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Abstract: Steppe and semi-desert lakes of Central Asia represent unique and still poorly known
aquatic ecosystems. The paper provides summaries of multi-proxy environmental and biological
investigations of the previously unexplored ground of Sibe lakes in the naturally pristine zone of East
Kazakhstan, and of their contributions to people. Data on the taxonomic composition of zooplankton
and zoobenthos of these freshwater lacustrine basins are presented in terms of the species’ frequency
of occurrence; the abundance of the aquatic biomass and the analyzed water geochemical variables
insofar as they are dependent and correlative. The qualitative and quantitative records display
variability in the biocenosis diversity due to the lakes’ geochemistry and hydrology differences—
some lakes being oligotrophic and others being moderately trophic. In the latter case, the lakes
characterized by an increased macrozoobenthos biomass are favourable for local ichthyofauna. Sapro-
biological analysis reveals the predominance of β-saprobic species in the zooplankton composition
pointing to slight or moderate pollution of surface waters due to natural biotic substances. This
observation is in agreement with differences in the water quality of solitary lakes. The uneven
distributions of benthic invertebrates (in terms of taxonomy and species populations) in the water
bodies suggest specific hydro-ecological conditions that predetermine the structure of the lakes’
biocenosis. The littoral part of the lakes is characterized by the highest abundance of zooplankton
and benthic fauna. The Sibe lakes are an example of an autonomous functioning of the lacustrine
basins in the upland arid steppe zone, which is characterized by pronounced climate “continentality”
and a high level of the sub-aquatic flora and fauna endemism. The present results are relevant to
the understanding of the ecosystems’ dynamics and the modern anthropogenic impacts upon the
pristine parkland-steppe landscapes of Central Asia, with implications for regional nature protection
and sustainable eco-recreation.

Keywords: East Kazakhstan; lakes; hydrogeology; aquatic ecosystems; macrozoobenthos; sustainable
water management; environmental conservation
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1. Introduction

Lakes play important roles in regional hydrology, environmental dynamics and
aquatic biota diversity [1–3]. Lacustrine and riverine systems are relevant indications
of regional environmental stability and ecological sanity with zooplankton and phyto-
plankton as the main indicators [4–7]. Lakes also significantly enhance the attractiveness
and scenic beauty of the landscape, and expand the potential of free-time activities. About
85–90% of the long-term and 90–95% of the short-term recreation facilities worldwide
are positioned on banks of water bodies exposed to climate change and anthropogenic
use [8,9]. In Kazakhstan, investigations of the lake basins were regularly carried out until
the 1980s. The more recent studies [10–17] have focused mostly on the largest water bodies,
such as the Ile-Balkhash, the lakes of the Aral-Syrdarya basin or the Shushinsko-Borovoye
lakes. Research on the country’s freshwater and saline lacustrine basins largely focused
on the phytoplankton biomass and taxonomic variations, and the spatial distribution in
terms of estimating the long-term changes in water quality [18–27] and the site-specific
hydraulic water conditions with implications to agriculture, sustainable economic/public
use, recreation and the aquatic biodiversity conservation [28,29].

The arid-zone freshwater lakes of Kazakhstan inspire a major interest with respect
to their isolated locations amid the northern rocky massifs and in the foothills of the
main mountain chain forming the eastern limits of the country. Most of the lakes are
hydrologically closed, i.e., without external inlets and drainages, and thus susceptible to
groundwater fluctuations and precipitation variations, affecting the hosted aquatic and
littoral terrestrial biota. Because of the determinant geographic and geoenvironmental con-
texts, some lacustrine basins show pronounced endemism of living organisms, including
persistence of relict (pre-Quaternary) taxon, indicating a long-term hydrological stability
and/or single species adaptability to local natural settings. Study of the lakes’ ecosystems
and their dynamics is of utmost relevance for a better comprehension of biocenosis func-
tioning, and species interactions, and their conservation. At the same time, preservation
of natural balance of the lakes systems has a direct bearing for sustainable public use as
naturally filtered drinking water reservoirs, regional recreation sites, and for development
of fishery economy.

Location of the lake basins directly affects the corresponding geochemical characteris-
tics of waters passing through or enclosed within the accommodating geological bodies.
Other geoenvironmental factors, such as altitude, slope steepness, solar insolation and the
lithic substratum weathering rates, bedrock permeability, the annual amount of precip-
itation, snow-cover distribution and seasonal runoff directly influence the hydrological
dynamics of the Central Asia’s arid-zone basins and predispose the natural ambiences for
the aquatic life development. This is partly impeded by evaporation and increased salinity
in the places with the reduced rain/snowfall supplying to the regional water system. The
stable, groundwater-fed lakes host most unique aquatic biotopes.

The Sibe lakes located in picturesque rolling steppes of East Kazakhstan represent
one of the most appealing and biologically precious natural places of the region. Encircled
by vegetation-free granitic hills, the freshwater lake system includes five lakes (Sadyrkol,
Tortkara, Shalkar, Korzhynkol, Karakol) separated by parallel, S-N oriented rocky ridges
rising above the surrounding landscape of the Koktau Mountains (the Kalba Range) at the
Southern Altai foothills at altitude of 710–880 m (Figure 2). Until recently, the lakes have
remained largely unexplored in terms of hydrology, hydrochemistry and biology. Some
preliminary investigations relate to the aquatic algae taxonomy [30,31] and the terrestrial
flora [32]. The first general description of the lake basins from 1980s was limited to their
physical and chemical characteristics [33].

