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Abstract: The work aimed to study the structural variables of zooplankton to assess the water quality
of the Caspian Sea. Studies of zooplankton were conducted in the spring and summer of 2008 and
2010. Abundance, biomass, an average individual mass of a specimen, Shannon Bi, Shannon Ab,
∆-Shannon indices, and Clarke’s W-statistic were calculated for zooplankton. Quantitative variables
of zooplankton were the highest in the Northeastern and Northern Caspian, decreasing towards the
Middle Caspian. In the Northeastern and Northern Caspian from spring to summer, the number
of zooplankton, and the values of Shannon Bi and Shannon Ab indices decreased; the values of
∆-Shannon and Clarke’s W-statistic increased. In the Middle Caspian, the biomass of the community
increased; the values of ∆-Shannon and Clarke’s W-statistic decreased. From spring to summer,
the value of an average individual mass of a specimen decreased over the entire surveyed area.
The jellyfish Blackfordia virginica and Moerisia pallasi significantly influenced the size structure of the
holoplankton. Seasonal dynamics of structural variables of zooplankton as well as changes in water
transparency showed that water quality improved from spring to summer in the shallow northern
and northeastern areas of the sea, and decreased in the deep-water Middle Caspian.
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1. Introduction

Global warming, along with an increased anthropogenic load, is the main predictor of long-term
changes in marine ecosystems [1–3]. The Caspian Sea, the largest inland water body, is polluted by
precipitation, shipping traffic, oil operations, and emergency oil spills [4]. The main pollutants are
petroleum hydrocarbons [5], heavy metals [6,7], residual concentrations of organochlorine pesticides [8],
and organic matter [9].

Along with climate change [10], and the intensity of pollution [8,11,12], the ecological status of the
Caspian Sea depends on cyclical changes in water level [13]. The change in the flow of the rivers is one
of the reasons for the inter-annual dynamics of the hydrological regime of the Caspian. The regressive
hydrological phase began in 1996 and continues to the present [14]. According to [8,11,14], a decrease
in river flow is one of the reasons for reducing pollution of the Caspian Sea in recent decades. The
significant contribution of river flow to the overall level of contamination of the Caspian Sea [9] reflects
the spatial distribution of pollutants in its waters. The highest concentrations of the main pollutants
are recorded in the inflow zone of the rivers [15].

For an objective assessment of the water quality of aquatic ecosystems, it is necessary to take
into account the whole complex of abiotic factors, which is a challenging task. Bioindication methods
provide an integrated assessment of the water quality of a water body since the structure of biological
communities is influenced by both natural and anthropogenic factors [16].
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Planktonic algae as primary producers of organic matter have a high indicator significance for the
assessment of organic [17] and toxic pollution of aquatic ecosystems [18]. Along with abiotic factors,
the species composition and quantitative variables of phytoplankton determine the structure of the
communities of the upper trophic levels—zooplankton [19] and macrozoobenthos [20]. Plankton and
benthic invertebrates, in turn, consume algae and affect the structure of phytoplankton communities.
Thus, there is a close relationship between phytoplankton, zooplankton, and macrozoobenthos, which
is formed under the influence of a complex of natural and anthropogenic factors. This makes it possible
to use any community for bioindication.

Bioindication is widely used in assessing the ecological state of inland waters. The assessment
of the level of organic pollution of water bodies is carried out based on the analysis of the species
composition [21,22], and quantitative and structural variables of the communities [22–26]. A positive
relationship with the total phosphorus content was established for such variables as the amount of
chlorophyll “a” [27], the number of species of crustaceans and rotifers; percentage share of cyclopoid
biomass in total biomass of Crustacea, the abundance of Rotifera, the biomass of Cyclopoida, and
the ratio of the cyclopoid biomass to the biomass of Cladocera [22,28]. A characteristic feature of the
eutrophication of water bodies is a decrease in an average individual mass of a specimen in zooplankton
communities [22,25,26,29] or an average cell volume in phytoplankton communities [30,31].

The rank distribution of species in communities described by the ABC-Method (Abundance
and Biomass Comparing) [32] is closely related to the size variables of communities [23,24]. As a
rule, negative W values of Clark statistics [33] are recorded in communities consisting of small-sized
species [23,25,26,34]. Under the influence of external conditions, dimensional variables of communities
change earlier than the species composition [35,36], which causes a high indicator significance of
dimensional variables in the assessment of the ecological status of water bodies.

Bioindication methods were used in assessing the level of organic and toxic pollution of the
Red, Mediterranean, Northern [37], and Azov seas [38]. Until now, the assessment of the ecological
state of the Caspian Sea has been carried out mainly based on chemical analysis data [4,39]. The
monographs [14,15,40] summarized information on the content of the main pollutants in the water and
soils of the Northern and Northeastern Caspian Sea for the period from 1996 to 2016. It was shown
that the level of toxic pollution of the sea has slightly decreased; the average concentrations of organic
nitrogen increased, while the content of organic phosphorus decreased [40]. Obviously, it is difficult
to assess the integrated quality of seawater, when a broad set of environment variables is taken into
account in chemical monitoring. This problem can be solved by using biological indicators because the
structure of biological communities is formed under the influence of the whole complex of natural and
anthropogenic factors.

