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Abstract: The study of planktonic animals of the Caspian Sea is topical and, during the last centuries,
has brought and continues to bring new results. This is an inevitable process attributed to the
introduction of non-indigenous predatory representatives of zooplankton by ballast water of ships.
During the study period, the zooplankton of the Middle Caspian Sea was represented by 13 taxa
and consisted mainly of non-indigenous species typical of the Palearctic region. Native fauna
was represented by three species—cladoceran Evadne anonyx, Podonevadne camptonyx, and copepod
Halicyclops sarsi during the study period. The quantitative variables of zooplankton did not reach a
high level in May 2020 and 2021 compared to the data of previous years. Cladocerans Podonevadne
camptonyx, copepods Acartia tonsa, and larvae of Cirripedia dominated in 2020. By 2021, the dominant
species of last year had been replaced by the cladoceran Evadne nordmanni. One-way ANOVA analysis
detected significant differences in the quantitative variables of cladocerans and copepods between
different years of zooplankton study. The decreasing abundance, biomass, and alteration of the
dominant zooplankton species in the Middle Caspian Sea during the study period may be associated
with the feeding type of predator species and a slight elevation of water salinity.

Keywords: zooplankton; non-indigenous species; predator; food base; copepoda; cladocera

1. Introduction

Representatives of zooplankton occupy a key position in the aquatic food web and play
a major role in energy transfer to macroinvertebrates or fish [1]. In particular, planktonic
animals of the Caspian Sea are an important link in the ecosystem of the sea and are
included in the diet requirements of benthic animals [1]. Sturgeons of the Caspian Sea are
benthivorous [2], with about 90% of the world’s sturgeon catch currently being carried out
in the Caspian Sea [3]. Furthermore, the Caspian Sea is a hotspot of biological diversity [3–6].
Biodiversity conservation is an important direction of life science, and its significance has
formed the basis of many international documents, including the Convention on Biological
Diversity [7]. Therefore, the study of zooplankton assemblages in the Caspian Sea is topical
and has brought and continues to bring new results regarding both species and taxocenosis
levels during the last centuries [8]; an inevitable process attributed to the introduction of
non-indigenous predatory species and increased anthropogenic pressure.

The studies of zooplankton in the Caspian Sea began at the end of the 19th century [9,10].
According to the literature data, zooplankton of the Caspian Sea was previously repre-
sented by 74 marine and brackish-water species, including 32 rotifers, 24 cladocerans,
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and 18 copepods [11,12], and taking into account the freshwater forms that inhabit in the
near-delta areas, the number of rotifer species reached up to 300 [13], cladocerans to 43,
copepods to 50 species. Zooplankton of the Caspian Sea was represented by autochthonous
species (16 species of cladocerans, 7 species of copepods, and 2 species of rotifers). The
widespread endemic of the Caspian Sea was microcrustaceans Eurytemora grimmi (G. O.
Sars, 1897), Eurytemora minor (Behning, 1938), Polyphemus exiguus G.O. Sars, 1897, and all
species of Apagis and Cercopagis, besides Cercopagis pengoi (Ostroumov, 1891). They were
widely distributed in the middle deep-water part of the Caspian Sea where there was stable
salinity [14]. However, after functioning shipping links in the Caspian Sea were established
with the Baltic and White Seas through the Volga–Baltic waterway and the White Sea–Baltic
Channel, non-indigenous species started to transfer through ship ballast waters—one of
the main reasons for the long-term change in marine ecosystems. A vivid example is the
appearance of the predatory ctenophore Mnemiopsis leidyi (A. Agasis) in the Caspian Sea,
which has influenced all links of the food web [11,12,15,16]. First of all, with the appearance
of ctenophores, native species of the Caspian Sea, the microcrustaceans Eurytemora grimmi
and Eurytemora minor began to disappear [11,12,15–17].

The last time scrutinizing zooplankton studies were carried out in the Caspian Sea was
in 2008 and 2016. According to published data, 37 taxa were identified in the zooplankton
of the Kazakhstan part of the Caspian Sea in that period [5]. The number of planktonic
invertebrates varied from 3600 to 150,800 individual/m3, and the biomass from 488.68 to
1766.5 mg/m3. The basis of zooplankton quantitative variables was formed by rotifers
Brachionus quadridentatus, cladocerans Evadne anonyx, Podonevadne angusta, Podonevadne
camptonyx, Podonevadne trigona, and copepods Acartia tonsa and Calanipeda aquedulcis. In
terms of abundance, the Shannon diversity index varied from 0.44 to 1.95 bits/ind. and
from 0.51 bits/mg to 2.35 bits/mg [5,6].

Zooplankton of the Caspian Sea is relatively well studied; however that information
outdated. The novelty of this current work is associated with assessing the current state
of the zooplankton community of the Middle Caspian Sea and determining the possible
reasons for zooplankton structural alterations.

2. Materials and Methods
2.1. Description of Study Area

The study of zooplankton in the middle part of the Caspian Sea was carried out in
May 2020 and 2021 (Figure 1). Eight stations were installed to study the distribution of
planktonic invertebrates in different depths of the sea.
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The station coordinates were determined using a GPS navigator (Garmin, Ltd., Olate,
KS, USA) (Table 1). The temperature and salinity values were determined at each sampling
site using Horiba U-50 equipment (Horiba, Ltd., Kyoto, Japan).

Table 1. The station coordinates and depths, May 2020, 2021.