With respect to the supreme natural beauty, but a relatively short distance from the
regional administrative centre Ust’-Kamenogork (Oskemen), the Sibe lakes are becoming
increasingly visited by tourists and holiday visitors on a regular basis. This creates an acute
need for protection of the pristine lake basins’ in view to their exceptional geo-setting, the
unique aquatic and terrestrial biotopes, and the reservoirs’ water quality. The problem of
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the lakes preservation is associated with their active use for recreational purposes, including
cottage building and sportive fishing. The nearest zone along the lakeshores, as well as
the close surroundings, are subjected to a rising tourism pressure and ecological threats
reflected in the deteriorating water purity and a certain terrestrial biodiversity reduction in
the near lakes’ vicinity. The development of tourism and recreation in the region [29,34,35],
characterized by the broad mosaic landscape diversity [36–38], requires implementation of
ecological monitoring with a water quality and biocenosis control, and study of possible
changes in the structural and functional organization of aquatic ecosystems under the
influence of negative environmental factors—natural/anthropogenic.

Numerous studies worldwide from various geographic and climatically specific areas
show linkages of lake waters geochemistry determined by local geo-settings determined
by bedrock geology, water geochemistry and hydraulic conditions, among other factors,
on the aquatic biomass productivity and the composition of zooplankton [39–44], which,
in turn, influence, along with precipitation regime, water quality [45]. Macrozoobenthos
(the aquatic fauna at or near the bottom of a water body) [46] plays an important role in
the functioning of aquatic ecosystems and ensuring the trophic relationship of species.
These organisms are sensitive to changes in environmental parameters, but at the same
time, may be long-term stable and sometime well adapted even to extreme environmental
impacts. The existing biocenosis community in a lake body is represented by the species
population quantity and diversity defined by specific microscopic life forms and other
structural organic elements [47].

This study presents the results of pilot hydro-biological investigations of zooplankton
and macrozoobenthos as of ecological indicators of water quality and pristine biodiversity
of the Sibe lakes’ complex. The main objective was to examine the working hypothesis
on the influence of the locally specific abiotic conditions in the East Kazakhstan’s arid
steppe zone on the formation of diverse aquatic biological communities of the hydro-
logically isolated freshwater lake basins. Such research is novel in the broader region.
Geoenvironmentally predisposed and geographically specific biocenosis variability has
been documented elsewhere in the arid Central Asia, the adjacent west Mongolia and
southern Siberia [48–53].The paper is aimed to contribute to a better comprehension of
an independent functioning, the biotic life, the lakes’ hydrology and the potential nature-
friendly/sustainable exploitation of the lake systems in the dry parkland-steppes of the
continental north-central Asia exposed to the progressing aridification [2,54], the associated
large-scale environmental transformations and the modern anthropogenic pressure.

2. Study Area
2.1. Regional Setting

The broader study area is located close to the geographic centre of Asia delimited by
the eastern flanks of the Altai-Alatau orographic system forming the natural boundary of
Kazakhstan and China (Xing-Jang Province) (Figure 1). The group of Sibe lakes is found
at foots of the Koktau Mountains of the Kalba Range which is an isolated orographic unit
of the Kazakhstan Altai [38]. The montane relief represents a continuation of the western
low-orogenic massifs on the left bank of the Irtysh. The eastern half of the Kalba Range is
characterized by the E–W-oriented low-mountain topography, with the prevailing eleva-
tions 700–1300 m asl. and single peaks reaching 1400–1600 m asl. Their regional geological
formations relate to the Upper Palaeozoic (Varissian) Earth crust folding succeeding the
most intense Lower Palaeozoic (Caledonian) regional orographic development with granite
intrusions. Extensive formations of shales, metatufs, metadrobes resulted from a low-grade
regional metamorphism of fine-grained pelitic sediments. A continental planation pro-
cesses following the Lower Devonian led to a complete denudation of the broader Altai
area with a re-activated neotectonics during the Tertiary and early Quaternary periods,
giving a rise to the present relief of East Kazakhstan [55–59]. In addition to the regional
orogeny, the periodic Cainozoic glaciations, loess deposition and weathering processes
modelled the present landscape relief [60–63].
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The diversified (rainfall and snow) precipitations (<200 mm in the aridest semi-deserts
of the Zaisan Lake basin, and >800 mm on the western slopes of the Southern Altai) in
conjunction with the profiled geomorphic gradient predetermine the pronounced vegeta-
tion zonation and the regional biogeography. The principal biotopes in the adjoining mid-
and high-elevation mountains are represented by mixed forests and the dark coniferous
taiga. Arid rocky steppes, transgressing in the west into vast open grasslands, characterize
the broad lowlands. The principal regional hydrological network belongs to the Irtysh
River and its major tributaries (the Black Irtysh and Bukhtarma rivers) draining glacial and
precipitation waters from the eastern mountain area. Perennial streams appear seasonally
in the semi-deserts in the continental depressions. Lakes of diverse mineralogy (freshwater,
brackish and saline) are locally found, reflecting the local micro-climate and hydro-geology
conditions.
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Figure 1. Geography of the study area, eastern Kazakhstan.

2.2. Site Location

The present topography of the Kalba Range is characterized by the flat erosional
plateaus and mountain chains (900–1450 m asl. in the lakes’ vicinity), separated by narrow
longitudinal or transverse valleys and deep intermontane depressions [64]. The eastern
mountain geographic exposures are more profiled and rocky than the western ones. The
northern slopes are steep; the southern ones are gentle, gradually transgressing into the
rolling-undulating plains transected by small river valleys and gullies towards the Irtysh
valley broadening in the Zaisan depression. The western half of the Kalba Range (between
the Bukhtarma and the Narym Rivers) is structured by low, isolated hummocky-like rocky
hills adjoining the North-Central Kazakhstan Uplands.

The Kalba Mountains are built by granitic-gneissic rocks (the Del’begetey Forma-
tion) [65,66]. The volcanites are high acidity coarse-grain granites [67]. Erosional activity
through the geological times shaped the former surface by planation into sandwich-like
foliated rocky structures overlying the basal non-weathered granite masses. From the
southeast, the slopes of the lakes’ surrounding have oval forms (Figure 2) with just a
partially developed shallow shore-zone in the southern part of the single lacustrine basins.
The other sides of the lakes are bordered by steep rocky ramparts aligned from the west,
north and east.
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Figure 2. The regional relief map with the location of the Sibe lakes.

