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Removal of planktivorous fish is used extensively in northern temperate lakes to reduce phytoplankton abun
dance via enhanced zooplankton grazing. However, whether this method would work also in large subtropical
highland lakes to alleviate cyanobacterial blooms is unknown. We conducted a one-year pilot in situ experiment
where we removed a substantial biomass of fish in a fenced-in area, followed by a 3-year whole-lake experiment
where the dominant fish species (Japanese smelt) was removed in Lake Erhai in southwest China. The fencing
experiments showed that between July and November, when the biomass of the removed stock reached 4 g/m2,
the zooplankton biomass inside the fence increased significantly compared to a control fence. In the full-lake
experiment, we found that sustained removal of Japanese smelt led to an increase in the biomass of cladoc
erans (Daphnia spp. but especially of Bosmina spp.) and a significant decrease in the biomass of Cyanobacteria
and Chlorophyta. Additionally, a marked increase in the ratio of zooplankton to phytoplankton biomass, as well
as an increase in the body size of cladocerans, emphasising the importance of enhanced top-down control for
mitigating cyanobacterial blooms following extensive fish removal. Our results reveal that removal of small fish
(here Japanese smelt) can lead to a reduction of the phytoplankton and cyanobacteria biomass through a trophic
cascade in highland deep subtropical lakes. Thus fish removal may be a feasible additional restoration tool to
external nutrient loading reduction in such lakes.

1. Introduction
The frequency of harmful cyanobacterial blooms in lakes is
increasing globally due to progressive eutrophication (O’Neil et al.,
2012). These cyanobacterial blooms have numerous negative effects,
including higher water turbidity (Svirčev et al., 2014; Rosinska et al.,
2017), reduced fish production (Carstensen et al., 2014), disappearance
of submerged macrophytes (He et al., 2014; Li et al., 2021) and signif
icant declines in biodiversity (Amorim and Moura, 2021). Cyanobacte
rial blooms and poor water clarity are frequently observed in shallow
lakes with high nutrient concentrations (Chen et al., 2020; Zhao et al.,
2021). The primary aim of lake restoration is to eradicate blooms,

particularly those caused by potentially toxic cyanobacteria (Qin et al.,
2015).
To prevent lake deterioration, researchers worldwide have explored
methods to control cyanobacteria blooms, and one of these methods is
biomanipulation (Shapiro et al., 1975) used to speed up recovery of
eutrophic lakes following an external nutrient loading reduction (Jep
pesen et al., 2012). Biomanipulation, typically with focus on removal of
zooplanktivorous fish or in a few cases on introduction of piscivorous
fish, is used to augment grazing on phytoplankton via enhanced
zooplankton abundance. Today, biomanipulation is a commonly applied
tool to shift eutrophic temperate lakes from a turbid state dominated by
phytoplankton to a more transparent state dominated by submerged
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Fig.. 1. The model schematically shows the variations in zooplankton in Lake Erhai pre and post the removal of Japanese smelt. The thickness of the red arrow
represents the intensity of predation.

