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Abstract
Natural zooplankton communities are composed of many different species at different trophic levels in the aquatic food 

web. Several researchers have reported that in mesocosm/enclosure experiments, larger cladocerans tend to be more 

sensitive to carbamate insecticides than smaller ones (Daphnia > Moina, Diaphanosoma > Bosmina). In contrast, results 

from individual-level laboratory tests have suggested that large cladoceran species are more tolerant than small species. 

To clarify this inconsistency, we conducted a microcosm experiment using model zooplankton communities with 

different species compositions, where animals were exposed to lethal (near to the 24 h LC50, concentration estimated 

to kill 50% of individuals within 24-h for the small cladoceran Bosmina) and lower, sublethal concentrations of carbaryl. 

In the experiment, population densities of the small cladocerans (Bosmina and Bosminopsis) decreased subsequent to 

the applications of chemical, but no impacts were observed on the large cladoceran Daphnia. Our results supported the 

reports of previous individual level toxicity tests, and indicated that the sensitivity of zooplankton to the insecticide was 

unchanged by biological interactions but the response of population can be modified by compensation of population 

through hatching from resting eggs and/or the persistence of insecticide in the systems.

Keywords: insecticide, microcosm, zooplankton

INTRODUCTION

Anthropogenic toxic chemicals can easily contaminate 

water bodies, and exert negative impacts on the ecosys-

tems. Reference indexes for standard test organisms, such 

as NOEC (No observed effect concentration) and EC50 

(50% effective concentration, meaning the concentra-

tion estimated to immobilize 50% of individuals) values 

obtained from laboratory toxicity tests (OECD 2004), have 

been used for the estimation of direct toxic impacts on tar-

get trophic level biocenose. On the other hand, commu-

nity level experiments have elucidated indirect impacts 

of the chemicals through the modification of biological 

interactions (Preston 2002, Van Wijngaarden et al. 2005, 

Relyea and Hoverman 2006, Sarma and Nandini 2006).

Lake ecosystems are composed of many different spe-

cies at different trophic levels. Cladocerans (zooplank-

ton) are one of the groups most sensitive to insecticides. 

They are, however, superior herbivores in food competi-

tion with rotifers (MacIsaac and Gilbert 1989). Commu-

nity level mesocosm/enclosure experiments have dem-

onstrated that rotifer density increases after disruption 

of cladoceran populations at insecticide-contaminated 

sites (Chang et al. 2005). This is because rotifers are far 

more tolerant than cladocerans to insecticides (Havens 

and Hanazato 1993). Within the cladoceran group, results 
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ence of such indirect effects of insecticides on the popu-

lation dynamics of each species and on the community 

structure are unproved by the community level studies, 

because those phenomena have only been observed in 

individual- or population-level experiments.

A carbamate insecticide, carbaryl (1-naphthyl-N-

methylcarbamate), was used in the present study since 

its toxicity to cladocerans had been well tested both in 

species- and community level studies (Hanazato 2001). 

Here, we investigated the following two hypotheses by a 

microcosm experiment: (1) the response to carbaryl of 

each cladoceran changes in the presence of competitive 

or predatory interactions; (2) disturbance of the preda-

tory interactions is a possible cause yielding the inconsis-

tency between community- and individual-level studies.

In order to compare the tolerances of plankton com-

munities with different structures, two different zoo-

plankton communities, dominated by Bosmina or Daph-

nia, were prepared. These were exposed to sub lethal or 

lethal effective concentrations of carbaryl.

MATERIALS AND METHODS

Six 20 L cylindrical polyethylene tanks (diameter, 30 

cm; height, 31 cm) were used as microcosms for the prep-

aration of zooplankton communities 14 days before the 

treatments (day -14). The zooplankton community was 

established from the resting eggs (or the resting stages of 

the animals) in bottom mud obtained from the central 

area of a eutrophic lake, Lake Suwa (36˚2′ N, 138˚5′E) Ja-

pan. In Lake Suwa, the zooplankton community is domi-

nated by bosminid species, and no Daphnia are observed. 

Approximately 500 g dry weight of mud was placed in 

each microcosm tank with 20 L dechlorinated tap water. 

