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ABSTRACT

Climate change and anthropogenic pressures increasingly threaten the ecological integrity of inland water bodies,
particularly saline lakes due to their unique hydrological and biological features. This review focuses on Lake Tudakul,
one of Uzbekistan’s largest saline lakes and a Ramsar-listed wetland, assessing its vulnerability under future climate
scenarios. The study integrates climate scenario modeling (RCP4.5 and RCP8.5) with standardized ecotoxicological
bioassays—Microtox®, MARA, algal growth inhibition, Lemna minor, and Daphnia magna toxicity tests—to evaluate
combined effects of rising temperatures (2.0 °C and 4.5 °C) and chemical pollutants. Results reveal increased biological
sensitivity to contaminants under elevated temperatures, suggesting potential synergistic impacts that may disrupt lake
ecosystem structure and function. Lake Tudakul, a regional biodiversity hotspot, is exposed to agrochemical runoff,
increasing salinity, and microplastic pollution, threatening aquatic organisms and ecological services. The accumulation
and trophic transfer of pollutants—such as heavy metals, persistent organic compounds, and micro(nano)plastics—
pose risks to food webs, public health, and water safety. These stressors may also increase the likelihood of harmful

algal blooms and cyanotoxin outbreaks. The study emphasizes the urgent need for early-warning systems, adaptive
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management, and transboundary cooperation to mitigate ecological risks. Lake Tudakul exemplifies the vulnerability

of semi-arid lakes under compounding climate and human pressures, highlighting the importance of integrative,

ecosystem-based strategies to safeguard biodiversity and freshwater resources.

Keywords: Lake Tudakul; Climate Change; Ecotoxicology; Central Asia; RCP Scenarios

1. Introduction

Lakes around the world are being affected by climate
change, including changes in their physicochemical and
biological characteristics, as well as interactions among
internal compartments and with surrounding watersheds
" The ecological responses of lakes to climate change are
expected to become more pronounced in the future, with
continued global warming, increased evapotranspiration,
altered patterns of rain and drought, and disrupted or am-
plified climate teleconnections . The continued ability of
lakes to provide habitat for thousands of aquatic species
and ecosystem services to society is threatened as they
diminish in size, become more saline, and/or experience
highly altered thermal properties. At least one of the factors
occurring with climate change—warming of lake water—
is known to have synergistic effects with nutrient enrich-
ment, stimulating blooms of toxic algae in eutrophic lakes
and altering food-web structure ™%, Likewise, complex
interactions occur when other physicochemical properties
are altered. Changes in salinity affect composition and di-
versity of the various biota and alter trophic structure and
dynamics /. Changes in thermal stratification or duration
of ice cover affect fishes and, in turn, alter the top-down
control of plankton. This can have cascading effects on
the food web ', Other synergistic and/or complex effects
likely exist and are yet to be documented as we continue to
learn more about the responses of different kinds of lakes
to a warming Earth.

Impacts of climate change on lakes are important be-
cause lakes play a critical role in the landscape, providing
nesting habitat for birds, foraging areas and water sourc-
es for many terrestrial animals, and serving as sources of
oxygen and sinks for carbon and nitrogen gases °. For
the human population, lakes are a major source of drink-
ing water, irrigation water, recreational opportunities, and
fisheries resources, and they can have major cultural and
economic significance. Despite this, it is remarkable that

in many nations, funds are being directed away from the

careful assessment of changes in lakes in response to cli-
mate change. This is happening at a time when quantifica-
tion of the rates of change is most needed to help under-
stand processes and possible tipping points, and to identify
measures to increase resilience .