The climate is continental, particularly pronounced in the North-West, with warm to
hot summers (average July temperature in Ust’-Kamenogorsk is +20 ◦C) and cold winters
(average January temperature –15.4 ◦C). The local climate is strongly continental and
arid, with the MAAT (mean annual air temperature) +2 ◦C. In winter, dry south and
south-western winds prevail, providing just a thin snow cover blanketing the steppes. In
summer, wetter fronts from the west and NW bring most of the annual precipitations, and
contributing to the late spring rainfalls, amounting 42–52 mm per month (May-August) [68].
The regional rain shadows from the south and the east led to the formation of semi-
desert/arid steppes covering most of the highland’s landscape with rocky, wind-deflated
and strongly weathered bedrock exposures, such as those hosting the Sibe lakes (Figure 3).
The region is characterized by a high solar radiation and a low-cloudiness, corresponding
to ~2600 sunshine hours per year. The topographic differences on a relatively a small area
(Figure 2) contribute to the unevenness of climatic conditions with the driest in the low
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continental depressions. The rocky-steppe plateaus surrounded by the mountains are
extremely cold in the wintertime with deep ground freeze and minor (5–7 cm) snowfall
due to aridity and strong windiness contributing to the insular permafrost preservation
all year-round at the –1 m-depth [69–72]. The xerophytic plant cover mirrors the limited
water network with sparse surficial flows characterizing the broader steppe territory [73].

Figure 3. Geomorphic setting of the Sibe lakes in the Koktau Mountain foothills formed by the tectonically uplifted granitic
bedrock. (A) Lake Sadyrkol; (B) Lake Tortkara; (C) Lake Shalkar; (D) Lake Korzhynkol (photographs by A.B. Myrzagalieva
and J. Chlachula).

2.3. The Sibe Lakes’ Hydrology and Hydrogeology

The cumulative Sibe lakes’ area is ~31 km2 with a total water volume ~84.3 mil. m3.
The depth of the lacustrine basins is 2–48 m (own 2018 bathymetry measurements: 19 m
Korzhynkol, 51 m Shalkar), with water transparency in the reservoirs 6–7 m in average.
Lake Shalkar, as the deepest and the largest of the lakes, has a size of 251 ha and up to
–11 m clear water limits (Figure 2C). Hydrology of these groundwater-fed lake bodies is
still not fully understood. Deep aquafiers presumably pass through the underground
morphostructural fissures within the igneous bedrock, representing the regional geological
base [38], and the mantling loose sandy-gravel deposits forming the bottom part of the
basins. External water supply is primarily from the spring snowmelt. There are minor
seasonal inlet streams into the lakes from the surrounding hills with the major sewerage
influx in late spring (May).

Two annual precipitation peaks in March and August (102 mm and 85 mm, respec-
tively) add to the temporary top ground saturation and the lake level rise, reaching the
maximum stand in April–May [74], and gradually dropping during the following summer
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months (June–July). There is no external drainage from the lakes which are hydrologically
closed, i.e., without an outlet, except for minor seasonal outflows. The lakes are drained
between each other by an interconnecting small (no-name) stream. The average water
capacity of the stream is <0.5 m3/s gradually reduced after the spring snowmelt and the
summer (August) rains towards the low-level lake stands in fall (October–November).
From December to March, the lakes are solidly frozen and the levels are stable.

3. Aims, Material and Methods

The aims of the investigations were to document the complexity of hydrochemical
and hydrobiological characteristics of the Sibe lakes in terms of their biocenosis structure
(biotic diversity) and environmental dynamics. The focus was on zooplankton determining
the trophic relations of the lake system, the lake’s productivity as well as the corresponding
water quality. The applied research goal was to assess the role of the local biocenosis
diversity in terms of the macrozoobenthos taxonomy on natural functioning of the solitary
lakes as sources of drinking water and the overall biomass productivity for sustainable
fishery industry and sportive fishing.

Following the previous pilot hydrochemistry and geoenvironmental studies and
biocenosis monitoring (2014–2017), the systematic collecting of the diagnostic organic and
inorganic material was carried out during the summer season (2019) from the Sadyrkol,
Tortkara, Shalkar, Korzhynkol lakes, which correspond to the peak prolificacy of aquatic
invertebrates (average July temperature +20.8 ◦C). In winter, the zoobenthos activity is
significantly slowed down since the lakes are covered by ice (average January temperature
–20.6 ◦C). The samples were collected consecutively at the same locations. Water samples
for hydrochemical and biological analyses were taken, 8 samples from each lake were taken
from the surface water layer, the pelagial and littoral zones using the SP-2 sampling system.

Determination of the water oxygen content was carried out on site with the MAPK-
302E dissolved oxygen analyzer; the pH value was measured using the MAPK-901 pH
meter. Geochemistry studies and water sampling were done according to standard pro-
cedures [75,76]. The hydrochemical analyzes were carried out in the state analytical
“Laboratory-Atmosphere” LLP, Ust’-Kamenogorsk. The tests were carried out in accor-
dance with the regulatory requirements [77]. The quality of surface waters in the littoral
part of the lakes was assessed by using the Woodiwiss biotic index [78]. Quantitative
data [79] covered all lacustrine biotopes. Zooplankton samples were taken in the shoreline
zone by filtering 100 litres of water through the Apstein net at depths of >2 m throughout
the water column with a small Jedi net from mill gas no. 55. The field samples were fixed
by 40% formalin solution and subsequently analyzed in the laboratory.

The following parameters were examined:

- species taxonomy composition;
- total size of the biotic community;
- total biomass;
- biomass composition of dominant groups and species;
- zonal quantitative and qualitative zooplankton distribution.

The zooplankton taxonomy [80–84] was identified by using the MBS-10, “Biolam”
microscope. When calculating the individual weight of zooplankton the equations of the
linear-weight dependence were used. For each Crustacea species, the abundance and
weight of the particular development stages were summed up. The abundance and mass
of zooplankton were calculated per 1 m3 of the water column [85]. The biocenosis structure
of the individual lakes was compared using the Jaccard coefficient [86] as the proximity
indicator of the zooplankton community taxonomic composition. This analysis is routinely
performed at other lakes so the results can be comparatively treated within the regional
lakes’ biocenosis study.

