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Abstract

The research is devoted to the exploration of heavy metal (HM) accumulation in hydrobionts of Lake Markakol, located in Eastern Kazakhstan. 
The objective of the research was to evaluate the levels of HMs accumulation in aquatic sections, food organisms and fishes, as well as to determine 
their impact on the ecosystem and potential risks to human health. The study analyzed concentrations of copper, zinc, lead, cadmium, nickel and 
cobalt in macrophytes, zooplankton, macrozoobenthos and fish tissues (uskuch, Brachymystax lenok). The results show significant exceedances 
of the maximum permissible concentrations (MPC) for all tested metals, especially in food organisms and fish. The highest concentrations were 
recorded in liver, gills and muscles, with nickel content reaching 55.6 mg kg-1, and cobalt – 111 mg kg-1, which exceeds MPC by tens and hundreds of 
times, which indicates a high pollution degree of the aquatic ecosystem. It was established that heavy metals actively migrate along trophic chains, 
accumulating in hydrobionts tissues, which results in a risk to human health when consuming fish. The obtained data emphasize the necessity for a 
regular monitoring of Lake Markakol’s pollution and for the development of measures to reduce the anthropogenic load on the ecosystem.

INTRODUCTION

Heavy metals (HM), including lead, cadmium, 
mercury, zinc, copper, nickel and cobalt, pose a serious 
threat to aquatic ecosystems due to their high toxicity, 
bioaccumulative capacity and biomagnification. Their 
sources can be of natural origin (rock weathering, 
volcanic activity) and anthropogenic influences 
(industrial emissions, agricultural runoff). As soon as 
heavy metals enter into the aquatic environment, they 
immediately become participants of complex migration 
and transformation processes, which occur at different 
levels and under the influence of multiple factors [1,2]. 
Bioaccumulation of heavy metals exacerbates the problem 
of their impact on the ecosystem, since these elements 
have high resistance to biodegradation.Their accumulation 
ability in living organisms, including aquatic plants and 
hydrobionts, poses a risk of toxic effects at various levels 
of the trophic chain. Entering biological systems, heavy 
metals can cause a wide range of physiological disorders, 
including toxic damage to the organs, violation of metabolic 
processes and cancer [3,4]. A common sequence in the 

aquatic environment is the HM accumulation in bottom 
sediments, their migration into water and biological 
organisms, causing toxic effects in hydrobionts.

The interaction of hydrobionts with HMs leads to 
various dysfunctions in their biological systems. Scientific 
studies show that under the influence of these pollutants, 
aquatic organisms suffer from damage to the nervous, 
digestive and respiratory systems, while in aquatic plants 
the processes of photosynthesis are disturbed under their 
influence [5].

Aquatic plants, being the beginning of the trophic 
chain, plays a key role in biofiltration processes by 
absorbing heavy metals from the aquatic environment 
and bottom sediments. The intensity of metal absorption 
and accumulation by plants varies depending on their 
concentration in water, as well as on surrounding factors 
such as pH, redox potential and temperature, which 
determine the dynamics of migration and bioavailability of 
these elements in the aquatic ecosystem. Macrophytes are 
important elements of the food chain in aquatic ecosystems. 
Thus, most hydrobionts feed on algae and aquatic plants, 
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which in its turn become food for fish. Macrophytes are 
also fed by herbivorous fish, which serve as food for 
predatory fish [6]. Therefore, HMs entering a water body 
are able to participate in the cycle of substances actively 
and migrate through food chains to people by consuming 
fish products [7,8].

The next link in the trophic chain consists of fish. 
Even when concentrations are low, heavy metals and 
trace elements have a negative impact on phytoplankton 
and zooplankton, settling in bottom sediments and 
affecting benthic organisms. The accumulation of harmful 
substances in fish tissues is a potential threat to human 
health from fish consumption. That is why the study of the 
ability to accumulate trace elements by hydrobionts allows 
not only to determine the level of pollution of the aquatic 
environment, but also to trace the biological consequences 
of anthropogenic impacts.

Considering the ability to accumulate in biological 
components of ecosystems, including through the transfer 
across trophic networks, heavy metals pose a potential 
danger to human health risks, since the consequences 
of such accumulation are often observed in the fish 
consumption–one of the main components of the food 
chain [9,10]. As an example, high concentrations of 
copper in the aquatic environment lead to atrophy of 
fish tissues, disturbance of metabolic processes and 
development of endemic anemia. Excesses of this heavy 
metal prevent normal hematopoiesis and gas exchange, 
as well as weakens the ion-osmotic regulation and bone 
mineralization processes [9,10].

According to a review of multiple scientific studies, 
it was revealed that fish tissues differ in the degree of 
absorption and accumulation of toxic metals, whereas 
metabolically active organs, such as gills, liver and kidneys, 
are characterized by the most intensive retention of these 
elements. In these organs there are synthesized specific 
proteins–metallothioneins, which play a key role in 
binding and detoxification of metal ions. At the same time, 
lower concentrations of toxic metals are found in skin 
and muscle tissues. The muscles are a subject of special 
scientific interest because they are the main object of 
human consumption and have a variable bioaccumulation 
capacity depending on the species of fish [11,12].

Therefore, the study of the ability to accumulate trace 
elements by hydrobionts allows not only to determine 
the level of pollution of the aquatic environment, but also 
to trace the biological consequences of anthropogenic 
impacts. 