The impact of human activities throughout Central
Asia has increased significantly over the last century. In
the case of Uzbekistan, long-distance atmospheric trans-
port of pollutants from urban and agricultural sources cre-
ates substantial pollution pressure on freshwater resources.
Nitrogen and sulfur emissions from inorganic fertilizers
and pesticides lead to acid accumulation and severe acid-
ification in freshwaters, threatening organisms adapted to
neutral or slightly alkaline conditions . Although some
lakes have shown signs of recovery, the persistence of
pollutants such as heavy metals, persistent organic pollut-
ants (POPs), and micro(nano)plastics continues to pose a
growing threat ", These contaminants accumulate in the
water column and sediments, often biomagnifying through
the food web and leading to significant ecotoxicological
effects ). The oligotrophic nature and low temperatures
of these lakes further aggravate the issue, as contaminants
tend to persist longer than in more nutrient-rich, metaboli-
cally active aquatic systems . While direct contamination
sources are minimal in remote high-altitude environments,
atmospheric deposition results in diffuse and unpredictable
pollution patterns .

Crucially, climate change is expected to modify the
dynamics of pollutant transport, distribution, and toxicity
8] Rising temperatures may also alter the chemical re-
activity and bioavailability of contaminants, potentially
intensifying their toxicity . Research has further demon-
strated that contaminant exposure can disrupt the ability of
organisms to regulate their metabolic rates in response to
temperature fluctuations, leading to synergistic effects that
further challenge their survival """, This underscores the
growing significance of climate-induced changes in pollut-
ant behavior, particularly in lake ecosystems where species

are already vulnerable to environmental stressors. Another
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critical concern is the intensification of UV radiation expo-
sure due to climate change """ With thinning ozone layers,
UV-sensitive organisms, such as phytoplankton, are expe-
riencing increased physiological stress ">, This effect cas-
cades through the food web, impacting zooplankton, fish,
and other aquatic species that rely on phytoplankton as a
primary food source.

This study is grounded in the theoretical framework
of climate-ecotoxicology, which explores the synergistic
interactions between climate-induced abiotic stressors (e.g.,
rising temperature, UV radiation, salinity) and chemical
pollutants (e.g., heavy metals, POPs, microplastics) on
biological systems. In the context of Central Asia, where
climate change is exacerbated by legacy pollution from ag-
ricultural and industrial activities, this framework provides
a basis for understanding the vulnerability of lake ecosys-
tems such as Lake Tudakul. These ecosystems face unique
challenges due to their closed hydrology, high evaporation
rates, and shallow morphology, which amplify the effects
of both warming and pollution. The economic implications
are significant: Lake Tudakul supports local fisheries, rec-
reation, and irrigation, and any degradation in ecological
quality can directly translate into biodiversity loss, reduced
fish yield, compromised tourism potential, and water in-

security. Causality in this context is likely bidirectional;

=
= |
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for instance, climate change intensifies pollutant toxicity,
which in turn weakens biotic resilience, thereby accelerat-

ing ecosystem collapse.

2. Importance of Lake Tudakul Ba-
sin

Lake Tudakul, a natural water body formed in 1952
from floodwaters of the Zarafshan and Amu Darya rivers,
is located in the Qiziltepa district of Navoi region, approx-
imately 26 km east of Bukhara city and just east of the
Kuyimozor Reservoir (Figure 1). Situated in the heart of
the desert, it spans about 22,000 hectares and holds an esti-
mated 2 billion cubic meters of water. Its maximum depth
reaches 17 meters, with an average between 5 and 7 meters
51 As one of the most extensive wetlands in Uzbekistan,
Tudakul is a brackish lake entirely within the Navoi region
and has been registered under the Ramsar Convention by
the Uzbekistan State Committee of Nature Protection. Its
shoreline features diverse geology: steep slopes define the
northwestern and northeastern edges, while the eastern
shore gently merges into a wavelike plain that connects to
nearby hills. The surrounding vegetation is primarily des-

ert flora.

Figure 1. Lake Tudakul Basin.

The lake is replenished by excess water from the
Zarafshan River via an intermediate channel and by addi-
tional input from the Amu-Bukhoro canal network, which
is fed by the Amu Darya River. Supplementary channels

also contribute flow to the lower canal system. Outflow
from Tudakul is directed to the Kuyimozor Reservoir
through a discharge canal .

