure 1), especially during the first week of
experiment in all mesocosms. Treatment levels did
not significantly differ (p = 0.124). Total copepods
densities also decreased with time and a significant
impact of silver carp biomass was noted for total
copepods (p = 0.000) and nauplii (p = 0.000) (Fig-
ure 1). Copepods (mainly nauplii) initially accounted
for more than 75% of total zooplankton. but decreased
with time in all mesocosms except in 32 g m−3 fish
biomass treatment in which they represented near 80%
of total zooplankton on final day. Cladoceran densi-
ties also decreased with time and a clear impact of
fish biomass was observed (p = 0.000; Figure 1).
CeriodaphniaandBosminadensities showed the same
pattern of change, decreasing in all mesocosms during
the experiment indicating a significant impact of silver
carp biomass (p = 0.011 andp = 0.000, respectively;
Figure 1). Impact of fish biomass onDaphnia and
Chydorusdensities was also significant (p = 0.000
andp = 0.002, respectively), but the responses of
these two populations differed both at low or high-fish
biomass. In low silver carp biomass treatment or in
no fish treatmentDaphniadensities tended to increase
but in other mesocosms they were clearly reduced
(Figure 1).Chydorusdensity responded similarly, in-
creasing in low fish biomass and no fish treatments.
On day 0,Daphniadensity represented less than 4%
of total zooplankton. During the experiment changes
in zooplankton structure were important: on the fi-
nal day, Daphnia represented from 22 to 72% of
total zooplankton in low fish biomass treatments (0,
8, 16 g m−3) whereas in the highest fish biomass
treatments (32 g m−3) it represented about 1%.

Thus, the highest silver carp biomass (32 g m−3

treatment) had a pronounced, negative impact on
Daphnia but a less marked impact on copepods. In
no-fish mesocosms,Daphnia appeared to be more
competitive and the general decrease of copepods and
rotifers led to an increase inDaphnia densities. In
no fish mesocosms, cladocerans largely dominated
zooplankton on day 27, representing 70.9% of to-
tal zooplankton against 21.9% on day 0 in the same
treatment levels.
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Figure 1. Mean responses of zooplankton (ind l−1) on four sampling dates (days 7, 13, 20, 27) after fish introduction. Probability values from
repeated-measures ANOVA of fish biomass main effects are indicated on each graph.J: pre-fish conditions (mean value on day 0).
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Figure 2. Mean responses of chlorophyll-a (mg m−3), transparency (Secchi depth m), phytoplankton (cell l−1) on four sampling dates (days
7, 13, 20, 27) after fish introduction. Probability values from repeated-measures ANOVA of fish biomass main effects are indicated on each
graph.J: pre-fish conditions (mean value on day 0).
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Phytoplankton

Chlorophyll-aconcentration was significantly affected
differently by fish biomass (p = 0.002; Figure 2):
a decrease in chlorophyll-a concentrations in 0 and
8 g m−3 fish biomass mesocosms, but an increase in
higher fish biomass treatments (16, 20 and 32 g m−3).
Chlorophyll-a concentrations were negatively corre-
lated with total zooplankton, cladocerans, andDaph-
nia densities (r = −0.450,r = −0.508,r = −0.575,
respectively;α = 0.05) but positively correlated with
Cryptomonasdensities (r = +0.311;α = 0.05).

Total phytoplankton densities increased with time
in all treatment levels, exhibiting a significant im-
pact of fish biomass (p = 0.054). The chlorophyll-a
increase was highest in 8 and 16 g m−3 fish bio-
mass mesocosms, none in no fish mesocosms and
only slight in high fish biomass treatments. On day
0, cyanobacteria density, mainly represented byMi-
crocystis aeruginosa, accounted on average for 79.1%
± 5.7 of total phytoplankton density in all enclo-
sures. On the final date, cyanobacteria densities had
increased in all treatment levels, exhibiting a signifi-
cant impact of fish biomass (p = 0.054). The largest
increase was observed in mesocosms containing 8,
16 g m−3 fish biomass (Figure 2) but lowest increase
in the 32 g m−3 treatments. On day 27, cyanobacte-
ria comprised 85.4% of total phytoplankton density in
32 g m−3 fish-biomass mesocosms and>95.5% in all
other treatment levels.

