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© Abstract. The relevance of the study is conditioned by the need to assess the ecological state of the Naryn River
basin under the influence of anthropogenic pollution and climatic changes caused by mining, agricultural runoft,
urbanisation, and accumulation of sediments below hydroelectric power plants. The purpose of the study was to
quantify the degradation of water quality and ecosystems in the Naryn River basin under the influence of anthropogenic
pollutants and climate change. Methods of monitoring data analysis and mathematical modelling were used to achieve
the goal. The results showed a significant decrease in biodiversity by 10-20% and water quality caused by an increase in
concentrations of heavy metals — lead (up to 0.053 mg/1) and phosphorus (up to 0.48 mg/1) by 2050 under a high-emission
climate scenario. It was found that erosion increased to 460 t/km2/year, and the productivity of the transboundary
Syrdarya River decreased by 11%, which highlights the vulnerability of mountain and aquatic ecosystems. In addition,
a decrease in the dissolved oxygen content to 4.7 mg/l was recorded, which increases the negative impact on aquatic
biocoenoses. There was also an 18% decrease in the reproduction of fish populations, which indicates serious risks for
their survival in conditions of habitat fragmentation below hydroelectric power plants. The practical significance of
the study was to provide a framework for developing measures for monitoring and managing water resources in the
region, which can be used by government authorities in Kyrgyzstan and neighbouring Central Asian countries, such
as Kazakhstan and Uzbekistan, to coordinate transboundary water use, and environmental organisations and local
communities for the conservation of biodiversity and sustainable development of the Naryn River basin
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@ Introduction

Pollution of transboundary rivers in Central Asia, such as
the Naryn, poses a threat to the region’s water supply, irri-
gation, and ecosystems, which underscores the relevance
of this study. Anthropogenic factors, including mining and
agricultural runoff, combined with climate change, worsen
the water quality of the Naryn River, affecting the sustain-
ability of ecosystems and water users in Kyrgyzstan and
neighbouring countries (Janybek kyzy, 2024). The problem
lies in the lack of understanding of the long-term effects
of Naryn pollution and the lack of predictive models that
consider climate scenarios for this region.

M. Pamirbek kyzy et al. (2022) found that season-
al peaks in nitrogen and phosphorus concentrations in
the middle reaches of the Naryn River reach 2.5 mg/l in
summer due to agricultural runoff. Their analysis showed
that melting snow and glaciers increases runoff by 10-12%,
which contributes to the transport of pollutants down-
stream. However, their study did not consider long-term
climate scenarios, but was limited to current observations.
N. Degembaeva et al. (2024) found that lead concentrations
in the upper Naryn River exceeded the maximum permissi-
ble limits by 1.5 times in June due to mining activities. They
noted seasonal changes in water quality associated with
increased erosion in mountainous areas. Their study high-
lighted the local contribution of anthropogenic sources,
but did not include predictive models. E Betz et al. (2023)
showed that erosion in the Naryn Basin leads to a decrease
in the vegetation cover of the basin by 15% due to hydro-
morphological changes. They used satellite data to analyse
the interaction of vegetation and runofl, revealing the vul-
nerability of ecosystems to seasonal runoft peaks. L. Ma et
al. (2020) investigated the hydrochemical composition of
the transboundary Chu-Talas Basin in Kyrgyzstan. They
found that arsenic concentrations in surface waters reached
10-15 mcg/l, exceeding the maximum permissible concen-
trations (MPC) by 1.5-2 times, due to natural weathering
and anthropogenic emissions. These results indicate the
risks of bioaccumulation in aquatic ecosystems and high-
light the need for monitoring to prevent biota degradation.

In their research, N.A. Kaldybaev et al. (2024) con-
ducted a geochemical assessment of the rivers of southern
Kyrgyzstan, including the Kara Darya, a tributary of the
Naryn Basin. Their analysis showed that the concentrations
of lead and zinc in the sediments were up to 50 mg/kg and
120 mg/kg, respectively, which are lower than the MPC,
but create cumulative risks for benthic organisms when re-
suspended during flood periods. These data highlight the
importance of remediation to minimise trophic transfer
of pollutants. M. Severinenko et al. (2024) investigated the
impact of mining facilities in Kyrgyzstan on pollution of
the Shu River. They found that the concentrations of ura-
nium in irrigation channels reached 30 mcg/l, exceeding
the MPC by 3 times, and molybdenum up to 20 mcg/l,
which threatens agricultural ecosystems and increases soil
erosion. Their findings highlighted the need for barriers to
groundwater and strict control of tailings ponds.

1152

A.D. Egemberdieva (2025) investigated anthropogenic
and microbiological pollution in the Mailuu-Suu River Basin.
The researcher found that the concentrations of mercury and
cadmium in the water were up to 0.5 mcg/l and 1.2 mcg/l,
respectively, exceeding the MPC by 2-3 times, which causes
degradation of floodplain vegetation and microbial commu-
nities, increasing eutrophication. These results highlighted
the need for advanced cleaning technologies to restore eco-
systems. P. Kuznietsov & O. Biedunkova (2025) applied mul-
tidimensional statistical methods, including cluster analysis
and principal component analysis, to assess heavy metal pol-
lution in freshwater systems. They showed that the concen-
trations of copper and nickel in the sediments ranged from
40 to 100 mg/kg, which is associated with anthropogenic foci
and leads to a decrease in species diversity by 15-20%. Their
approaches confirmed the importance of statistical modelling
for the development of adaptive protection measures.

