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Abstract: Fish, being an important consumer in aquatic ecosystems, plays a significant role by
affecting the key processes of aquatic ecosystems. Omnivorous fish consume a variety of food both
from pelagic and benthic habitats and may directly or indirectly affect the plankton community as
well as the lake trophic state. We conducted a 72-day outdoor experiment in mesocosms with and
without Prussian carp (Carassius auratus) to evaluate the effect of this often-stocked omnivorous fish
on the plankton community and water quality. We found that the presence of fish increased the
biomass of planktonic algae, total and inorganic suspended solids, leading to decreased light intensity
in the water and a lower biomass of benthic algae. Fish also prevented development of submerged
macrophytes and the establishment of large-bodied zooplankton. However, the fish did not increase
nitrogen concentrations and even was lowered total phosphorus levels, in part due to nutrient storage
in the fish. We conclude that stocking of Prussian carp should be avoided, or removed where stocked
and abundant, to obtain good ecological quality of shallow lakes, characterized by clear water and
high abundance of macrophytes.

Keywords: Prussian carp; nutrients; phytoplankton; benthic algae; water quality

1. Introduction

Eutrophication due to excess nutrient inputs, leading to extensive growth of planktonic
algae, is one of the most common water quality problems in shallow lakes worldwide [1–3].
When abundant, planktonic algae reduce water transparency and prevent penetration
of light into deeper layers, which, in turn, may reduce the growth of benthic primary
producers such as benthic algae [4–6]. A decrease in benthic primary production may
result in higher growth of planktonic algae through reduced competition for nutrients and
enhanced internal nutrient loading from the sediment [7].

Fish, an important consumer in aquatic ecosystem, plays a significant role in lakes
by affecting key processes and may even trigger catastrophic changes [8]. However, the
different functional groups of fish affect the ecosystems in different ways [9–11]. Filtering
fish such as silver carp (Hypophthalmichthys molitrix) filter plankton and particles in the water
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column and is supposed to have a positive effect on water quality [12], although this view
is controversial as they also consume the zooplankton, thereby reducing the grazing on
planktonic algae [13]. Other fish, such as common carp (Cyprinus carpio) consume a variety of
food items from both the pelagic and benthic habitats, and they may have profound effects on
the aquatic ecosystems [14,15]. They affect nutrient recycling and then primary productivity
in aquatic ecosystems, either directly or indirectly [16,17]: they may enhance the growth of
planktonic algae through bottom-up effects by translocating nutrients from sediments to the
water column [18–20] as well as by disturbance and through excretion [8,21]. In addition,
omnivorous fish can predate on phytoplankton-consuming zooplankton, thereby reducing
their abundance and changing their community structure [22–24]. They may, however,
also increase turbidity through resuspension of bottom sediments when feeding [25–27],
potentially with negative effect on primary producers. Omni-benthivorous fish may also
affect the plants by uprooting or by consuming them. By feeding sediment, they may also
reduce the amount of overwintering organs (tubers, oocytes, etc.) [8,28] and the amount of
resting eggs of cladocerans stored in the sediment [29], thereby preventing development
of plants and large-bodied cladocerans, which potentially may lead to higher planktonic
algae growth. Some studies though found no net effects of omnivorous fish on nutrients
and biomass of planktonic algae (chlorophyll a (chl a)) [30]. In addition, the impact of
fish on nutrient concentrations and water turbidity varied with season and latitude in a
Pan-European mesocosm experiment [31], emphasizing that more work is needed to fully
elucidate the effects of omnivorous fish on plankton communities and water quality.

Omni-benthivorous Prussian carp (Carassius auratus gibelio) consume a wide range of
food items [32]. Its population grows rapidly due to precocious maturity and reproduction
through gynogenesis, it can produce several times per year and has a high fecundity [33–35].
It can tolerate polluted water and other stressful conditions [33,35,36]. Prussian carp is
now widely distributed in Europe from the Iberian Peninsula to the Black Sea region, with
the exception of the northern regions (Ireland, Scotland and part of Scandinavia) [37,38],
and it has spread to all types of waterbodies of the Dnieper, Pripyat, Zapadnaya Dvina and
Neman river basins [39].