production was low, on average 450 t a year, at a time when the lake was
well endowed with biological resources and available spare ecological
niches. Planktivorous fish (bighead carp, Hypophthalmichthys nobilis, and
silver carp) have been introduced and studied in 13 lakes on the
Yunnan-Guizhou Plateau (Xie and Chen, 2001), including the highland
lake Erhai, starting in the 1950s with the aim of increasing fish pro
duction. After the 1980s, the introduction of icefish (Neosalanx tai
huensis) led to a significant reduction of zooplankton abundance in the
lake (Lin et al., 2013). Around 2010, he planktivorous Japanese smelt
first appeared in the lake and became the dominant fish after 2016 (Yin
et al., 2021). In recent decades, Lake Erhai has been detrimentally
affected by the introduction of planktivorous fish and eutrophication
(Jiang et al., 2015; Chen et al., 2018), and there are currently no sig
nificant positive effects of stocking silver and bighead carp in the lake
(Yi et al., 2016; Yang et al., 2019).
In studies of shallow subtropical lakes, removal of fish typically has
no effect on the zooplankton due to the rapid reproduction of dominant
and dense omnivorous fish (Liu et al., 2018). Moreover, fish predation
on zooplankton is generally less strong in deep lakes than in shallow
lakes (Jeppesen et al., 1997). Thus, relatively deep subtropical highland
lakes, such as Lake Erhai, may show fish removal effects that are more
similar to the responses of temperate lakes than to those of lowland
subtropical shallow lakes. Firstly, Lake Erhai has a lower annual average
temperature than is typical for subtropical lakes. Secondly, small
planktivorous fish are abundant in the lake (Yin et al., 2021), with
Daphnia spp. being the predominant zooplankton species in winter and
spring, while small cladocerans and copepods are the dominant species
in summer and autumn (Yang et al., 2014). Accordingly, removal of
planktivorous fish may potentially be an effective way to mitigate cya
nobacterial blooms via a trophic cascade through an increase in
large-bodied zooplankton.
We conducted an in-situ fence (0.35 km2) biomanipulation experi
ment in Lake Erhai that involved removal of zooplanktivorous fish
(experimental period: April 2018-May 2019), followed by whole-lake
(250 km2) experiments (experimental period: pre-biomanipulation

macrophytes (McQueen et al., 1986; Søndergaard et al., 2008), and it
has been used extensively and with success in small and shallow lakes in
northern temperate Europe (Søndergaard et al., 2007). However, its
long-term success is uncertain. Removal of a high proportion of plank
tivorous fish for 1–2 years has been recommended to avoid regrowth of
the original plant population and to stimulate the growth of young
specimens (Hansson et al., 1998; Jeppesen et al., 2012).
Whether the biomanipulation techniques used in northern temperate
lakes can be successfully applied to warm lakes as well is debatable
(Lazzaro, 1997; Jeppesen et al., 2005b) as there are several important
differences in fish assemblage structure between warm (i.e. tropical,
subtropical and Mediterranean), cold and temperate zones (Jeppesen
et al., 2010; Meerhoff et al., 2012). In warm lakes, the structure of fish
assemblages is typically more complex than in temperate lakes (Jeppe
sen et al., 2012), omnivorous fish are dominant, which makes the
nutrient cycling in the water column more diverse (McIntyre et al.,
2008; Munshaw et al., 2013). Moreover, the top-down control of
piscivorous fish is weaker in warm lakes than in temperate lakes, as
shown in studies of large number of subtropical lakes (Gelós et al.,
2010), but as for temperate lakes, studies in (sub)tropical and Medi
terranean lakes show that a reduction of nutrient loads can improve the
ecological status by diminishing the phytoplankton biomass and
increasing the water clarity (Jeppesen et al., 2005a; Coveney et al.,
2005; Romo et al., 2005; Beklioglu and Tan, 2008).
It is debated how filter-feeding fish affect the plankton community as
the effect depends on fish size and stocking density, food availability and
ecological conditions (Spataru and Gophen, 1985; Costa-Pierce, 1992),
and stocking may lead to ecological degradation (Lin et al., 2014; Mao
et al., 2020). Nevertheless, in Chinese (sub)tropical eutrophic lakes and
reservoirs, stocking of silver carp (Hypophthalmichthys molitrix) has
remained widely used in an attempt to control cyanobacterial blooms
(Zhang et al., 2006; Guo et al., 2015, but see Mao et al., 2020).
Before the 1950s, Lake Erhai maintained a structure characterised by
primarily indigenous fish species, with dominance of species such as
Schizothorax taliensis (Wu and Wang, 1999). The lake fisheries
2
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Fig.. 2. Location of the in-situ fenced-in area, Lake Erhai and the sampling sites.
Table 1
Annual variation in catch per unit effort (CPUE) for Japanese smelt.
Year
Japanese smelt CPUE (kg/(boats*day))