Station Depth, m
Coordinates

Longitude Latitude

1
97

51◦48.3535′ E 42◦07.2959′ N22

2
97

51◦48.3535′ E 42◦07.5659′ N22

3
97

51◦48.3535′ E 42◦07.836′ N22

4
97

51◦47.6347′ E 42◦08.106′ N22

5
97

51◦47.9941′ E 42◦08.106′ N22

6
97

51◦44.7594′ E 42◦10.8065′ N22

7
97

51◦51.9476′ E 42◦10.8065′ N22

8
97

51◦51.9476′ E 42◦05.4055′ N22

The Caspian Sea is the largest inland water body on the earth, with an area of
390,000 km2. It lies in a moderately continental and warm continental climate zone with
an average annual precipitation of up to 200–400 mm and a temperature gradient from
−16 ◦C to +43 ◦C. Its main tributary is the transboundary River Volga. According to the
morphological structure and physical and geographical conditions, the sea can be divided
into three parts: the Northern, Middle, and Southern Caspian. The greatest depths of
the northern, middle, and southern parts of the sea are 25, 788, and 1025 m, respectively.
Due to a combination of physicochemical and biological characteristics of the waters in
the Caspian Sea, the following water masses were distinguished: the North Caspian, the
Upper Caspian, the deep Middle Caspian, and the deep South Caspian water masses.
The North Caspian water mass occupies the northern part of the sea, and its volume is
insignificant—less than 1% of the total volume of the sea. The temperature varies widely
from 0 ◦C in winter to 25 ◦C in summer. In summer, most North Caspian water is warmed
up from the surface to the bottom and has a temperature above 23–24 ◦C. In winter, most of
the North Caspian is covered with ice; the water under the ice is almost equal to the freezing
temperature. The Ural and Volga rivers flow into this part of the sea, with the salinity
varying from 0.1–0.2 to 3–4‰, and the oxygen content from 2.0–3.5 mL/L. In forming the
upper Caspian water mass, the primary role is played by the processes of winter cooling
and mixing and summer heating, as well as dynamic processes in the upper layer of the
sea (waves, wind currents, surge phenomena, internal waves). The depth of distribution
of the winter vertical circulation determines the lower boundary of this water mass; it is
located in the Middle Caspian in the 150–200 m layer, while in the Southern, it is 50–150 m.
The upper Caspian water mass salinity is 12.7–13.0‰. This water mass has high oxygen
content: in the upper layer—from 7.5–8.0 in winter to 6.0–6.5 mL/L in summer. Deep
water masses are formed mainly in the winter due to the density runoff of cold waters
from the northern regions of the sea and the eastern shelf. Deep Caspian water masses
have the following average thermohaline characteristics: Middle Caspian (250–300 m,
bottom)—temperature 3.9–5.2 ◦C, salinity 12.7–13.0‰, and oxygen content 3.0–5.5 mL/L;
South Caspian (100–150 m, bottom)—temperature 5.7–6.3 ◦C, salinity 12.8–13.1‰, and
oxygen content 2.0–3.5 mL/L. Winds blowing over the sea cause drift currents, and the
density unevenness of seawater causes convective currents. Runoff currents are formed
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over the mouth spaces of the rivers flowing into the Caspian Sea under the influence of river
runoff. With prolonged and robust northwest winds, a surge of water forms in the southern
part of the sea. As a result, even before the wind stops, a compensatory current to the north
arises. Strong southerly winds contribute to a rise in the water level in the northern part
of the sea, from where the water, even before the change in wind direction, rushes to the
south, strengthening currents along the coast of the middle part of the Caspian Sea [18].

The water temperature in the surface layers of the Middle Caspian Sea varied from
18 ◦C to 21.6 ◦C, in the deep layers from 15.6 ◦C to 18.2 ◦C in 2020. Salinity values in the
surface layers ranged from 11.74‰ to 14.23‰ in deep water layers from 13.62‰ to 15.12‰.
In May 2021, the water temperature in the surface layers fluctuated from 18 ◦C to 20.5 ◦C
in the deep layers from 15.36 ◦C to 18.0 ◦C. The salinity values varied in the surface layers
from 11.3‰ to 14.2‰ in the deep layers from 11.3‰ to 13.2‰.

2.2. Laboratory Processing

A total of 16 zooplankton samples were collected, of which 8 were from the upper
layer, 0–22 m, and 8 were from the deep layer, 0–97 m. Zooplankton was sampled using
the Juday plankton net (net with an inlet diameter of 12 cm and mesh size of 65 µm), by
stretching it from the bottom to the surface. Filtered water was poured into 250 mL plastic
bottles and fixed with 40% formalin to a final concentration of 4% [19]. Further processing
of the collected samples was carried out in the laboratory.

Representatives of zooplankton were identified at the species level using a key to
species identification [11,13,20–22]. Planktonic animals were investigated microscopically
using an MBS-10M binocular stereoscopic microscope (Biomed, St. Petersburg, Russia) and
a Zeiss Primo Star microscope (Carl Zeiss, Jena, Germany) at 40× and 100×magnifications.