Prussian carp is invasive species in Belarus [40] and began to spread after acclimatisa-
tion in 1948. From the Amur basin, it has been introduced into waterbodies of different
types in the north of Belarus and fish farms in the south of the country. In 1954, the
species began to breed in many fish ponds of the republic, thereby introducing to natural
waterbodies. In 2006, the Prussian carp was recognised as the most effective species for fish
production and its massive introduction into natural aquatic environments was therefore
continued. Currently, Prussian carp bred in most of the fish farms in Belarus. In addition,
its potential for further expansion is strong, entailing a potential profound impact on the
ecological state of aquatic ecosystems.

To evaluate the impact of the Prussian carp on the plankton community and water
quality, we conducted an outdoor mesocosm experiment with and without fish. We
hypothesised that the presence of Prussian carp would change the plankton community,
enhance planktonic algae growth and prevent the development of submerged macrophytes
and large-bodied zooplankton, thereby enhancing the eutrophication.

2. Materials and Methods
2.1. Experimental Mesocosm Setup

The mesocosm experiment was carried out in 10 circular plastic tanks (upper diame-
ter = 60 cm, bottom diameter = 50 cm, height = 105 cm) containing sediment and water. The
tanks were semi-transparent and light beige. Sediment was obtained from Lake Obsterno, a
mesotrophic natural shallow lake (9.9 km2, mean depth 5.0 m) located in the north-west of
Belarus (55◦62′6118” N; 27◦36′0255” E). To remove coarse debris and other major obstacles,
the sediment was air dried and sieved through a stainless steel sieve (mesh size 0.5 mm). A
layer of ∼10 cm homogenised sediment was added to each tank. Then the tanks were filled
with the lake water (total phosphorus 0.167 mg/L) filtered through a plankton net (mesh
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size = 0.07 mm). The mesocosms were then exposed to natural sunlight and equilibrated
for two weeks.

After acclimatisation, two petri dishes (diameter 9 cm) filled with homogenized sed-
iment were inserted into the bed of each tank to allow surface colonisation by benthic
algae [14] for determination of algal biomass and composition. One C. gibelio with a length
of 14 cm was added to each of the five fish treatment replicates. One week after acclima-
tisation, nitrogen (N, 0.83 mg/L) in the form of KNO3 and phosphorus (P, 0.065 mg/L)
as NaH2PO4 were added to mimic the external loading. During the first week, one of the
added fish was found dead and substituted. To be sure that all fish treatments had fish,
one more C. gibelio individual was stocked to each tank the following week. Another five
mesocosms without fish served as controls. The experiment ran from 6 June to 16 August
2018 at natural sunlight and temperature.

2.2. Sampling and Analysis

Every two weeks, water samples (1 L) were collected 30 cm below the surface in each
mesocosm for determination of chlorophyll a of planktonic algae, total suspended solids
(TSS), inorganic suspended solids (ISS), ammonium (AN), nitrate nitrogen (NN) and total
phosphorus (TP) concentrations. AN and NN were determined using a multiparametric
fluorimeter (Hanna C 205, HI-8300). TP was determined by plasma mass spectrometry
(ISO 17294-2:2016) in the water and particulate P (PP) in the seston (residual matter from
water filtered through GF/C filters (with a pore diameter of 1 µ). TSS was calculated by
weighing GF/C filters (with residual matter from filtered water) dried at 105 ◦C for 24 h
and then combusted at 550 ◦C for 2 h to calculate ISS.

The petri dish with benthic algae was removed every two weeks from each mesocosm
after planktonic algae sampling and replaced by another petri dish. Benthic algae were
collected by scraping the surface of the sediment into the petri dish using a razor blade [41].
Chl a of benthic and planktonic algae was spectrophotometrically determined after ethanol
extraction of residual matter on GF/C grade filters at room temperature [42]. At the
end of experiment, the algae from the second petri dishes were used to identify species
composition and calculate the biovolume percentages of different algae groups.