The tanks were kept under constant conditions (21 ± 1°C; 

14 h light, 10 h dark). The green alga, Chlorella vulgaris 

(Chlorella Industry Co. Ltd., Fukuoka, Japan, 0.58 µg C m 

L-1) was introduced to the tanks as food for the zooplank-

ters on day -10, -6 and every third day thereafter. On day 

0, all of the water in the six tanks was transferred to a 500 

L polycarbonate container by siphoning with a silicon 

rubber tube. After gentle stirring, seven liter of the pooled 

water containing zooplankters was poured into each of 

15 polyethylene tanks, and then diluted by adding 13 L of 

dechlorinated tap water (total volume, 20 L). Therefore, 

the microcosm tanks contained equalized model zoo-

plankton community and no bottom mud (egg bank). To 

create two different plankton communities, twelve adult 

females of laboratory-cultured Daphnia galeata (single 

from mesocosm/enclosure experiments have suggested 

that large cladocerans tend to be more sensitive to in-

secticides than smaller ones (e.g., Daphnia > Moina, Di-

aphanosoma > Bosmina) (Hanazato 1991a, Havens 1994, 

Hanazato and Kasai 1995). This implies that zooplankton 

communities dominated by large cladocerans are more 

vulnerable to the toxins than those dominated by small 

ones. In natural environments, the size structure of zoo-

plankton is governed by bottom-up and top-down forces 

(Finlay et al. 2007). Small cladocerans such as Bosmina 

often dominate the zooplankton communities in eutro-

phic and fish-abundant lakes. On the other hand, large 

Daphnia commonly become abundant in oligotrophic 

lakes, where fish biomass is not very high. Therefore, it 

might be considered that oligotrophic plankton commu-

nities are more vulnerable to the contamination by those 

insecticides.

In contrast to the community level experiments, how-

ever, results from the individual-level laboratory tests 

have suggested that Bosmina are more vulnerable to in-

secticide than Daphnia (Passino and Novak 1984, Saka-

moto et al. 2005). Within genus Daphnia, similarly, small-

bodied species tends to be more sensitive to the chemicals 

(Pereira and Gonçalves 2007 Vesela and Vijverberg 2007). 

The negative correlation between body size and the sen-

sitivity to the toxic chemicals seem to be stronger in par-

ticular families (Bossuyt and Janssen 2005).

The contradiction between community and individual 

level studies indicates that the vulnerability of each cla-

doceran species to insecticide can change greatly when a 

variety of species coexist and interact in a complex man-

ner. However, there is insufficient information to explain 

the phenomenon.

Insecticides often affect the plankton communities in-

directly by the modification of predator-prey interactions 

(Lürling and Scheffer 2007). For instance, increased swim-

ming speed of the rotifer, Brachionus, induced by penta-

chlorophenol, increases its encounter rate with inverte-

brate predators, resulting in its increased vulnerability to 

predation (Preston et al. 1999). Induction of morphologi-

cal defense of some Daphnia species, normally mediated 

by natural organic chemicals, is enhanced on exposure to 

some insecticides (carbaryl, BPMC, temephos, diazinon) 

(Hanazato 1991b, 1995, Hanazato and Dodson 1993). 

Conversely, Sakamoto et al. (2006, 2009) have reported 

that carbaryl inhibits the development and maintenance 

of anti-predator morphology in Bosmina. Therefore, the 

manner of disturbance of the predatory interaction dif-

fers depending on the species/genus, even if the animals 

belong to the same biological group. The degree of influ-
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Chemical Co., Inc., Tokyo, Japan).