The quantitative processing of samples was carried out using standard methods [19].
The calculation of planktonic invertebrates was carried out in a certain part of the sample,
depending on their abundance. After thorough mixing, three parts of the sample were
taken using a 1 mL punch pipette. In this subsample, all encountered individuals and the
different age stages of certain species (the most numerous) were counted in the Bogorov
counting chamber. Next, the sample was concentrated to half of the initial volume. Three
sub-samples were taken from it, in which the non numerous species and different age stages
were counted. The whole process was repeated again when the sample was concentrated
to 25 cm3. The number of individuals of rare species was found when viewing the whole
sample. In copepods, adult females, females with egg sacs, males, copepodites at 1–3 and
4–5 development stages, and nauplii were counted and measured separately. The same
procedure was conducted for cladocerans (females with eggs or juveniles in the brood
pouch, sterile females, males, and juveniles). In order to calculate the individual mass of
planktonic invertebrates (wet mass, mg), the formula for the relationship between mass
and body length was used [23]. Next, the abundance of individuals and the weight index
of all species were summarized for the main groups of organisms and the community
as a whole.

The abundance and biomass of individual species and total zooplankton were calcu-
lated per 1 m3 of the water column using the formula [19]:

N =
n×

(
V1
V2

)
V3

(1)

where N—abundance (individual/m3), n—abundance of individuals in a portion (speci-
men), V1 is the volume of dilution (cm3), V2 is the volume of sub-sample (cm3), and V3 is
the volume of filtered water (m3).

The volume of filtered water was calculated by the formula:

V3 = h× πr2 (2)
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where V3 is the volume of filtered water, h—is the depth of the captured layer, π is a
mathematical constant (π ≈ 3.14), and r is the inner radius of the Juday net hole.

The calculation of the species’ average individual mass was carried out as the total
biomass divided by the total abundance of zooplankton [19].

A finding of the dominant species was carried out according to Lyubarsky’s scale [24]
with a modification: absolute dominants included species that accounted for more than 60%
of the quantitative variables of the community, dominants 31–60%, subdominants 10–30%.

2.3. Statistical Analysis and Comparisons with Previous Studies

The calculation of standard deviation was performed in Excel using the “STDEV” func-
tion. Zooplankton community datasets from depths of 22 m and 97 m were used to calculate
the standard deviation. The similarity of zooplankton species composition in different years
was determined by the Bray-Curtis index in the Primer 5 program [25]. We used statistical
methods for ease of perception of information about the change of zooplankton quantitative
variables in different years. One-way ANOVA analysis was used to determine whether there
were any statistically significant differences between quantitative variables of zooplankton in
different years of study. One-way ANOVA analysis was performed in R studio software [26].
The Shannon–Wiener Index and Pielou’s Index were calculated both based on the abundance
and the biomass of species in the sample [25,27,28] using Primer 6 program.

Field sampling (stations, seasons, and depths) and laboratory processing (species
identification and quantification methods) of the studies in 2016 [6] were consistent with
those of the current research. All methods of the 2008 studies, except for sample collection,
were the same as the current sampling and methods [5]. Samples were collected only from
the surface (upper layer, 38.4 m) in 2008 [5].

3. Results
3.1. Taxonomic Composition of Zooplankton Communities

Zooplankton of the Middle Caspian Sea was represented by 13 taxa in the spring
of 2020 and 2021. The recorded taxa consisted of 1 Rotifera, 5 Cladocera, 3 Copepoda,
and 4 taxa from the group of others during the study period (Table 2). The maximum
number of taxa (12) was identified in May 2021. A year earlier, there were only 7 taxa
registered; the recorded taxa belonged to different faunistic complexes. Native fauna of the
Ponto-Caspian basin was represented by 3 species—cladoceran Evadne anonyx (G. Sars),
Podonevadne camptonyx (G.O. Sars), and copepod Halicyclops sarsi (Akatova) during the
study period. The rest of the holoplankton species are representatives of zooplankton of
the Palearctic region.

Cladocerans Podonevadne camptonyx, Podon intermedius (Lilljeborg), copepod Acartia
tonsa, temporary inhabitants of the water column Cirripedia, and Ostracoda often occurred
in zooplankton of the surveyed area in 2020. Cladoceran crustaceans Podon intermedius,
Evadne nordmanni, and copepods Acartia tonsa were widespread by 2021.

Table 2. Frequency of occurrence (%) of planktonic animals in the Middle Caspian Sea, May 2020, 2021.

Taxon
2020 2021

Deep Layer Upper Layer Deep Layer Upper Layer

Rotifera
Synchaeta littoralis (Rousselet) 25 13

Cladocera
Evadne anonyx (G. Sars) 100 100
Evadne nordmanni Lovén 100 100
Pleopis polyphemoides (Leukart) 38 25 100 88
Podon intermedius (Lilljeborg) 75 100 50 50
Podonevadne camptonyx (G.O. Sars) 100 100
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Table 2. Cont.

Taxon
2020 2021

Deep Layer Upper Layer Deep Layer Upper Layer

Copepoda
Acartia tonsa (Dana) 100 100 100 100
Calanipeda aquaedulcis (Kritschagin) 38
Halicyclops sarsi (Akatova) 38 25

Others
Bivalvia gen. spp. 38 75 100 100
Spionidae gen. spp. 50
Cirripedia gen. spp. 100 88 100 100
Ostracoda gen. spp. 63 100 100 100
Total: 13 7 7 12 10

3.2. Quantitative Variables of Zooplankton Communities

The highest abundance and biomass of planktonic invertebrates were recorded in May
2020 (Table 3). There was a slight decrease in the quantitative variables of zooplankton by
2021. The lower distribution boundary of genera Evadne and Podonevadne representatives
is usually at most 50–60 m. Therefore, the low abundance and biomass of the community
were characteristic of the deep part of the sea in both years of the study. A minor abundance
increase in a deep layer of the Middle Caspian Sea occurred due to the Rotifera development
in 2021.