Since the transparency of the water differed between the controls and the fish treat-
ment, light intensity was measured at two-week sampling intervals between 11 a.m. and
noon using a lux meter 1.0 m below the water surface in the control mesocosms and at
0.5 m in the fish mesocosms before water sampling. At the end of the experiment, 50 L
water from each mesocosm was taken with Ruttner bathometer (V = 3 L), from surface to
bottom and filtered (mesh size 37 µm) for zooplankton samples. Zooplankton taxa were
identified to species or to the lowest taxonomic level [43,44].

Charophytes appeared in the control mesocosms during the experiment. To assess
their amount, they were collected from each mesocosms at the end of the experiment and
total biomass weighed after air-drying for half an hour.

By feeding sediment omni-benthivorous fish may affect the amount of resting eggs of
cladocerans stored in the sediment. To check this, we measured the amounts of cladoceran
ephippias in 5 cm3 top layers of sediments from the controls and fish mesocosms. The
sediments were taking by petri dish after the collection of all other samples at the end of
experiment.

2.3. Statistical Analysis

One-way ANOVA with Tukey’s HSD test (p < 0.05) was used to compare the means
of all measured parameters between the control and experimental treatments for each
separate date. Data were log-transformed, if necessary, to help meet the assumptions of
normality of residuals and then tested following Levene’s criterion. All statistics were done
using the software SPSS 19.0 (SPSS Inc., Chicago, IL, USA).
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3. Results
3.1. N and P

The TP concentration was lower in the fish treatment than in the controls, espe-
cially after two weeks but also at the end of the experiment (one-way-ANOVA, p < 0.01,
Figure 1a), whereas no statistical differences were observed for ammonium and nitrate
nitrogen (Figure 1b,c). Particulate P (PP) did not differ between the control and the
fish treatments (Figure 2c).

Figure 1. Concentrations of total phosphorus (a), ammonium (b) and nitrate (c) in the water in the
control and fish treatments over time. Asterisks indicate significant differences (one-way-ANOVA,
* p < 0.05, ** p < 0.01). Bars indicate ±1 SD.
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Figure 2. TSS (a), ISS (b) and PP (c) concentrations (from 1 µ GF filters) in the control and fish treat-
ments over time. Asterisks indicate significant differences (one-way-ANOVA, * p < 0.05, ** p < 0.01).
Bars indicate ±1 SD.

3.2. TSS, ISS and Light Intensity

TSS (Figure 2a) was higher in the fish treatment than in the controls (one-way-ANOVA,
p < 0.001) and the difference was statistically significant on all sampling occasion (one-
way-ANOVA, p < 0.01). ISS was also higher in the fish treatment than in the controls
(one-way-ANOVA, p < 0.017), and the difference was statistically significant after 4 weeks
(Figure 2b). Light intensity at the sediment surface was lower (one-way ANOVA, p < 0.001)
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in the fish treatments (1000 ± 300 lux) than in the controls (10,100 ± 100 lux) at the end of
the experiment.

3.3. Biomass (Chl a Concentrations) and Compositions of Planktonic and Benthic Algae

The biomass of planktonic algae (expressed as chl a) did not differ between the
treatments in the beginning of experiment (one-way ANOVA, p = 0.478). Thereafter it was
higher in the fish treatments than in the controls (one-way ANOVA, p < 0.001) on each
sampling occasion (Figure 3a). In contrast, the biomass of benthic algae (chlorophyll a) was
lower in the fish treatments than in the controls (one-way ANOVA, p < 0.01).

Figure 3. Planktonic algae (a) and benthic (b) algal biomass (chl a) in the control and fish treatments over time. Asterisks
indicate significant differences (** p < 0.01, *** p < 0.001). Bars indicate ±1 SD.

The planktonic algae community were dominated by Chlorophyta, mostly Chlorococ-
cum infusionum, Scenedesmus ecornis and S. quadricauda in both the controls and the fish
treatments (Figure 4a). Pediastrum duplex, Golenkiniopsis parvula and Cosmarium humile were
also abundant in the fish treatments. Cryptomonas ovata was quite abundant in the controls,
but absent in the fish treatments.
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Figure 4. The percentage of total biomass (biovolumes) of different groups of planktonic (a) and
benthic (b) algae in the control and fish treatments at the end of the experiment. Bars indicate ±1 SD.
Cyano—Cyanophyta, Crypto—Cryptophyta, Eugleno—Euglenophyta, Bacillario—Bacillariophyta,
Chloro—Chlorophyta.