The present research objectives are to determine the 

levels of heavy metal accumulation in hydrobionts of Lake 
Markakol, to reveal their influence on physiological and 
biochemical processes of aquatic organisms, as well as to 
assess possible ecological and toxicological risks for the 
aquatic ecosystem and human health.

MATERIAL AND METHODS

Study area. Lake Markakol, located in a tectonic basin 
in Eastern Kazakhstan, is the largest lake in the Altai 
Mountains (Figure 1). It has the shape of an irregular 
ellipse, stretching from northeast to southwest, with a 
catchment area of 1180 km² and a surface area of 454.1 
km². The maximum depth of the lake reaches 23.8m 
and the water volume is 6.5 km³. There are 27 streams 
and rivers flowing into the lake, the main ones being 
Topolevka, Matabai, Elovka, Tikhushka, Zhirelka and 
Urunhaika, while the only Kalzhyr River flows out. The 
lake is classified as a freshwater and flowing lake. The 
southern shore is bordered by steep mountain slopes, 
while the northern shore of the lake is characterized by a 
fan-like sediment accumulation lake bank [13]. The lake 
was formed as a result of tectonic uplift, which overlapped 
the valley of the Kalzhyr River. The relief of the Markakol 
lake basin is divided into three zones: highlands (alpine 
relief), midlands and the lake valley. Besides the tectonic 
basin formation, the origin of the lake is related to glacial 
phases of the Quaternary period. Its geological structure 
is represented by metamorphic rocks, granites, tuffs and 
volcanic breccias.

The flora of the basin has about 700 species of higher 
plants, including 15 rare species included in the Red Book 
of Kazakhstan. The lake is located on the territory of the 
Markakol National Nature Reserve, established in 1976 to 
preserve the natural complexes of the southern part of the 
Altai Mountains. The reserve is included in the list of 200 
priority ecological regions of the world according to WWF 
classification, and it is part of the UNESCO World Network 
of Biosphere Reserves.

However, long-term agricultural activities in the 
surrounding areas have caused intensive anthropogenic 
load on aquatic ecosystems, first of all, manifested in 
increasing the degree of natural water pollution, including 
such toxicants as HMs [14]. The main sources of pollution 
include industrial and household effluents, agricultural 
outflows, the use of fertilizers and pesticides, as well as the 
activities of mining and metallurgical industries. HMs are 
accumulated in water, bottom sediments and hydrobionts, 
with little or no chemical or biological degradation, which 
aggravates their toxicity [13,15-17].
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Research methods

Nowadays, modern methods of analyzing the content 
of heavy metals (HM) are based on highly sensitive 
and accurate instruments such as atomic absorption 
spectrometry (AAS) and inductively coupled plasma 
mass spectrometry (ICP-MS). These techniques allow the 
quantification of metals with a high degree of accuracy 
and reproducibility, making them indispensable in studies 
of the environmental status of aquatic ecosystems and 
assessment of pollution levels.

Biological methods, including biotesting and 
bioindication, are an important complement to chemical 
analyses, allowing the assessment of the impact of HM 
on biota. An integrated approach studying the pollution 
of aquatic ecosystems includes the determination of 
metal concentrations in water, bottom sediments and 
hydrobionts, the analysis of their sources, the study 
their migration and accumulation mechanisms, as well 
as the assessment of potential risks to human health and 
ecosystem sustainability. 

The technique of metal determination in water samples 
and bottom sediments using a flame atomic absorption 
spectrometer includes several steps [13].

Sample preparation of hydrobionts: The selected 
samples were chopped (with a knife made of inert material 
to avoid contamination) and dried at 60-105°C to remove 
moisture according to GOST 26929-94, ST RK ISO 8288-
2005 [18,19].

The 5g wet weight of samples of various environmental 
objects (Figure 2), biological materials (hydrobionts) 
placed in quartz cups were burned until the formation of 
gray or white residue (ash) by heat treatment of the sample 
in a heat chamber in the range of 450-550°C on the device 
Temos-EXPRESS. The complete destruction of disturbing 
organic substances by thermal treatment is combined with 
HNO3 (chemical pure) in different temperature regimes 50-
650°С, during the determination of metal concentration of 
toxic elements (Cd, Pb, Zn, Cu, etc.) by atomic-absorption 
spectrometry.

After the complete destruction of the organics, the 

Figure 1 Location of Lake Markakol.
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ash was dissolved in a minimum volume of concentrated 
HNO₃ (the solution becomes transparent), the volume of 
cooled and filtered solution, was brought to 100 ml with 
bidistilled water [20,21].

Quality control and calibration:

State Standard Samples (SSS), registered in the 
Register of the State Measurement System of the Republic 
of Kazakhstan in different concentrations, are used for 
the construction of calibration graphs (r=0,99) for the 
spectrometric determination of metals: 

- aqueous solution of copper ions (3K-1) SSS 7998-93 
in concentrations CCu = 0.0125; 0.025; 0.05; 0.1 mg/L;

- aqueous solution of zinc ions SSS 7837-2000 in 
concentrations CZn = 0.0125; 0.025; 0.05; 0.1 mg/l mg/L;

- aqueous solution of lead ions (SSS 7012-93 (2K-1) in 
concentrations CPb = 0.0125; 0.025; 0.05; 0.1 mg/L; 

- aqueous solution of cadmium ions (SSS 6690-93 (1K-
1) in concentrations ССd = 0,0125; 0,025; 0,05; 0,1 mg/L; 

- aqueous solution of cobalt ions (SSS 7880-2001 (NK-
EC) in concentrations CCo = 0.1; 0.15; 0.2; 0.5 mg/L;

- aqueous solution of nickel ions (SSS 7873-2000 (NK-
EC) in concentrations CNi = 0.1; 0.15; 0.2; 0.5 mg/L.