2011

2012

2013

2014

2015

2016

2017

2018

2019

0

0

0.0007

0.0062

0.4642

1.3198

1.8583

4.4064

4.698

(December 2017-April 2019), during biomanipulation (May 2019November 2020)) where the quantity of fish removed was based on
the results of the fencing experiments. We hypothesised that removal of
planktivorous fish would strongly affect the zooplankton and phyto
plankton community via a trophic cascade (summarised in Fig. 1).
Therefore, the main objectives of the current study were: (1) to propose
a suitable model for the removal of planktivorous fish in Lake Erhai, (2)
to assess the effectiveness of fish removal for alleviating cyanobacterial
blooms and (3) to provide lake management and decision makers with
effective solutions for lake restoration.

eutrophication in recent decades with frequent cyanobacterial blooms
(Chen et al., 2018). The lake has shifted from an oligotrophic to a
meso‑eutrophic state, with current TN values ranging from 0.39 to 0.60
mg/L and TP values from 0.004 to 0.028 mg/L (Yu et al., 2014).
Over the past 60 years, Lake Erhai has experienced multiple
anthropogenic disturbances, of which the introduction of non-native fish
for aquaculture as well as eutrophication are the most evident (Wu and
Wang, 1999; Fei, 2012; Lin et al., 2012). Following the establishment of
non-native species and the decline or disappearance of native species,
the main fish harvested in the lake gradually shifted from medium-sized
native fish to small non-native fish (Tang et al., 2013; Wang et al., 2013).
Around 2010, Japanese smelt, a small zooplanktivorous fish, was first
detected in the lake. Subsequently, the species quickly established a
large population, and after 2017 it became the dominant fish species
with an annual catch of nearly 3000 t, accounting to around 30% of the
total catch (Table 1) (Yin et al., 2021). The most common zooplankton
taxa in the lake are Daphnia spp., small cladocerans such as Bosmina
longirostris, Ceriodaphnia quadrangula and Chydorus sphaericus, and the
main copepods are nauplii and advanced stages of cyclopoid copepods.
The dominant submerged macrophytes are Potamogeton maackianus and
Vallisneria natans. The phytoplankton is dominated by Cyanobacteria,

2. Material and methods
2.1. Study area
Lake Erhai is a highland lake (25º36–25º58 N, 100º06–100º18 E,
altitude 1974 m) located in Yunnan Province, southwest China (Fig. 2).
The lake has a surface area of 252 km2 and a volume of 2.959×109 m3.
The lake is situated in a subtropical monsoon climate with an average
annual temperature of 15.0 ◦ C, and it has an average depth of 10.5 m
and a maximum depth of 20.9 m. The lake has experienced severe
3
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Fig.. 3. Monthly changes in biomass (a) and relative abundance (b) of removed fish, as well as total zooplankton biomass (c), total zooplankton density (d), total
nitrogen (e), total phosphorus (f), chlorophyll-a (g) and water transparency (h) in the fencing experiment with and without fish removal.

Chlorophyta and Bacillariophyta.

similar nutrient levels and chlorophyll-a concentrations. Subsequently,
we constructed fences in Area (I) and (II). The material used for the Area
(II) fence was single-layer vinyl mesh (mesh size 3.5 cm) and doublelayered mesh (window screen mesh (mesh size: 0.500 mm) for the
inner layer) for Area (I), meaning that the fish in Area (I) and Area (II)
could not enter each other (Fig. 2). Fish were removed twice monthly in
Area (I) with large draw nets from the beginning of June 2018; a total of
2.36 tons of fish were removed, including 68% Japanese smelt, 15%
sharpbelly (Hemiculter leucisculus), 6% goby (Ctenogobius giurinus), 4%