Table 3. Quantitative variables of zooplankton communities in the Middle Caspian Sea, May 2020,
2021 (average values with standard deviation).

Year 2020 2021

Abundance, Individuals/m3

Group Deep Layer Upper Layer Deep Layer Upper Layer

Rotifera 0 0 5.50 ± 5.36 0.13 ± 0.13
Cladocera 813.75 ± 281.26 2092.11 ± 443.88 736.37 ± 166.97 948.50 ± 190.93
Copepoda 1021.88 ± 348.56 4071.51 ± 1032.34 679.13 ± 106.10 2816.50 ± 438.64
Others 156.38 ± 49.87 589.19 ± 111.29 726.25 ± 174.33 2815.75 ± 547.72
Total 1992.0 ± 574.40 6752.75 ± 1329.02 2147.25 ± 317.28 6580.88 ± 955.48

Biomass, mg/m3

Rotifera 0 0 0.02 ± 0.02 0.0002 ± 0.0002
Cladocera 132 ± 43.40 310.69 ± 62.02 151.37 ± 37.26 175.56 ± 45.40
Copepoda 25.42 ± 9.31 95.28 ± 25.16 5.07 ± 1.08 22.20 ± 4.03
Others 1.72 ± 0.81 6.86 ± 2.23 4.07 ± 0.70 16.56 ± 2.10
Total 159.71 ± 50.75 412.82 ± 73.64 160.54 ± 37.22 214.32 ± 49.33

3.3. Dominant Species in Zooplankton Communities

Copepods dominated in abundance, and cladoceran prevailed on biomass in the
zooplankton community of the Middle Caspian Sea (Table 4). The complex of dominants
was constant in the sea’s deep and surface parts. In 2020, the list of dominants consisted of
three taxa—cladoceran Podonevadne camptonyx, copepod Acartia tonsa, and Cirripedia from
the group of others. By 2021, the dominant species of previous years has been replaced by
Cladocera Evadne nordmanni.

It is important to note that the population of Acartia tonsa was represented by individ-
uals at the juvenile stages, copepodites at 1–3 and 4–5 development stages, and individuals
at the nauplius stages. Copepodites of Acartia tonsa at 4–5 development stages contributed
to the abundance of the population by approximately 14%; the proportion of copepodites
at 1–3 development stages varied from 50 to 53%, as for individuals at nauplius stages, this
value was between 14–15%. The latter explained the small proportion of copepod Acartia
tonsa in biomass.
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Table 4. Composition of dominant species in zooplankton of the Middle Caspian Sea, May 2020, 2021.

Group Species
Deep Layer Upper Layer Deep Layer Upper Layer

2020 2021

Abundance, %

Cladocera
Podonevadne camptonyx 39.82 29.46 0 0
Evadne nordmanni 0 0 34.0 13.20

Copepoda Acartia tonsa 51.30 60.29 31.59 42.78
Others Cirripedia 5.30 4.72 27.48 35.32

Biomass, %

Cladocera
Podonevadne camptonyx 82.22 74.45 0 0
Evadne nordmanni 0 0 94.05 78.03

Copepoda Acartia tonsa 15.92 23.08 3.16 10.35

3.4. Species Number and Diversity Indices of Zooplankton Communities

The Shannon–Wiener diversity index values ranged from 1.29 to 1.78 bits/ind and
from 0.56 to 1.77 bits/mg (Table 5) during the study period. The highest Shannon diversity
index was recorded in 2021. The average values of the Pielou evenness index in 2020 and
2021 were almost similar.

Table 5. Diversity indices of zooplankton communities of the Middle Caspian Sea, May 2020, 2021.

Variables
2020 2021

Deep Layer Upper Layer Deep Layer Upper Layer

Shannon–Wiener Index (H) by abundance 1.29 ± 0.10 1.41 ± 0.09 1.78 ± 0.08 1.74 ± 0.10
Shannon–Wiener Index (H) by biomass 0.67 ± 0.13 0.95 ± 0.08 0.56 ± 0.10 1.77 ± 0.15
Pielou’s Index (J) 0.56 ± 0.04 0.55 ± 0.03 0.43 ± 0.05 0.59 ± 0.03

3.5. Statistical Analysis and Comparisons with Previous Studies
3.5.1. Taxonomic Composition of Zooplankton Communities

The last time zooplankton studies in the Caspian Sea were carried out was in 2008
and 2016 [5,6]. The number of zooplankton taxa in the Middle Caspian Sea diminished
from 21 in 2008 to 9–12 in 2016 and 2020–2021 [5,6]. According to the cluster analysis based
on the values of the Bray–Curtis index (Figure 2), the resemblance of zooplankton species
composition of more than 50% was found between all studied years and depths. The
registered cladocerans from 2016, Podon polyphemoides Leukert and Podonevadne camptonyx
podonoides G.O. Sars, fell out of zooplankton of the Middle Caspian Sea in 2020 and 2021.
Furthermore, the species composition of zooplankton in 2020 and 2021, compared with
those of 2008, showed through comparative analysis that Rotifers Brachionus quadridentatus
Hermann, 1783; Synchaeta cecilia Rousselet, 1902; Synchaeta stylata Wierzejski, 1893; clado-
cerans Cornigerius maeoticus hircus (G.O. Sars, 1902), copepods Idyaea furcata (Baird, 1837),
Ergasilidae gen.spp., Calanoida gen.spp., and temporary inhabitants of the water column
larvae of Hediste diversicolor (O.F. Müller, 1776), Nematoda gen.spp., found in 2008, had
fallen out of the zooplankton in 2020 and 2021 [5,6].