The purpose of this work was to study the spatial and seasonal dynamics of structural variables
of zooplankton communities to assess the water quality of the Northern, Northeastern, and Middle
Caspian Sea.

2. Materials and Methods

2.1. Description of Study Area

The area of the Caspian Sea, the largest inland water body, is 378,400 km2 [41]. Based on
the morphological structure and physiographic conditions, the sea can be divided into three parts:
The Northern, Middle, and Southern Caspian. The Mangyshlak Threshold, stretched from Cape
Tiub-Karagan to Chechen Island, separates the Northern and Middle Caspian (Figure 1). Within the
Northern Caspian, its shallowest part is sometimes distinguished—the Northeastern Caspian. The
Apsheron Threshold divides the Middle and Southern Caspian. Depths increase from north to south.
The greatest depths of the northern, middle, and southern parts of the sea are 25, 788, and 1025 m,
respectively. The average depth of the sea reaches 208 m.
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Figure 1. Map of sampling stations in the Kazakhstan sector of the Caspian Sea in 2008 and 2010. 
Dotted lines are the boundaries between the Northern (1), Middle (2), and Southern (3) Caspian. Circles 
are the stations for material selection in 2008, squares—the stations for material selection in 2010. 

A total of 130 rivers flow into the Caspian Sea. The Volga, Ural, Terek, Sulak, and Emba rivers 
account for 88%–90% of the annual flow. The salinity of water varies from 0.05‰ near the mouth of 
the Volga River to 11‰–13‰ in the southeast of the water area. The maximum water temperature is 
observed in August and reaches 24–26 °C, and in the southern regions 28 °C. Surface water 
sometimes warms up to 32 °C in shallow bays in the middle of summer. 

2.2. Field Sampling 

Zooplankton studies of the Northeastern Caspian were carried out in the spring (20–28 May) 
and summer (18–29 August) of 2010, and the Northern and Middle Caspian—in the spring (from 25 
May to 2 June) and summer (15–26 August) of 2008 (Figure 1). Zooplankton samples were collected 
using the Juday net with the inlet diameter of 12 cm with the sieve-size of 64 µm, by double pulling it 
through from bottom to surface. In total, 82 samples of zooplankton were selected on the standard 
grid of stations, including 30 samples in the Northeastern Caspian, 26 in the Northern, and 26 in the 
Middle Caspian. The coordinates of the stations were determined using a GPS navigator; depth, 
transparency, pH, temperature, and salinity of water by using a multi-parameter instrument 
HORIBA U-10. 

2.3. Laboratory Processing 

Zooplankton samples were processed by standard methods [42] using guides to species 
identification [43–45]. The quantitative (abundance, biomass) and structural variables (an average 
individual mass of a specimen [22], Shannon index values [46], Δ-Shannon [23,25], Clarke’s 
W-statistic [33]) were determined to characterize the structure of zooplankton communities. An 
average individual mass of a specimen was calculated as the total biomass divided by the total 
abundance of zooplankton. The similarity of species composition of zooplankton communities was 
determined by the Sørensen index using the Primer 5 program. In the same program indexes of 
Shannon (Shannon Bi, bit/mg; Shannon Ab, bit/specimen) and Clarke’s W-statistics were calculated. 
The values of Δ-Shannon were calculated as the arithmetic difference between the two versions of 
the Shannon index (Δ-Shannon = Shannon Ab − Shannon Bi). Spearman’s rank correlation values 
[47] between structural variables of zooplankton communities (Clarke’s W-statistics, Δ-Shannon, an 
average individual mass of a specimen, Shannon Bi) were calculated in Statistica 10, with p < 0.05. 
For all parameters, the mean values with a standard error were calculated in Excel program. 
Seasonal differences in mean values of structural variables of zooplankton were determined for each 
region (Northeastern, Northern and Middle Caspian) according to Student’s t-test. All biological 

Figure 1. Map of sampling stations in the Kazakhstan sector of the Caspian Sea in 2008 and 2010.
Dotted lines are the boundaries between the Northern (1), Middle (2), and Southern (3) Caspian. Circles
are the stations for material selection in 2008, squares—the stations for material selection in 2010.

A total of 130 rivers flow into the Caspian Sea. The Volga, Ural, Terek, Sulak, and Emba rivers
account for 88%–90% of the annual flow. The salinity of water varies from 0.05%� near the mouth of
the Volga River to 11%�–13%� in the southeast of the water area. The maximum water temperature is
observed in August and reaches 24–26 ◦C, and in the southern regions 28 ◦C. Surface water sometimes
warms up to 32 ◦C in shallow bays in the middle of summer.