The benthic algae were dominated by Bacillariophyta and Chlorophyta in the controls
and contributed equally to the total biovolum. Chlorophyta clearly dominated in the fish
treatments (Figure 4b). In both treatments, Bacillariophyta mainly consisted of Cymbella
silesiaca, Fragilaria construens and Navicula scutelloides. Chlopophyta were dominated by
Tetraedron minimum, Scenedesmus quadricauda and Chlorococcum infusionum.

3.4. Submerged Charophytes

Charophytes rooted (Chara sp.) and filamentous algae (Spirulina sp. and Mougeotia sp.)
were abundant in the controls (1.5 ± 0.5 kg per mesocosm) at the end of the experiment,
but absent in the fish treatments.

3.5. Density and Composition of Zooplankton

At the beginning of the experiments, zooplankton was not recorded in any of the
mesocosms (dried sediment used). At the end of the experiment, the densities of zoo-
plankton were 0.39 ± 0.39 ind./L in the fish treatments and 166.5 ± 155.3 ind./L in the
controls. In the controls, the zooplankton was dominated by Chydorus sphaericus (up to
208.3 ind./L on average), Daphnia longispina (up to 48.4 ind./L) and Scapholeberis mucronata
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(up to 53.9 ind./L). In the fish treatments, although cladocerans (Chydorus sphaericus, Daph-
nia cucullata and Scapholeberis mucronata) and copepods (nauplii, cyclops copepodites and
Eudiaptomus graciloides) were recorded in low densities (about 0.01 ind./L), Rotifera such as
Lecane closterocerca (up to 0.5 ind./L), Keratella cochlearis (up to 0.4 ind./L) and Bdelloidea
sp. (up to 0.4 ind./L) were dominant. The densities of zooplankton except Rotifera, were
lower in fish treatments than in the controls (one-way ANOVA, p < 0.05, Table 1).

Table 1. The densities (ind./L± SD) of different zooplankton groups in the control and fish treatments
at the end of the experiment.

Zooplankton Groups Control Fish

Nauplies 6.7 ± 9.2 0.06 ± 0.07 **
Copepodites 45.2 ± 37.0 1.3 ± 1.5 **

Adalt copepods 2.0 ± 2.1 0.05 ± 0.09 **
Cladocera 111.3 ± 113.3 0.1 ± 0.1 **
Rotifera 0.4 ± 0.9 3.0 ± 2.8 *

One-way-ANOVA, * p < 0.05, ** p < 0.01.

At the end of the experiment the number (mean± SD pieces per 5 cm3) of resting eggs
was higher in the controls (2.40 ± 0.89) than in the fish treatments (0.75 ± 0.96) (one-way
ANOVA, p = 0.032). The morphology of ephippia matched D. longispina [45,46].

4. Discussion

The presence of fish increased the planktonic algal biomass, TSS and ISS and decreased
the light intensity. Other investigations have shown that Prussian carp can increase turbid-
ity, decrease benthic algae biomass and enhance the release of nutrients from the sediment
to the water, becoming available for and promoting planktonic algae growth [26,28]. Our
results are, in part, consistent with these findings. However, we did not find an increase in
nutrient concentrations in the water in the fish treatments and TP was even lower here than
in the controls. Fish can act as sources or sinks of nutrients [47]. The fish increased in weight
(5.53 ± 2.97 g, on average) during the experiment. Assuming a 10% dry/wet biomass, a
N content of 9.0% and a P content of 2.35% of the fish dry biomass [48], 49.7 ± 26.7 mg N
and 13.0 ± 7.0 mg P were accumulated in the biomass during the experimental period. In
comparison, 25 mg of P and 600 mg and N were added to each mesocosm, respectively.
Thus, the fish had accumulated an essential part of the added P, but not N. In addition, the
sediment used in our experiment probably had low content of nutrients and might have
functioned as a sink. Unfortunately, the nutrient content of the sediment was not measured.
Another possibility is that the nutrients were consumed by periphyton on the walls of the
mesocosms [49–51], that likely had higher biomasses than in the turbid mesocosms with
fish no data available though.