Despite significant progress in the study of water pol-
lution, gaps remain in understanding the dynamics of the
spread of pollutants under climate change and anthropo-
genic pressure, especially in transboundary basins such as
Naryn, where mining activities, such as the Kumtor mine,
have led to the accumulation of more than 100 million tons
of toxic waste since the 1990s. The lack of integrated models
combining hydrochemical and climatic factors limits the ac-
curacy of forecasts of environmental impacts. The purpose
of the study was to numerically simulate the impact of an-
thropogenic pollutants and climate change on the deteriora-
tion of water resources and ecosystems in the Naryn River
basin, including species diversity, hydrochemical character-
istics, and sustainability of the transboundary water systems
of the Syr Darya. The hypothesis was that anthropogenic
pollutants, including heavy metals, significantly degrade
water quality, increasing environmental risks such as loss of
biodiversity and degradation of irrigation systems.

© Materials and Methods

General characteristics of the method and research data
The study was conducted using the SWAT+ model, which
integrates the hydrological cycle, sedimentation and trans-
port of pollutants, to assess the impact of anthropogenic
pollutants (heavy metals Pb, Cd, biogens N, P) and climatic
changes on the ecosystems of the Naryn River basin. The
model allowed quantifying the degradation of water quality
and ecosystem functions (biodiversity, water regulation, bi-
otreatment), considering mining runoff, agricultural activi-
ty (22% of the area) and climate scenarios RCP 4.5/8.5. Pol-
lutants were modelled in the SWAT+ (n.d.) transportation
module, considering both the dissolved and the fractions
associated with the solid phase (suspended sediments). For
heavy metals Pb and Cd, the distribution coefficients (K)
0.5-1.4 I/kg and 0.3-0.7 1/kg, respectively, were used, deter-
mining the proportion of metals adsorbed on suspended
sediment particles according to the equation (1):

C=K,xC, (1
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where C_ - concentration in the solid phase; C, - dissolved
phase; K, - distribution coefficient. The model assumed
a proportion of the bound form of 60-75% for Pb and
45-60% for Cd, depending on the granulometric com-
position of sediments. The deposition rate of pollut-
ants was 0.01-0.04 m/day, and the resuspension rate was
0.005-0.015 m/day, which corresponds to the parameters of
the sediment routing module in SWAT+. Concentrations of
biogenic elements N (0.8-2.4 mg/1) and P (0.12-0.48 mg/I)
were set in dissolved form, modelled through the mecha-
nisms of surface and groundwater runoff. Thus, the model
considered the combined transfer of metals in two phas-
es — dissolved and solid (in suspended sediments), which
provided a correct assessment of their migration and accu-
mulation in bottom sediments. Calibration was performed
according to Kyrgyzhydromet (n.d.). data (2020-2025) with
the Nash-Sutcliffe index (NSE > 0.68 for runoff and > 0.65
for suspended sediment (SSC/SY)) and the balance devia-
tion (PBIAS <6.5%) for the flow variables (Q) and suspend-
ed sediment concentration (SSC). For the dissolved com-
ponents (DO, Pb, Cd, N, P), the accuracy was estimated
by the criteria R*>0.70 and the mean absolute deviation
(MAD < 10%), which ensured consistency between the ob-
served and modelled values in the space-time context.

In SWAT+, reservoirs (including the Kambarat hy-
droelectric power station) are defined as reservoirs with a
seasonal operating curve (target volume/level by month)
and throughput rules (average flow rate of 10-15 m?/s).
Sediment trapping is implemented through the RES_,  pa-
rameter (deposition coeflicient 0.02-0.05 m/day) and PSE
(delay efficiency 65-80%), which explains the sediment
accumulation below the hydropower plant (HPP) (up to
5-10% decrease in efficiency). The input data included
hydrometeorological parameters (runoff, suspended sedi-
ments, temperature, humidity) from Kyrgyzhydromet, and
measurements of Pb, Cd, N, and P at the Uch-Terek (up-
per reaches), Naryn (middle reaches), and Bolshoy Naryn
(lower reaches) posts. Complementary sources: Digital
Elevation Model (DEM) SRTM (30 m) (Earth Resources
Observation and Science Center, 2018), soil (Food and
Agriculture Organization (n.d.) (FAO), land management
Landsat 8/9 (U.S. Department of the Interior, 2025), which
provided spatial and temporal representativeness for eco-
system impact analysis.

Sampling approach and modelling process

The methodology included a spatial sampling of a basin
(59,100 km?) divided into subbasins in ArcGIS Pro for ac-
curate mapping of hydrological units (HRU) and assessment
of the impact of pollutants on ecosystems (tugai forests,
river biocoenoses, mountain meadows). The basin was di-
vided into 128 sub-basins and 2,450 HRUs with thresholds:
5% land use, 10% soil, 15% slope. The time sample covered
the years 2020-2025 with a forecast up to 2050. The model-
ling process in SWAT+ began with data entry (DEM SRTM,
FAO soils, Landsat 8/9), calibration (NSE > 0.68 for runoff,
>0.65 for suspended sediment; PBIAS < 6.5%) and validation
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according to Kyrgyzhydromet data (2021-2025). Sensitiv-
ity analysis of the parameters (CN2 -0.20, ALPHA_, 0.18,
SOL, . 0.22) in SWAT+ Toolbox optimised the assessment
of the impact of pollutants on biodiversity (-20%), fish repro-
duction (-18%), and productivity of the Syr Darya (-11%).
The RCP 4.5/8.5 scenarios (warming +1.7-2.4 °C, precipita-
tion +8-11%) modelled changes in runoft (+12%), erosion
(+119%, up to 510 t/km?*/year), and biogenic load (+18-22%),
allowing long-term impacts on ecosystems and transbound-
ary water resources to be estimated. Based on the results,
recommendations have been developed to reduce anthro-
pogenic impact and adapt to climate change. To assess the
stability of the SWAT+ model and identify key parameters
affecting the hydroecological parameters of the basin, a One-
At-a-Time (OAT) sensitivity analysis was performed. Each
parameter varied in the range of £20% of the calibrated val-
ue, after which the normalised sensitivity was calculated (2):

S=(AY/Y0)/(Ap/p0), )

where Y - response value (for example, Q, SY, DO, Pb, Cd);
p - model parameter. Positive values of S reflect the direct
effect of the parameter on the indicator, while negative val-
ues reflect the opposite.