2.2. Field Sampling

Zooplankton studies of the Northeastern Caspian were carried out in the spring (20–28 May) and
summer (18–29 August) of 2010, and the Northern and Middle Caspian—in the spring (from 25 May to
2 June) and summer (15–26 August) of 2008 (Figure 1). Zooplankton samples were collected using the
Juday net with the inlet diameter of 12 cm with the sieve-size of 64 µm, by double pulling it through
from bottom to surface. In total, 82 samples of zooplankton were selected on the standard grid of
stations, including 30 samples in the Northeastern Caspian, 26 in the Northern, and 26 in the Middle
Caspian. The coordinates of the stations were determined using a GPS navigator; depth, transparency,
pH, temperature, and salinity of water by using a multi-parameter instrument HORIBA U-10.

2.3. Laboratory Processing

Zooplankton samples were processed by standard methods [42] using guides to species
identification [43–45]. The quantitative (abundance, biomass) and structural variables (an average
individual mass of a specimen [22], Shannon index values [46], ∆-Shannon [23,25], Clarke’s
W-statistic [33]) were determined to characterize the structure of zooplankton communities. An average
individual mass of a specimen was calculated as the total biomass divided by the total abundance of
zooplankton. The similarity of species composition of zooplankton communities was determined by
the Sørensen index using the Primer 5 program. In the same program indexes of Shannon (Shannon Bi,
bit/mg; Shannon Ab, bit/specimen) and Clarke’s W-statistics were calculated. The values of ∆-Shannon
were calculated as the arithmetic difference between the two versions of the Shannon index (∆-Shannon
= Shannon Ab − Shannon Bi). Spearman’s rank correlation values [47] between structural variables
of zooplankton communities (Clarke’s W-statistics, ∆-Shannon, an average individual mass of a
specimen, Shannon Bi) were calculated in Statistica 10, with p < 0.05. For all parameters, the mean
values with a standard error were calculated in Excel program. Seasonal differences in mean values of
structural variables of zooplankton were determined for each region (Northeastern, Northern and



Diversity 2019, 11, 122 4 of 16

Middle Caspian) according to Student’s t-test. All biological variables were calculated separately for
holoplankton (excluding jellyfish) and the zooplankton as a whole (including jellyfish).

3. Results

3.1. Hydrophysical and Hydrochemical Characteristics of Study Sites

During the research periods, the shallowest northeastern part of the water area had relatively
low transparency of water (Table 1). As the depth increased towards the south, water transparency
increased and reached a maximum in the Middle Caspian.

Table 1. Hydrophysical and hydrochemical characteristics of the studied water area of the Caspian Sea
(mean with standard error).

Water Area Season, Year Depth, m Transparency, m pH Temperature, ◦C Salinity, %�

Northeastern Caspian spring 2010 5.2 ± 0.5 1.5 ± 0.1 8.07 ± 0.02 21.7 ± 0.2 7.4 ± 0.1
summer 2010 5.3 ± 0.4 1.6 ± 0.1 7.92 ± 0.08 26.9 ± 0.4 8.4 ± 0.2

Northern Caspian spring 2008 7.1 ± 1.0 2.5 ± 0.4 8.94 ± 0.07 20.5 ± 0.3 7.2 ± 0.9
summer 2008 7.0 ± 1.1 2.8 ± 0.7 8.67 ± 0.06 23.4 ± 0.2 8.2 ± 0.5

Middle Caspian spring 2008 38.4 ± 6.1 10.6 ± 0.9 8.83 ± 0.02 18.3 ± 1.2 9.7 ± 1.0
summer 2008 34.9 ± 7.0 9.4 ± 1.0 8.71 ± 0.09 25.2 ± 0.3 11.4 ± 0.2

In spring, an average water temperature varied from 18.3 to 21.7 ◦C, with a minimum in the
deep-water Middle Caspian. In summer, the shallow areas of the Northeastern Caspian warmed up to
the greatest extent. The water temperature of the deep-water Middle Caspian was only slightly lower
than in the northeastern part of the water area, but statistically much higher than in the Northern
Caspian. Throughout the surveyed area, the average salinity of water increased significantly from
spring to summer, which is associated with a seasonal decrease in river flow.

3.2. Species Richness

A total of 37 taxa of zooplankton were identified in the surveyed water area of the Caspian Sea,
with rotifers accounting for the greatest species richness (Table 2). From spring to summer, the number
of species of planktonic invertebrates in the northeastern part of the water area did not change and
decreased in the Northern and Middle Caspian.

Table 2. Species richness of zooplankton communities in the surveyed water area of the Caspian Sea.

Water Area Season, Year Rotifera Cladocera Copepoda Others Total

Northeastern Caspian spring 2010 6 6 4 3 19
Northeastern Caspian summer 2010 5 4 4 6 19

Northern Caspian spring 2008 9 7 10 6 32
Northern Caspian summer 2008 8 3 4 6 21
Middle Caspian spring 2008 4 6 4 2 16
Middle Caspian summer 2008 3 3 1 4 11