Zooplankters were sampled before carbaryl applica-

tion on days 0 and 11, and every third day thereafter by 

using a column sampler (diameter 5.5 cm, length 50 cm) 

with a hydraulically operated flap at the bottom (total 

volume: 1 L). Just before the samplings, DO and pH were 

monitored for each microcosm tanks. Collected water 

was filtered through a 40-µm mesh and the residue was 

fixed with sugar-containing formalin at a final concentra-

tion of 4% (Haney and Hall 1973). The fixed samples were 

concentrated to 5 mL by settling for over 6 h. Aliquots of 

1 mL were used for counting rotifers and copepod nau-

plii. Whole samples were used for counting cladocerans 

and copepods. Zooplankton were identified to species 

(or genus) level and counted using a microscope. In addi-

tion, morphotypes (antennule types) of adult females of 

B. longirostris were identified following the criteria used 

previously by Sakamoto et al. (2007), where animals with 

hooked antennules were identified as ‘cornuta’ and ones 

with slightly curved antennules as ‘pellucida (defensive 

morph)’.

Effects of the treatments on the repeatedly sampled 

zooplankton abundances, the morphologies of Bosmina,, 

physico-chemical data (dissolved oxygen (DO) and pH) 

were tested with repeated-measures ANOVA using Stat-

View ver. 5 (SAS Institute Inc., Cary, NC, USA). The mor-

photype data was log-transformed before the tests.

For each microcosm, a time-weighted average (WA) 

was calculated for each response variable (carbaryl con-

centration, densities of zooplankton, relative abundance 

of “pellucida”-morphed B. longirostris) using the follow-

ing formula (Stephen et al. 2004):

WA = [(11 × V11) + (14 × V14) + (17 × V17) +

(20 × V20)]/(11 + 14 + 17 + 20),                      (1)

Where V is the response variable at each of the four 

sampling dates (day 11 to 20) weighted by sequential 

numbers to give increasing emphasis on each subsequent 

date and so account for temporal effects.

Model selections using a generalized linear model 

(GLM) with WA variables were performed to assess the 

effects of carbaryl and Daphnia on response variables 

(WARES), using:

WARES = XCACCA + XDACDA + b,                            (2)

Where CCA and CDA are WA values of carbaryl concen-

tration and Daphnia density, respectively, and X and b 

indicate their parameter coefficients and the constant, 

respectively. Daphnia density was treated as an indepen-

dent variable because Daphnia is a superior competitor 

clone, originally from Lake Kasumigaura Japan) were 

added into each of the 9 tanks (Fig. 1).

Carbaryl applications were conducted on day 11. The 

insecticide (>99% grade, CAS 63-25-2) was purchased 

from Wako Pure Chemical Industries Ltd., Japan. A stock 

solution of the reagent (1000 mg/L) was prepared by dis-

solving the chemical in 99% ethanol to a final volume of 

10 mL, then diluted to the required concentrations with 

dechlorinated tap water, and introduced to the tanks. 

The established zooplankton communities were exposed 

to following five different treatments, each having three 

replications: (1) control (no carbaryl and no Daphnia); 

(2) high carbaryl treatment (5 µg/L of carbaryl, nominal 

concentration), (3) Daphnia treatment; (4) Daphnia and 

low carbaryl treatment (2 µg/L); (5) Daphnia and high 

carbaryl treatment (5 µg/L) (Fig. 1). For the treatments 

(1), (3) and (4), Ethanol (the solvent used for carbaryl) was 

added to equalize the solvent concentration (5 µL/L) in 

the treatments. The maximum carbaryl concentration (5 

µg/L) was nearly equal to the 24 h LC50 values (B. fatalis, 

4.1 µg/L; B. longirostris, 8.6 µg/L) for Bosmina, the domi-

nant cladoceran in Lake Suwa (Sakamoto et al. 2005), but 

lower than the 48 h LC50 value (11.3 µg/L) for the D. ga-

leata clone used in this study (Mano et al. 2010).

To measure the absolute concentrations of carbaryl, 

100 mL water was collected from each tank at 0, 3, 6 and 9 

days after the application (day 11 to 20). Each water sam-

ple containing carbaryl was filtered through a Whatman 

GF/C filter, and passed through a solid-phase cartridge 

(PS-2 plus; Waters, Milford, MA, USA). The samples were 

eluted with 5 mL acetonitrile. The acetonitrile solutions 

were dried under a gentle nitrogen stream and redissolved 

in 500 µL acetonitrile for HPLC analysis. Parent carbaryl 

concentrations were determined by HPLC (LC-10A series; 