The zoobenthos samples were taken using the Petersen sampler with a capture area of
0.025 m2. The samples were washed on a mill gas sieve (no. 23) to remove fine sediments.
Living organisms were separated and placed into labelled plastic or glass containers, after
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which the samples were fixed with a 4% formaldehyde solution for species taxonomic
identification [87–89]. The zooplankton microorganisms were microscope-counted and
weighed by the electronic balance with a resolution of 0.001 g, invertebrates with a weight
resolution of 0.01 g. The obtained data on the zooplankton frequencies and biomass in each
sample were extrapolated to 1 m2.

The overall biotic productivity of water bodies was determined according to the
trophicity scale [90].The water quality of the Sibe Lakes in terms of zooplankton parameters
was determined by using the Pantle and Bukka saprobity indexes modified by [91]. The
species composition is expressed by the counted ratio of the total number of species in
the biocenosis to the number of individuals (abundance or biomass) [92]. The Shannon
Species Diversity Index (SSDI) was used for the assessment of the degree of the biocenoses
diversity and complexity [93]. The quality of surface waters in the littoral part of the
lakes was determined by the Woodiwiss biotic index [78]. The analytical classification
of the hydrochemical types of the lake waters refers to the definition of Szczukariew–
Prikłoński [94].

4. Results
4.1. Lake Hydrochemistry

Hydrochemistry of the lakes shows some minor variations in the chemical elements
in spite of the proximity of the basins (Table 1). During the sampling period (2019),
the water temperature in the lakes was 23.3–25.9 ◦C. The waters were characterized by
high transparency with little colour. The pH value, as one of the important indicators
determining the ratio of ions in water and the direction of chemical processes in the lakes,
varied within a narrow range averaged 9.13. In terms of the pH value, the lakes are
classified as alkaline.

The nature of the pH change is closely interrelated with the carbon dioxide equilib-
rium H2CO3 ↔ H+ + HCO−3 ↔ 2H+ + CO2−

3 which is determined by the concentration
of bicarbonate ions and carbonates. In an alkaline medium, the content of the bicarbonate
ions is 90%, which corresponds to the obtained data of the Sibe lakes system. The con-
tent of bicarbonate ions ranged from ~126–127 mg/dm3 (Lake Shalkar and Korzhynkol)
to 137.5 mg/dm3 (Lake Sadyrkol). The content of carbonate ions (CO2) varied from
9.0 mg/dm3 (Lake Korzhynkol) to 15.0 mg/dm3 (Lake Sadyrkol). According to the applied
classification [76,94], the waters of the Sadyrkol, Torkara, Shalkar and Korzhynkol lakes be-
long to the hydrocarbonate-calcium class and the first type in terms of the total ratio of ions.
Lake Sadyrkol and Lake Tortkara are characterized by the bicarbonate–calcium-magnesium
type (HCO3

−–Ca2+–Mg2), Lake Korzhynkol by the bicarbonate–calcium-sodium type
(HCO3

−–Ca2+–Na+), and Lake Shalkar by the bicarbonate–calcium-magnesium-sodium
type (HCO3

−–Ca2+–Mg2–Na+) (Figure 4). The salinity of the lakes (84.0 mg/dm3, Lake
Tortkara; 93.7 mg/dm3, Lake Shalkar) indicates fresh, slightly mineralized waters. In terms
of hardness, the lake waters are very soft (1.15–1.30 mg-eq/dm3).

The content of dissolved oxygen was relatively uniform (10.9–11.2 mg/dm3) with
Lake Shalkar most oxidized (~12.5 mg/dm3). The oxygen content as the biotic produc-
tivity indicator of the aquatic ecosystems shows the overall favourable conditions of the
lacustrine basins for organisms. The present oxygen regime along with permanganate
oxidizability and water hydrochemistry ultimately determine the amount of organic matter
in the reservoirs. The water permanganates ranged from 2.80 mg/dm3 (Lake Sadyrkol) to
3.61 mg/dm3 (Lake Shalkar), indicating a very low water oxidizability. Of the inorganic
nitrogen-containing compounds, ammonium ions predominated in the water samples with
the average concentrations ranging from 0.274 mg/dm3 (Lake Tortkara) to 0.375 mg/dm3

(Lake Shalkar).
The content of nitrates (nitrite and nitrate ions), as of the principal nutrients of aquatic

vegetation, was below the detection limit at all sampling sites. Ammonium nitrogen (NH4
+)

enters surface waters with atmospheric precipitation, as well as a result of the destruction
of organic compounds. Its amount decreases during the period of rapid plant development.
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The concentration of the detected phosphate ions, which, along with nitrogen com-
pounds, are biogenic substances that determine the quality of water, varied in a narrow
range of ~0.03–0.06 mg/dm3. The predominant anions were hydrocarbonate(HCO3

−) ions;
the content of sulphate ions varied from 22.6 mg/dm3 (Lake Tortkara) to 30.5 mg/dm3

(Lake Shalkar); the concentration of chlorides was 3.71–4.17 mg/dm3 (Lake Korzhynkol)
and 5.10–5.56 mg/dm3 (Lake Torkara, Shalkar, Korzhynkol). Of the cations, with a content
of ~14.5–18.0 mg/dm3, calcium ions dominated.

The concentration of sodium cations ranged from 5.68 mg/dm3 (Lake Tortkara) to
8.15 mg/dm3 (Lake Shalkar); the content of magnesium ions varied from 3.8 mg/dm3

(Lake Korzhynkol) to 5.4 mg/dm3 (Lake Sadyrkol and Tortkara) along with potassium
ions (2.18–3.66 mg/dm3).