Lake Tudakul attracts attention with its rich biodi-
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versity. The surrounding area hosts various species such as
goitered gazelles, foxes, wild cats, hares, swans, pelicans,
gulls, and eagles, several of which are listed in the Red
Book of Uzbekistan. Aquatic biodiversity surveys have
recorded 186 species of phytoplankton, 15 zooplankton
species, and 9 macrozoobenthos species '*'. The lake’s ich-
thyofauna includes approximately 29 species, 22 of which
belong to the Cyprinidae family. Among these, 16 intro-
duced alien species dominate the fish community, includ-
ing 10 originating from the Far Eastern fauna """

In addition to its ecological value, Tudakul is consid-
ered a recreational destination, with 22 private enterprises
offering accommodations for up to 1,282 guests. Its prox-
imity to Navoi, Samarkand, and Bukhara enhances its sig-
nificance for both fishing and tourism. The lake also serves
as an irrigation water source for surrounding agricultural
lands. However, agrochemicals primarily enter the system
through discharges from the Zarafshan and Amu Darya
rivers. River inflows, fishing, aquaculture, and tourism are
key anthropogenic activities contributing to pollution pres-
sure ',

Microplastic pollution has been reported in sections
of the Zarafshan River flowing through the Samarkand
and Navoi regions of Uzbekistan. Surface water sampling
revealed microplastic concentrations of 3.22 + 1.64 parti-
cles/m?, with particle diameters ranging from 0.15 to 3.00
mm ", Assessing environmental risks remains difficult,
as data on microplastic pollution in Central Asia’s fresh-
water ecosystems are still fragmentary. A separate study

by Barinova and Mamanazarova (2021) reported the

presence of nutrients, heavy metals, and phenols in the
Zarafshan River, originating from multiple sources along
its Navoi branch "*!,

Unlike earlier studies, which primarily focused on
the chemical composition or hydrological variability of
saline lakes in arid zones "*, this study uniquely integrates
empirical ecotoxicological test data with simulated climate
scenarios (RCP4.5 and RCP8.5), providing an innovative
approach to quantify synergistic stressors on aquatic life.
This represents a step forward in regional climate impact
studies, where empirical bioassay data remain scarce. We
build upon frameworks such as those proposed by Ha-
vens and Jeppesen (2018) and incorporate thermochemical
stress interactions outlined by Kazmi et al. (2022) ®*, con-
textualizing our findings within a multi-trophic risk assess-

ment framework.

3. Climate Scenarios and Ecotoxico-
logical Tools

There are several different climate emission scenar-
ios that can help us understand and predict the potential
impacts of climate change. These scenarios are based on
various assumptions about how human activities, such as
burning fossil fuels, will affect the concentration of green-
house gases in the atmosphere. The IPCC has developed
a set of scenarios known as Representative Concentration
Pathways (RCPs) to help understand the potential impacts
of different levels of greenhouse gas emissions on the cli-
mate (Table 1) "'"'¢"7,

Table 1. Climate Scenarios ",

Scenarios Explanation

RCP2.6 Represents a low-emissions scenario in which greenhouse gas concentrations stabilize at around 430 ppm CO, equivalent
’ (CO,") by the end of the century. This scenario aims to limit global warming to 2 °C and below the pre-industrial levels.
Represents a medium emissions scenario where greenhouse gas concentrations stabilize around 540 ppm CO,° by the end

RCP4.5 of the century. This scenario is also consistent with the goal of limiting global warming to below 2 °C, but requires more

significant emissions reductions than RCP2.6
Represents a scenario that falls between the medium and high emissions scenarios, where greenhouse gas concentrations
RCP6  stabilize around 630 ppm CO,’ by the end of the century. It is not consistent with the goal of limiting global warming to
below 2 °C, but would still result in lower warming levels than the highest emissions pathway (RCPS.5).
Represents a high-emissions scenario in which greenhouse gas concentrations continue to rise throughout the century,
RCP8.5 reaching approximately 935 ppm CO,° by 2,100. This scenario is not consistent with the goal of limiting global warming