Shimadzu, Kyoto, Japan) with UV-VIS detector (SPD-10A; 

Shimadzu, Kyoto, Japan) equipped with an ODS column 

(Mightysil RP-18 GP 150 mm × 2.0 mm φ (5 µm); Kanto 

Fig. 1. Experimental procedure: Daphnia and carbaryl applications were 
made on day 0 and day 11, respectively.
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ments (P > 0.05). Carbaryl concentrations in the treat-

ment tanks were slightly higher than the nominal values 

(Fig. 2a). The initial concentrations (average ± SE) were 

6.95 ± 0.27, 3.68 ± 0.43 and 5.93 ± 0.06 µg/L in the “high 

carbaryl”, “Daphnia + low carbaryl” and “Daphnia + high 

carbaryl” treatments, respectively. The absolute reduc-

tion of the concentration was 5% per day irrespective of 

either the presence of Daphnia or the initial concentra-

tion of the insecticide (Fig. 2b).

Carbaryl application caused a downdrift of the cladoc-

eran density dependent on the concentrations (Fig. 3a). 

Contrary to the cladocerans, total herbivorous rotifer 

density increased markedly in the “high carbaryl” treat-

ment (Fig. 3b). However, densities of the carnivorous zoo-

plankton did not differ between the treatments (Fig. 3c 

and 3d).

Cladoceran communities were mainly composed of 

two Bosmina species (B. fatalis and B. longirostris) and 

Bosminopsis deitersi (excepting the introduced D. galeata) 

(Fig. 4a-4c). Depending on the concentrations of carbaryl 

applied, their populations were subsequently disrupted 

(P < 0.01 for treatment, time and treatment by time inter-

action). However, B. longirostris was not affected severely 

by the low carbaryl treatment. A negative impact of carba-

ryl on the densities of D. galeata was not observed, even 

in the high dose treatment (Fig. 4d). Filinia longiseta and 

Hexarthra mira were the most abundant herbivorous ro-

tifers in the microcosms (Fig. 4e and 4f). Total density of 

the rotifers tended to increase when they were exposed 

to the high carbaryl concentration treatments, except in 

the Daphnia-introduced microcosms (Fig 4e and 4f). Le-

padella was the only rotifer that formed large populations 

in the presence of Daphnia (Fig. 4g). Copepod nauplii 

were not affected by the carbaryl applications (Fig. 4h). 

The relative abundance of B. longirostris having the de-

fensive morphotype decreased when they were exposed 

to carbaryl (Fig. 4i).

We performed the model selections using a generalized 

linear model (GLM) with time-weighted average (WA) of 

response variables to assess the effects of carbaryl and 

Daphnia (Table 1 and Fig. 5). Null models (intercept only) 

were selected for D. galeata, Calanoida and Cyclopoida, 

i.e., they were not affected by the treatments (Table 1). To-

tal cladocerans excepting Daphnia, B. fatalis, B. longiros-

tris and Bosminopsis deitersi were negatively correlated 

with the carbaryl concentration but not with Daphnia. 

For the copepod nauplii and Asplanchna sieboldi, a nega-

tive correlation was detected only with Daphnia density. 

However, the correlation for nauplii was not significant 

(P > 0.05 with t-test). Full models (interaction with both 

to the other zooplankton (MacIsaac and Gilbert 1989).

To analyze the differences in species compositions and 

those abundances between no-carbaryl tanks and carba-

ryl-introduced tanks, principal response curves (PRCs) 

were calculated based on a redundancy analysis (RDA) 

(Van den Brink and Ter Braak 1999, Hens et al. 2005) by 

using “Vegan” package in R 2.15.2 (R Core Development 

Team 2011) . Biotic data (abundance) were log(+1)  trans-

formed, centered over time and standardized before the 

analysis. The environmental variable was each treatment, 

with sampling time as the co-variable. PRCs were derived 

by plotting the canonical coefficients (Cdt) against time. 