Overall, the hydrochemistry of the investigated lakes shows relatively high oxy-
gen contents (maximum in Lake Shalkar), a medium alkalinity and a very low oxida-
tion/oxidizability. The waters are fresh, clean and very soft in terms of hardness; they
belong to the hydrocarbonate-calcium class. Lake Shalkar with the higher oxygen and min-
eral (Ca, Na, K) contents theoretically provides best conditions for biological productivity.
The high mineral status of this lake may result from specific hydrological conditions and
the bedrock structure of this deepest (–51 m) lake. The depth of the intermontane basin
filling a tectonic depression and cooler waters are the presumed contra-factors reducing
the potential macrozoobenthos biomass to the present (actual) level.

4.2. Zooplankton Ecology

Zooplankton is one of the most important indicators of biotic productivity and health
of the aquatic ecosystems [95]. Its composition, structure and the level of development
determine the direction and intensity of matter and energy flows in watercourses and
stagnant reservoirs. Zooplankton is one of the links in the food chain in the ecosystem
including zoobenthos and fish food. The survival rate of fish juveniles, the fish growth rate,
and, ultimately, the fish productivity all depends on the concentration of the zooplankton
biomass [48].

The documented Sibe lakes zooplankton taxonomic composition (August 2019) re-
vealed a total of 15 taxa, including Rotifera (1 species), Copepoda (4 species), Cladocera
(10 species) (Table 2). Cladocera are the most represented in zooplankton, accounting for
67% of the taxa. Lake Korzhynkol shows the greatest diversity of zooplankton with Meso-
cyclops leuckarti, Diaphanosoma brachyurum, and Ceriodaphnia quadrangular as the dominant
species. The similarity assessment (Jaccard’s coefficient 25–38%), shows low-to-moderate
zooplankton taxonomic uniformity.

The saprobiological analysis showed the predominance of the β-saprobic species in
the composition of zooplankton (most pronounced in Lake Shalkar and Lake Korzhynkol),
which indicates a moderate natural pollution of the lakes’ surface waters in corroboration
with the Pantle-Bukk saprobity index (1.51–1.83). In sum, the lakes show some differences
in the zooplankton, its spatial distribution as well as in total biomass (Tables 3 and 4;
Figures 5 and 6).

Table 1. Hydrochemical characteristics (average values) of the Sibe lakes (August 2019) (S—Sadyrkol, T—Tortkara, Sh—
Shalkar, K—Korzhynkol). * (mg/dm3), ** (mg-eq/dm3), *** (mgO/dm3).
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Figure 4. Geochemistry of the Sibe lakes. Ion balance (in %) of the single basins, showing the proportions of anions and
cations. The water type classification of Szczukariew–Prikłoński [94] is defined by those ions, concentration of which is
>20% (milligram equivalents per litre of a sample) based on the total sum of the anions or cations. The specific water type
begins with the ion with the highest content in the lake waters.
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Table 2. Taxonomic composition, the degree of saprobity (C/s) and the frequencyof occurrence (%) of zooplankton of the
Sibe lakes’ system (August 2019).

Taxon D/s
Frequency of Occurrence (%)

Sadyrkol Tortkara Shalkar Korzhynkol

Rotifera
Keratella cochlearis (Gosse) β-o - - - 50

Copepoda
Eudiaptomus sp. - - 50 - -

Acanthocyclops sp. - - 50 - 100
Cyclops vicinus (Uljanine) β - 50 - 100

Mesocyclops leuckarti (Claus) o 100 50 50 50
Cladocera

Diaphanosoma brachyurum (Lievin) o-β - 50 50 100
Ceriodaphnia quadrangula (Muller) β 100 50 - 50

Bosmina longirostris (Muller) o-β - - 50 50
Bosmina longispina (Leydig) β - - - 50
Daphnia longispina (Muller) β 50 - 100 50

Daphnia cucullata (Sars) β - - 50 50
Pleuroxus sp. - - - - 50

Chydorus sphaericus(Muller) β - - 50 -
Alona rectangular (Sars) o - - 50 -

Simocephalus vetulus (Muller) o-β 50 50 50 -
Total nubmers/species richness 4 7 8 11

Note: D/s–the degree of saprobity.

Lake Sadyrkol

In the composition of the zooplankton of Lake Sadyrkol, 4 taxa of invertebrates
were identified. Zooplankton is characterized as cladocero-copepod. The average number
of invertebrates was 21.7 ind./m2, average biomass 564 mg/m3, which corresponds to a
freshwater reservoir of the β-oligotrophic type with a very low trophicity (Tables 3 and 4).
Copepods of M. leuckarti dominated in the pelagial zone in terms of abundance and biomass,
while in the littoral zone, cladocerans of Daphnia longispina contributed (80%) to the bulk of
the biomass. The high zooplankton biomass in the lake’s coastal zone is explained by the
massive organism development (Cladocera) of the Daphnia longispina species, while small
cladocerans (Ceriodaphnia quadrangular) (14.0 ind./m2) dominate quantitatively.

Lake Tortkara

Seven invertebrate taxa were found in the zooplankton of Lake Tortkara, (Table 2). The
littoral part showed very low zooplankton diversity with only one species (Cyclops vicinus)
found in the samples. In the pelagial zone, the number of invertebrates was 3.42 ind./m2,
and average biomass 128 mg/m3 (Tables 3 and 4). The biomass of copepods (Copepoda)
and cladocera (Cladocera) was almost the same. The level of zooplankton development
was low; the lake corresponds to the α-oligotrophic type of a very low trophicity.