2.2. Biomanipulation measures
We conducted a one-year (April 2018-May 2019) fish removal
experiment in a fenced-in area (Area I, 0.35 km2), with another area
(Area II) acting as control with no treatment (Fig. 2). Prior to the start of
the experiment, no fence separated Area (I) from Area (II). We sampled
and analysed the plankton and water quality in both areas and found
4
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Fig.. 4. Monthly changes in density and biomass of dominant zooplankton taxa in the fencing experiment.

smelt in the lake (pre-biomanipulation (December 2017-April 2019) and
during biomanipulation (May 2019-November 2020)). A total of 2829
tons (113 kg/ha) of Japanese smelt were removed by approximately
1000 fishing vessels per day from May 2019 (repeated fish removed)
using gillnets (mesh size 1.5–2.2 cm) designed particularly to Japanese
smelt capture.
2.3. Sample collection
Three sampling sites (N1, N2, N3) were established in Area (I) and
three (S1, S2, S3) in Area (II). Integrated water and plankton samples
were collected monthly from two experimental areas starting in April
2018. Integrated water samples from each site at the upper (e.g., 0.5 m
below the surface), middle (midway between the surface and the bot
tom) and lower (i.e., 0.5 m above the sediment surface) parts of the
water column were collected by a 5 L modified Patalas bottle sampler,
followed by immediate analysis of physico-chemical parameters and
plankton communities. Total nitrogen (TN), total phosphorus (TP) and
Chl-a of each sample were determined in the laboratory according to the
methods of Huang et al. (1999). Secchi depth (SD) was measured with a
black and white Secchi disk (20 cm in diameter) in situ to determine the
transparency of the water. A total of nine sampling sites (E1, E2, E3, E4,
E5, E6, E7, E8, E9) were established for the whole-lake experiment and
plankton samples were taken monthly starting in December 2017, with
samples were collected in the same way as for the fencing experiment
(Fig. 2).
A 1-litre sample of water was preserved with Lugol’s reagent and
concentrated to 50 mL for phytoplankton analysis after settling for 48 h
(Huang et al., 1999). Colonies or filamentous algal cells were separated
using an ultrasonicator (JY88-II, Scientiz, Ningbo, Zhejiang, China). The
phytoplankton in a 0.1 mL sample was then counted using a regular
Olympus microscope (Olympus, Tokyo, Japan) at 400x magnification
and converted to biomass based on the cell size of the different phyto
plankton taxa. The phytoplankton was taxonomically identified ac
cording to Hu and Wei (Hu and Wei, 2006). Ten L water samples of

Fig.. 5. Monthly changes in the proportion of the main zooplankton and
phytoplankton taxa during the pre- and biomanipulation period in the wholelake experiment.

icefish (Neosalanx taihuensis), 3% topmouth gudgeon (Pseudorasbora
parva) and 0.5% crucian carp (Carassius auratus). Relative abundance
expresses the density of a single species of fish removed as a percentage
of all fish removed. The biomass and relative abundance of fish removed
monthly in Area (I) are shown in Fig. 3a and 3b. The fish removed were
mainly Japanese smelt, and the July-November fish removal signifi
cantly contributed to the increase of the zooplankton population (see
below). Consequently, we undertook a full-scale removal of Japanese
5
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Fig.. 6. Seasonal variation in the density and biomass of Cyanobacteria (a, e), Chlorophyta (b, f), Bacillariophyta (c, g) and other phytoplankton taxa (d, h) pre- and
biomanipulation period. One-way ANOVA was used to represent differences in pre-biomanipulation and during biomanipulation for each season. Differences in
lowercase letters were considered significant (p < 0.05).