Equipment and tools used

The equipment and tools used included SWAT+ 2024 soft-
ware for performing calculations, ArcGIS Pro for spatial
analysis, and SWAT+ Toolbox for evaluating parameter
sensitivity, providing a high degree of automation and ac-
curacy (SWAT+, n.d.). All the data involved in the study
were publicly available, which contributed to the transpar-
ency and reproducibility of the results.

© Results
Geoecological characteristics of the Naryn River basin
and trends in ecosystem degradation
The Naryn River basin, 807 km long from the upper reach-
es of the Chon-Naryn to its confluence with the Karadar-
ya River, covers an area of about 59,100 km” and is char-
acterised by a complex mountainous terrain with heights
from 1,500 to 5,135 m (SRTM 30 m DEM). The basin
(59,100 km?) is divided in SWAT+ into 128 sub-basins and
2,450 HRUs with thresholds: 5% land use, 10% soil, 15%
slope. The main tributaries are At-Bashi and On-Archa.
The climate of the region is continental, with an average
annual precipitation of about 320 mm and a temperature
range from -14 to +26°C, which forms pronounced season-
al fluctuations in runoff and water temperature. The average
annual runoff in the upper reaches is 13.8 m?/s with peaks
in June and July up to 24.7 m?/s, while 70% of the runoft
is provided by glacial nutrition and 20% by precipitation,
which causes intensive transfer of pollutants to the lower
parts of the basin, affecting water users in Central Asia.
Anthropogenic load is manifested in high levels of ero-
sion in mountain subbasins, reaching 460 t/km?*/year, the
mass fraction of Pb+Cd in the total mass of pollutants in
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bottom sediments is approximately 26% (Food and Ag-
riculture Organization, n.d.). The initial degradation of
biotopes is observed in the lower reaches: a decrease in
dissolved oxygen by 17% and a decrease in biodiversity by
10-20%, including fish species (osman, marinka) and bird
populations (ducks, herons). The forecast scenarios of cli-
mate change (RCP 8.5) provide for an increase in runoff
by 12% by 2050 (up to 15.5 m?/s) due to increased glacier
melting by 15% and precipitation growth by 8%, which in-
creases the transport of pollutants.

From 2010 to 2015, metal concentrations in water and
bottom sediments increased by an average of 30%, and ero-
sion processes in mountain sub-basins contributed to the
deepening degradation of coastal ecosystems. The ecosys-
tems of the basin are represented by tugai forests (18%) and
mountain meadows (42%), while protected areas (hotspot,
5% of the area) turned out to be particularly vulnerable to

anthropogenic and climatic influences. SWAT+ modelling
predicts a further loss of species diversity by 10-20%, with
an index of 15% reduction in the number of species due to
erosion and pollution.

Thus, the geo-ecological situation in the Naryn River
basin demonstrates high seasonal and spatial variability of
water resources, significant anthropogenic impact, and the
threat of degradation of coastal and aquatic ecosystems.
The combined effect of glacier melting, erosion processes,
and metal pollution requires integrated water resources
management and environmental monitoring, and the in-
troduction of preventive measures to preserve biodiversity
and stabilise the basin’s water balance (De Serio & Mos-
sa, 2016). An analysis of pollution in the Naryn River basin
using the SWAT+ model revealed a variety of sources of
anthropogenic and natural impacts that shape the current
environmental situation presented in Table 1.

Table 1. Sources of pollution and their consequences in the Naryn River basin

Source of pollution

Effects

Mining activities (Kumtor mine)

Increased concentrations of lead (Pb) to 0.048 mg/l and cadmium (Cd) to 0.018 mg/l,
exceeding the MPC by 1.5 times, degradation of aquatic ecosystems

Agricultural land (22% of the territory)

Increase of nitrogen (N) to 2.4 mg/l and phosphorus (P) to 0.48 mg/l, eutrophication and
decrease of oxygen content by 12-16%

Urbanised areas (12% of the territory)

An increase in organic pollutants by 7.5%, an increase in biochemical oxygen demand
(BOD), and a deterioration in water quality in the lower reaches

Erosion and snowmelt
in mountainous areas

Increased transport of lead by 28% in June, removal of sediments (460 t/km?) containing
26% by weight of pollutants to the downstream

Climate change (RCP 4.5/8.5)

Increase in runoff by 12% and concentrations of N, P by 18%, decrease in WQI by 11% by
2050, loss of 10% of vegetation cover of floodplain meadows

Source: calculated by the authors in the SWAT+ (n.d.) based on Food and Agriculture Organization (n.d.), Earth Resources
Observation and Science Center (2018), U.S. Department of the Interior (2025)

The reasons for these indicators are related to intensive
anthropogenic activity and changes in natural conditions.
Mining activities, including the Kumtor mine, contribute
to the accumulation of heavy metals due to waste leaching
into watercourses. Agricultural runoff is enhanced by the
use of fertilisers during the growing season, which leads
to eutrophication. Urbanisation adds organic pollutants
through wastewater, and erosion and snowmelt in moun-
tainous areas, accelerated by climate change, increase the
transport of pollutants downstream.

Scenario modelling: Climate and management scenarios
To assess the potential impact of climate change and man-
agement measures on the hydroecological indicators of the
Naryn River basin, scenarios RCP4.5 and RCP8.5 for 2050,
and three management measures (M1-M3) and their com-
bined version (M4) were modelled. Stable hydrological ob-
servations by Kyrgyzhydromet (Janybek kyzy, 2024) with
minimal climatic anomalies were used as the base period

(2010-2015), which helped to calibrate the SWAT+ model
and determine reference values of key indicators (average
annual flow rate, erosion, dissolved oxygen, background con-
centrations of Pb and Cd in water and bottom sediments).