Total 12 7 10 8 37

Copepods Acartia tonsa Dana, Calanipeda aquedulcis Kritchagin, larvae of Bivalvia, Cirripedia,
Hediste diversicolor (O.F. Müller) (Figure 2) were found during both seasons across the surveyed
area. Rotifers Brachionus quadridentatus Hermann, Synchaeta stylata Wierzejski, cladocerans Cornigerius
maeoticus hircus (Sars), Evadne anonyx Sars, Pleopis polyphemoides (Leuckart), Podonevadne angusta (Sars),
Podonevadne camptonyx (Sars), Podonevadne trigona (Sars), and cyclops Halicyclops sarsi Akatova were
widespread, predominantly in spring. Podon intermedius Lilljeborg was found only in the Middle
Caspian. Jellyfish Blackfordia virginica Mayer and Moerisia pallasi (Derzhavin) were found in the
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zooplankton of the Northern Caspian during both seasons, of the Northeastern Caspian in summer,
and in the deep-water Middle Caspian, there was none.Diversity 2019, 11, x FOR PEER REVIEW 5 of 15 
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Figure 2. Photos of the dominant species in zooplankton communities in the surveyed waters of the
Caspian Sea. Copepods: (a) Acartia tonsa, (b) Calanipeda aquedulcis; cladocerans: (c) Podonevadne trigona,
(d) Podon intermedius, (e) Podonevadne camptonyx; rotifers: (f) Brachionus quadridentatus; others: (g) larvae
of Bivalvia, (h) larvae of Cirripedia, (i) larvae of Hediste diversicolor.

According to the values of the Sørensen index, the zooplankton communities of all the examined
regions of the Caspian Sea had a similar species composition in both seasons and years (Figure 3). The
season had a greater influence on the species composition of planktonic invertebrates than the location
of the surveyed areas. The zooplankton community of the Middle Caspian Sea in the summer period
had the smallest species similarity with other water areas.
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Figure 3. Dendrogram of the similarity of the species composition of zooplankton communities in the
surveyed waters of the Caspian Sea.

3.3. Quantitative Variables and Composition of the Dominant Species

The greatest quantitative variables of zooplankton were recorded in the Northeastern Caspian in
spring (Table 3). The total abundance of planktonic invertebrates decreased in the direction from the
northeast to the south. From spring to summer, the number of zooplankton decreased in the Northern
and Northeastern Caspian and remained practically unchanged in the Middle Caspian. During the
studied period, the biomass of holoplankton of the Northeastern and Northern Caspian decreased,
and the total biomass, on the contrary, increased due to the presence of large jellyfish in zooplankton.
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In the Middle Caspian, the holoplankton biomass was at a very low level. From spring to summer, the
value of this variable increased by 1.7 times.

Table 3. Quantitative variables of zooplankton communities in the surveyed water area of the Caspian
Sea (mean with standard error).

Water Area Season, Year Abundance,
103 Specimen/m3

Biomass of Holoplankton,
mg/m3

Biomass of Zooplankton
(with Jellyfish), mg/m3

Northeastern Caspian spring 2010 150.8 ± 40.8 690.2 ± 119.0 no jellyfish
summer 2010 57.6 ± 18.3 245.1 ± 60.8 1278.5 ± 351.4

Northern Caspian spring 2008 60.2 ± 20.1 208.4 ± 63.8 488.6 ± 294.5
summer 2008 14.2 ± 3.1 53.2 ± 10.4 1766.5 ± 685.2

Middle Caspian spring 2008 3.8 ± 0.7 20.2 ± 10.7 no jellyfish
summer 2008 3.6 ± 0.7 33.4 ± 6.1 no jellyfish

The most significant contribution to quantitative variables of holoplankton was made by a few
species (Table 4). Their composition remained relatively constant during both seasons, but the ratio of
species in the quantitative variables of the community changed. Rotifers were numerous in the spring.
In summer, copepods A. tonsa dominated by abundance and biomass. In spring, the composition of
holoplankton species, dominating by biomass, was more diverse. In addition to A. tonsa, crustaceans
C. aquedulcis, P. camptonyx, P. trigona, E. anonyx, and rotifers played a prominent role in the community.

Table 4. Composition of the dominant species in zooplankton communities in the surveyed water area
of the Caspian Sea.

Water Area Season, Year The Dominant Species

by Abundance (%) by Biomass without Jellyfish (%) by Biomass with Jellyfish (%)

Northeastern
Caspian

spring 2010
Brachionus quadridentatus (52.0)

Calanipeda aquedulcis (22.0)
Acartia tonsa (10.0)

Podonevadne camptonyx (40.9)
Calanipeda aquedulcis (17.6)
Podonevadne trigona (12.7)

Acartia tonsa (9.5)

no jellyfish

summer 2010
Acartia tonsa (34.9)

Brachionus quadridentatus (29.8)
Brachionus plicatilis (25.6)

Acartia tonsa (67.1)
Calanipeda aquedulcis (6.0)
Brachionus plicatilis (5.8)

Blackfordia virginica (78.7)
Acartia tonsa (12.9)

Northern
Caspian

spring 2008
Brachionus quadridentatus (53.1)

Bivalvia gen. sp. (13.7)
Acartia tonsa (7.8)

Asplanchna priodonta (23.4)
Brachionus quadridentatus (14.0)

Calanipeda aquae-dulcis (13.7)
Acartia tonsa (12.4)