crustaceans were filtered through a 25# (69 μm) plankton net and
preserved in 5% formalin for further analysis (Huang et al., 1999). All
individuals were counted and identified, and at least 30 individuals of
each species were measured at 40× magnification under a regular
Olympus microscope (Olympus, Tokyo, Japan) (Chiang and Du, 1979;
Sheng, 1979) and converted to biomass according to Huang et al.
(1999). One hundred fields of view were counted for each sample under

the microscope using the method described by Huang et al. (1999).
2.4. Data analysis
For the analyses of the whole lake data set, we used the following two
periods: pre-Japanese smelt removal (December 2017-April 2019) and
during the removal of Japanese smelt (May 2019-November 2020). To
6
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Fig.. 7. Seasonal variation in the biomass of Daphnia spp. (a), Bosmina spp. (b), other cladocerans (c) and copepods (d) as well as in the average body mass of Daphnia
spp. (e), Bosmina spp. (f), other cladocerans (g) and copepods (h) pre- and biomanipulation period. One-way ANOVA was used to represent differences in prebiomanipulation and during biomanipulation for each season. Differences in lowercase letters were significant (p < 0.05).

identify the impact of top-down effects of fish predation, we used bio
logical indicators indicative of food web interactions (Jeppesen et al.,
2003; Jackson et al., 2007). The ratio of the zooplankton to phyto
plankton biomass ratio was used as indicator of the grazing pressure of
zooplankton on phytoplankton (Jeppesen et al., 2003). Significant dif
ferences in plankton densities and biomass between three years within a

season separately were calculated using one-way analysis of variance
test (ANOVA), whereas these significant differences were presented as
different lower case letters (p < 0.05). As fish removal was conducted
from July to November in one year, and as Lake Erhai is vulnerable to
eruptions of algal blooms after July, we analysed annual variations in
the biomass and density of phytoplankton from July to November. We
7
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Fig.. 8. One-way (ANOVA) analysis of variation in the biomass of Cyanobacteria (a), Chlorophyta (b), Bacillariophyta (c) and other phytoplankton taxa (d) prebiomanipulation (2018) and during biomanipulation (2019 and 2020). P values for comparison between the years are given, being significant if p < 0.05.

Fig.. 9. One-way (ANOVA) analysis of the variation in biomass of Daphnia spp. (a), Bosmina spp. (b), other cladocerans (c) and copepods (d) pre-biomanipulation
(2018) and during biomanipulation (2019 and 2020). P values for comparison between the years are given, being significant if p < 0.05.

used ANOVA to reveal differences in the biomass and density of Cya
nobacteria, Chlorophyta and Bacillariophyta as well as in zooplankton
biomass and density in July-November each year before and during the
removal of Japanese smelt. Significance was set at p < 0.05. All com
parisons were performed using R 4.0.3 (R Development Core Team,
2020).

3. Results
3.1. Fencing experiments
The effects of fish removal in the fencing experiment on zooplankton
and water physicochemical variables are shown in Fig. 3. The proportion
of Japanese smelt removed in terms of biomass and abundance were
8
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Fig.. 10. One-way (ANOVA) analysis of the variation in the average body mass
(mg/ind.) of cladocerans (a) and copepods (b) pre-biomanipulation (2018) and
during biomanipulation (2019 and 2020). P values for comparison between the
years are given, being significant if p < 0.05.

68% and 40% respectively. The removal of fish between July and
November (4 g/m2 in total) significantly increased the zooplankton
density and biomass inside compared to outside the fence (p < 0.05)
(Fig. 3a-3d). However, no significant changes were found in the water
quality variables (TN, TP, Chl-a, water transparency) (p > 0.05), likely
due to water movement between the fences (Fig. 3e-3h). Furthermore,
the biomass of Bosmina spp. and copepods showed a large increase be
tween 18-Jul and 18-Nov following the fish removal compared to the
control (Fig. 4a-4d). A minor increase in Daphnia spp. biomass was also
observed (Fig. 4a-4d). These results encouraged us to do a whole-lake
experiment focusing on removal of the dominant Japanese smelt.

Fig.. 11. One-way (ANOVA) analysis of the variation in the biomass ratios of
cladocerans to Cyanobacteria (a), copepods to Cyanobacteria (b) and
zooplankton to phytoplankton (c) pre-biomanipulation (2018) and during
biomanipulation (2019 and 2020). P values for comparison between the years
are given, being significant if p < 0.05.