3.5.2. Quantitative Variables of Zooplankton Communities

One-way ANOVA analysis revealed significant differences in cladoceran and copepod
abundance in different years of study (p > 0.05) (Table 6). The abundance of cladocerans in 2020
(813.75± 281.26 individuals/m3 deep layer; 2092.11± 443.88 individuals/m3 upper layer) and
2021 (736.37± 166.97 individuals/m3 deep layer; 948.50± 190.93 individuals/m3 upper layer)
decreased compared to 2016 (3052 ± 1758 individuals/m3) [5,6]. The abundance of cope-
pods in 2021 (679.13± 106.10 individuals/m3 deep layer; 2816.50 ± 438.64 individuals/m3

upper layer) was at a low level compared to previous years [5,6].
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Figure 2. A dendrogram of the similarity of zooplankton species composition in different periods of
study of Middle Caspian Sea.

Table 6. Results of one-way ANOVA by the abundance of zooplankton communities of the Middle
Caspian Sea in different years.

Variable Df Sum of Squares Square Mean F Value Significance

Rotifera 1 7.000 7.000 0.993 0.424
Cladocera 1 19,256,014 19,256,014 97.629 0.0101 *
Copepoda 1 533,053,889 533,053,889 78.396 0.01025 *
Others 1 812,944 812,944 0.574 0.528
Total 1 805,222,276 805,222,276 53.261 0.0183 *

Notes. Significance codes: 0.01 ‘*’.

One-way ANOVA analysis found significant differences in copepod biomass and in
total zooplankton biomass in different years of study (p >0.05) (Table 7). The biomass
of copepod (5.07 ± 1.08 mg/m3 upper layer; 22.20 ± 4.03 mg/m3 deep layer) in 2021
decreased significantly compared to the data of 2016 (316± 214 mg/m3) and slightly to that
of 2008 and 2020 [5,6]. The biomass of zooplankton in 2020 and 2021 increased compared
to 2008 (20.2 ± 10.7 mg/m3) [5] but was low in contrast to 2016 (392 ± 257 mg/m3) [6]. A
sharp increase in biomass occurred due to the rising of cladoceran biomass in 2021.

Table 7. Results of one-way ANOVA by biomass of zooplankton communities of the Middle Caspian
Sea in different years.

Variable Df Sum of Squares Square Mean F Value Significance

Rotifera 1 <0.0001 <0.0001 <0.0001 <0.0001
Cladocera 1 9148 9148 1.373 0.362
Copepoda 1 206,531 206,531 202.212 0.00491 **
Others 1 108.67 108.67 2.568 0.250
Total 1 151,373 151,373 29.408 0.0324 *

Notes. Significance codes: 0.001 ‘**’ 0.01 ‘*’.

3.5.3. Dominant Species in Zooplankton Communities

In 2020 and 2021, the composition of the dominant planktonic invertebrates in the
surveyed area changed compared to the data of previous years [5,6]. Rotifera and copepods
dominated in terms of abundance, and copepods prevailed regarding biomass in 2008 [5].
Copepods developed the quantitative variables of zooplankton in 2016, which accounted
for 56% (abundance) and 97% (biomass) [6]. The rest of the proportion in quantitative
variables belonged to cladocerans (mainly to Evadne anonyx) in 2016.

The constant dominant of previous years was copepod Acartia tonsa, the proportion
of which reduced from 60–97% in 2008, 2016, and 2020 to 40% in 2021 [5,6]. The updated
complex of dominants included the cladoceran Evadne nordmanni in 2021.
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3.6. Diversity Indices of Zooplankton Communities

One-way ANOVA analysis detected significant differences only in the Shannon–
Wiener diversity Index by abundance in different years of study (p > 0.05) (Table 8). The
Shannon–Wiener Diversity Index calculated based on the abundance and biomass of zoo-
plankton increased significantly from 0.58 to 1.78 bit/ind., and from 0.26 to 1.77 bit/mg
compared to 2016 data. The comparative analysis did not reveal significant increases in
zooplankton diversity indices with 2008 data.

Table 8. Results of one-way ANOVA by diversity indices of zooplankton communities of the Middle
Caspian Sea in different years.

Variable Df Sum of Squares Square Mean F Value Significance

Shannon–Wiener Index (H) by abundance 1 1.8309 1.8309 96.207 0.0102 *
Shannon–Wiener Index (H) by biomass 1 0.5212 0.5212 4.824 0.159

Notes. Significance codes: 0.01 ‘*’.

4. Discussion

During the study period, the Middle Caspian Sea zooplankton had low species rich-
ness, abundance, and biomass values; this zooplankton structure is characteristic of deep
water [29]. The content of nutrients in deep water areas is lower than in estuaries; therefore,
conditions for the growth and development of aquatic organisms are unfavorable in deep
water areas [30].

One-way ANOVA analysis, which allows the determination of statistically signifi-
cant differences between structures of zooplankton in different years of study, detected
significant differences in the abundance of cladocerans, copepods, copepod biomass, and
Shannon–Wiener diversity Index. The abundance and biomass of crustaceans (cladocerans
and copepods) decreased in 2021 compared to 2008, 2016, and 2020 data. Alterations in the
structure of the community may be associated with fluctuations in environmental parame-
ters (primarily salinity, temperature) and competition for food and with the presence and
impact of predators [15,16,20].