On day 0, pyrrophytes and chrysophytes repre-
sented less than 1% of total phytoplankton density.
Chrysophytes were mainly represented by diatoms.
Chrysophyte density was increased in all mesocosms
(Figure 2) and no significant difference was noted be-
tween treatment levels (p = 0.735). Also pyrrophyte
densities (mainlyCryptomonas) increased with time
in all mesocosms. This increase was clearly a func-
tion of silver carp biomass (p = 0.014; Figure 2).
Moreover,Cryptomonasdensity was negatively cor-
related with total zooplankton andDaphniadensities
(r = −0.327 andr = −0.320, respectively;α =
0.05). Chlorophytes densities were reduced by the fi-
nal day in 0 in low-fish biomass mesocosms, but not
in other mesocosms. Impact of fish biomass on total
chlorophytes was not significant (p = 0.101), but
was significant for colonial chlorophytes (p = 0.084).
The increase in colonial chlorophytes was particularly
clear for low and medium silver carp biomass, but
slight in other treatment levels (0, 20, 32 g m−3)
(Figure 2). Unicellular chlorophytes, mainly<20µm,

slightly decreased in all mesocosms. Although the
highest densities of unicellular chlorophytes were ob-
served in high fish biomass treatments, effect of fish
biomass was not significant (p = 0.116). These al-
gae were negatively correlated withDaphniadensities
(r = −0.327,α = 0.05).

Periphyton

Mean periphytic chlorophyll-a concentration at the
end of experiment was 3.96± 1.84 µg cm−2; treat-
ments levels did not differ significantly (p = 0.101).

Abiotic parameters

Mean temperature during the experiment (20.9 ±
1.3◦C) did not differ between treatment levels (p =
0.255). Transparency was clearly an indirect function
of fish biomass (p = 0.000; Figure 3) , Secchi-
disc transparency increased with time in no fish- and
low-fish biomass mesocosms but reverse was true
in medium and high-fish biomass mesocosms. On
day 27, transparency minima (Secchi depth< 0.45 m)
were noted in 16, 20 and 32 g m−3 fish biomass meso-
cosms, but maxima (Secchi depth> 0.90 m) in 0
and 8 g m−3 fish biomass mesocosms. Transparency
was positively correlated with total zooplankton, to-
tal cladocerans, andDaphniadensities (r = +0.562,
r = +0.810,r = +0.733, respectively;α = 0.05)

Silver carp biomass had significant impact on
TPN concentrations which increased with fish biomass
(p = 0.092), whereas in no fish mesocosms TPN
tended to decrease (Figure 3). We also observed a sig-
nificant impact of fish biomass on TPP (p = 0.023;
Figure 3). Concentrations of TPP decreased during
the experiment in 0 and 8 g m−3 treatments but in
higher fish biomass mesocosms TPP concentrations
were maintained. TPN and TPP were positively corre-
lated with small size algaeCryptomonas(r = +0.400
andr = +0.272, respectively;α = 0.05), but neg-
atively with total zooplankton (r = −0.572 andr =
−0.225, respectively;α = 0.05).

The dissolved nutrient concentrations (TDP, PO4-
P, TDN, NO3-N, NH4-N) increased with time (Fig-
ure 3); a significant impact of silver carp biomass was
noted for these parameters (TDN:p = 0.002, PO4:
p = 0.000, NO3: p = 0.000, NH4: p = 0.002), ex-
cept for TDP. The increase of these concentrations was
significantly higher in no fish mesocosms and low-
fish biomass treatments. TDN, NO−3 , and NH+4 con-
centrations were positively correlated withDaphnia
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Figure 3. Mean responses of total particulate phosphorus, total dissolved phosphorus, orthophosphates (mgP l−1), total particulate nitrogen,
total dissolved nitrogen, nitrates, ammonia (mgN l−1)and total nitrogen /total phosphorus (mass ratio) on four sampling dates (days 7, 13, 20,
27) after fish introduction. Probability values from repeated-measures ANOVA of fish biomass main effects are indicated on each graph.J:
pre-fish conditions (mean value on day 0).
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densities (r = +0.552,r = +0.581,r = +0.334; re-
spectively;α = 0.05) and transparency (r = +0.571,
r = +0.658, r = +0.653, respectively;α = 0.05).
In contrast, TDN and nitrates were negatively corre-
lated withCryptomonas(r = −0.490, r = −0.411,
respectively;α = 0.05). On day 0, the initial mean
TN/TP (mass ratio) for all treatments was 16.67, but
decreased during the experiment and all values on final
day were< 9.1. No significant difference were found
between treatment levels (p = 0.162) (Figure 3).