Blackfordia virginica (57.4)
Asplanchna priodonta (10.0)

Brachionus quadridentatus (6.0)
Calanipeda aquae-dulcis (5.8)

summer 2008
Acartia tonsa (49.7)

Brachionus plicatilis (13.6)
Brachionus quadridentatus (11.2)

Acartia tonsa (53.4)
Podonevadne trigona (7.7) Blackfordia virginica (96.7)

Middle
Caspian

spring 2008

Synchaeta cecilia (39.3)
Acartia tonsa (30.9)

Cirripedia gen. sp. (14.3)
Bivalvia gen. sp. (6.6)

Acartia tonsa (54.4)
Evadne anonyx (14.3) no jellyfish

summer 2008 Acartia tonsa (93.8) Acartia tonsa (92.2) no jellyfish

Presence of jellyfish B. virginica and M. pallasi in the zooplankton of the Northeastern Caspian in
the summer and the Northern Caspian in the spring and summer did not make a difference to the ratio
of species by their abundance. Large sizes of individual jellyfish determined their dominant role in the
total biomass of zooplankton, especially in the summer period (Table 4).

3.4. Structural Variables

The average number of species and values of the Shannon index in the Northeastern and Northern
Caspian were higher than in the Middle Caspian (Table 5). When taking into account the few but
large jellyfish, the Shannon Ab index values for the zooplankton of the Northeastern and Northern
Caspian were slightly higher, and the Shannon Bi values were significantly lower than when calculating
indices for holoplankton only. Holoplankton was characterized by small-sized composition that was
confirmed by the low values of an average individual mass of a specimen.
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Table 5. Structural variables of zooplankton communities in the surveyed water area of the Caspian Sea (mean with standard error).

Water Area Season, Year Species Number
* Shannon Ab
(bit/Specimen)

* Shannon Bi
(bit/mg)

* An average Individual Mass
of a Specimen (mg)

1 2 1 2 1 2

Northeastern Caspian spring 2010 10.5 ± 0.5 1.95 ± 0.12 no jellyfish 2.20 ± 0.09 no jellyfish 0.0070 ± 0.0013 no jellyfish
summer 2010 10.8 ± 0.4 1.55 ± 0.13 1.56 ± 0.13 1.54 ± 0.19 1.32 ± 0.20 0.0043 ± 0.0011 0.0399 ± 0.0101

Northern Caspian spring 2008 14.2 ± 0.98 1.85 ± 0.17 1.96 ± 0.16 2.35 ± 0.15 2.19 ± 0.18 0.0048 ± 0.0008 0.0071 ± 0.0021
summer 2008 10.4 ± 1.3 1.74 ± 0.18 1.81 ± 0.18 1.67 ± 0.20 0.63 ± 0.23 0.0046 ± 0.0007 0.1980 ± 0.0700

Middle Caspian spring 2008 8.3 ± 0.6 1.60 ± 0.19 no jellyfish 1.81 ± 0.16 no jellyfish 0.0122 ± 0.0017 no jellyfish
summer 2008 4.4 ± 0.3 0.44 ± 0.12 no jellyfish 0.51 ± 0.09 no jellyfish 0.0099 ± 0.0001 no jellyfish

Note: * 1—holoplankton (without jellyfish), 2—zooplankton (with jellyfish).
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From spring to summer, the average number of species per sample (except for the Northeastern
Caspian Sea), the values of Shannon Ab and Shannon Bi indices, and the average individual mass of a
specimen in the zooplankton communities of the surveyed areas of the sea decreased.

For integrated characteristics of zooplankton structure, the values of the Clarke’s W-statistics and
∆-Shannon (Table 6) were calculated. As can be seen from Figure 4a, in the Northeastern and Northern
Caspian, the Clarke’s W-statistics and ∆-Shannon increased from spring to summer; in the Middle
Caspian, on the contrary, they decreased. When calculating the values of Clarke’s W-statistics and
∆-Shannon (Figure 4b), the abundance and biomass of jellyfish influenced only the absolute value, but
not the nature of the seasonal dynamics of the variables.

Table 6. Values of Clarke’s W-statistics of and ∆-Shannon for zooplankton communities in the surveyed
water area of the Caspian Sea (mean with standard error).

Water Area Season, Year Clarke’s W-Statistics ∆-Shannon

without Jellyfish with Jellyfish without Jellyfish with Jellyfish

Northeastern Caspian spring 2010 −0.050 ± 0.033 no jellyfish −0.25 ± 0.15 no jellyfish
summer 2010 −0.017 ± 0.021 0.012 ± 0.008 −0.01 ± 0.02 −0.24 ± 0.22

Northern Caspian spring 2008 −0.068 ± 0.029 −0.038 ± 0.030 −0.42 ± 0.18 −0.24 ± 0.20
summer 2008 0.016 ± 0.027 0.178 ± 0.050 0.07 ± 0.11 1.18 ± 0.28

Middle Caspian spring 2008 −0.004 ± 0.005 no jellyfish −0.21 ± 0.14 no jellyfish
summer 2008 −0.019 ± 0.015 no jellyfish −0.08 ± 0.07 no jellyfish
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Figure 4. Seasonal changes in the values of Clarke’s W-statistics and for holoplankton (a) and
zooplankton (b) in the surveyed waters of the Caspian Sea.