Climate change scenarios consider ensembles of
CMIP6 models (ACCESS-ESM1-5, MIROC6, IPSL-CM6A-
LR, GFDL-ESM4, NorESM2-MM) with a median and a
range of 25-75 percentiles, adjusted using delta-change,
and quantile matching techniques for forecasting for 2030
and 2050. Management measures have been implemented
in SWAT+ through the reduction of erosion coeflicients
(USLE-C and USLE-P), the creation of coastal buffer strips
15-30 m wide and the modernisation of wastewater treat-
ment plants. The combined M4 scenario allowed assessing
how much a set of measures compensates for the increase
in risks under the influence of climate change. The main
modelling results for each scenario are presented in Table 2,
including annual changes in key indicators, ensemble me-
dians, and ranges of possible deviations.

Table 2. Changes in key indicators of the Naryn River basin by scenarios (2050, median of the ensemble+range)

DO APb Pb ACd Cd
1 0, 3] (V) 2 0,

Scenario AQ (%) Q (m¥/s) ASY (%) SY (t/km?*/year) ADO (%) (mg/l) (%) (mg/l) (%) (mg/l)
RCP4.5  +7[4-10] 14.8 +9 [5-12] 500 -11 [-15-8] 5.0 +4 0.050 +6 0.019
RCP8.5 +12[8-17] 15.5 +11 [8-15] 510 -16 [-20-12] 4.7 +10 0.053 +11 0.020
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Table 2. Continued

Scenario AQ (%) Q (m?/s) ASY (%) SY (t/km?*/year) ADO (%) (nl?g(;l) ?02 ;) (nll);/l) A((y(; ;l (n(ljgd/l)
M1 -2 [-1to -3] 15.2 [_25_i8_32] 395 +0.4 [0.2-0.6] 53 -16 0.044 -14 0.017
M2  -1[0to-2] 153 [_18't202_26] 405 +0.3[0.1-0.5] 5.2 12 0047 -10 0018
M3 0[-1to1] 15.5 5[-3t0-7) 485 +0.6[0.4-0.8] 5.6 18 0043  -17 0017

(ccl)\r/[rilb.) -3 [-2 to -4] 15.0 [_30_305_40] 330 +0.9 [0.7-1.1] 5.6 -22 0.037 -21 0.015

Source: compiled by the authors

As shown in Table 2, the RCP4.5 and RCP8.5 climate
scenarios are characterised by an increase in mean annual
discharge (up to 14.8-15.5 m?/s), intensification of erosion
processes, a decrease in dissolved oxygen concentration,
and an increase in the content of heavy metals in water.
Under the RCP8.5 scenario by 2050, discharge increases
by 12% and erosion by 11%, while dissolved oxygen con-
centration decreases by 16%, indicating a substantial rise
in hydroecological stress on the basin ecosystems. At the
same time, Pb and Cd concentrations increase to 0.053
and 0.020 mg/l, respectively, approaching ecotoxicological
threshold values and increasing risks to aquatic biocenoses.

The implementation of management measures
(M1-M3) does not lead to abnormal changes in river dis-
charge: AQ deviations remain within -2 to 0% relative to
the baseline period, confirming the internal consistency of
the SWAT+ hydrological module. The main effect of the
management scenarios is associated with reductions in

erosion and pollutant concentrations. Anti-erosion meas-
ures (M1, M2) reduce sediment yield by 22-28%, while
modernisation of wastewater treatment facilities (M3)
primarily improves the oxygen regime of the watercourse
(+0.6 mg/l) and reduces Pb and Cd concentrations by 17-
18%. The combined M4 scenario demonstrates the highest
efficiency: erosion losses decrease by 35-40%, Pb and Cd
concentrations by 21-22%, and dissolved oxygen stabilises
at approximately 5.6 mg/l, creating favourable conditions
for the functioning of aquatic organisms even under cli-
mate warming conditions. However, the annual average
values do not fully reflect the seasonal dynamics of pro-
cesses, on which the state of aquatic ecosystems signifi-
cantly depends. To assess seasonal variability, an addition-
al quarterly analysis was performed, considering changes
in temperature, precipitation, runoff, dissolved oxygen
concentration, and erosion losses. The main results are
shown in Table 3.

Table 3. Seasonal changes in climatic and hydroecological indicators according

to the RCP8.5 scenario by 2050 (median of the ensemble)

Indicator/Season Winter Spring Summer Autumn
AT (°C) +1.9 +2.2 +2.4 +2.1
AP (%) +7 +9 +11 +8
AQ (%) +8 +11 +14 +9
ASY (%) +7 +10 +13 +8
ADO (%) -9 -13 -16 -11
APD (%) +6 +9 +12 +8
ACd (%) +7 +10 +11 +9

Source: compiled by the authors based on SWAT+ (n.d.)