to below 2 °C and would result in the highest levels of warming among the RCPs.
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The Central Asia basin is one of the climate change
hotspots, where the effects of global warming are evident
as a result of changes in greenhouse gas concentrations in
the atmosphere """, Future climate projections have been
carried out for the RCP4.5 and RCP8.5 scenarios. The pro-
jections of these models predict that the average tempera-
tures in the last decade of the 21st century will increase by
2.0 °C, 2.5 °C, 3.4 °C, and 4.5 °C, respectively, compared
to the 1970-2000 reference temperatures for the RCP4.5
medium emission scenario, and by 4.5 °C, 4.3 °C, and 5.9
°C for the RCP8.5 high emission scenario """, Therefore,
this review discusses ecotoxicological tests used to assess
ecological risks in freshwater systems, based on the most
optimistic temperature projections for medium and high
emission scenarios.

The useful ecotoxicological tools in assessing the
ecological status of freshwater ecosystems are acute tox-
icity tests such as Microtox®, MARA-Test, Lemna sp.,
and Daphnia sp. tests. These tools can also be used in the
ecotoxicological risk assessment of Lake Tudakul under
different climate change scenarios.

Microtox®, a micro-scale biomonitoring tool in
ecotoxicology, is used to detect toxicity and predict the
effective concentration range for other toxicity tests. The
toxicity test is performed in accordance with the basic test
protocols defined by the manufacturer (Microbics Cor-
poration, 1992) with five concentrations and one control.
Luminescent bacteria (Aliivibrio fischeri NRRL B-11177),
used as a test organism for biomonitoring the toxic effects
of environmental samples, are measured with the Micro-
tox® FX analyzer. Phenol (organic) and zinc sulfate (Zn-
SO,*7H,0, inorganic), which are reference toxicants, are
used as positive controls to test the fluorescence behavior
of bacteria. After 15 and 30 min of incubation, the concen-
tration that blocks 50% of the fluorescence (EC,) is taken
as the effect criterion and compared with the control. A
portable Microtox® FX device is used to measure toxicity
instantly during sampling. In this way, preliminary data
are obtained for the MARA test to be performed when the
samples are brought to the laboratory and the effect of the
sample waiting time on toxicity is also determined.

MARA-Test (Microbial Assay for Risk Assessment)
is a microbial biosensor test widely used for toxicity as-

sessment in environmental samples. It determines toxicity

by analyzing the growth rates of different microorganisms
(Bacillus subtilis, Escherichia coli, Pseudomonas aerugi-
nosa, Micrococcus luteus, Enterococcus faecalis, Staph-
vlococcus aureus, Klebsiella pneumoniae, Acinetobacter
baylyi, Citrobacter freundii, Arthrobacter globiformis, Sal-
monella enterica, Streptomyces coelicolor and Saccharo-
myces cerevisiae, a yeast species). Following sampling, the
lyophilized bacteria in the MARA panel are rehydrated in
sterile growth medium (Luria Bertani Broth) and incubat-
ed at 30 °C for 2-3 hours for activation of the organisms.
Different MARA microorganisms are added to each well
using a 96-well microplate. The water sample and the con-
trol medium to be tested are added to the wells and nega-
tive control wells (wells containing only microorganisms
and medium) are prepared. The microplates are placed in
the incubator and incubated at 30 °C for 2448 hours and
bacterial growth is evaluated by determining the absor-
bance values at OD,,, nm with a spectrophotometer. It is
expected that the growth rate of microorganisms decreases
in samples containing toxic substances; growth inhibition
is observed in sensitive bacteria and resistant bacteria con-
tinue to grow. If 50% growth inhibition (IC50 value) is
detected, the sample is considered toxic !'”. Various agents
known to be toxic to microorganisms are used as positive
controls during the MARA test application: Potassium Di-
chromate (K2Cr.0-) [heavy metal toxicity, 1-10 mg/L],
Sodium Dodecyl Sulfate (SDS) [detergent and surfactant
toxicity, 5-20 mg/L], Copper Sulfate (CuSO.) [heavy met-
al sensitivity, 0.5-5 mg/L], chlorhexidine [antibiotic and
biocide testing, 10-50 mg/L] and phenol (toxicity of or-
ganic chemicals, 10-100 mg/L). Storage conditions of the
samples are very important for the toxicity analysis of the
samples taken from the lake to give accurate results. Im-
proper storage may result in the growth of microorganisms
or the deterioration of contaminants in the sample.