3.2. Large-scale lake experiments
3.2.1. Variations in zooplankton and phytoplankton on a seasonal scale
The percentage biomass of cladocerans showed an increasing trend
after the removal of Japanese smelt (Fig. 5), particularly the biomass
percentage of Daphnia spp. and Bosmina spp. Bacillariophyta and other
phytoplankton taxa tended to reach a higher biomass contribution after
the fish removal at the expense of Cyanobacteria and Chlorophyta,
especially during periods of increased Daphnia spp. abundance.
The densities of Cyanobacteria, Chlorophyta and Bacillariophyta
showed a significant decrease in all four seasons after the fish removal,
as well as a decline of other phytoplankton taxa in autumn and spring (p
< 0.05) (Fig. 6a-6d). After the fish removal, the phytoplankton biomass
declined in autumn and winter, particularly for Cyanobacteria and
Chlorophyta (p < 0.05). Similarly, the biomass of Bacillariophyta and
other phytoplankton taxa decreased markedly during summer (p < 0.05)
(Fig. 6e-6h). On the contrary, the biomass of Bacillariophyta increased
considerably in winter and spring following the removal of Japanese

smelt (p < 0.05). There was a marked seasonal increase in cladoceran
biomass following the biomanipulation; in particular, the biomass of
Daphnia spp. increased significantly in autumn and winter (p < 0.05).
The biomass of Bosmina spp. also increased markedly in summer and
autumn, while the biomass of copepods decreased significantly in
summer (p < 0.05) (Fig. 7a-7d). The average body mass of Daphnia spp.
increased markedly in winter after the fish removal, and Bosmina spp.
increased distinctly in all four seasons. The average body mass of other
cladocerans showed a considerable increase in spring, autumn and
winter, while body mass of copepods decreased significantly in spring
and summer (Fig. 7e-7h).
3.2.2. Impact of fish removal on phytoplankton and zooplankton (July –
November)
Our main focus was on the period July-November where
9
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Cyanobacteria typically are most abundant. In this period, the biomass
of Cyanobacteria, Chlorophyta and Bacillariophyta decreased progres
sively and significantly (p < 0.001) during the biomanipulation, while
the response of the other taxa was weak (Fig. 8a-8d). As for zooplankton,
the biomass of Bosmina spp. increased considerably (p < 0.001), and the
biomass of Daphnia spp. increased slightly, while other cladocerans did
not show any significant changes (Fig. 9a-9c). The biomass of copepods
declined markedly after the fish removal (p < 0.05) (Fig. 9d).
The average body mass of cladocerans increased significantly (p <
0.001) after the fish removal (Fig. 10a), while the average body mass of
copepods decreased (p < 0.001) (Fig. 10b).
The increase in zooplankton to phytoplankton ratios indicates
enhanced grazing on phytoplankton. Our results showed a significant
increase in the biomass ratio of cladocerans relative to Cyanobacteria (p
< 0.001) after the fish removal as well as a pronounced increase in the
ratio of copepods to Cyanobacteria (p < 0.05) (Fig. 11a-11b). Addi
tionally, the ratio of zooplankton to phytoplankton biomass was higher
after the removal of fish (p < 0.001) (Fig. 11c).