Discussion

Although we observed a general decrease in total zoo-
plankton density in all treatment levels, our results
clearly highlighted the negative impact of the high sil-
ver carp biomasses (20, 32 g m−3) on zooplankton
abundance. The experimental conditions probably ac-
centuated the decrease in zooplankton density because
of the confinement of zooplankton and of predators
and prey (in fish treatments) in a relatively small water
volume. However, the decrease observed in copepod
and cladoceran numbers was clearly a function of
fish biomass. These observations are consistent with
several earlier work using silver carp (e.g., Milstein
et al., 1988; Barthelmes, 1989; Burke et al., 1986)
and gizzard shad (Lazzaro, 1992), which demonstrate
that zooplankton suppression was a direct function
of filter-feeding fish biomass. Although a general de-
crease in copepod numbers was noted through time,
copepods were the predominant zooplankters in the
highest fish biomass treatments. In contrast, large
cladocerans dominated in the no fish or low fish
biomass mesocosms.

Cladocerans densities highly varied in the different
treatment levels, especially in the abundance of large
Daphnia, which were clearly affected by fish preda-
tion pressure. At high fish treatment these daphnids
became rare, and other cladocerans densities (Cerio-
daphnia, Bosmina, Chydorus) were markedly reduced
as well. In contrast, in no fish mesocosms and 8 g m−3

treatments,Daphnia free from silver carp predation
increased and largely dominated total zooplankton on
the final date. Literature on feeding of the planktivo-
rous carps is extensive but contradictory due to a vari-
ety of physical and biological conditions under which
investigations were conducted. However, it is possi-
ble to see some general patterns in silver carp feeding
habits. Silver carp is an obligate, filter-feeding plank-
tivore (Itawa, 1977). Laboratory feeding experiments

demonstrated that silver carp efficiently consume large
nanoplankton, net phytoplankton and zooplankton, but
not algae< 10µm (Cremer & Smitherman, 1980;
Burke et al., 1986; Smith, 1989; Domaizon, 1999).
Moreover, several authors report the importance of de-
tritus in silver carp diet (Spataru, 1977; Opuszynski,
1979, 1981). Silver carp should be considered omni-
vores (Bitterlich & Gnaiger, 1984) with a predation
efficiency highly a function of the filtering apparatus.
The silver carp fine mesh gill raker (8µm, Cremer &
Smitherman, 1980; 12 to 26µm, Hampl et al., 1983;
30 to 40µm, Spataru & Gophen, 1985) allows to re-
tain all rotifers, copepods and cladocerans present in
Villerest reservoir. So, the possible selectivity of sil-
ver carp on zooplankton is governed by prey escape
ability. Drenner et al. (1987) and Drenner & McCo-
mas (1980) estimating the direct escape response of
different zooplankter species, concluded that clado-
cerans are more vulnerable than copepods to capture
mechanisms of filter feeding planktivores. Our results
are consistent with these observations, since cladocer-
ans and particularlyDaphnia densities were largely
affected by the presence of high fish biomass whereas
in these mesocosms copepods were dominant. How-
ever, copepods which were primarily represented by
nauplii were also significantly affected by fish bio-
mass. We suggest that silver carp predation is highly
efficient on nauplii because of their low escape ability.
This hypothesis is consistent with the observations of
Starling & Rocha (1990) who reported high feeding
rates onThermocyclopsnauplius which were strongly
suppressed by silver carp during a limnocorral ex-
periment. In contrast, adult cyclopoid copepods can
avoid capture by filter feeding silver carp (Kajak et al.,
1977; Domaizon 1999). Our general observations on
the effect of silver carp on zooplankton corroborate
the literature observations (Burke et al., 1986; Laws &
Weisburd, 1990; Miura, 1990; Lazzaro, 1992; Lieber-
man, 1996), which report that planktivorous silver
carp can have a profound effect on the composition
and structure of the zooplankton as a function of fish
biomass.