The line at y = 0 represents the mean of the controls and 

the Cdt’s of the treated microcosms indicate their devia-

tion from the controls for each sampling date. Accom-

panying species scores allow an interpretation nat the 

species level. Data sets for no-Daphnia treatments and 

Daphnia-introduced treatments were analyzed separate-

ly in order to avoid interference of Daphnia data in the 

Cdt’s of No-Daphnia treatments. Quantitative difference 

between the treatments was tested with a Monte Carlo 

permutation test.

All statistical analyses excepting repeated-measures 

ANOVA were performed using the statistical software R 

(version 2.15.2).

RESULTS

During the experiment, DO and pH in tanks ranged be-

tween 3-7 mg O2 L-1 and 6.7 to 7.2, respectively. However, 

the values did not differ significantly among the treat-
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Fig. 2. Carbaryl concentrations (average ± SE) in microcosms: (a) Mea-
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Fig. 3. Changes in density of herbivorous (a and b) and carnivorous (c and d) zooplankton in each treatment (average ± SE).  Asterisks (*) show the effects 
of explanatory variables (*, P < 0.05; **, P < 0.01 with repeated-measures ANOVA. No asterisk means P ≥ 0.05). 
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was not significant. The positive effect of carbaryl on ro-

tifers was not significant for species level values. Daph-

nia density was positively correlated only with Lepadella 

density. The relative abundance of “pellucida”-morphed 

B. longirostris was negatively correlated with the carbaryl 

concentration.

PRC provided the information about the changes in 

species (taxon) composition due to the carbaryl applica-

tions (Fig. 6). The first components of PRC in no-Daph-

nia treatments and Daphnia-introduced treatments ex-

plained more than half of the variance (71.3% and 69.5%, 

respectively), so only one panel for each are shown. Ef-

fects of carbaryl applications were significant for both no-

Daphnia treatments and Daphnia-introduced treatments 

(P < 0.01 with Monte Carlo test). Canonical coefficients 

(Cdt) in day 11 were close to zero, indicating that the spe-

cies composition did not differ between the treatments at 

that time. The large impact of carbaryl was detected dur-

ing first 6 days (day 11 to 17) in the “high carbaryl” and 

“Daphnia + high carbaryl” treatments (Fig. 6). In “Daph-

nia + low carbaryl” treatment, Cdt did not fluctuate until 

day 14 and slightly increased thereafter. Negative spe-

cies scores occurred for the cladoceran species excepting 

Daphnia, and positive for the herbivorous rotifers in the 

no-Daphnia treatments (Fig. 6a). Negative scores indicate 

that zooplankton decreased due to the carbaryl exposure. 

A similar trend was observed in the Daphnia-introduced 

treatments (Fig. 6b).

carbaryl and Daphnia) were selected for the total her-

bivorous rotifers, H. mira and F. longiseta. However, the 

negative impact of Daphnia on the total rotifer density 

Table 1. Generalized linear model (GLM) used to estimate the effects of carbaryl concentration and Daphnia density on the response variables.

 Variables
Parameter coefficien  in best model AIC

Intercept Carbaryl Daphnia Best Full

D. galeata 089.69   -  - 178.36 180.36

Cladocerans*1 557.17 -82.11  - 173.82 175.13

B. fatalis 239.78 -36.64  - 148.72 150.09

B. longirostris 162.14           267.04            -37.89   - 161.09

B. deitersi 050.32 0-7.57  - 114.11 114.80

Calanoida   006.00   -  - 094.64 096.30

Cyclopoida 011.60   -  - 087.60 091.18

Nauplii 033.49   - -0.03 106.98 108.33

Asplanchna 013.58   - -0.02 067.34 068.18

Herb. Rotifers 398.79 -35.61 -0.77 189.05   -

H. mira 202.66 -13.10 -0.73 172.21   -

F. longiseta 164.75 -15.76 -0.39 167.93   -

Lepadella sp. 005.38   - -0.44 163.48 164.85

“pellucida” *2 000.57 0-0.13  - 091.63 092.14

*1: total cladocerans excepting Daphnia; *2: the relative abundance of “pellucida”-typed (defensive morphotype) individuals in adult females of Bosmina 
longirostris.
Selection of the best model was based on Akaike information criterion (AIC). ‘Full’ and ‘Best’ indicate AIC values of the full and the best model, respectively. 
Significant factors in bold (P < 0.05 with t-test).