According to Student’s t-test (Table 7), seasonal changes of Shannon Bi were statistically significant
for all surveyed areas of the sea. In the Northeastern Caspian, an average individual mass of a specimen
(with jellyfish), values of Shannon Ab, ∆-Shannon, Clarke’s W-statistics, and total biomass changes
were statistically significant. In the Northern Caspian, seasonal changes of an average individual
mass of a specimen (with jellyfish), total abundance and biomass (without jellyfish) were statistically
significant. In the Middle Caspian values of Shannon Ab, Shannon Bi, and total biomass changes were
statistically significant.
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Table 7. Evaluation of seasonal changes in the structure of zooplankton communities in the surveyed
areas of the Caspian Sea according to Student’s t-test, p < 0.05.

Variables
* Northeastern Caspian

(t-critical 2.14)
* Northern Caspian

(t-critical 2.16)
* Middle Caspian

(t-critical 2.16)

1 2 1 2 1

An average individual mass of a specimen, mg −2.71 0.22 −3.36 1.23 1.30
Shannon Ab, bit/specimen 0.58 12.30 1.79 1.83 4.67

Shannon Bi, bit/mg 4.71 12.17 4.11 2.79 6.39
∆-Shannon 3.80 1.40 −0.03 −1.25 −0.53

Clarke’s W-statistics −3.00 −1.00 −1.30 −0.44 −0.40
Abundance, 103 specimen/m3 2.13 2.13 2.44 2.44 0.92

Biomass, mg/m3 −1.66 2.51 −1.76 3.20 2.19

Note: * 1—with jellyfish, 2—without jellyfish; statistically significant differences in averages are in italics.

Correlation analysis showed that the strong positive statistically significant links were recorded
between the values of Clarke’s W-statistics and ∆-Shannon (Table 8). Positive statistically significant
relationships were established between Clarke’s W-statistics and an average individual mass of a
specimen; negative connections were between Clarke’s W-statistics and Shannon Bi, and between
Shannon Bi and an average individual mass of a specimen.

Table 8. Spearman’s rank correlation coefficients between structural variables of zooplankton
communities in the surveyed water area of the Caspian Sea, p < 0.05.

Water Area Season, Year Paired Variables
Spearman’s Rank Correlation Coefficients

without Jellyfish with Jellyfish

Northeastern Caspian

spring 2010

Clarke’s W-statistics—∆-Shannon 0.882

no jellyfishClarke’s W-statistics—m * 0.72
Clarke’s W-statistics—Shannon Bi −0.779

Shannon Bi—m −

summer 2010

Clarke’s W-statistics—∆-Shannon 0.964 0.979
Clarke’s W-statistics—m − 0.732

Clarke’s W-statistics—Shannon Bi −0.780 −0.946
Shannon Bi—m −0.571 −0.846

Northern Caspian

spring 2008

Clarke’s W-statistics—∆-Shannon 0.864 0.9
Clarke’s W-statistics—m 0.7 0.645

Clarke’s W-statistics—Shannon Bi −0.691 −0.718
Shannon Bi—m −0.700 −0.745

summer 2008

Clarke’s W-statistics—∆-Shannon 0.955 0.827
Clarke’s W-statistics—m − 0.772

Clarke’s W-statistics—Shannon Bi − −0.782
Shannon Bi—m − −0.964

Middle Caspian

spring 2008

Clarke’s W-statistics—∆-Shannon 0.951

no jellyfishClarke’s W-statistics—m 0.797
Clarke’s W-statistics—Shannon Bi −

Shannon Bi—m −

summer 2008

Clarke’s W-statistics—∆-Shannon 0.954

no jellyfishClarke’s W-statistics—m −

Clarke’s W-statistics—Shannon Bi −

Shannon Bi—m −

* m—an average individual mass of a specimen.

4. Discussion

A total of 37 taxa were recorded in the zooplankton of the Northeastern, Northern, and Middle
Caspian during spring and summer of 2008 and 2010. Zooplankton of the surveyed areas of the Sea was
similar in species composition (Figure 3) in both seasons; however, the composition of the dominant
species was different. Rotifers dominated in numbers mainly in spring, while in summer, crustaceans
or jellyfish formed the main part of quantitative variables of zooplankton (Table 4). Invasive species
Acartia tonsa and Calanipeda aquedulcis played a prominent role in the zooplankton of all surveyed areas
of the sea. Both species are eurybiotic [48] and are found throughout the year in the Caspian Sea [49].
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As in the Black Sea [50], in the Caspian Sea, the maximum numbers of A. tonsa and C. aquedulcis are
characteristic of the summer-autumn period [49,51,52]. The population dynamics and age structure of
these dominant species largely determined the spatial and seasonal changes in the quantitative and
structural variables of the entire zooplankton of the Caspian Sea.