State standard samples and calibration graphics are 
necessary for reliability of heavy metals content in water 
and bottom sediment samples.

Atomic absorption analysis:

The determination of HMs was done using the flame 

atomic absorption spectrometric method (ST RK ISO 
8288-2005) on atomic absorption spectrophotometer AA-
7000 (Shimadzu company, Japan) operating on acetylene-
air mixture [18]. The method is based on the property of 
metal atoms to absorb in the basic state light of certain 
wavelengths (Cu – 324.7 nm; Zn – 213.9 nm; Cd –228.8 nm; 
Pb –  283.3 nm; Co–240.7 nm; Ni–232.0 nm), which they 
emit in their initial activity.

The obtained atomic absorption analysis data were 
used to estimate metal content in water and bottom 
sediment samples.

RESULTS AND DISCUSSION

Importance and function of macrophytes

Macrophytes play a key role in the bioindication of 
aquatic ecosystems, since they are a habitat-forming 
component [22], which emphasizes the necessity of a 
detailed study of their floristic composition and dynamics 
under anthropogenic impact. These aquatic plants form 
an important link in the system of water self-purification, 
but they are highly sensitive to environmental changes. 
Although macrophytes have a certain resistance to short-
term fluctuations in environmental conditions, their 
long-term changes may indicate the ongoing processes of 
anthropogenic transformation of water bodies. Thus, the 
study of the macrophyte community of aquatic ecosystems 
has a special significance in ecological monitoring studies, 
allowing us to identify trends in changes in the aquatic 
environment and to assess the impact of anthropogenic 
factors on the ecosystem in the long-term perspective. 

The aquatic plants of Lake Markakol are mostly 

Figure 2 Sampling of hydrobionts.
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represented by macrophytes of air-water and submerged 
ecological groups: (lat.) Elodea canadensis, Potamogéton 
amphibious, Persicaria amphibia, Elodea canadensis), 
Potamogéton amphibious, Persicaria amphibia, 
Ceratophyllum demersum, and Myriophyllum aquaticum.

Macrophytes play both positive and negative roles 
in shaping water quality [23]. They are powerful 
agents of water purification from salts. At the same 
time, their abundant development leads to siltation, 
excessive development of periphyton, zooplankton and 
phytoplankton, contributing to the eutrophication of the 
water basin. In addition, because of decomposing in the 
fall-winter period, macrophytes also serve as a source of 
additional pollution of the aquatic environment. Air-water 
and submerged plants can grow under high dynamic 
loads where the maximum benthic speed is unable to 
move the soil. Plants with floating leaves are able to form 
phytocenoses in areas where benthic maximum speeds do 
not exceed 0.2m/s, but in conditions of increased nutrient 
content (such as nitrogen and phosphorus), which is 
typical for eutrophic water bodies, their rapid growth can 
cause negative effects.

Macrophytes, are the most important component of 
ecosystems of continental water bodies, especially in 
water bodies experiencing significant anthropogenic load, 
as it plays a major role in maintaining the biotic balance, 
participating in cleaning the water body from pollution 
by absorption. Therefore, aquatic and near-water plants 
can provide a very informative indicator of the degree of 
pollution in the ecosystem of a water body [24].

Considering the selective ability of macrophytes to 
absorb various substances, aquatic plants can be used as 
indicators of the presence of chemical substances in the 
aquatic environment [25]. However, plants show high 
resistance to short-term pollution outbreaks and can 
accumulate pollutants in their tissues in large quantities 
without visible functional changes. This applies most of all 
to HMs, which, unlike organic pollutants, are not able to 
degrade to safe forms [26]. Therefore, the content of HMs 
in the plants ash is an important characteristic of the state 
of ecosystem pollution.

The results of toxicological analysis of aquatic plants 
are considered in total amount: Elodea canadensis, 
Potamogéton amphibious, Persicaria amphibia, 
Ceratophyllum demersum, Myriophyllum aquaticum.

It is known that aquatic plants is the initial link in the 
trophic chain and performs the function of “biofilter”, 
absorbing heavy metals from water and bottom sediments 
[27]. The uptake and accumulation of metals by plants 

can be varied depending on the concentration of metals 
in water and the environmental conditions (pH, reduction 
potential, temperature).

Metal concentrations in macrophytes of Lake Markakol 
tributaries and the outflowing Kalzhyr River

According to the results of the analyses, copper 
concentration in aquatic plants from 8.8 to 14.8mg kg-1. 
High values are registered in the estuaries of the rivers 
Zhirelka – 14.8 mg kg-1, Matabai – 14.0mg kg-1, Topolevka 
and Tikhushka – 11.4 mg kg -1. The estuary of the Kalzhyr 
River is less vulnerable to pollution - 8.8 mg kg-1, indicating 
a moderate accumulation capacity of plants, apparently due 
to the outflowing nature of the river (Table 1). Although 
there is no direct threat, the high bioavailability of copper 
may lead to its accumulation in organisms feeding on 
plants. In the long term, this may affect physiological 
processes in plants such as photosynthesis and respiration 
[27-29].