Fig. 5. Time-weighted averages (WA) of zooplankton in each treatment 
(average density ± SE).
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A possible reason for the above inconsistency is the 

rapid recovery of the small cladocerans by hatching from 

resting eggs in the enclosure studies. Hanazato (1991a) 

reported that Bosmina populations were affected by car-

baryl, but recovered soon. The carbaryl concentration of 

100 µg/L he used was far higher than the 24 h LC50 values 

for Bosmina, 8.6 µg/L for B. longirostris and 4.1 µg/L for 

B. fatalis (Sakamoto et al. 2005). In the present study, we 

intentionally eliminated the bottom mud, including the 

resting eggs of zooplankton, from the microcosms. Thus 

the population dynamics of zooplankton were governed 

simply by the biological interactions between the plank-

tonic individuals and the contamination of carbaryl. 

Moreover, the period of our observations was very short 

(9 days from the chemical application). Those were the 

considerable differences to previous mesocosm/enclo-

sure experiments.

The difference in the results may also have been due to 

the different locations of the experiments. Carbaryl seems 

to be photolysed easily (Pérez-Ruiz et al. 2003) and the 

light intensity would be higher in field than in the labo-

ratory. Hanazato and Yasuno (1990) reported that 89% of 

carbaryl applied to the outdoor enclosures was decom-

posed within 1 day. In our experiment, however, the abso-

lute reduction of the concentration was only 5% per day 

irrespective of the initial concentration (Fig. 2). Different 

decomposition rates of carbaryl can lead to different re-

DISCUSSION

Population dynamics of zooplankton in lakes and ponds 

are controlled by complex combinations of biotic interac-

tions and abiotic environmental factors. Vulnerability to 

anthropogenic toxic chemicals differs between each spe-

cies, so the chemicals should induce different community 

structures. Several researchers have concluded that large 

cladocerans tend to be more sensitive to insecticides than 

smaller ones based on mesocosm/enclosure experiments 

(Moore and Folt 1993, Hanazato 1998). On the other hand, 

the opposite relationship has been observed in the labo-

ratory toxicity tests (Passino and Novak 1984, Sakamoto et 

al. 2005). However, the “size-dependent-tolerance” is not 

always applicable to broader taxonomic scale compari-

son (Mano et al. 2010).

Results of the present study did not coincide with the 

previous community-level studies. The population den-

sities of the small cladocerans (Bosmina and Bosminop-

sis) showed concentration-depending decline patterns 

subsequent to the chemical applications, but no impacts 

were observed in the large Daphnia (Table 1, Fig. 4 and 

Fig. 5). This supports the reports from the individual level 

toxicity tests, and indicates that the vulnerability of each 

cladoceran to insecticide does not change greatly even 

when a variety of species coexist with complex interac-

tions.

Fig. 6. Principal response curves (PRC) with species weights for the zooplankton data set, (a) no-Daphnia treatments, (b) Daphnia-introduced treatments, 
indicating the effects of low and high dose of the insecticide. The canonical coefficients (Cdt’s, first principal component of treatment effects) of the treated 
microcosms indicate their deviation of species composition from the controls for each sampling date. 71.3% and 69.5% of variance were explained by the 
first components in the left and right panels, respectively. 
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time lag observed in the low carbaryl treatment might be 

caused by the reduction of reproductive rates in Bosmina 

and Bosminopsis (chronic toxic impacts). Despite the 

dose-related responses that were recorded, species level 

vulnerability to carbaryl did not change depending on the 

chemical concentration.