An average abundance of zooplankton ranged from 3.6 to 150.8 thous·specimen/m3. The biomass
of holoplankton was equal to 20.2–690.2 mg/m3, and when taking into account the jellyfish Blackfordia
virginica and Moerisia pallasi, reached 488.6–1766.5 mg/m3. The abundance of planktonic invertebrates
in the shallow Northeastern Caspian, influenced by river runoff, was significantly higher than in
the deep-water Middle Caspian (Table 3). As is known, the most favorable conditions for aquatic
biota are formed in the estuaries of rivers, where the content of nutrients is higher than in deep
water area [53]. According to our previous data [54], in spring 2008, the total content of nitrogen
compounds in the Northern Caspian was higher than in the Middle Caspian (Table 9). The number of
microalgae, predominantly consumed by planktonic invertebrates, was also higher in the Northern
Caspian (373.9–415.9 mln.cell/m3) than in the Middle Caspian (28.0–47.9 mln.cell/m3) [55].

Table 9. Content of nutrients in the water of the Northern and Middle Caspian (by: [54]).

Water Area Season, Year Content of Nutrients, mg/dm3

NH4
+ NO2− NO3− Total of Nitrogen PO4

-

Northern Caspian spring 2008 0.113 0.0016 0.135 0.250 0.004
summer 2008 0.091 0.0032 0.125 0.219 0.004

Middle Caspian spring 2008 0.091 0.0015 0.127 0.220 0.002
summer 2008 0.127 0.0019 0.128 0.257 0.004

The average individual mass of a specimen (excluding jellyfish) in the surveyed water area of
the Caspian Sea varied from 0.0043 to 0.0122 mg. According to the data of monitoring studies [14],
low values of an average individual mass of a specimen (0.0028–0.0072 mg) were characteristic of the
zooplankton of the Northeast Caspian, with a downward trend in this indicator in the last decade. Such
low values of an average individual mass of a specimen in zooplankton communities are recorded, as
a rule, in eutrophic water bodies enriched with nutrients [22].

The values of the Shannon index decreased in the direction from the shallow Northeast Caspian
to the southern deep-water areas, as well as from spring to summer in all surveyed areas of the sea
(Table 5). The Shannon Bi index values were generally higher than the Shannon Ab values, i.e., the
distribution of species by biomass was more even than the distribution by abundance. Accordingly, the
∆-Shannon and Clark W-statistics values were negative. According to the available data [22,25,29,55],
the opposite situation was observed in undisturbed communities, i.e., Shannon Ab values were higher
than Shannon Bi values. Thus, the obtained results indicated that the structure of zooplankton in the
surveyed waters of the Caspian Sea was disturbed.

Correlation analysis showed that structural variables of zooplankton communities changed
simultaneously in the Caspian Sea (Table 8). The values of Clarke’s W-statistics and ∆-Shannon were
higher in communities that consisted of large sized species, as evidenced by the positive statistically
significant relationships between Clarke’s W-statistics and an average individual mass of a specimen.
The predominantly negative relationships between the Shannon Bi index and an average individual
mass of a specimen indicated that zooplankton communities with small-sized species were more
diverse than communities with large-sized species. These results were consistent with previously
obtained data on negative relationships between an average individual mass of a specimen or an
average cell volume and the diversity of phytoplankton communities [30] and zooplankton [25,26].

Correlation analysis showed that there is a statistically significant strong positive relationship
between ∆-Shannon and W-statistics of Clark (Table 8), which we recorded earlier in the study of
plankton communities of various water bodies of Kazakhstan [23–26]. This close relationship is
explained by the fact that the calculation of both variables is based on the same principles—the ratio
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of species in terms of abundance and biomass. Thus, both indices characterize the rank distribution
of species in communities and can be used in environmental studies. It is crucial that information
on the rank distribution of species can be obtained by directly comparing the values of Shannon
Ab and Shannon Bi. These indexes are calculated easier, and therefore, they are used much more
often [22,56,57] than Clark’s W-statistics [58,59] when describing the structure of communities.

The ∆-Shannon indices and Clark W-statistics are closely related to dimensional variables and the
diversity of communities. According to the results of the correlation analysis, the values of W-statistics
of Clark and ∆-Shannon were higher in communities consisting of large species (Table 8). This was
evidenced by the positive statistically significant relationships between the W-statistics of Clark and an
average individual mass of a specimen. The predominantly negative relationship between the Shannon
Bi Index and an average individual mass of a specimen indicated that zooplankton communities with
small species were more diverse than communities with large species. These results corresponded
to previously obtained data on the negative relationships between the size variables (an average
individual mass of a specimen or an average cell volume) and the diversity of the communities of
phytoplankton [30] and zooplankton [24–26].