The average concentration of zinc in macrophytes is 
45.6 mg kg-1, reaching high values up to 54.0 mg kg-1 in 
the Topolevka and Matabai rivers, up to 44.6 mg kg-1 in the 
Urunhaika and Zhirelka rivers, which indicates significant 
zinc accumulation and pollution of these rivers. Actively 
taken up by plants, zinc plays a key role in the metabolism 
of hydrobionts, but its excess can provoke toxic effects.

Lead concentrations in aquatic plants range from 
12.5 to 17.7 mg kg-1, with a mean value of 15.9 mg kg-1. 
Compared to copper and zinc, lead has no biological role 
and being a highly toxic metal, it causes oxidative stress 
and damage to membrane structures in plants [30].

The content of cadmium is recorded in low values up 
to 1.7 mg kg-1 on the Urunhaika River and up to 2.1 mg kg-1 
on the Matabai River. Cadmium was not detected in the 
remaining samples taken from the rivers Kalzhyr, Yelovka, 
Zhirelka, Topolevka and Tikhushka. The average cadmium 
values were 1.90 mg kg-1, which is low. However, cadmium 
can be easily absorbed by plants and cause serious toxic 
effects even in low concentrations, impairing growth, 

Table 1: Heavy metal concentrations in macrophytes of Lake Markakol tributaries 
and of the outflowing Kalzhyr River.

River
Cu Zn Pb Cd Ni Co

mg kg-1

Urunhaika 10.5 44.6 16.7 1.7 54.6 85.3
Matabai 14.0 51.7 12.5 2.1 64.0 87.0
Kalzhyr 8.8 36.0 17.7 0.0 47.2 88.6
Yelovka 9.6 34.0 17.2 0.0 47.2 91.8
Zhirelka 14.8 46.5 15.1 0.0 37.8 102

Topolevka 11.4 54.0 17.2 0.0 30.3 93.4
Tikhushka 11.4 52.1 14.6 0.0 32.2 88.6
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development and photosynthesis, inhibiting enzymatic 
systems [25].

Nickel content in high values is recorded in the rivers 
Kalzhyr, Elovka – 47.2 mg kg-1, Urunhaika – 54.6 mg kg-1 

and Matabai – 64.0 mg kg-1. Nickel uptake by macrophytes 
in high concentrations (up to 44.8 mg kg-1 on average) 
negatively affects photosynthesis processes in plants, 
which in turn will affect the organisms feeding on aquatic 
plants [31].

High concentrations in aquatic plants were also 
characterized by cobalt, which amounted to 90.9 mg kg-1 

on average. Maximum high concentrations were recorded 
in the Zhirelka River – 102mg kg-1, Topolevka River – 93.4 
mg kg-1, Elovka River – 91.8 mg kg-1. Nickel and cobalt in 
aquatic plants in high concentrations, can cause inhibition 
of photosynthesis, accumulation of free radicals and 
damage to cellular structures [26].

Thus, aquatic plants regardless of their belonging 
to different ecological groups in their life process can 
accumulate elements in rather high concentrations, for 
example, zinc  – 54.0 mg kg-1, nickel – 64.0 mg kg-1 and 
cobalt – 102 mg kg-1. The study of aquatic plants is a 
necessary component of water bodies monitoring, since 
components of the natural environment demonstrate 
different responses to anthropogenic interference. The 
ability of aquatic plants to accumulate heavy metals is the 
primary source of pollution for food organisms, increasing 
the risks of biomagnification. But, at the same time, they 
can be used for bioremediation of polluted water bodies, as 
they are able to extract metals from water and concentrate 
them in their biomass.

The food organisms is represented by various organisms: 
zooplankton (lat. Zooplankton), macrozoobenthos (lat. 
Macrozoobenthos) and other invertebrates such as daphnia 
(lat. Daphnia) (genus of the family Daphniidae), rotifers 
(lat. Rotifera) (animal type), paddlefish (lat. Copepoda) 
(subclass of crustaceans) and branchiopod crustaceans 
(lat. Cladocera) (subclass of crustaceans), which consume 
aquatic plants and are important carriers of pollutants 
along the trophic chain. 

These species of organisms directly absorb metals from 
water and plants, becoming a source of their accumulation 
in fish.

When assessing the content and accumulation of HMs 
in food organisms, consider their maximum permissible 
concentrations (MPC) in food products, including fish 
and seafood. According to SanPiN RK 2.3.2.1078-01 [20], 
in Kazakhstan, the content of HM in feed organisms is 

regulated by sanitary norms and rules established by the 
Ministry of Health, which determine the toxicity of these 
elements (in mg kg-1wet weight):

- Copper (Cu): 10.0 mg kg-1;

- Zinc (Zn): 40.0 mg kg-1;

- Lead (Pb): 1.0 mg kg-1;

- Cadmium (Cd): 0.2 mg kg-1;

- Nickel (Ni): 0.5 mg kg-1;

- Cobalt (Co): 0.1 mg kg-1.

The accumulation of HMs in aquatic prey organisms is 
a significant environmental problem affecting the health 
of ecosystems and the safety of food chains. Aquatic 
food organisms, such as zooplankton, macrozoobenthos, 
paddlefish and branchiopods, are the main links in food 
chains, so their bioaccumulation ability plays a key role in 
the transfer of toxic elements to higher trophic levels. HMs 
become accumulated in the tissues of hydrobionts through 
absorption from water and food. Studies [32,33] show that 
such species as daphnia are able to accumulate metals in 
significant amounts, which leads to bioconcentration in 
their organisms. Depending on the chemical properties of 
metals and environmental conditions, their toxic effects on 
hydrobionts are manifested in the disruption of enzymatic 
activity, damage to cells and tissues, reduced reproductive 
function and increased mortality [34]. For example, 
cadmium and lead have direct toxic effects on metabolism, 
while copper and zinc can impair osmoregulation and 
respiratory processes [35].