The differences in zooplankton species and size
composition (especially in cladocerans) between high
and low silver carp biomass treatments explain the
changes in phytoplankton and transparency. The gen-
eral pattern was an increase in total phytoplank-
ton, particularly at low fish biomass treatments (8,
16 g m−3). However, the phytoplankton communities
developed differently as a function of fish biomass.
The dramatic reduction of zooplankton by silver carp
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in high fish biomass treatments, particularlyDaph-
nia, results in a decrease in zooplankton grazing on
nanoplankton causing an increase in the production
of small algae. Similar observations have already
been reported (Opuszynski, 1979; Milstein et al.,
1988; Laws & Weisburd, 1990). During our exper-
iments, small algae (< 20 µm) were mainly repre-
sented by unicellular flagellatesCryptomonas ovata
(18µm in largest diameter), unicellular chlorophytes
(< 20 µm, e.g., Chlorella) and pennate diatoms
(<20µm in smallest dimension).Daphnia is an ef-
ficient filter feeder for a large spectrum of particles
sizes (Brooks & Dodson, 1965; Schoenberg & Carl-
son, 1984) and can exert a significant grazing pressure
on all components of microbial food webs includ-
ing pico-, nano- and microplankton (Jürgens, 1994).
Moreover it is established that silver carp does not
efficiently consume phytoplankton< 20µm (Cremer
& Smitherman, 1980; Smith, 1985, 1989; Miura,
1990). Consequently, silver carp can remove large
cladoceransDaphnia, so that zooplankton grazing on
the phytoplankton community is reduced, allowing
the increase in small algae abundance, leading to a
decrease in transparency. According to Lathrop et al
(1996) the bloom of species with large colonial size
leads to a greater transparency than bloom dominated
by smaller species. Similarly, we observed the high-
est Secchi-disc value in low fish biomass treatments
characterized by the highest cyanobacteria and colo-
nial chlorophytes densities. In contrast, 32 g m−3 fish
treatments were characterized by the highest densities
of small algae and the lowest transparency, although
total phytoplankton density was lower. For similar cell
densities, the association of cells in colonies leads to
a greater penetration of light compared to single cells
which are well dispatched. This explains the possibil-
ity of no decline in algal biomass but increase in water
clarity when phytoplankton is dominated by colonial
species (Lathrop et al., 1996).

Contrary to several authors who reported a de-
crease in cyanobacteria abundance in the presence of
silver carp (Kajak et al., 1975; Miura, 1990; Star-
ling & Rocha, 1990; Starling et al., in press), we
did not observe any significant reduction inMicro-
cystis abundance. However, we noted that a lower
increase was observed in 32 g m−3 treatments. Densi-
ties of colonial chlorophyte followed the same trends.
Although cyanobacteria are generally considered as
poorly grazed by zooplankton and cladocerans in par-
ticular, due to their low nutritional value, inconvenient
size and shape and possible toxicity (Lampert, 1977,

1981; Gliwicz, 1977, 1990; Briand & McCauley,
1978), a large number of experiments (DeBernardi &
Giussani, 1978; DeBernardi et al., 1982; Thomson
et al., 1982; Holm et al., 1983; Schoenberg & Carlson,
1984; Christoffersen et al., 1993) showed thatDaph-
nia may feed on algal colonies and more precisely on
small Microcystiscolonies. We considered that, dur-
ing our experiment, the strong decrease in cladocerans
was partly responsible for the increase of cyanobacte-
ria and colonial chlorophytes abundance. The second
parameter involved in cyanobacteria development was
the silver carp grazing pressure which increased with
fish biomass.

However, in our experiments, nutrient concentra-
tions changed. It is therefore a legitimate question if
the changes in phytoplankton populations resulted pri-
marily from grazing by herbivores or from changes in
nutrients levels and in N/P ratios. Additions of nutri-
ents (NH4, NO3, PO4 at N/P mass ratio:8:1) increased
the concentration of N and P, especially P, in enclo-
sures and could partly explain the decrease of N/P
mass ratio during the experiment. Several literature
data show an optimal development of this non hete-
rocystous cyanobacteria for N/P ratio not exceeding
5 compared with a ratio of 10 for most phytoplank-
ton species (Schindler, 1977; Downing & McCauley,
1992; Aleya et al., 1994). So, the general decrease
in this ratio may have promoted cyanobacteria de-
velopment, cyanobacteria being highly competitive at
very low values of N/P ratio (Aleya et al., 1994).
However, the TN/TP did not significantly differ be-
tween treatment levels, so, this parameter alone can-
not explain the observed differences in cyanobacteria
development.