Lake Shalkar

Eight zooplankton taxa were recorded in Lake Shalkar (Table 2). The average amount
of zooplankton was 15.48 ind./m3, average biomass 1189 mg/m3, which corresponds to a
reservoir of a moderate trophicity (Tables 3 and 4). In the pelagic zone, cladocerans were the
most abundant. The share of cladocera biomass was 96%. In the coastal zone, zooplankton
communities were characterized as cladoceran. The population of all cladocerans was
almost at the same level with Daphnia longispina (32%) and Simocephalus vetulus (49%),
being the prevailing zooplankton species.
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Lake Korzhynkol

Higher zooplankton diversity with 11 taxa of moderate trophicity water was detected
in Lake Korzhynkol (Table 2). Abundance of zooplankton is 57.86 thousand ind./m3 and
average biomass 1107 mg/m3 (Tables 3 and 4). The biomass frequency in the littoral zone
is twice of the pelagial zone. Near the lake shore, the biomass was largely composed by
copepods (Copepoda); in the pelagic zone by cladocerans (Cladocera), particularly by
Diaphanosoma brachyurum and Ceriodaphnia quadrangula.

Table 3. Values of abundance (thousand ind./m3) of zooplankton.

Zooplankton
Category/Zone

Sadyrkol Tortkara Shalkar Korzhynkol

Littoral Pelagial Littoral Pelagial Littoral Pelagial Littoral Pelagial

Rotifera - - - - - - 4.8 -
Copepoda 27.3 3.5 1.19 2.31 - 3.74 73.2 11.01-
Cladocera 21.7 1.6 - 1.11 9.15 14.33 17.1 7.96

Total 49.0 5.1 1.19 3.42 9.15 18.07 95.1 18.97

Table 4. Values of biomass (mg/m3) of zooplankton.

Zooplankton
Category/Zone

Sadyrkol Tortkara Shalkar Korzhynkol

Littoral Pelagial Littoral Pelagial Littoral Pelagial Littoral Pelagial

Rotifera - - - - - - 6 -
Copepoda 274 123 119 62 - 62 915 180
Cladocera 627 102 - 66 722 1531 610 496

Total 901 225 119 128 722 1593 1531 676

Figure 5. Quantitative representation (thousand ind./m3) of zooplankton in the Sibe lakes.
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Figure 6. Abundance (mg/m3) of the zooplankton biomass in the Sibe lakes.

4.3. Macrozoobenthos Ecology

Zoobenthos serves as an excellent indicator of biochemical processes occurring in the
water reservoir caused by anthropogenic and/or natural factors and represent a parameter
of possible environmental degradation/environmental quality element [96–98]. The Sibe
macrozoobenthos community composition in the single lakes shows (Tables 5 and 6)
dependence on the species richness and the total abundance of the lake benthic invertebrate
fauna biomass [92] on the specific environmental conditions.

Table 5. Average values of the main macrozoobenthos indicators of the Sibe lakes (2019).

Sibe Lakes Shannon
Index

Uniformity
Index

Biotic Littoral
Index Water Quality Class

Lake Sadyrkol 2.61 ± 0.11 0.52 ± 0.13 9 II (clean)
Lake Tortkara 2.38 ± 0.19 0.43 ± 0.02 7 II (clean)
Lake Shalkar 2.09 ± 0.22 0.40 ± 0.04 6 III (slightly polluted)

Lake Korzhynkol 1.94 ± 0.05 0.58 ± 0.14 8 II (clean)

A presumed factor in the macrozoobenthos variation is a differential presence of
ichthyofauna selectively feeding (in terms of the particular most common fish species—
Cyprinus carpio, Coregonus albulaladogensis, Carassius rutilus) on the lakes’ biomass.

The taxonomic structure of the macrozoobenthos of the Sibe lacustrine system is
classed into 4 groups including a total of 37 macro-invertebrate taxa: 13 chironomid larvae
(Chironomidae), 8 molluscs, 3 mayfly larvae (Ephemeroptera), 3 beetles (Coleoptera) and
3 dragonflies (Odonata), 1 species of amphipods (Amphipoda), ticks (Hydrachnidia),
leeches (Hirudinea), gammarus (Gammarus), caddis flies (Trichoptera), biting midges
(Ceratopogonidae) and flyflies (Megaloptera). The molluscs Anisus vortex A. dispar and
chironomid larvae Chironomus plumosus had the highest frequency of occurrence (a total
of 84% of all macro-organisms) (Figure 7). Rare and endemic species play an important
role in the biocenoses of the Sibe lakes. They increase the small aquatic fauna taxonomic
variety and contrite to macrozoobenthos stability under the changing aquatic conditions.
Among these, 17 invertebrate taxa (12% of the total biocenosis structure) include molluscs
(Mollusca), dragonfly larvae (Odonata), dipterans (Diptera) and mayflies (Ephemeroptera).
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Table 6. Littoral and pelagial zones’ aquatic biotic community parameters: (A) abundance (ind./m3) and (B) total biomass
(g/m3) of the benthic biotopes of the Sibe lakes.

Benthos Group
Lake Sadyrkol Lake Tortkara Lake Shalkar Lake Korzhynkol

Littoral Pelagial Littoral Pelagial Littoral Pelagial Littoral Pelagial

A B A B A B A B A B A B P B P B

Mollusca 32.0 10.02 40 0.32 440 20.6 40 0.14 280 738 280 8.52 520 3.98 200 1.52

Larvae Odonata 40 0.20 - - - - 80 9.64 - - - - 40 0.60 - -

Larvae
Ephemeroptera 280 0.90 - - - - 80 0.12 - - - - 200 0.25 - -

Larvae Trichoptera - - - - 40 0.16 - - - - 40 0.17 - -

Larvae Coleoptera 120 0.54 - - - - 80 0.27 - - - - 80 0.25 - -

Gammaridae 560 1.84 - - - - - - - - 480 2.48 7120 22.21 - -

Larvae
Ceratopogonidae - - - - 40 0.19 - - - - - - - -

Larvae
Chironomidae 1400 8.24 200 1.28 120 0.96 280 0.53 520 16.36 480 3.36 160 0.44 40 0.52

Oligochaeta 200 0.04 - - - - 40 0.04 80 0.24 - - - - - -

Hirudinea 40 0.16 - - - - - - - - - - - - - -

Sialidae 40 1.28 - - - - - - 40 0.28 - - - - - -

Hydracarina 200 0.28 - - 40 0.14 - - - - 40 0.08 - -

Total 3200 20.5 240 1.60 560 21.56 720 11.23 920 24.24 1240 14.37 8200 27.98 240 2.04