The accumulation of metals in hydrobionts 
has a significant impact on ecosystems as a whole. 
Biomagnification of HMs by trophic levels leads to their 
accumulation in fish and other aquatic animals, which 
poses a risk to humans when consuming them for food. 
Studies conducted by Galatova EA et al. [36], describe the 
mechanism of metal intake through feed and their further 
distribution in the food chain. The research by Gadzhieva SR 
et al. [37], emphasizes the importance of monitoring the 
content of toxic elements in feed organisms to assess the 
state of ecosystems and identify sources of pollution. 
They emphasize too, that HM concentrations in organisms 
of hydrobionts depend on the level of environmental 
pollution and species affiliation of organisms. In addition, 
the study of Gadzhieva SR et al. [37], noted that the 
bioconcentration of metals in zooplankton is related to the 
chemical characteristics of elements and their solubility in 
water.
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The direct toxic effect of metals on aquatic organisms is 
associated with the presence of these metals in ionic forms. 
The toxicity of elements for hydrobionts is sometimes 
higher by several orders than for terrestrial animals, and 
especially increases in low saline waters [38].

The results of the toxicological analysis of heavy 
metal concentrations in the food base show a significant 
exceedance of the maximum permissible concentrations 
(MPC) for all studied elements in both the eastern (up to 
5m) and western (up to 24m) sections of the lake. Samples 
were taken considering the differences in lake depth and 
river inflows, which influence the distribution of pollutants. 
Comparing the two sections of the lake in terms of metal 
concentrations, certain differences were identified. In the 
eastern shallower section of the lake, were the Topolevka, 
Zhirelka, Tikhushka, and Urunhaika rivers flow into the 
lake, higher concentrations of copper, zinc, lead, and 
cobalt were recorded (Table 2). The copper content in the 
western section of the lake is 20.9 mg kg-1, and in the eastern 
section – 14.8 mg kg-1, which exceeds the established MPC 
(10 mg kg-1) by 2.09 and 1.48 times, respectively. The zinc 
concentration in the western section reaches 45.2 mg kg-1, 
which exceeds the MPC (40 mg kg-1) by 1.13 times, while 
in the eastern section the content of this metal is slightly 
lower – 39.6 mg kg-1, almost corresponding to the standard 
(0.99 of the MPC). According to the authors [39], copper 
ions are the most toxic to daphnia, and at a concentration 
of 0.03 mg/L, they suppress all mentioned functions, so 
at levels of 17.9 mg kg-1, they become lethal and critical. A 
similar situation was observed with zinc.

Lead concentrations in the western and eastern 
sections of the lake are similar in value – 15.1 and 14.6 mg 
kg-1, respectively, which in both cases exceeds the standard 
by almost 15 times. Cadmium was detected only in the 
western section of the lake at a concentration of 1.0mg/
kg, which exceeds the MPC (0.2 mg kg-1) by 5 times, and in 
the eastern section it was not detected. The most critical 
excess of standards is observed for nickel and cobalt, the 
content of which is very high in both the western and 
eastern sections of the lake. The concentration of nickel 
in the western section is 49.0 mg kg-1, and in the eastern 
section it is even higher (50.9 mg kg-1), which exceeds the 
established MPC by 98.0 and 102 times, respectively. The 
content of cobalt reaches extremely high levels: in the 
western section its concentration is 96.7 mg kg-1, and in the 
eastern section – 87 mg kg-1, which exceeds the standard 
value (0.1 mg kg-1) by almost a thousand times.

The obtained data indicate a high degree of 
contamination of the food organisms by HMs, which is 
probably due to both natural and anthropogenic factors. 
Main sources of metal intake can be caused by processes 
of rock weathering and soil pollution in the catchment, 
while the contribution of agricultural and industrial 
discharges, based on the volumes, is less significant [40]. 
The most significant excess was recorded for cobalt, which 
may indicate the natural geochemical background in the 
rocks of the region, contributing to its high content in the 
environment. Since the main processes controlling the 
forms of metal migration in natural waters are adsorption 
on mineral and organic particles. The form of migration 
of these metals depends on the physical and geographical 
features of the catchment area. The suspended form of 
copper is most often transported by mountain river. 
It migrates in surface waters in a dissolved state up to 
89.5%, while the proportion of suspended forms of zinc 
is on average 88.8% [41-44]. Increased concentrations of 
cobalt and nickel in the aquatic environment, especially 
their localization in deep bottom layers, may indicate 
various processes and factors affecting the structure of 
these metals in the lake, such as the geological structure 
and composition of surrounding rocks containing minerals 
rich in these metals, which can lead to their leaching into 
the water. In particular, rich deposits of cobalt-nickel ores 
in Eastern Kazakhstan, such as the Ni-Co ore deposits of 
Gornostaevskoye and Belogorskoye, with a Ni content (up 
to 1782g/t on average) and Co (up to 60g/t on average), 
have the opposite effect, contributing to natural and 
anthropogenic pollution of the ecosystems of water bodies 
in the eastern region [45-47].

However, considering the level of HM accumulation 
in aquatic organisms, it is necessary to explore in further 
studies the mechanisms of their migration and potential 
risks for trophic network of aquatic ecosystems.