We noted a significant impact of silver carp bio-
mass on N and P concentrations. The dynamic of N
and P loadings was influenced by contrasting con-
ditions of zooplankton grazers. When large grazers
such asDaphniaare removed by silver carp (through
predation) an important fraction of added nutrients
is transformed into particulate pool (phytoplanktonic
biomass). On the other hand, whenDaphnia are
abundant, a greater fraction of the added nutrient con-
centrations (N and P) accumulates in the dissolved
pool. The same nutrient loading produced a greater
increase in small algal abundance and chlorophyll-
aconcentrations whenDaphnia are lacking. In high
fish biomass mesocosms, small size algae seemed to
be the principal respondents to increased availability
of nutrients, and the large size phytoplankton species
developed to a limited extent being grazed by fish
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and affected by competition with small size algae.
These small size algae are known for a greater affin-
ity and faster specific uptake rates for both nitrates
and ammonia (Sherr et al., 1982; Hein et al., 1995).
Our results demonstrated that by modifying grazer
communities through the introduction of high silver
carp biomass (maximum 32 g m−3, 700 kg ha−1)
we observed changes in the utilization patterns of the
added nutrients by phytoplankton communities. Also,
several studies have shown that grazers can modify
the relationships between nutrients and algal biomass
(Mazumder et al., 1988; Sarnelle, 1992; Mazumder &
Lean, 1994).

The very low gain in weight for silver carp in
the highest fish treatment suggested food limitation
i.e. zooplankton which was an essential food source
for silver carp, but was virtually eliminated in these
treatments. The productivity of the zooplankton is
apparently not large enough to sustain a biomass
> 16 g m−3. At high fish treatment levels, silver carp
switched more on feeding on colonial phytoplanktonic
species.

Conclusion

Our experimental study highlights the effects of sil-
ver carp biomass on plankton communities and water
quality of the temperate eutrophic Villerest reservoir.
We distinguished between direct and indirect effects
of silver carp on zooplankton. First, zooplankton den-
sity and structure were modified as a function of silver
carp biomass. Cladocerans were strongly affected by
the presence of medium and high fish biomass, with
a threshold fish biomass (8 g m−3) above which
cladocerans are largely eliminated.

Second, indirect effects of silver carp relate to
zooplankton-phytoplankton interactions and dynamic
of nutrients. Through trophic cascades, the elimination
of cladocerans, in treatments 20 and 32 g m−3, led to
a strong development of small-sized algae (< 20µm)
and a modification in the utilization of dissolved nutri-
ents. Three different cases were observed depending
on fish biomass: (a) in no-fish mesocosms, the dom-
inance of cladocerans permitted the control of phy-
toplankton development, particularly the small-sized
species. Although nutrient concentrations were high,
the predation pressure of zooplankton led to only a
moderate phytoplankton development; (b) in low fish
biomass treatments, the low reduction in zooplank-
ton density had no major impact on small size algae

development. In these mesocosms the productivity of
zooplankton succeeded in sustaining a moderate silver
carp biomasses; (c) in medium and high fish bio-
mass treatments, zooplankton could not sustain silver
carp biomasses, and the drastic decrease in cladoceran
densities led to a strong increase in small size algae
and, therefore, a reduction in transparency. In these
mesocosms, nutrients were more efficiently accumu-
lated into particulate fractions, especially in small size
algae.

Directs effects of silver carp on cyanobacteria in-
clude a decrease in N/P ratio values probably which
lead to a general increase in cyanobacteria density.
However? the grazing pressure of zooplankton and
silver carp played a major role in cyanobacteria devel-
opment: (a) in no fish mesocosms, the presence of high
cladoceran densities led to a moderated development
of cyanobacteria; (b) in low fish biomass treatments,
cyanobacteria densities increased due to a reduced
zooplankton grazing pressure and an insufficient silver
carp grazing pressure; (c) high fish biomass treatments
were characterized by a limited cyanobacteria devel-
opment due to a more efficient silver carp grazing
pressure and to competition with small size algae. The
predation pressure of silver carp on colonial algae in-
creased due to the inability of zooplankton to sustain
the highest fish biomasses. The gain in weight for sil-
ver carp in these treatments was very low suggesting
the importance of zooplankton as food source for this
fish. Zooplankton represents for fish a food that is rich
in protein and fatty acids and cyanobacteria have a
lower nutritional quality (Giraud et al., 1996).

It was clear, at the end of this experiment, that,
below 12 g m−3 (260 kg ha−1) of stocking fish bio-
mass, indirect effects due to zoolankton elimination
would be minimized but silver carp grazing would
not be strong enough to control cyanobacteria de-
velopment. Above this stocking biomass threshold,
the undesirable effects like nanoplankton development
and reduction in water transparency could be more
important than the beneficial effects on cyanobacteria.