Insecticides not only affect the individual survival or 

the reproduction rate, but also disturb the prey-predator 

interactions by enhancing or inhibiting the induction 

of morphological defences of prey animals (Lürling and 

Scheffer 2007). For example, carbamate and organophos-

phorus insecticides enhance the development of protu-

berant morphologies of Daphnia normally induced by 

predator kairomones (chemicals released from predators) 

(Hanazato and Dodson 1993). Inducible morphological 

defense is an important device of herbivorous zooplank-

ton for reducing the risk of extinction in the presence of 

predators. Altered morphology of prey species works as 

practical hedge, especially against size-dependent pre-

dation, by interfering with the predators’ handling and 

ingestion (Tollrian and Dodson 1999). In contrast to 

Daphnia, carbaryl inhibits the induction or maintenance 

of defensive morphs in Bosmina (Sakamoto et al. 2006, 

2009). In the present study, the relative abundance of B. 

longirostris having the morphotype defensive against cy-

clopoid copepods declined after the carbaryl treatments 

(both high and low) (Fig. 4i). Population density of B. 

longirostris in the low dose treatment was similar to that 

in the control. Although it was confirmed in the present 

study that the copepod-Bosmina interaction had been 

disturbed by carbaryl at the sublethal concentration, 

there was no detectable decline in B. longirostris density 

due to this disturbance.

Some lake ecosystems have many real problems due 

to anthropogenic impacts. Chemical pollution is one 

contributing factor to these problems, pesticides having 

great impact on the survival of the organisms in the sys-

tem. Accurate evaluation of the impact of anthropogenic 

toxic chemicals on ecosystems is one of the most impor-

tant goals for ecotoxicologists. It has been shown that the 

genera Bosmina and Bosminopsis are potentially more 

vulnerable to insecticides than Daphnia. Bosminid spe-

cies commonly dominate the zooplankton communities 

in the eutrophic lakes, while Daphnia typically dominate 

oligotrophic lakes. It can therefore be considered that 

typical eutrophic plankton communities are more vulner-

able to contamination than predicted by the results of the 

previous studies.

sults, because the damaged reproductivity of the animals 

can recover if the concentration of toxic chemicals de-

creases.

One conspicuous effect of insecticide application on 

zooplankton communities is an increase of rotifer density 

(Chang et al. 2005). This is because rotifers are far more 

tolerant to the insecticides than cladocerans. Cladocer-

ans show superior exploitative competition to rotifers, 

and therefore chemical pollution can free the latter from 

food shortage (Hanazato 2001). The same phenomenon 

was also observed in the present microcosm experiment. 

Total rotifer density was positively correlated with the 

carbaryl concentration (Table 1). However, this was not 

the case in the presence of D. galeata (Fig. 4). D. galeata 

was not affected even in the high dose treatments, so that 

the rotifers did not get relief from competition. Moreover, 

large cladocerans (especially Daphnia) are known to kill 

rotifers by their feeding activity (interference competi-

tion: Gilbert 1988). However, one rotifer, Lepadella sp., in-

creased only when Daphnia was abundant (Table 1, Fig. 
4g), so the response of rotifers to Daphnia differs depend-

ing on the species.

Negative correlation with Daphnia density was also 

found for the abundance of a carnivorous rotifer, A. 
sieboldi (Table 1). However, there would be no predatory 

interaction between them because Daphnia has too large 

body to be handled by A. sieboldi. They probably respond-

ed to the decrease of herbivorous rotifers (main food 

items), indicating that Daphnia indirectly suppressed 

the abundance of A. sieboldi. Densities of calanoid- and 

cyclopoid copepods did not vary between the treatments 

(Table 1, Fig. 3c and 3d). Chang et al. (2005) confirmed 

that the feeding activity of the copepods was not affected 

by 500 µg/L carbaryl. It can be concluded that copepods 

feed effectively on a wide range of food items and accom-

modate to the changes in their food source.

Zooplankton community structure diverged depend-

ing on the pollutant level (Fig. 6). In the high-dose treat-

ments (Fig. 6), the canonical coefficient (Cdt) of PRCs 

increased subsequent to the carbaryl application. This 

indicates that the decrease of sensitive species due to the 

acute toxicity of carbaryl and the incidental increase of 

rotifers occurred rapidly. In the low dose treatment, on 

the other hand, Cdt value did not fluctuate from zero un-

til day 14, meaning that the direct lethal effect was weak. 

Sakamoto et al. (2009) have reported that the population 

growth rate of B. longirostris declined to 87% when the 

animals were exposed to carbaryl at 2 µg/L, but this con-

centration had no impact on the bosminid survival. The 
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