As in the Black and Azov Seas, in the Caspian Sea, the maximum value of the quanti-
tative variables of crustaceans, which play the dominant role, is typical for the summer-
autumn period [29,31]. Nevertheless, copepods Acartia tonsa play a dominant role in
zooplankton of the Caspian Sea throughout the whole year [5,6]. The contribution of this
species in abundance and biomass of zooplankton of the Caspian Sea reaches 60–90%.
The proportion of Acartia tonsa in the quantitative variables of zooplankton of the Middle
Caspian Sea reduced from 60–97% in 2008, 2016, and 2020 to 40% in 2021 [5,6]. In 2021,
the dominant species of zooplankton was cladoceran Evadne nordmanni. According to the
literature, Acartia tonsa is a euryhaline and eurythermal species. It can withstand salinity
fluctuations from 10 to 15‰ and temperatures from 5 ◦C to 33 ◦C [32]. According to
hydrochemical data, salinity and water temperature were optimal for copepod Acartia tonsa
in 2021. Another reason for decreasing the quantitative variables of the constant dominant
copepod Acartia tonsa should be competition over common food resources. The life cycle of
crustaceans Acartia tonsa strictly depends on the amount of the available feeding base. The
low amount of forage supplies cease the growth rate of these crustaceans [33]. The forage
base of cladoceran Evadne nordmanni and copepod Acartia tonsa have similar elements.
Diatoms, dinoflagellates, and peredinum are part of the food base of these species [20].

Due to a lack of forage copepods Acartia tonsa may be prey for predatory cladoceran
Evadne nordmanni. This is supported by the presence of copepod eggs in the food base of
Evadne nordmanni in water bodies of Scotland [34], as well as the case that Evadne nordmanni
only consumes food of animal origin in the Mediterranean Sea [35]. Additionally, the
forage of other representatives of the genus Evadne or congeneric residents consisted of
50% Eurytemora, 22% of copepod nauplii, and 28% of polyphemids in the Caspian Sea [11].
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During the research period, Acartia tonsa was represented mainly by individuals at the
initial stages of development. It is known that in the planktonic fauna of the Middle Caspian
Sea in other periods of 2021, along with the predatory cladoceran Evadne nordmanni, there
was a predator Mnemiopsis leidyi [36]. It is possible that ctenophore Mnemiopsis leidyi started
to feed on adult individuals of copepod Acartia tonsa. However, contrary to other prey
copepods of ctenophore, Acartia tonsa can save its population from ctenophore Mnemiopsis
leidyi due to its biological characteristics [37]. Copepod Acartia tonsa does not carry eggs
attached to the genital segment sac and spawns eggs directly into the water. In this
case, some eggs fall to the bottom, forming a resting stage. Therefore, the cessation of
the lifecycle of an egg-carrying female does not lead to the cessation of all Acartia tonsa
offspring. The complete disappearance of the adult individuals of Acartia tonsa, associated
with the intensive development of the ctenophore, does not influence copepodite at an
early stage, and nauplii constantly occur in the plankton.

Except for Acartia tonsa, cladocerans Evadne anonyx formed 10% of the zooplankton
biomass in 2008 [5] and 20% of zooplankton quantitative variables in 2016 [6]. However, it
was completely absent in the spring of 2020. Evadne anonyx was present in zooplankton
in the spring of 2021 but did not attain a high population abundance. Its abundance
peaks occur from July to October at 16–20 ◦C temperatures and salinity of 12–13‰ in the
Caspian Sea [5]. The salinity and temperature are essential factors controlling the seasonal
population dynamics of cladoceran E. anonyx. A slight change in salinity could be the
reason for the decrease in the contribution of E. anonyx to the quantitative variables of
zooplankton. The water salinity was 12–14‰ in 2016, favoring the cladocerans [6,38].

The Shannon’s diversity index calculated based on zooplankton abundance and biomass
increased significantly from 0.58 to 1.78 bit/ind., and from 0.26 to 1.77 bit/mg compared to
2016 data. The similar values of Shannon’s diversity index were noted during the short-term
elevation of salinity and organic pollution in the Caspian Sea [5] and in the Azov Sea [29].

5. Conclusions

Thus, 13 zooplankton taxa were identified in the Middle Caspian Sea. Zooplankton
of the Middle Caspian Sea consisted mainly of non-indigenous species typical of the
Palearctic region. Native fauna was represented by three species—cladoceran Evadne
anonyx, Podonevadne camptonyx, and copepod Halicyclops sarsi during the study period.

One-way ANOVA analysis detected significant differences in the quantitative variables
of cladocerans and copepods between different years of zooplankton study. The decreasing
abundance, biomass, and alteration of dominant zooplankton species in the Middle Caspian
Sea during the study period may be associated with the feeding type of predator species
and a slight elevation of water salinity.

Author Contributions: Conceptualization, M.A.; methodology, M.A.; software, M.A.; validation, M.A.;
formal analysis, M.A.; investigation, M.A.; resources, M.A.; data curation, M.A.; writing—original draft
preparation, M.A.; writing—review and editing, M.A.; visualization, S.Z.A., K.B.I., Z.M., B.B., Z.B.,
N.J., A.M. and G.S.; supervision, M.A.; project administration, K.B.I.; funding acquisition, K.B.I. All
authors have read and agreed to the published version of the manuscript.

Funding: This research has is funded by the Science Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan (Grant No. AP09058158).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors sincerely thank G. Hörmann (Germany, University of Kiel) for
teaching the basics of the R Software and other comprehensive bits of help.