Trophic class high low high increased high increased high low

Lake average A–1720
B–11.05

A–640
B–16.40

A–1080
B–19.31

A–4220
B–15.01

Trophic class increased increased increased increased

The degree of the biocenosis diversity and complexity assessed by the SSDI [99] and
the uniformity index does not vary significantly between the single lakes. The maximum
biocenosis diversity was found in Lake Sadyrkol (19 taxa) (Table 5), the minimum species
varieties were recorded in Lake Sadyrkol and Korzhynkol (a total of 13 taxa in each lake).
A significant difference in the taxonomic composition was documented in the littoral zone
as well as in the deep-water (pelagial) zone. Alongside the sub-aquatic lake shores on
the submerged sandy-gravel soils, the representatives of all taxonomic fauna groups were
found (Table 6). At the bottom of the lakes in black silty sediment and organic detritus,
only some molluscs and chironomid larvae were detected.

In terms of the lakes’ biocenosis structure, the Jaccard index varies from 17 to 35%
(Figure 8). The recorded maximum (moderate-degree) similarity is observed in the macro-
zoobenthos of the Lakes Tortkara-Sadyrkol and the Lakes Sadyrkol-Shalkar. Other Sibe
lakes show a minor biocenosis similarity (with the Jaccard coefficient 17–26%), indicating
specific environmental parameters and a high level of autonomous functioning of the indi-
vidual lacustrine basins. The analytical results point out that the formation and existence
of solitary biocenoses in the Sibe lakes occur separately and independently in each lake,
in spite of their nearest geographical proximity. This finding provides novel evidence
of the closed lakes’ autonomous behaviour in the semi-desert and arid steppe zone of
East Kazakhstan.
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Figure 7. Macrozoobenthos of the Sibe Lakes: (A) Lymnaeaauricularia (Linnaeus, 1758), holarctic
species; (B) Anisusdispar (Westerlund, 1871); (C) Gmelinoides sp.; (D) Corduliaaenaeturfosa Forster
(larval stage). Optical microscope magnification (A,C) 20×; (B) 30×; (D) 10×.

Figure 8. (A) Coefficient of similarity of the Jaccard test for the taxonomic composition of zooplankton
of the Sibe lakes; (B) Coefficient values for the Sibe lakes’ system.

5. Résumé and Discussion
5.1. The Sibe Lakes’ Biodiversity and Ecology Status

The Sibe lakes, which represent unique natural freshwater reservoirs in the arid zone
of East Kazakhstan, show a relatively high variability in the aquatic biocenosis in spite of
the similar geoenvironmental–hydrochemical conditions, and the same geographic location
and the geomorphic position. The geochemical imprint in the lake waters reflects the site’s
geological and geoenvironmental conditions. The spring snowmelt rich in dissolved miner-
als and the seasonal in-charge of the high-stand Taldybulak River to the Lake Korzhynkol,
along with the groundwater seepage through the top soil/surface layers and high-summer
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evaporation are believed to account for the increased chemical element and bicarbonate
concentrations in the lake water system.

The lake waters are oligotrophic (Sadyrkol and Tortkara) to moderately trophic
(Shalkar and Korzhynkol).According to the status of the zooplankton development, Lake
Sadyrkol corresponds to a β-oligotrophic type water basin, Lake Tortkara to α-oligotrophic
type water basin, both with a very low trophicity. The oligotrophy of the former lakes
reflects the low nutrient, clean waters with a minor input of the terrestrial organic matter
from the terrestrial settings of the mountain surroundings into the basins by perennial
seasonal (spring) snowmelt streams, and indicate barren granitic rocky, and clastic sedi-
mentary (sandy and gravelly) humus-free lake bottoms. With respect to the progressing
macrozoobenthos proliferation in the littoral zone of the latter lakes (mainly Lake Ko-
rzhynkol), the increased trophicity within the nutrient-richer aquatic milieu is favourable
for the local ichthyofauna development, promotes fishing, and thus enhances the Sibe lakes’
sustainable use and the recreational potential.

The analysis of quantitative indicators of the macrozoobenthos formation shows that
the benthic invertebrates are distributed extremely unevenly in the studied water bodies.
This may partly reflect specific hydraulic conditions in each of the lakes as the geological
base is lithologically uniform. The maximum species abundance and the total biomass
were recorded in the littoral part of Lake Korzhynkol (8200 ind./m2 and 27.98 g/m2,
respectively) (Table 6), which corresponded to the higher trophicity class [90]. The minima
indicators of the quantitative development of macrozoobenthos and biomass were found
in the deep-water zone of Lake Sadyrkol and Korzhynkol (240 ind./m2 and 1.60–2.04
g/m2, respectively). Both lakes exhibit a rather poor biocenosis structure dominated, at the
former, by chironomid larvae (80% of the biomass) and, at the latter, by molluscs (75% of
the biomass).

The inlets-outlets streams in conjunction with the other environmental factors may
also account for the observed geochemical element and biological (including biomass
production) differences among the Sibe lakes, as well as a likely intrusion of allochtonous
abiotic terrigenous materials to the lake systems affecting metabolism of the lakes’ biota.

The quality waters in the littoral part of the lakes by the Woodiwiss biotic index
(WBI) was proven to be the best in the lakes Tortkara, Sadyrkol and Korzhynkol (WBI
7–9), which corresponds to the Class II of water quality (clean). Somewhat worse water
parameters in Lake Shalkar (WBI 6; Class III of water quality) document a moderate
(natural) pollution by fine sediments and organics, which may relate to water turbidity,
among other potential causes.

The present findings suggest major differences in the lake development of the arid/
mountain zone of East Kazakhstan and variations (long-term as well as seasonal) in
trophicity, and the saprobiological and phytoplankton dynamics [99,100]. There is no
possibility of a closer comparison with other lake basis in the broader area in the absence of
field research data. The only well-studied basins in SE Kazakhstan (the Kolsay Lakes in the
Alatau Mountains) display a progressing eutrophication due to changes in the zooplankton
structure triggered by deteriorating ecological conditions generated by both natural and
environmental factors [101–103].