The standard freshwater algae toxicity test is Growth
Inhibition Test commonly used for aquatic toxicology test-
ing and toxicity screening of surface waters and sediment
pore waters (OECD 201, Algaltoxkit F). The test is a 72h
bioassay based on growth inhibition of the freshwater mi-
croalgae, Pseudokirchneriella subcapitata (former names:
Selenastrum capricornutum and Raphidocelis subcapita-
ta). After 72 hours, effective concentrations (EC,,, EC,,
ECsy), No Observed Effect Concentration (NOEC) and
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Lowest Observed Effect Concentration (LOEC) are cal-
culated based on cell count per mL. The test is carried out
in a static system using at least five concentrations of the
test substance and one untreated control (three replicates
per concentration or control), with an adequate initial bio-
mass concentration expressed in cells/mL per replicate. A
limit test and/or range-finding test is conducted before the
definitive test. The limit test is carried out with one con-
centration (100 mg/L or at the solubility limit) of the test
substance and one untreated control (with at least six repli-
cates per concentration or control), with an adequate initial
biomass concentration expressed in cells/mL per replicate.

The test is conducted using Lemna minor, a fresh-
water macrophyte (OECD 201). Carried out as a static test
over 7 days, it evaluates the vegetative growth of L. minor.
The test is performed in containers containing 100 mL of
test solution under 4000 to 4500 lux light conditions at a
standard temperature of 25 °C, and at higher temperatures
of 2.0 °C and 4.5 °C above this value, based on the me-
dium and high emission scenarios. Three replicates, each
containing two 3-leaf plants, are prepared for each treat-
ment and control group. At the end of the test, the number
of leaves and dry weight are measured. The concentration
values (EC) causing percentage inhibition of growth rate
are taken as the effect criterion.

The Daphnia toxicity test is a standard pelagic in-
vertebrate procedure widely used in ecological risk assess-
ment of surface waters. The acute toxicity assay is con-
ducted in 50 mL glass beakers with five concentrations of
D. magna neonates (24 h old) and one control group, each
in duplicate, for 48 hours (10 organisms per group). The
experiment is performed under a static system with a 16-
hour light/8-hour dark cycle at a standard temperature of
20 °C and at two elevated temperatures, 22 °C and 24.5

°C, which correspond to 2.0 °C and 4.5 °C above the stan-
dard, respectively, based on medium and high emission
scenarios. At the end of the exposure, lethal concentration
(LC) and effective concentration (EC) values are calculat-
ed based on mortality and immobility as effect criteria.

The strengths and limitations of the bioassays are
summarized in Table 2.

Table 3 provides a comparison of similar studies
conducted worldwide, focusing specifically on ecotoxico-
logical research in lake ecosystems under climate change
scenarios.

In summary, these studies demonstrate that the com-
bination of climate change-driven temperature increases
and pre-existing environmental contaminants can signifi-
cantly influence the ecotoxicological responses in aquat-
ic ecosystems such as Lake Tudakul. The application of
standardized bioassays—such as Microtox®, MARA, al-
gal growth inhibition, Lemna minor, and Daphnia magna
tests—provides a comprehensive approach to detect sub-
lethal and lethal toxic effects across multiple trophic levels
and biological complexity. These tools enable detection
of interactive stress effects, including increased chemi-
cal toxicity at elevated temperatures, reduced organism
growth, inhibited metabolic activity, and shifts in species
sensitivity. Such experimental designs not only reveal eco-
logical risks from rising global temperatures and pollutant
mixtures but also validate a methodological framework for
ecological risk assessment under realistic climate change
scenarios. The findings emphasize the importance of in-
tegrating climate projections into ecotoxicological testing
protocols and highlight the need for continued, integrative
monitoring of vulnerable freshwater ecosystems amid ac-

celerating environmental change.