Conflicts of Interest: The authors declare no conflict of interest.



Diversity 2023, 15, 798 11 of 12

References
1. Sarma, S.S.S.; Nandini, S.; Dumont, H.J.; Gopal, B. Preface: The central role of zooplankton in freshwaters. Aquat Ecol. 2021, 55,

1121–1125. [CrossRef]
2. Shalgimbayeva, S.M.; Popov, N.N.; Ibragimova, N.; Omarova, Z.S.; Jumakhanova, G.B.; Kairat, B.K.; Argynbayeva, Y.M. Some

commercial fish species nutrition in the Kazakhstan part of the Caspian Sea. Exp. Biol. 2019, 4, 78–93. [CrossRef]
3. Abdybekova, A.; Assylbekova, S.; Abdibayeva, A.; Zhaksylykova, A.; Barbol, B.; Aubakirov, M.; Torgerson, P. Studies on the

population biology of helminth parasites of fish species from the Caspian Sea drainage basin. J. Helminthol. 2021, 95, e12.
[CrossRef] [PubMed]

4. Zimina, T.N.; Ardabyeva, A.G.; Kotelnikov, A.V. Assessment of phytoplankton as food reserve in Middle Caspian. Vestn.
Astrakhan State Tech. Univ. 2020, 3, 96–102. [CrossRef]

5. Krupa, E. Assessment of Changes in the Structure of Zooplankton Communities to Infer Water Quality of the Caspian Sea.
Diversity 2019, 11, 122. [CrossRef]

6. Kurochkina, T.F.; Nasibulina, B.M.; Bakhshalizadeh, S.; Popov, N.; Kuanysheva, G.; Fazio, F.; Ali, A.M. Plankton Community
Structure and Biomass in the Eastern Middle Caspian Sea. Water 2023, 15, 138. [CrossRef]

7. The Convention on Biological Diversity. Available online: https://www.cbd.int (accessed on 15 January 2023).
8. Brander, K.M.; Ottersen, G.; Bakker, J.P.; Beaugrand, G.; Herr, H.; Garthe, S.; Gilles, A.; Kenny, A.; Siebert, U.; Skjolda, H.R.; et al.

Environmental Impacts—Marine Ecosystems. In North Sea Region Climate Change Assessment, Regional Climate Studies; Quante, M.,
Colijn, F., Eds.; Springer: Kongens Lyngby, Denmark, 2016; pp. 241–274.

9. Sars, G.O. Pelagic Entomostraca of the Caspian Sea. Proc. Zool. Mus. Imp. Acad. Sci. 1897, 2, 1–3.
10. Sars, G.O. On the Polyphemidae of the Caspian Sea. Proc. Zool. Mus. Imp. Acad. Sci. 1902, 7, 112.
11. Birshtein, Y.A.; Vinogradov, L.G.; Kondakov, N.N.; Kuhn, M.S.; Astakhova, T.V.; Romanova, N.N. (Eds.) Atlas of Invertebrates of the

Caspian Sea; Food Industry: Moscow, Russia, 1968; p. 414. (In Russian)
12. Ibrasheva, S.I.; Smirnova, V.A. Cladocera of Kazakhstan; Mektep: Alma Ata, Kazakhstan, 1983; p. 135. (In Russian)
13. Chugunov, N.L. Fish Wealth of Astrakhan Region in the Past and Present (Why the Fish was Disappeared); Gosudarstvennoe izdatel’stvo:

Moscow, Russia, 1921; 19p.
14. Kutikova, L.A. Rotifers of the Fauna of the USSR; Science: Saint Petersburg, Russia, 1964; p. 744.
15. Mordukhai-Boltovskoi, P.D.; Rivier, I.K. A brief survey of the ecology and biology of the Caspian Polyphemoidea. Mar. Biol. 1971,

8, 160–169. [CrossRef]
16. Kamakin, A.M.; Khodorevskaya, R.P.; Paritsky, Y.A. Influence of the new invastor CESTONE Mnemiopsis leidyi (A. Agassis, 1865)

on the main parts of the Caspian Sea ecosystem. Vestn. Astrakhan State Tech. Univ. 2018, 1, 35–48.
17. Polianinova, A.A.; Tatarintseva, T.A.; Terletskaia, O.V.; Tinenkova, D.K.; Petrenko, E.L.; Kochneva, L.A. Hydrobiological Environment

in the Middle of the Southern Part of the Caspian Sea in Conditions of Invasion of Ctenophoran Mnemiopsis leidyi; Results of Research
Work; Izd-vo KaspNIRKh: Astrakhan, Russia, 2003; pp. 121–134.

18. Baidin, S.S.; Kosarev, A.N. Caspian Sea: Hydrology and Hydrochemistry; Science: Moscow, Russia, 1986; p. 261.
19. Winberg, G.G.; Lavrenteva, G.M. (Eds.) Zooplankton and Its Products. In Guidelines for the Collection and Processing of Materials in

Hydrobiological Research in Freshwater Water Bodies; GosNIIORH: Saint Petersburg, Russia, 1984; p. 34. (In Russian)
20. Krupa, E.G.; Dobrokhotova, O.V.; Stuge, T.S. Fauna of Calanoida (Crustacea: Copepoda) of Kazakhstan and Adjacent Territories; Etalon

Print: Almaty, Kazakhstan, 2016; p. 208.
21. Mordukhai-Boltovskoi, F.D.; Riviere, I.K. Predatory cladocerans Podonidae, Polyphemidae, Cercopagidae and Leptodoridae of

the Fauna of the World. In Guide-Books on the Fauna of the USSR; Science: Saint Petersburg, Russia, 1987; pp. 119–123.
22. Korovchinsky, N.M.; Kotov, A.A.; Sinyov, A.Y.; Neretina, A.N.; Garibyan, P.G. Cladocerans (Crustacea: Cladocera) of Northern Eurasia;

KMK: Moscow, Russia, 2021; pp. 497–502.
23. Balushkina, E.V.; Vinberg, G.G. The Relationship between the Length and Body Weight of Planktonic Crustaceans. In Experimental

and Field Studies of the Biological Foundations of Lake Productivity; Vinberg, G.G., Ed.; Institute of Lake and River Fishery: Saint
Petersburg, Russia, 1979; pp. 58–79.