The high level of HMs in the food organisms of aquatic 
ecosystems has a significant ecological impact. The 
accumulation of metals in the organisms of hydrobionts 
leads to bioconcentration and biomagnification along the 
trophic chain, which can affect their vital activity negatively, 
reducing reproductive capacity and increasing mortality. 
These processes pose a threat to the sustainability of 
ecosystems, contributing to the reduction of biodiversity 
and disturbance of ecological balance.

In addition, HMs accumulated in aquatic organisms 
pose a potential risk to human health. Their intake through 
consumption of fish and other aquatic bioresources can 
lead to long-term toxic effects, which emphasizes the need 
for comprehensive monitoring of both pollution of aquatic 
ecosystems and risk assessment for food security.

Table 2: Heavy metal concentration in feed organisms of Lake Markakol (in mg kg-1).

Lake area Cu Zn Pb Cd Ni Co
Western section 20.9 45.2 15.1 1.0 49.0 96.7
Eastern section 14.8 39.6 14.6 0.0 50.9 87.0

MPC 10.0 40.0 1.0 0.2 0.5 0.1
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Fish, being at the upper level of the trophic chain, 
can accumulate the highest concentrations of HMs, 
which creates a potential risk for predators and humans 
consuming fish. The toxicological analysis of uskuch fish 
(lat. Brachymystax lenok), included muscle, liver and gills 
[48,49]. The samples included two adult specimens as 
well as four fry of this species. One adult specimen was 
sampled frozen, while the second specimen and fry species 
were at the stage of decomposition on the water surface (4 
specimens).

The uskuch fish is a freshwater fish, belonging to 
salmonides, that is a benthophage, with its main food 
consisting of benthic invertebrates such as insect larvae 
(e.g., Ephemeroptera, Trichoptera and Diptera), as well 
as small crustaceans and other organisms living on the 
bottom of water bodies. Although this fish also can eat 
small fish and terrestrial insects, its basic diet is centered 
on benthic organisms [50].

The results of the analysis of HM concentrations in 
different organs of the uskuch fish, including fry, revealed 
significant differences in the levels of accumulation due 
to physiological features of tissues and their functions. 
The highest concentrations of metals were recorded in 
metabolically active organs such as liver and gills, which is 
associated with their role in detoxification and metabolism.

Concentrations of copper, zinc, lead, nickel and 
cobalt significantly exceed the maximum permissible 
concentrations (MPC), indicating pronounced pollution of 
the aquatic environment and increased accumulation of 
metals in hydrobionts (Table 3). These results demonstrate 
the high level of anthropogenic impact on the ecosystem 
and the need for further monitoring, taking into account 
the potential risks to human health when consuming fish 
that has accumulated toxic elements.

In the fry tissues, metal levels are lower than in adult 
fish, which may be due to a shorter life span and a lower 
time period for metal accumulation. However, zinc and 
cobalt concentrations in fry already exceed MPC by dozens 
of times, indicating early exposure to pollution.

Muscles of decomposing fishes show elevated levels of 
metals, especially zinc at 120 mg/kg-1 and nickel at 37.8mg 
kg-1, which may be related to metabolic disturbances 
leading to altered distribution of toxic substances. The gills 
also show particularly high zinc concentration of 1280mg 
kg-1, which is attributed to their function of water filtration 
and direct contact with the polluting environment. In 
contrast, the liver shows high concentrations, especially of 
zinc–731mg kg-1, reflecting the accumulation ability of this 
organ. Literature reviews [51,52] showed that HMs are 
accumulated in different organs of fish selectively, and the 
most intensive accumulation of elements occurs in scales 
and gills, i.e., in organs in direct contact with water.

In the frozen fish taken for analysis, metal concentrations 
in organs are lower than in decomposing fish, which 
confirms the toxic effect of HMs as a factor contributing to 
mortality. The highest concentrations of zinc are recorded 
in the gills up to 227 mg kg-1, which is associated with their 
role in gas exchange and osmoregulation. In the liver there 
is also a significant accumulation of copper up to 21.8 mg 
kg-1, zinc up to 372 mg kg-1, reflecting the importance of 
this organ in detoxification [53]. 

The lead concentration in fish tissues, in values from 12.5 
to 17.7 mg kg-1, exceeds the MPC by ten times. The highest 
levels are observed in muscles and gills of decomposing 
fish, which may be related to metabolic disturbance after 
the death of the organism and redistribution of the metal 
in tissues, indicating the significant effect of lead on the 
main vital functions of fish, including respiration and 
metabolism [54,55].

Cadmium was detected only in the tissues of 
decomposing fish at concentrations of up to 7.5 mg kg-1 in 
muscle and up to 1.7 mg kg-1 in liver, which exceeds the MPC 
by more than 30 times. Cadmium in muscle indicates high 
toxicity and the ability of cadmium to penetrate muscle 
tissues despite their low level of metabolic activity, which 
also emphasizes the potential risk of the most dangerous 
metals for ecosystems [53,56].

Nickel in fish tissues ranges from 28.5 mg kg-1 in fry to 
55.6 mg kg-1 in the gills of adult fish, exceeding MPC more 
than 100 times. Maximum concentrations are recorded 
in gills, which is explained by their constant contact with 
water and filtration function. High concentrations of 
nickel in the liver up to 37.9 mg kg-1 reflect its role in the 
accumulation and detoxification of toxic substances [57].