Seasonal analysis shows that the most pronounced
changes are observed in the spring and summer period,
when an increase in temperature and precipitation leads
to an increase in runoff and increased erosion processes.
During this period, the concentration of dissolved oxygen
decreases to the minimum values (4.5-4.6 mg/l), which co-
incides with an increased intake of suspensions and metals.
In winter and autumn, there is a moderate increase in water
consumption with lower DO losses, but the effect of seasonal
water quality degradation persists. These results emphasise

Ecological Safety and Balanced Use of Resources, 2025, Vol. 16, No. 2

the importance of a seasonal approach in assessing ecosys-
tem risks, since it is the spring-summer extremes that have
a key impact on the state of biota and the indicators of bio-
diversity (IBI). Combined management measures (M4) are
particularly effective during the peak runoft season, reduc-
ing erosion by approximately 30-35% and increasing dis-
solved oxygen concentrations by about 0.9 mg/1 during peak
runoff periods. The OAT sensitivity analysis was performed.
The most sensitive parameters were those related to surface
runoff, moisture retention, and sedimentation (Table 4).
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Table 4. Sensitivity of hydroecological parameters to the main parameters of the SWAT+ model
(OAT method, range +20%)

Q (Flow rate,

SY (Erosion,

Parameter/Indicator ) t/km?/year) DO (mg/l) Pb (water, mg/l) Cd (water, mg/l)
CN2 (Curve Number) +0.48 +0.36 -0.22 +0.27 +0.29
ALPHA; (Baseflow recession) -0.21 - +0.18 - -
SOL,,.. (Soil moisture storage) +0.19 +0.11 +0.25 +0.16 +0.18
USLE (Cover ratio) - +0.52 -0.31 +0.41 +0.44
USLE, (Anti-erosion practices) - +0.47 - +0.38 +0.35
LAT (Lateral drain time) +0.14 - +0.12 - -

TTIME

Note: sensitivity range +20% of the calibrated values
Source: calculated by the authors in the SWAT+ (n.d.)

The results of the sensitivity analysis allowed identify-
ing the key parameters that were used in the development
of management scenarios (M1-M4). In particular, the
USLE_ and USLE, parameters, which showed the greatest
impact on erosion and transport of heavy metals, were di-
rectly considered when modelling environmental protec-
tion measures. The next stage of the analysis was aimed at
quantifying the effectiveness of each management scenario
in reducing erosion losses, Pb and Cd concentrations, and
improving the oxygen regime of the watercourse without
inducing significant changes in river discharge.

Four management scenarios were modelled to reduce
the negative effects of climate change:

@® M1 - implementation of anti-erosion practices (re-
duction of USLE, by 30%);

© M2 - improvement of vegetation cover (USLE_{ by
25%);

® M3 - modernisation of sewage treatment plants
(BOD and metal removal efficiency +20%);

@® M4 - combined scenario (M1+M2+M3).

The effectiveness was assessed by the relative
changes in key indicators compared to the base period

(2010-2015) and relative to the RCP8.5 climate back-
ground by 2050 (Table 5).

The combined M4 scenario compensates for approxi-
mately 35-40% of the climate-related increase in hydroeco-
logical risks, with the strongest effect observed for erosion
control and heavy metal reduction. The main contribution
to reducing erosion and metal pollution is provided by
measures aimed at reducing USLE_ and USLE,. Improved
wastewater treatment (M3) increases dissolved oxygen lev-
els, while agrotechnical measures (M1-M2) stabilise runoft
and reduce suspension.

A comparison of climate and management scenari-
os shows that even with the implementation of the set of
measures (M4), part of the residual risk remains, mainly
due to rising temperatures and reduced summer costs af-
fecting oxygen saturation and metal mobility. To assess the
environmental consequences of the residual risk and pos-
sible changes in the structure of aquatic communities, the
obtained DO, Pb, and Cd values were compared with biot-
ic thresholds and biodiversity indices. This analysis allows
quantifying the sustainability of the basin ecosystem under
various scenarios by 2050.

Table 5. Effects of management scenarios relative to RCP8.5 by 2050 (median of the ensemble)

Indicator/Scenario M1 M2 M3 M4 (comb.)
AQ (%) 2 -1 0 3
ASY (%) -28 -22 -5 -35
ADO (mg/l) +0.4 +0.3 +0.6 +0.9
APb (water, %) -16 -12 -18 -22
ACd (water, %) -14 -10 -17 221
Residual risk (% of RCP8.5) 72 78 69 58

Source: calculated by the authors in the SWAT+ (n.d.)

Even with the implementation of a set of environ-
mental protection measures, part of the climate-related
risk to aquatic ecosystems remains (Shumka et al., 2020;
Hussain et al., 2022). This is conditioned by an increase in
summer extremes, an increase in temperature and a change
in the flow regime, which affects the oxygen balance and

migration of metals. The relative changes in key indica-
tors (Q, SY, DO, Pb, Cd) compared to the baseline period
(2010-2015) were used for the integral assessment of resid-
ual risk. The residual risk index characterises the propor-
tion of unrealised negative changes after the application of
management measures (Table 6).

Table 6. Changes in key indicators under different scenarios relative to the baseline

Indicator/Scenario ARCP4.5 (%) ARCP8.5 (%) DM4 (comb.) Residual risk (%)
Q (Consumption) +7 +12 -3 +5
SY (Erosion) +9 +11 -35 +1
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Table 6. Continued

Indicator/Scenario ARCPA4.5 (%) ARCP8.5 (%) DM4 (comb.) Residual risk (%)
DO (mg/1) -11 -16 +0.9 -4
Pb (water) +10 +14 22 +3
Cd (water) +9 +13 -21 +2

Source: calculated by the authors in the SWAT+ (n.d.), CMIP6 ensemble calculations

Combined measures (M4) significantly compensate
for the climatic increase in risks: the erosion load decreases
by about 35%, Pb and Cd concentrations by about 21-22%,
and the dissolved oxygen content increases by approximate-
ly 0.9 mg/1 (to about 5.6 mg/l). However, the residual risk
(2-5%) remains due to incomplete levelling of extreme sea-
sonal fluctuations and rising water temperatures. A com-
parison with biotic thresholds (DO <5 mg/l, Pb > 0.05 mg/I,
Cd>0.02 mg/l) indicates a likely decrease in the biodiversity

index (IBI) by 8-10% under the RCP8.5 scenario and only
by 2-3% under the implementation of the package of meas-
ures (M4). Comparison with other landlocked countries
(Ethiopia, Uganda, Algeria) showed similar trends in in-
creased erosion and biogenic pollution under the RCP8.5
scenario. However, the Naryn Basin is characterised by a
unique water supply structure (up to 70% of glacial runoff)
and a pronounced transboundary nature, which increases
the vulnerability of ecosystems (Table 7).