Yet, the current results from the Sibe lakes point that: (1) the contrasting abiotic
environments, even at a very local spatial scale, can result in a specific structure of biological
communities, and (2) the biocenosis species taxonomy differences on the level of genera
may significantly influence the lake functioning because of a turnover among the equivalent
macrozoobenthos species and their overall effects on the aquatic ecosystems. A feedback
of aquatic flora on the zooplankton composition [104] is a separate study issue.

Regular zoo- and phytoplankton monitoring of the Sibe lakes will provide most valu-
able record for the regional aquatic ecosystems’ change-assessment and littoral-terrestrial-
zone interactions within the NE Kazakhstan semi-arid steppe zone severely affected by
the current aridification process observed across Central Asia [2,105,106]. The analogous
small-scale lacustrine basins (both freshwater and brackish/saline) are most sensitive to
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ongoing environmental shifts with presently a minimum human disturbance observed in
freshwater lakes across the broader territory [24].

The continuing investigations at the site will provide more accurate estimates and a
multi-proxy evaluation of the ecosystem dynamics of the Sibe lakes. Complex studies of
the relationship of the local aquatic flora and fauna, and the zooplankton structure will add
to understanding of the biotic community functioning in the relation to the surrounding
terrestrial environment and the possible climate change effects on the lake’s ecology.

5.2. The Sibe Lakes’ Sustainable Use

Except for the biodiversity values in terms of a pristine natural site, the Sibe lakes
play an important role in the regional eco- and geo-tourism tourism and recreation [34–36]
accentuated by the mosaic regional landscape diversity [37]. The documented zooplankton
and macro-invertebrate diversity have a direct bearing to fishing, clean waters and other
environmental aspects, which underline the regional importance for the Sibe lakes’ system.
Although the lakes are the popular places with about 5000–8000 visitors per year, mostly
during the summer season, this does not constitute any noticeable harm to the lake settings,
the water quality, as well as the lakes’ surroundings. There are about 1500 inhabitants with
cottages on the eastern bank of the Lake Tortkara, some of them practicing sportive fishing
without a direct effect on the populations of the fish stocks. The principal fish species
include roach (Rutilus rutilus), perch (Perca fluviatilis)), dace (Leuciscus leuciscus), tench
(Tinca tinca), and pike (Esox lucius). In 1979, following an economic plan to create a lacustrine
commercial fishery on the Sibe lakes, a carp (Cyprinus carpio) was introduced into the Lake
Sadyrkol. In 1998, an re-establishment of the common carp was carried out. Its juveniles
stocks are now ubiquitous in the overgrown zone of the lake. Currently, there are no major
threats to the lakes, because of the pritine nature in the broader geographical environs
absent of a potential (industrial/agricultural) surface or ground water contamination.
On a mid-/long-term, certain risk may represent the shifting terririal climate regime
characterized by the rising MAAT, which may negatively affect the aquatic fauna with
an undesirable proliferacy of green algae. which may, in turn, have adverse effects to the
present biocenoses’ balance and ichtyofauna.

The implementation of the ecological monitoring with the water quality and bioceno-
sis control, and the study of changes in the structural and functional organization of aquatic
ecosystems under the influence of natural and anthropogenic environmental factors, are
the principal conservation priorities of these unique lacustrine basins. The current investi-
gations at the Sibe lakes represent a starting point for a long-term monitoring of the East
Kazakhstan freshwater ecosystems. In the broader regional context, the present results on
the lakes’ geoenvironments and unspoiled aquatic habitats improve our understanding
of the terrestrial–aquatic ecosystems’ dynamics and the modern human influences upon
the pristine parkland-steppe and semi-desert landscapes of Central Asia [107–109]. At the
same time, the new knowledge helps to increase the chances for their conservation and
sustainable use.

6. Conclusions

The hydrobiological studies at the Sibe lakes provided the first complex information
on the taxonomic composition and the spatial distribution of zooplankton and macro-
zoobenthos in the freshwater basins in the arid upland steppes of East Kazakhstan. The
analyses confirmed marked variations of the key aquatic ecosystem indicators. The low
level of the zooplankton formation in terms of taxonomic richness and overall quantitative
indicators corresponds to the (low) level of the lakes’ trophicity. The principal zooplankton
communities include the characteristic representatives of the aquatic micro-fauna of the
physical-geographical zone of the broader Altai region. The zooplankton saprobity index
combined with macrozoobenthos and the biotic index indicates clean waters (Lake Tortkara,
Sadyrkol, Korzhynkol) to naturally moderately polluted waters (Lake Shalkar). The bi-
otically most diverse and productive macrozoobenthos concentrated in the lakes’ littoral
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zones shows favourable biotic and hydro-geological conditions. The macro-organism com-
position spectrum and the aquatic biomass production in all the lacustrine basins provide
the nourishment base to rich ichthyofauna. This, in turn, adds to sportive fishing and
enhances the recreational significance of the Sibe lakes opening new options for land-use
strategies and a sustainable development in the nearby area.

The performed investigations revealed differences in the specific hydrochemical and
hydro-biological parameters and characteristics of the freshwater lakes on a local scale
within the Altai foothill parklands-steppes. Under the influence of the strongly continental
climate regime and the local geomorphic and geological background, the lakes display a
self-regulatory hydro-ecology functioning seen in the aquatic micro-biota. Similar mecha-
nisms are believed to act and apply in other dry-zone areas of central Asia. The presumed
freshwater lake ecosystems’ fragility imposed by the currently changing climatic and envi-
ronmental conditions contrast with the relative hydrological and biological stability of the
closed and independently functioning lacustrine water bodies in the Kazakhstan steppe
regions. The Sibe lakes are an eloquent example of such aquatic ecosystem autonomy.
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