Cobalt was founded in the highest concentrations 
of all metals, reaching 111 mg kg-1 in frozen fish liver, 
exceeding the MPC by more than one thousand times. 
High levels of cobalt in all tissues studied emphasize its 

Table 3. Heavy metal concentrations in uskuch fish (Brachymystax lenok).

Fish Organs
Cu Zn Pb Cd Ni Co

mg kg-1

Fry - 13.1 42.1 17.7 0.0 28.5 98.3

Uskuch (found 

decomposed)

Muscles 15.7 120 17.7 7.5 37.8 102

Gills 20.9 1280 17.2 2.9 32.2 87.0

Liver 12.2 731 16.2 1.7 34.1 91.8

Uskuch (frozen)

Muscles 18.8 46.6 12.8 0.0 37.9 104

Gills 19.2 227 14.4 0.0 55.6 100

Liver 21.8 372 12.5 0.0 35.0 111
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strong accumulation and significant environmental threat. 
Especially noticeable is its effect on gills up to 100 mg kg-1, 
which may be associated with respiratory organ disorders 
[58].

Exceeding MPC of metals, poses a threat to the 
ecosystem and human health through food chains. High 
concentrations of metals impair the function of fish organs, 
leading to toxic effects such as cell damage, reduced 
reproductive capacity and increased mortality [59-63].

To conduct a scientific analysis of the system “surface 
water layer–bottom water layer–bottom sediments”, it 
is necessary to consider the pathways of migration and 
accumulation of heavy metals in various components of 
the ecosystem, as well as their impact on living organisms.

The system “surface water layer – bottom water layer – 
bottom sediments” is a dynamic interconnected structure 
where heavy metals migrate between components, 
accumulate in different media and affect the ecosystem. 
The distribution of metals is determined by their chemical 
properties, solubility, ability to sorption, migration and 
bioaccumulation, also in the cycles of biogeochemical 
processes.

The gradient distribution of HM concentraions in the 
“system” shows the following trend: 

surface water layer: Co > Ni > Pb > Cu > Zn > Cd;

benthic water layer: Co > Ni > Pb > Pb > Cu > Cu > Zn 
= Cd;

bottom sediments: Zn > Co > Pb > Cu > Cd > Ni;

macrophytes (hydrophytes): Co > Zn > Ni > Pb > Cu > 
Cu > Cd;

food organisms: Co > Ni > Zn > Cu > Cu > Pb > Cd;

fish: Zn > Co > Ni > Cu > Pb > Cd.

In the surface water layer, the highest concentrations 
are observed for cobalt and nickel, which may be due 
to their high mobility in water and lower tendency to 
precipitate. They are followed by lead and copper, which 
may be partially precipitated or bound to organic matter. 
Low concentrations of zinc and cadmium are explained 
by their more active participation in the processes of 
migration to deeper layers or by their binding to particles.

The leading role of cobalt and nickel in the bottom 
water layer remains, which indicates their continued 
migration from the surface layer. Lead and copper occupy 
intermediate positions, possibly due to sorption processes 

on sediment particles. Zinc and cadmium are present in 
equal concentrations, reflecting their partial deposition 
from the water mass.

In bottom sediments, the highest concentration is 
characteristic of zinc, which is actively sorbed on mineral 
particles and organic matter, as well as cobalt and lead, 
which have a high capacity for accumulation in sediments. 
Copper, cadmium and nickel are less represented, which 
may be related to their lower ability to bind in anaerobic 
conditions of bottom layers.

Cobalt continues to dominate in macrophytes, reflecting 
its biological importance and high availability to aquatic 
plants. Zinc and nickel, also accumulated in significant 
amounts, are involved in physiological processes of plants. 
The lower concentrations of copper, lead and cadmium 
may be due to their limited bioavailability or competition 
with other metals for uptake.

Cobalt continues to dominate in the hydrobiont food 
organisms, indicating its active inclusion in trophic chains. 
Nickel and zinc also have high concentrations due to their 
ability to accumulate in microorganisms and invertebrates. 
Copper, lead and cadmium are present in lower amounts, 
indicating lower trophic availability or lower levels of their 
inputs.

In fish tissues, the highest concentration is observed for 
zinc, which confirms its importance in biological processes 
and active accumulation at higher trophic levels. Zinc is 
followed by cobalt and nickel, showing a predisposition to 
bioaccumulation. Copper, lead and cadmium have a lower 
representation, which may be related to metabolic control 
or excretion mechanisms.

The interaction of the components of the “system” 
shows that cobalt, nickel and zinc play a key role in the 
migration and accumulation of heavy metals in the aquatic 
ecosystem. The high content of these metals in biota 
emphasizes their ecological significance and the need to 
control the sources of their inputs.

As can be seen from Figure 3, the surface water layer 
contains the lowest concentrations of metals for copper–
0.009mg/L, for zinc–0.007mg/L, which is associated with 
water dilution and active hydrodynamic processes. Bottom 
water layer has similar composition, but concentrations 
of some metals, such as cobalt –0.090mg/L, are slightly 
higher due to proximity to bottom sediments and low rate 
of vertical transport.

Bottom sediments serve as the main depot of HMs, 
where their concentrations are much higher, since 
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due to sedimentation processes, they are transformed 
into insoluble forms, under the influence of anaerobic 
conditions or pH changes, and their secondary dissolution 
and migration back to the bottom water layer is possible.