Table 7. Decline of ecosystem functions under RCP8.5 scenario by 2050, %

Component Biodiversity Water regulation Bio-purification
Floodplain forests 17 11 19
River biocoenoses 20 14 17
Mountain meadows 10 9 11

Source: calculated by the authors in the SWAT+ (n.d.)

The decrease in ecosystem functions is associated
with the combined influence of climatic and anthropo-
genic factors. Increasing concentrations of Pb and Cd, and
erosion processes, accelerate the degradation of riverine
biocoenoses and pasture ecosystems. Below the Kambarat
hydroelectric power station, habitat fragmentation and a

decrease in hydropower efficiency by 5-10% are observed
due to sediment accumulation. Transboundary wetlands
in the lower reaches of the Syr Darya are losing about
10% of their area due to eutrophication, which reduces
the productivity and biodiversity of aquatic and coastal
ecosystems (Table 8).

Table 8. Projected changes in ecosystem conditions under the RCP8.5 scenario (2020-2050)

Ecosystem Indicator 2020-2025 2050 (RCP8.5) Environmental impact
DO (mg/l) 56 47 (-16%) Increased eutroph1cat1op, degradation
) of flora and birds
Tugai forests Toxic effects. reducti
Pb (mg/l) 0.048 0.053 (+10%) oxic erects, reduction
of species composition
Mountain meadows Erosion (t/km?/year) 460 510 (+11%) Rednced pasture pr(.)(.iuctlwty
and sustainability
Biodiversity (%) 100 80 (-20%) Reduction of fish numbers
. . (osman, marinka)
River biocoenoses Disrupti f micrati
Fish reproduction (%) 100 82 (-18%) 1sruption of migration

and reproduction below the HPP

Source: calculated by the authors in the SWAT+ (n.d.)

The combined impact of climate change and anthro-
pogenic stress leads to the loss of 10-20% of the ecosystem
functions of the Naryn Basin by 2050. Riverine biocoenoses
and floating ecosystems are the most vulnerable, where the
combination of temperature rise, erosion, and heavy metal
pollution increases the degradation of biodiversity (Bilyal-
ov et al., 2025). These processes have a transboundary ef-
fect, reducing the environmental sustainability of the lower
reaches of the Syrdarya River and requiring the expansion
of adaptation measures on a regional scale.

The results of scenario modelling confirmed the hy-
pothesis that the introduction of management measures
can significantly compensate for the climate-related risks

Ecological Safety and Balanced Use of Resources, 2025, Vol. 16, No. 2

of degradation of aquatic ecosystems in the Naryn Basin.
Despite the expected increase in temperature and erosion
activity under the RCP8.5 scenario by 2050, the integrat-
ed approach (M4) reduces erosion losses by 35%, reduces
Pb and Cd concentrations by approximately 21-22% and
increases dissolved oxygen by nearly 0.9 mg/l, confirming
the effectiveness of integrated management measures un-
der adverse climatic conditions. Thus, it is confirmed that
the implementation of a set of environmental and engi-
neering measures can slow down the degradation of eco-
system functions and stabilise hydroecological parameters
even under adverse climatic conditions. The results high-
light the need for adaptive water resources management

157 |



Predictive modelling of the movement of pollutants...

and the integration of climate risks into regional sustaina-
ble development strategies.

© Discussion

The study revealed a deterioration in water quality and bi-
odiversity caused by anthropogenic pollution and climate
change, which will lead to a decrease in the biodiversi-
ty and productivity of the Syr Darya by 2050. The results
confirmed the hypothesis that a combination of anthropo-
genic and natural factors leads to degradation of the basin’s
ecosystems, emphasising the need for further monitoring
and adaptation measures. The relevance of the study was to
provide empirical data to assess the transboundary impact
on Central Asia, especially for irrigation and energy, which
was critical for regional environmental security.

A comparison with studies by other researchers has
shown both similarities and differences. L. Yuan et al. (2020)
in a review of watershed models, including SWAT, noted
the effectiveness of modelling non-point sources of pol-
lution, which corresponded to data on the prediction of
concentrations of N (0.8-2.4 mg/1) and P (0.12-0.48 mg/l)
in agricultural areas of Naryn. However, their analysis cov-
ered a wider range of watershed areas in the United States
with a lower impact of erosion (200-300 t/km?) compared
to 460 t/km” in Naryn, which indicated more intense nat-
ural processes in the highlands, and also did not include
RCP climate scenarios. Z. Hong et al. (2020) investigated
heavy metal pollution along the Yellow River and found
concentrations of Pb up to 0.05 mg/l, which coincided with
the data for Naryn. Their impact on biodiversity (5-10%)
turned out to be lower than 18-22% due to lower anthropo-
genic pressure and erosion in the study area, which could
also be related to differences in water protection measures.

X. Zhang et al. (2025) revealed chemical characteristics
of anthropogenic waters in the Jinji River Basin with Cd
concentrations (0.01-0.03 mg/l) exceeding 0.005-0.02 mg/1
in Naryn. This indicated a similar level of industrial pollu-
tion, but erosion in Naryn was more significant, increas-
ing ecosystem degradation, and there was a lack of data
on transboundary effects. S. Arora & A.K. Keshari (2021)
applied cluster analysis in the Yamuna River study and
identified seasonal pollution peaks similar to a 30% in-
crease in Pb in Naryn in June. However, their water quality
index (WQI) decreased by 8%, while Naryn was project-
ed to decrease by 12% by 2050, reflecting a stronger im-
pact of climatic factors and erosion in mountainous areas.
S.H. Ewaid et al. (2020) developed a water quality index for
Iraqi rivers, where an increase in salinity (up to 600 mg/1)
corresponded to data on 500 mg/l in the lower reaches of
the Naryn. Their analysis did not include climate scenar-
ios, limiting comparison with RCP 8.5 forecasts, and also
did not consider the effects of erosion and transboundary
runoff, which distinguished the approach from this study.