Acknowledgements

Special thanks are due to X. Lazzaro (ORSTOM) who
encouraged us to conduct this research, giving a lot
of advice (experimental material, statistical analysis).
For financial support, we wish to thank EPALA (Etab-
lissement Public Amenagement de la Loire et de ses
Affluents), Agence de l’eau Loire Bretagne, SMART



203

Conseil Général de la Loire, Conseil Régional de la
Loire.

References

Aleya L, Desmolles F, Michard M, Bonnet MP and Devaux J (1994)
The deterministic factors of theMicrocystis aeruginosablooms
over a biyearly survey in the hypereutrophic reservoir of Villerest
(Roanne, France). Arch Hydrobiol 4: 489–515

American Public Health Association (APHA) (1992) In: Green-
berg A, Clesceri L and Eaton A (eds), Standard Methods for
examination of water and wastewater. 18th edition.

Arcifa MS, Northcote TG and Froehlich O (1986) Fish-zooplankton
interactions and their effects on water quality of a tropical
brazilian reservoir. Hydrobiologia 139: 49–58.

Barthelmes D (1989) Evidence for system dependent interactions
of zooplankton-eating fish with phytoplankton. Arch Hydrobiol
Beih Ergebn Limnol 33: 579–586

Bays JS and Crisman TL (1983) Zooplankton and trophic state rela-
tionships in Florida lakes. Can J Fish Aquat Sci 40: 1813–1819

Benndorf J, Kneschke H, Kossatz K and Penz E (1984) Manipula-
tion of pelagic food web by stocking with predacious fishes. Int
Rev Ges Hydrobiol 69: 407–428

Benndorf J (1990) Conditions for effective biomanipulation; con-
clusions derived from whole experiments in Europe. Hydrobi-
ologia 200/201: 187–203

Bitterlich G and Gnaiger E (1984) Phytoplanktivorous or omnivo-
rous fish? Digestibility of zooplankton by silver carp,Hypoph-
thalmichthys molitrix, val. J Fish Biol 29: 605–612

Briand E and McCauley F (1979) Cybernetic mechanisms in lake
plankton systems: how to control undesirable algae. Nature 273:
228–230

Brooks JL and Dodson SI (1965) Predation, body size and compo-
sition of plankton. Science 150: 28–35

Burke JS, Bayne DR and Rea H (1986) Impact of silver and big-
head carps on plankton communities of channel catfish ponds.
Aquaculture 55: 59–68

Carpenter SR, Kitchell JF and Hodgson JR (1985) Cascading
trophic interactions and lake productivity. Bioscience 35: 634–
639

Christoffersen K, Riemann B, Klysner A and Søndergaard M (1993)
Potential role of fish predation and natural populations of zoo-
planktonin structuring a plankton community in eutrophic lake
water. Limnol Oceanogr 38: 561–573

Cremer MC and Smitherman RO (1990) Are blue green algae
suitable food for zooplankton? An overview. Hydrobiologia
200/201: 29–41

De Bernardi R and Giussani G (1990) Are blue-green algae a
suitable food for zooplankton? A review. Hybiologia 200/201:
29–41

De Bernardi R and Giussani G (1978) The effect of mass fish mor-
tality on zooplankton structure and dynamics in small italian lake
(Lago di Annone). Verh Int Ver Limnol 20: 1045–1048

De Bernardi R, Giussani G and Lasso Pedretti E (1982) Selective
feeding of zooplankton with special reference to blue-green algae
in enclosure experiment. Paper presented at: ‘Plankton Ecology
Group Annual meeting’ Trondheim (Norway), pp. 23–28.

Desmolles F (1997) Etude du peuplement piscicole d’une retenue
eutrophe (Villerest, Loire). Influence d’un bloom à Cyanobac-
téries et du marnage sur la répartition spatiotemporelle et les
paramètres démographiques des principales espèces de poissons.
Thèse Dr. 3e Cycle, Université Clermont II, France, 184 p.

Domaizon I (1999) Impacts de la carpe argentée,Hypoph-
thalmichthys molitrix, sur l’organisation des communautés
planctoniques et la qualité de l’eau, expériences en mésocosmes.
Thèse Dr. 3e Cycle, Université Clermont II, France, 252 p.