24. Bakanov, A.I. Quantitative Assessment of Domination in Ecological Communities; Science: Tolyatti, Russia, 2005; pp. 37–67.
25. Clarke, K.R.; Gorley, R.N. PRIMER v5: User Manual/Tutorial; PRIMER-E Ltd. Press: Plymouth, UK, 2001.
26. Kabacoff, R. R in Action; University of Connecticut, Manning Publications Co.: New York, NY, USA, 2011; p. 771.
27. Magurran, E. Ecological Diversity and Its Measurement; Mir: Moscow, Russia, 1998; p. 184. ISBN 5-03-002404-2. (In Russian)
28. Shitikov, V.K.; Rosenberg, G.S.; Zinchenko, T.D. Quantitative Hydroecology: Methods of Systemic Identification; Institute of Ecology of

the Volga Basin of the Russian Academy of Sciences: Togliatti, Russia, 2003; p. 463. ISBN 5-93424-109-5. (In Russian)
29. Matishov, G.G.; Ignatiev, S.M.; Zagorodnyaya, Y.A.; Klimova, T.N.; Vdodovich, I.; Sayapin, V.V.; Stepanyan, O.V. Faunistic

diversity and abundance indices of plankton communities of the Sea of Azov in June 2014. Bull. South. Sci. Center 2015, 11, 81–91.
30. Leonov, A.V.; Nazarov, N.A. Nutrient input into the Caspian Sea with river runoff. Water Res. 2001, 28, 656–665. [CrossRef]
31. Shadrin, N. Acartia tonsa (Copepoda) in the Black and Caspian Seas: Review and some lessons. J. Biodivers. 2013, 22, 229–236.
32. Chinnery, F.E.; Williams, J.A. The influence of temperature and salinity on Acartia (Copepoda: Calanoida) nauplii survival. Mar.

Biol. 2003, 1, 733–738. [CrossRef]
33. Zhang, J.; Ianora, A.; Wu, C.; Pellegrini, D.; Esposito, F.; Buttino, I. How to increase productivity of the copepod Acartia tonsa

(Dana): Effects of population density and food concentration. Aquac. Res. 2015, 46, 2982–2990. [CrossRef]

https://doi.org/10.1007/s10452-021-09906-w
https://doi.org/10.26577/eb-2019-4-b8
https://doi.org/10.1017/S0022149X2100002X
https://www.ncbi.nlm.nih.gov/pubmed/33658086
https://doi.org/10.24143/2073-5529-2020-3-96-102
https://doi.org/10.3390/d11080122
https://doi.org/10.3390/w15010138
https://www.cbd.int
https://doi.org/10.1007/BF00350931
https://doi.org/10.1023/A:1012889930257
https://doi.org/10.1007/s00227-004-1354-2
https://doi.org/10.1111/are.12456


Diversity 2023, 15, 798 12 of 12

34. Bainbridge, V. Some Observations on Evadne nordmanni Lovén. J. Mar. Biol. Assoc. UK 1958, 37, 349–370. [CrossRef]
35. Katechakis, A.; Stibor, H. Feeding selectivities of the marine cladocerans Penilia avirostris, Podon intermedius and Evadne nordmanni.

Mar. Biol. 2004, 145, 529–539. [CrossRef]
36. Sharapova, L.I. The current state of zooplankton in deep biotopes eastern part of the Middle Caspian. In Proceedings of the Study

of Aquatic and Terrestrial Ecosystems: History and Modernity, Sevastopol, Russia, 13–18 September 2021.
37. Povazhny, V.V. Peculiarities of Functioning of the Zooplankton Community of the Taganrog Bay of the Sea of Azov. Ph.D. Thesis,

Murmansk, Russia, 2009; pp. 17–18.
38. Põllupüü, M. Ecological Relations of Cladocerans in a Brackish-Water Ecosystem. Ph.D. Thesis, University of Tartu, Tartu, Estonia,

2010; pp. 17–18.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1017/S0025315400023742
https://doi.org/10.1007/s00227-004-1347-1

	Introduction 
	Materials and Methods 
	Description of Study Area 
	Laboratory Processing 
	Statistical Analysis and Comparisons with Previous Studies 

	Results 
	Taxonomic Composition of Zooplankton Communities 
	Quantitative Variables of Zooplankton Communities 
	Dominant Species in Zooplankton Communities 
	Species Number and Diversity Indices of Zooplankton Communities 
	Statistical Analysis and Comparisons with Previous Studies 
	Taxonomic Composition of Zooplankton Communities 
	Quantitative Variables of Zooplankton Communities 
	Dominant Species in Zooplankton Communities 

	Diversity Indices of Zooplankton Communities 

	Discussion 
	Conclusions 
	References