Our results are more similar to those found in studies of northern
temperate lakes (Jeppesen et al., 2007) than to results from subtropical
shallow lakes (Liu et al., 2018), likely due to lower temperatures in this
highland lake as well as its large depth. As for temperature, Behrens and
Lafferty (2007) suggest that a warming climate may lead to changes in
the diet of fish, resulting in increased consumption and assimilation of
plant matter. In the present study, planktivorous fish dominated the
highland lakes, while omnivorous and bottom-feeding fish often domi
nate the lowland lakes (Wang et al., 2021). As for depth, unlike the
situation in shallow lakes, in deep lakes zooplankton may in part avoid
fish predation by daytime vertical migration to deeper parts of the lakes
(Gliwicz, 1986).
5. Conclusions
Biomanipulation, i.e. the removal of a substantial amount of plank
tivorous Japanese smelt, was carried out to mitigate cyanobacterial
blooms in a eutrophic highland lake in a subtropical China. The fish
removal led to: 1) a substantial shift in the zooplankton community,
with dominance of Daphnia spp. in autumn and winter and Bosmina spp.
in summer and autumn, 2) a decrease in the biomass percentage of co
pepods and 3) a significant increase in the zooplankton:phytoplankton
biomass ratio and body size of cladocerans, followed by a reduction of
Cyanobacteria and Chlorophyta biomass. Our study was of short-term
duration, however, and the longevity of the biomanipulation and
whether a continuous strong fishing effort is needed to maintain or
further strengthen top-down effects warrant further studies. Attention
should also be paid to the need for removing large-bodied benthiplanktivorous fish. Our result provides the first evidence that fish
removal may be a feasible additional restoration tool to external
nutrient loading reduction in subtropical although more work is needed
the elucidate the long-term effects and to optimize the method.

4. Discussion
We used large fenced-in areas to test the effect of fish removal on
zooplankton followed by a whole-lake fish removal in Lake Erhai to
assess the effectiveness of fish removal in controlling or mitigating algae
blooms. Our results in the fenced-in areas suggested that removal of
Japanese smelt from July to December could increase the biomass of
zooplankton, although it did not have any cascading effect, likely due to
water exchange with the controls. The whole-lake massive removal of
Japanese smelt also resulted in increased zooplankton biomass and less
phytoplankton, notably of cyanophytes. Furthermore, the change in the
biomass ratio of zooplankton (Daphnia spp., Bosmina spp. and copepods)
to phytoplankton (Cyanobacteria) indicated a significant increase in the
zooplankton grazing pressure on phytoplankton following the fish
removal.
The biomass of Daphnia spp. showed an increasing trend in winter
and autumn compared to before removal. During the period from
October of the current year to May of the following year, Daphnia had a
short window of opportunity (Lin et al., 2013; Yang et al., 2014; Gong,
2020) before the fish predation increase due to fish recruitment and
higher temperatures, as seen in other subtropical and warm temperate
lakes (Romo et al., 2005). However, several other cladocerans exhibited
statistically significant increases in summer during the fish removal,
notably Bosmina, which can be attributed to the reduced fish predation
(Dodson, 1974). Bosmina can take advantage of the absence of the su
perior competitor Daphnia (DeMott and Kerfoot, 1982; Urabe, 1990). It
is also well documented that large zooplanktivorous fish selectively prey
on larger, more visible genera (e.g. Daphnia spp.), while relatively small
species (e.g. Bosmina spp.) are vulnerable to attack and selective pre
dation by small zooplanktivorous fish and macroinvertebrate predators
(Brooks and Dodson, 1965), such as Japanese smelt. Cyclopoid copepods
are thought to be comparatively less affected by fish predation as they,
to some extent, due to their swimming behaviour can avoid predation,
while calanoid copepods are often more susceptible to fish predation
(Leibold, 1991; Min et al., 2021). We found a reduction in the biomass of
cyclopoid copepods, likely because of competition with cladocerans and
calanoid copepods (Brooks and Dodson, 1965).
It is well-known that zooplanktivorous fish influence the abundance
of phytoplankton biomass in lakes by altering the zooplankton grazing.
In north temperate lakes, zooplankton reduced the phytoplankton
biomass after a biomanipulation, that led to increase in body-size of
cladocerans and higher zooplankton to phytoplankton biomass ratio
(Hansson et al., 1998; Jeppesen et al., 2004; Søndergaard et al., 2008,
2012), and particularly Cyanobacteria was affected (Søndergaard et al.,
2007). We also found that the whole-lake fish removal was accompanied
by a reduction in the biomass of Cyanobacteria as well as of
Chlorophyta.
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