Downing JA and McCauley E (1992) The nitrogen: phosphorus
relationships in lakes. Limnol Oceanogr 37: 936–945

Drenner RW and Hambright KD (1987) Experimental study of
size-selective phytoplankton grazing by a filter-feeding cichlid
and cichlids effects on plankton community structure. Limnol
Oceanogr 32: 1138–1144

Drenner RW and McComas SR (1980) The roles of zooplankton
escape ability and fish size selectivity in the selective feeding
and impact of planktivorous fish. In: Kerfoot WC (ed), Evolution
and ecology of zooplankton comunities. University Press of New
England, Hanover, NH London: pp. 587–593

Drenner RW, Threlkeld ST and McCraken MD (1986) Experimental
analysis of the direct and indirect effects of an omnivorous filter-
feeding Clupeid on plankton community structure. Can J Fish
Aquat Sci 43: 1935–1945

Giraud JP, Sevrin-Reyssac J and Billart R (1996) La carpe argentée,
Hypophthalmichthys molitrix. La pisciculture Française d’eau
vive et d’étang saumâtre et marine 126: 15–26

Gliwicz ZM (1990) Why do cladocerans fail to control algal
blooms? Hydrobiologia 200/201: 83–97

Gliwicz ZM (1977). Food size selection, and seasonal succession
of filter feeding zooplankton in an eutrophic lake. Ekol Pol 25:
179–225

Gophen M (1990) Biomanipulation: retrospective and future devel-
opment. Hydrobiologia 200/201: 1–12

Hampl A, Jirasek J and Sirotek D, (1983) Growth morphology of
the filtering apparatus of silver carp. II. Microscopic anatomy.
Aquaculture 31: 153–158

Haney JF and Hall DJ (1973) Sugar coatedDaphnia: a preservation
technique for Cladocera. Limnol Oceanogr 18: 331–333

Hein M, Pedersen MF and Sand-Jensen K (1995) Size-dependent
nitrogen uptake in micro-and macro-algae. 118: 247–253

Holm NP, Ganf GG and Shapiro J (1983). Feeding and assimilation
rates ofDaphnia pulexfed Aphanizomenon flos-aquae. Limnol
Oceanogr 29: 1137–1140

Humphries SE and Widjaja F (1979) A simple method for separat-
ing cells ofMicrocystis aeruginosafor counting. Br Phycol J 14:
313–316

Itawa K (1977) Morphological and physiological studies on the
phytoplankton feeders of cyprinid. II. Developmental changes of
assimilation efficiency in terms of carbon, estimated by using
14C-labeled green algae inCarassius auratus cuvieri, Hypoph-
thalmichthys molitrixandC. auratus grandoculis. Jpn J Limnol
38: 19–32.

Jürgens K (1994) Impact of Daphnia on planktonic microbial food
webs. A review. Mar. Microbiol. Food Webs 8: 295–324

Kajak Z, Spodniewska I and Wisniewski RJ (1977) Studies on food
selectivity of silver carp,Hypophthalmichthys molitrix. Ekol Pol
25: 227–239

Lampert W (1977) Studies on the carbon balance ofDaphnia pulex
De Geer as related to environmental conditions. II. The depen-
dence of carbon assimilation on animal size, temperature, food
concentration and diet species. Arch Hydrobiol 66: 285–298

Lampert W (1981) Inhibitory and toxic effects of blue-green algae
onDaphnia. Int Rev Ges Hydrobiol 66: 285–298

Lathrop RC, Carpenter SR and Rudstam LG (1996) Water clarity
in lake Mendota since 1900: responses to differing levels of
nutrients and herbivory. Can J Fish Aquat Sci 53: 2250–2261

Laws EA and Weisburd RSJ (1990) Use of silver carp to control
algal biomass in aquaculture ponds. Prog Fish Cult 52: 1–8



204

Lazzaro X (1992) Planktivores and plankton dynamics: effects of
fish biomass and planktivore type. Can J Fish Aquat Sci 49:
1466–1473

Leventer H and Teltsch B (1990) The contribution of silver carp
(H. molitrix) to the biological control of Netofa reservoirs.
Hydrobiologia 191: 47–55

Lieberman MD (1996) Use of silver carp (Hypophthalmivhthys
molitrix) and bighead carp (Aristichthys nobilis) for algae con-
trol in a small pond: changes in water quality. J Fresh Ecol 11:
391–397

Lorenzen CJ (1967) Determination of chlorophyll and pheo-
pigments: spectrophotometric equations. Limnol Oceanogr 12,
343–346

McQueen DJ and Post JR (1988) Cascading trophic interactions: un-
coupling at zooplankton-phytoplankton link. Hydrobiologia 159:
277–296