W. Yang et al. (2020) applied the analysis of the main
components in the Xinanjiang River Basin and revealed
the effect of biogens on eutrophication, similar to the data
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on an 18% decrease in DO in Naryn. However, their DO
decrease was only 10% at a concentration of P (0.3 mg/l),
which was lower than 0.53 mg/l in Naryn, indicating more
intense pollution, and there were no data on transboundary
impacts. K. Kandel et al. (2024) found high concentrations
of ions in the Himalayan rivers of Nepal, but their effect
on biodiversity (5-7%) was less than 20% in the river bio-
coenoses of Naryn. This highlighted the high sensitivity of
Naryn ecosystems to erosion and pollution, and the lack
of analysis of the effect of heavy metals on fish reproduc-
tion in their study. D. Dimri et al. (2021) assessed the wa-
ter quality of the Ganges River in the western Himalayas
and showed the effect of erosion on biocoenoses similar to
an 8% decrease in the coverage of mountain meadows in
Naryn. Their decrease in productivity (5-8%) turned out
to be lower than 10-15%, which could be conditioned by
a lower anthropogenic load, and the cross-border aspects
characteristic of Naryn were not considered.

X. Dong et al. (2022) in the Weihe Basin revealed
spatial differences in hydrochemistry similar to seasonal
pollution peaks in Naryn. However, their impact on trans-
boundary ecosystems was less pronounced than the 12%
loss of productivity in the Syr Darya, which highlighted the
regional specifics of Naryn, and there was a lack of data
on climate forecasts. K. Khatri ef al. (2023) investigated the
chemistry of snow and rain rivers in western Nepal and
found a concentration of P (0.2 mg/l), which contrasted
with 0.53 mg/lin Naryn. Their erosion data (400 t/km?) was
close to 460 t/km?, but the transboundary effect remained
less pronounced, and the analysis did not include impacts
on fish biodiversity. G. Matta et al. (2022) assessed changes
in water quality in the upper Ganges Basin and identified
the effect of heavy metals on biodiversity (10-15%), which
corresponded to part of the Naryn data. Their decrease in
water regulation (5%) was less than 10-15%, which indicat-
ed differences in the intensity of climatic effects, and there
were no data on transboundary water resources.

A. Bamal ef al. (2025) in a global review showed that
hydroclimatic factors increase pollution, which corre-
sponded to the forecasts of a 10-15% increase in runoff un-
der RCP 4.5 in this study. However, their analysis did not
focus on transboundary ecosystems, unlike the data on the
Syr Darya, nor did it include an assessment of the impact
of erosion on biodiversity. M.T. Ejigu (2021) summarised
water quality modelling and confirmed the effectiveness of
SWAT+ for forecasts, which coincided with the approach to
Naryn. The lack of a cross-border aspect and heavy metal
analysis in their work limited direct comparison with Pb
and Cd data. T.K. Karimov et al. (2024) identified prob-
lems with the safety of water supply in Kyrgyzstan, where
mineralisation corresponded to Naryn data. Their focus on
drinking water excluded ecosystem analysis, and also failed
to consider climate scenarios, which distinguished the ap-
proach from this study.

AF. Hill et al. (2017) investigated the socio-hydrolog-
ical aspects of Naryn and identified vulnerability to flow
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changes, which corresponded to data on peaks of 25 m?/s.
Their analysis did not include heavy metals and erosion,
limiting comparison with data on the degradation of bio-
coenoses, and there were no forecasts for 2050. A joint
study by M.]J. Nasir et al. (2023) in Pakistan evaluated the
pollution index and identified the effect of Pb on precipita-
tion, similar to the data from Naryn. Their concentrations
(0.08 mg/1) exceeded 0.053 mg/l, indicating more intense
local pollution, and cross-border aspects and climate fore-
casts were not considered. A. Nazir et al. (2022) revealed
metal variations in the Ganges similar to seasonal changes
in Naryn. Their decrease in biodiversity (8%) was less than
20%, which could be attributed to less erosion, and there
was also a lack of data on transboundary water resources.
I. Karaouzas et al. (2020) in Greece showed a higher level of
heavy metal pollution than in Naryn, but the effect on bio-
coenoses was similar. Their analysis did not include climate
scenarios and erosion, which limited comparison with data
on mountain ecosystems.

D. Gupta et al. (2024) in Narmada identified health
risks from Pb, which corresponded to a 20% decrease in
fish reproduction in Naryn. Their research focused on hu-
man health rather than ecosystems, and did not include a
cross-border context, which distinguished the approach in
this study. M. Asim & K.N. Rao (2021) in Yamuna showed
spatial differences similar to those in Naryn, but their
WQI dropped by 10%, which was lower than the project-
ed 12%. This indicated a less pronounced effect of climate
change, and there was also no data on cross-border effects.
E Ustaoglu et al. (2020) found a similar effect of mineral-
isation in Turkey, but the impact on biodiversity was less
than in Naryn. Their analysis did not include erosion and
forecasts for 2050, limiting comparison with data on eco-
system degradation. N. Sheripov et al. (2024) emphasised
the need for legal reforms in Kyrgyzstan, which support-
ed recommendations based on data on ecosystem degra-
dation. Their study focused on legal aspects, not including
direct environmental data, which made the comparison in-
direct. Thus, the results of the study corresponded to global
trends in the deterioration of water quality and biodiversity
due to anthropogenic impact and climate change, but were
distinguished by a higher level of degradation due to the
mountainous terrain and the transboundary context. These
findings highlighted the importance of a regional approach
to water resources management and moved on to the con-
clusions section for further recommendations.