Thus, the size variables and the rank distribution of species indicated a disturbance of the structure
of the zooplankton communities of the Caspian Sea. Organic pollution of the Caspian Sea may be
one of the reasons for this; but in terms of the total content of nitrogen and phosphorus, the water
in the surveyed areas of the sea belonged to the first highest water quality class [60]. In terms of
phytoplankton biomass (an average of 0.23–0.29 g/m3 in the Middle Caspian and 0.65–0.66 g/m3 in
the Northern Caspian) [61], the water in these areas was slightly polluted and belonged to the second
class of quality [60]. The values of an average individual mass of a specimen in the zooplankton
communities of the Caspian surveyed waters corresponded to the level of eutrophic water bodies [22],
with a high content of organic substances in the water. The inconsistency of water quality estimates
is associated with the controlling influence of zooplankton on phytoplankton [62]; in turn, algae use
nutrients, reducing their concentration in water [63]. These data indicate that water quality assessment
should be carried out comprehensively, with the obligatory involvement of biological methods.

The seasonal dynamics of zooplankton in the surveyed areas of the sea had its distinguishing
characteristics. In the Northeastern and Northern Caspian (Table 9), the total content of nitrogen
compounds [54], the quantitative variables of phytoplankton [61] and holoplankton decreased from
spring to summer, but the transparency of water (Table 1) and values of Clarke’s W-statistics, on the
contrary, increased. The seasonal dynamics of the above variables showed that the water quality in
shallow areas of the sea improved from spring to summer. At the same time, the seasonal decrease
in the average individual mass of a specimen testified to the deterioration of water quality [22] in
shallow-water areas of the sea, i.e., contradicted changes in other structural variables. This contradiction
could be associated with the pressure of predatory jellyfish Blackfordia virginica and Moerisia pallasi,
feeding on planktonic invertebrates. Earlier, we showed a pronounced effect of jellyfish on all structural
variables of holoplankton [14]. During our observations, the jellyfish pressure increased from spring to
summer, which caused a decrease in the size parameters of holoplankton (Table 5), in contrast to the
dynamics of other indicator variables.

In the Middle Caspian, where there were no jellyfish, all structural variables of zooplankton
changed synchronically. Seasonal change in zooplankton structure (decrease in an average mass
of a specimen and Clarke’s W-statistics values, an increase in the holoplankton biomass) indicated
strengthening of eutrophication processes and deterioration of water quality in this deep-sea area from
spring to summer. This conclusion was confirmed by both a seasonal increase in the amount of nutrients
(Table 9), a decrease in the transparency of the water (Table 1), and an increase in the abundance
of phytoplankton [54]. The positive relationship between the seasonal dynamics of phytoplankton
and the nutrient content was also established for the Baltic Sea [64,65]. Synchronous changes in the
abundance of both plankton communities in the examined parts of the Caspian Sea indicated that
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zooplankton controlled the development of phytoplankton under the existing nutrient load. The role
of zooplankton in phytoplankton biomass decline and water transparency regulation is shown in [19].

In general, the structural variables of zooplankton communities (decrease in size variables,
negative values of W-statistics of Clark and ∆-Shannon) indicated an increase in the eutrophication
processes of the Caspian Sea and deterioration of water quality. The eutrophication of the Northern
Caspian Sea is associated with the increased inflow of organic matter since the 90s with the flow of
the Volga and Ural rivers [9]. The hydrological regime of the inflowing rivers, mainly the Volga, also
causes seasonal changes in the water quality of the Northern Caspian [15]. According to the results
obtained, at present, not only the shallow water areas of the sea which are under the influence of river
runoff are exposed to eutrophication, but also the deep-water areas of the Middle Caspian. From
spring to summer water quality improved in the shallow northern and northeastern areas of the sea
and it decreased in the deep-water Middle Caspian. These differences are due to the greater inertia of
the deep-water Middle Caspian, compared with the shallow water zone. It manifested in a shift of the
temperature maximum to a later date, reducing the average transparency of water, as well as in the
dynamics of nutrients, whose content in the Middle Caspian Sea increased significantly from spring
to summer.

5. Conclusions

Abundance, zooplankton biomass, an average individual mass of a specimen, Shannon Bi,
Shannon Ab, ∆-Shannon, and Clark W-statistics indices were applied to assess the quality of the
water of the Caspian Sea. Quantitative variables of plankton communities decreased in the direction
from the Northeastern and Northern Caspian to the Middle Caspian. Seasonal changes in biological
variables in studied parts of the Caspian Sea were different. From spring to summer in the northeastern
and northern parts of the Caspian Sea, the number of planktonic invertebrates, and the values of
the Shannon Bi and Shannon Ab indices decreased; Shannon and Clark W-statistic values increased.
In the deep-water Middle Caspian, the structural variables of zooplankton changed in the opposite
direction: the biomass of the community increased; the values of ∆-Shannon and Clarke’s W-statistic
decreased. From spring to summer, the value of an average individual mass of a specimen decreased
throughout the entire study area. Jellyfish Blackfordia virginica and Moerisia pallasi had a significant
impact on the dimensional structure of holoplankton. In general, seasonal and spatial changes in
the structure of zooplankton corresponded to the dynamics of nutrients and microalgae. Seasonal
dynamics of structural variables of zooplankton as well as changes in water transparency showed that
water quality improved from spring to summer in the shallow northern and northeastern areas of the
sea, and decreased in the deep-water Middle Caspian.
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