The biomass of planktonic algae increased markedly in the presence of fish (Figure 3a),
with a high percentage of green algae, indicating that the fish stimulated algal growth (Figure 4a).
In addition, the fish also changed the planktonic algae community composition. Cryptophyta
were recorded in the control mesocosms but not in those with fish. These groups of algae are
poorly adapted to low light conditions [52].

Charophytes developed in the control mesocosms with clear-water conditions. These
macrophytes are abundant in Lake Obsterno where the sediments used in our experi-
ment were collected. Submerged vegetation can positively affect water clarity in many
ways, including competition for nutrients [53,54] and suppression of microalgae by allelo-
pathic material production [55,56]. Therefore, charophytes likely contributed to the low
biomass of planktonic algae in the controls. Fish decreased the light intensity, i.e., they de-
creased the Secchi-disk transparency (less than 30 cm). A long-term dataset of Lake Veluwe
showed the disappearance of charophytes during the eutrophication when transparency
was <40 cm [57]. Results from an enclosure experiment in shallow Lake Rotoroa, New
Zeeland also showed a negative effect of fish on the abundance of charophytes [58]. The
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authors suggested that fish impacted plants via uprooting, shading by deposited sediment,
mechanical damage, grazing, or through combination of these mechanisms. In addition,
decline of light and negative impact of fish were assumed to be the most probable reason
for the decline of charophytes in several lakes in southern Sweden during its eutrophi-
cation [59]. Thus, Prussian carp can create conditions that prevent the development of
submerged macrophytes, and perhaps also by consuming seeds in the sediment.

We found that the light intensity in the bottom water declined to about 1000 lux in the
fish treatment as compared with 10,100 lux in the controls, so low light likely contributed
importantly to the lower benthic algae biomass in the treatments with fish. Benthic algae may
account for the majority of primary productivity in clear shallow lakes [5,60] and reduce the
release of Sediment P via direct uptake [7,61] by increasing the oxygen concentration in the
sediments during the photosynthesis process, thereby inhibit P nutrient release by binding P
with oxidised Fe- and Mn-compounds in the bottom layer [7,62]. Thus, omnivorous Prussian
carp can enhance the competitive ability of plankton algae and trigger a shift in dominance
from benthic to planktonic algae, thereby enhancing eutrophication. Consumption of benthic
algae by the fish may have contributed as well.

Prussian carp also changed the composition of the zooplankton community. At
the end of the experiment, only small zooplankton was present in the fish mesocosms,
while large-sized zooplankton, such as Daphnia longispina and Scapholeberis mucronata were
abundant in the control. In addition, fish also reduced the total density of zooplankton.
Our results concur with the well-known fact that fish selectively consume large-bodied
zooplankters [63]. Zooplankton grazing can be the key factor affecting the planktonic
algae community and their biomasses. In addition, consumption of resting eggs when
feeding in the sediment could be another reason for the reduction of large-size zooplankton.
Mellors [64] found large number of resting eggs of Daphnia in the digestive tract of fish.
Unfortunately, we did not analyze the content of fish guts, but we did find about three
times more cladoceran ephippia in the sediments from control mesocosms than in the
fish treatments by the end of the experiment. Besides, the obvious predation on living
cladocerans, the poor development of large-size zooplankton in the fish treatments may
thus, in part, be attributed to consumption of resting eggs by the fish, as the cladocerans
did not produce resting eggs during our experiment, so the lower ephippia density must
reflect consumption.

5. Conclusions

We found that omnivorous Prussian carp not only increased TSS and ISS, enhanced
the growth of planktonic algae, decreased light conditions, reduced benthic algae growth,
but also reduced the zooplankton biomass, especially large-sized species, and prevented
submerged macrophyte development, thereby enhancing eutrophication.
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