Mazumder A, Lean DJ and Lean DRS (1994) Consumer-dependent
responses of lake ecosystems to nutrient loading. J Plankton Res
16 (11): 1567–1580

Mazumder A, McQueen DJ, Taylor WD and Lean DRS (1988)
Effects of fertilisation and planktivirous fish (yellow perch) pre-
dation on size distribution of particulate phosphorus and assimi-
lated phosphate: large enclosure experiments. Limnol Oceanogr
33: 421–430

Milstein A, Hepher B and Teltch B (1988) The effect of fish species
combination in fish ponds on plankton composition. Aquat Fish
Manag 19: 127–137

Miura T (1990) The effects of planktivorous fishes on the plankton
community in a eutrophic lake. Hydrobiologia 200/201: 567–579

Nilssen JP (1984) Tropical lakes-functional ecology and future de-
velopment: the need for a process-oriented future approach.
Hydrobiologia 113: 231–242

Opuszynski K (1981). Comparison of the usefulness of the sil-
ver carp and the bighead carp as additional fish in carp ponds.
Aquaculture 25: 223–233

Opuszynski K (1979) Silver carp,Hypophthalmichthys molitrixin
carp ponds. III. Influence on ecosystem. Ekol Pol 27: 117–133

Prepas E (1978) Sugar frostedDaphnia: an improved fixation
technique for Cladocera. Limnol Oceanogr 23: 557–559

Sarnelle O (1992) Nutrient enrichment and grazer effects on phyto-
plankton in lakes. Ecology 73: 551–560

Schindler DW (1977) Evolution of phosphorus limitation in lakes.
Science 179: 260–262

Schoenberg SA and Carlson RE (1984) Direct and indirect effects of
zooplankton grazing on phytoplankton in a eutrophic lake. Oikos
42: 291–302

Sherr EB, Sherr BF, Berman T and McCarthy JJ (1982) Differ-
ences in nitrate and ammonia uptake among components of a
phytoplankton population. J Plankton Res 4: 961–964

Shapiro J and Wright DI (1984) Lake restoration by biomanipula-
tion: round lake, Minnesota, the first two years. Freshwater Biol
14: 371–383

Smith DW (1989) The feeding selectivity of silver carp,Hypoph-
thalmichthys molitrix., J Fish Biol 34: 819–828

Smith DW (1985) Biological control of excessive phytoplankton
growth and the enhancement of aquacultural production. Can J
Fish Aquat Sci 42: 1940–1945

Spataru P (1977) Gut contents of silver car,Hypophthalmichthys
molitrix (Val.) and some trophic relations to other fish species in
a polyculture system. Aquaculture 11: 137–146

Spataru P and Gophen M (1985) Feeding behaviour of silver carp
Hypophthalmichthys molitrixVal. And its impact on the food
web in lake Kinneret, Israel. Hydrobiologia 120: 53–61

Starling F (1993) Control of eutrophication by silver carp (Hypoph-
thalmichthys molitrix) in the tropical Paranóa reservoir (Brasilia,
Brazil): a mesocosm experiment. Hydrobiologia 257: 143–152.

Starling F and Rocha AJA (1990) Experimental study of the impacts
of planktivorous fishes on plankton community and eutrophi-
cation of a tropical Brazilian reservoir. Hydrobiologia 200/201:
581–591

Starling F, Beveridge M, Lazzaro X and Baird D (1998) Silver carp
biomass effects on the plankton communituy in Paranóa reservoir
(Brasilia,Brazil) and assessment of its potential for improving
water quality in lacustrine environments. Revus Ges Hydrobiol
(in press).

Thomson JM, Ferguson AJD and Reynolds CS (1982) Natural fil-
tration rates of zooplankton in a closed system: the derivation of
a community grazing index. J Plankton Res 4: 545–560

Utermöhl H. (1958). Zur Vervolkommung der quantitative phyto-
plankton. Methodik Mitt Internat Verein Limnol 9: 1–38

Van Donk E, Gulati RD and Grimm MP (1990) Restoration by
biomanipulation in a small hypertrophic lake: first-year results.
Hydrobiologia 191: 285–295

Vanni MJ and Layne CD (1997) Nutrient recycling and herbivory
as mechanisms in the ‘top down’ effect of fish on algae in lakes.
Ecology 78: 21–40

Vöros L, Oldal I, Presing M and Balogh KV (1997) Size-selective
filtration and taxon-specific digestion of plankton algae by sil-
ver carp (Hypophthalmichthys molitrix). Hydroiologia 342/343:
223–228