© Conclusions

The results of the study, obtained using the SWAT+ model
based on empirical monitoring data, demonstrated a pro-
nounced degradation of water quality and ecosystems in
the Naryn River basin under the influence of anthropogen-
ic pollution and climate change. It was found that concen-
trations of heavy metals such as lead (up to 0.053 mg/l by
2050) and phosphorus (up to 0.48 mg/l), and erosion (up to
510 t/km?*/year) led to a decrease in biodiversity by 10-20%,
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and dissolved oxygen content by 16% (up to 4.7 mg/l) and
reproduction of fish populations by 18%, which confirms the
hypothesis of the cumulative impact of anthropogenic fac-
tors, including mining and agricultural runoff, on the envi-
ronmental sustainability of the region. The quantitative indi-
cators obtained, including an 11% deterioration in the water
quality index (WQI) and an 11% decrease in the productivity
of the transboundary Syrdarya River by 2050 under the RCP
8.5 scenario, emphasise the increased risks for mountain
meadows, floating forests and river biocoenoses, where hab-
itat fragmentation below hydroelectric power plants reaches
18%. Qualitative results indicate systemic disruptions of eco-
system functions, such as water regulation (-9-14%) and bi-
otreatment (-11-19%), which have long-term consequences
for biodiversity and regional hydrological stability.

Based on the analysis, practical recommendations are
proposed: strengthening pollution and erosion monitor-
ing with the introduction of automated systems, reducing
anthropogenic impact through the optimisation of ag-
ricultural practices and mining, and the development of
cross-border cooperation for the management of Syrdarya
water resources. For further research, it is recommended to
expand the empirical base through long-term observations
of runoft and biodiversity, integrate more detailed climate
models, and apply machine learning to improve forecast ac-
curacy. The limitations of the study are related to the lack of
direct measurements for the Naryn Basin, which required
the use of estimated data from adjacent regions, potentially
affecting the accuracy of interpretation of some scenarios.
Despite this, the study has laid the foundation for adapta-
tion strategies in a changing climate, contributing to the
sustainable development of the region’s water resources.
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© AHoTauis. AKTYanbHICTb JOCTiIPKEHHA 06yMOBneHa HeOoOXiJTHICTIO OIIiHKY €KOJIOTi4HOrO CTaHy 6ace171Hy piukm
HapuH nij BIIMBOM aHTPOIIOT€HHOT0 3a0 YA HEHH S Ta K/IIMAaTU YHUX 3MiH, BUK/IMKAHNX IpHIY0/00YBHOIO is/IBHICTIO,
CI/IbCBKOTOCIOIaPCPKMMU  CTOKaMV, ypOaHisalli€lo Ta HaKONMMYEHHAM CeMMEHTIB HIDKYe Tiffpoe/leKTpOCTaHIilL.
MeTor0 JOCTiIKEeHH 6y}1a KiZIbKiCHa OLIiHKa fieTpajialii AKOCTi BOAM Ta €KOCUCTEM 6ace17my piuky Hapus nip Bmusom
aHTPOIIOTeHHUX 3a0pyHHIOBaYiB Ta KIIMaTMYHUX 3MiH. [[I HOCATHEHHA MeTH 3aCTOCOBYBAINCA METOIM aHAJi3y
TaHUX MOHITOPMHIY Ta MaTeMaTMYHOTO MOJeTIOBAaHHA. Pe3ynbraTu mokasaau 3HauHe 3HIDKEHHS 0iopisHOMaHITTA
Ha 10-20 % Ta sSIKOCTi BOAM, BUK/IMKAaHe 301IbLIEHHAM KOHI[eHTpaLill BaXKux Mertatis (go 0,053 mimirpama Ha jiTp
cBUHLW0) Ta Pocdopy (mo 0,48 mimirpama Ha nmitp) mo 2050 poky 3a KIIMAaTMYHOrO CIeHapilo. BcraHOB/IEHO, 10
epo3ist 36inbimmacs Ko 460 T/KM?/piK, a MPOAYKTUBHICTD TPAHCKOPHOHHOI piuky Cuppap’s sHusmaacs Ha 11 %, mo
HaroJIONIye Ha BPa3/INBOCTI ripchbKux i BogHUX ekocucteM. KpiM Toro, 3adikcoBaHo 3MeHIIeHHA BMIiCTY PO3YMHEHOTO
KJCHIO 10 4,7 MijlirpaM Ha JIiTp, WO IIOCU/IIOE HETaTMBHUI BIIMB HA BOJHI 6iomenosn. TakoX 3a3HAYEHO 3HIDKEHHA
BiITBOpEHH:A pUOHUX IOMY/IAL{iT Ha 18 %, 110 BKa3ye Ha Cepito3Hi pM3MKY /I iX BIOKMBAHHA B yMOBax (parMeHTanii
Micuenepe6yBaHHﬂ HIDKYe TigpoenekTpocTaHiii. [IpakTnyHa 1iHHICTD poOOTH HOMSIrae B HaZaHHI OCHOBM IS
PO3pOOKY 3aXOiB 3 MOHITOPMHIY Ta yIPABIiHHS BOZHUMMU PeCypCaMu B perioHi, siki MOXYTb OyTV BUKOPMUCTaHI
opraHamu iep>xaBHoI Biagu Kupruscrany ra cycignix kpain Llenrpanproi Asii, rakumu sik Kasaxcran ta Y36exucray,
IJIA KOOpAMHALI TPaHCKOPJOHHOIO BOJOKOPMCTYBAaHHSA, a TaKOXX €KONOTiYHMMM OpraHi3aliAMy Ta MicCLleBUMUI
CIIiZIBHOTaMU [I7ist 36eperkeHHs
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3MiHW; BOfIHI pecypcn; 6iopisHOMaHITTA
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