Aquatic plants, being in contact with water and bottom 
sediments, can accumulate metals in concentrations 
exceeding their content in the aquatic environment, 
which makes plants an important link in the transfer of 
metals to the food organisms, including zooplankton and 
macrozoobenthos, where metal concentrations are also 
high. Fish, being at the top of the trophic chain, show a 
significant cumulative effect, especially for zinc–346mg 
kg-1 and cobalt –101mg kg-1, which is explained by long-
term accumulation of metals through feeding.

The analysis of correlation dependencies presented in 
the graphs (Figures 4-6) shows the relationship between 
НM concentrations in abiotic and biotic components of the 
ecosystem. These dependencies reflect the mechanisms of 
transfer and accumulation of pollutants, starting from the 
aquatic environment and ending with biological organisms 
at different levels of the food chain. The first graph 
(Figure 4) shows an almost perfect correlation between 
HM concentrations in surface and bottom water layers 
(R2=0.9996), indicating a close relationship between 
these layers. The high degree of correlation indicates that 

pollution entering the surface water layer is effectively 
transferred to the bottom layers, which may be due to 
the processes of vertical water circulation, adsorption of 
metals on suspended particles and their deposition on the 
bottom due to downward gravimetric movement and the 
charge-caused sorption on the negatively surplused humic 
bottom sediments. 

The regression equation confirms that the concentration 
of metals in the bottom layer is in proportional dependence 
on their content in the surface layer, with a small deviation, 
which indicates the presence of sedimentation factors or 
the influence of bottom sediments.

The second graph (Figure 5) demonstrates the 
correlation between HM concentrations in macrophytes 
and fodder organisms (R2=0.9911), where the biological 
process of metal accumulation in primary products of the 
ecosystem (macrophytes) can be clearly traced. The linear 
regression equation indicates a directly proportional 
relationship, on the role of macrophytes in the transfer of 
pollutants to the next trophic level – forage organisms. 

The third graph (Figure 6) shows the correlation 
relationship between HM concentrations in food organisms 
and fish (R2=0.9666). Despite the slightly lower value of the 
coefficient of determination compared to the other graphs, 
the correlation remains high, confirming a significant 

Figure 3 Heavy metal distribution in different ecosystem components.
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Figure 4 Correlation between overall heavy metals concentrations in surface and bottom water layers.

Figure 5 Correlation between overall heavy metals concentrations in macrophytes and food organisms.

Figure 6 Correlation between overall heavy metals concentrations in food organisms and fish.
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transfer of metals from one level of the trophic chain to 
another. The regression equation shows that the HM 
concentration in fish rises with increasing concentrations 
in food organisms, indicating a biomagnification effect in 
which metal concentrations increase at higher trophic 
levels.

In general, the data presented emphasize not only a 
relation between different lake layers, but also a high degree 
of interaction between abiotic and biotic environments, 
where HM concentrations in water directly determine 
their content in macrophytes, food organisms and 
ultimately fish. This mechanism reflects the characteristic 
processes of the biogeochemical cycle, including transport, 
deposition and bioaccumulation. High correlation values in 
all plots confirm the identified patterns, indicating strong 
interconnection between ecosystem components and 
active processes of pollutant transfer through food chains.

CONCLUSION

The results confirm a significant accumulation of 
heavy metals in the hydrobionts of Lake Markakol, which 
indicates a pronounced anthropogenic and natural load on 
the aquatic ecosystem. Analysis of food organisms, aquatic 
plants and fish tissues showed exceedance of maximum 
permissible concentrations (MPC) for a number of toxic 
elements, including copper, zinc, lead, nickel and cobalt. 
During the study, we found that macrophytes, which play 
an important role in the self-purification of water bodies, 
demonstrated the ability to accumulate heavy metals in 
significant amounts. In particular, the concentration of 
zinc, nickel and cobalt in aquatic plants reached 54.0 mg kg-

1, 64.0 mg kg-1 and 102 mg kg-1, respectively, indicating a 
high level of pollution in the aquatic environment.

The forage study revealed bioconcentration and 
biomagnification of metals, which is a threat to the 
ecosystem as a whole. Indicators of lead and cadmium 
concentrations and the accumulation in organisms at the 
lowest trophic levels (zooplankton, macrozoobenthos) 
exceed MPC 14.9 and 5 times, respectively. The highest 
concentrations were registered for nickel (50 mg kg-

1) and cobalt (91.9 mg kg-1), which indicates their active 
accumulation in aquatic organisms.

Toxicological analysis of the tissues of the uskuch fish 
(Brachymystax lenok) demonstrated the variability of 
metal accumulation depending on the functional features 
of organs. The highest concentrations were recorded in 
liver, gills and muscles, with nickel content reaching 55.6 
mg kg-1, and cobalt – 111 mg kg-1, which exceeds MPC 
by tens and hundreds of times. Taking into account that 
metal concentrations in the tissues of fry were lower than 

in adults, the levels of zinc and cobalt already at the early 
stages of development exceeded the permissible norms by 
dozens of times.

Exceeding the MPC of heavy metals in hydrobionts 
indicates a high level of pollution in Lake Markakol, which 
may lead to unfavorable environmental consequences, 
including disruption of fish reproductive capacity, 
reduction of biodiversity and degradation of the aquatic 
ecosystem. Given the identified concentrations of toxic 
elements, there is a potential risk to human health through 
food chains when consuming contaminated aquatic 
organisms. The obtained results emphasize the need for 
regular monitoring of heavy metals in the hydrobionts 
of Lake Markakol and the environment for timely 
identification of pollution sources and development of 
measures to preserve the ecological sustainability of the 
water body.
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