Table 2. Summary of Bioassays with Corresponding Stressors and Target Organisms.

Test Method Target Stressors Target Organisms Strengths Limitations
Microtox® Heavy metals, organics Aliivibrio fischeri Rapid, sensitive, field-applicable Limited ecﬂsgrllcezlsrep resenta-
MARA Broad-spectrum 11 bacteria + 1 yeast species High microbial d_1ver51ty repre- Not orgamsm-s_pemﬁc for higher
pollutants sentation trophic levels
Algaltoxkit F Nutrients, metals, toxins Pseudokirchneriella subcap- Ecologically relevant to primary ~ Needs culture maintenance,

itata

producers longer test duration

Eutrophication, herbicides,

Lemna minor test
metals

Lemna minor

Macrophyte relevance, suitable
for plant toxicity

Affected by light/temperature
sensitivity

Daphnia magna test  Pesticides, metals, organics

Daphnia magna

Widely accepted, reflects food
web dynamics

Moderate temperature control
required
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Table 3. Ecotoxicological Risk Studies Based on Climate Change Scenarios.

Study Area Region Climate Scenarios Tests Pollutants Key Findings
Lake Erie ABD-Canada RCPS.S Phytoplankton tests, fish Phosph_orus, Increase in glgal bl_ooms and toxic effects
embryo tests pesticides with increasing temperature
Lake Geneva  Switzerland - Mesocosm experiment,  Microplastics, UV, Synergistic toxic effects detected with
. RCP4.5, RCP8.5 o
(Léman) France zooplankton tests temperature UV radiation
Great Slave Canada Arctic SRES A2 (previous  Metal bloconc'entratlon He, Cd, Pb Cold-adapted species are more sensitive
Lake version of IPCC) analysis to temperature increases
Lake Taihu China RCP6 Algae and fish toxicity Eutrophl({atlon, pesti- Cyanobacteria dominance apd oxidative
tests cides stress response of fish increase
Lake Biwa Japan RCP4.5 Daphnia magna, algae Nitrogen load, metals Climate-induced eutrophication .found to
tests put pressure on zooplankton biomass
. Increase in temperature and nutrients,
Lake Victoria ~ East Africa RCP8.5 Phytgplankton and mac- Nutpent loads .fr(?m decrease in oxygen, decrease in fish
roinvertebrate tests agricultural origin .
population
High Mountain RCP4.5, UV projec- DNA damage, pigment UV, POPs, micropol- UV radiation increases phototoxicity;
Europe . . .
Lakes (Alps) tions analyses lutants decreases diversity in plankton

4. Ecotoxicological Risks on Aquat-
ic Organisms Under Climate
Change Effects

Climate change is causing vegetation to shift upward
at high altitudes, which alters soil organic matter pools and
increases the input of allochthonous materials into lakes
9 This process boosts nutrient loading through soil ero-
sion and decomposition, raising dissolved organic carbon
and nitrogen concentrations in the water °". Such chang-
es can affect pH and oxygen availability, influencing the
physiology and metabolic functions of aquatic organisms
%l Rising temperatures speed up metabolic rates, bene-
fiting thermophilic species while displacing cold-adapted

taxa 2%

|, Warmer waters also increase algal metabolic
activity, potentially shifting biofilm communities toward
cyanobacteria dominance “**”. The ecophysiology of mac-
roinvertebrates is expected to be significantly affected by
rising temperatures, affecting metabolic rates, life cycle
duration, and species composition ***. Thermophilic spe-
cies may thrive at the expense of cold-adapted taxa, lead-
ing to biodiversity loss and functional shifts in ecosystem
processes such as grazing and predation !, Additionally,
rising temperatures accelerate metabolic rates and oxygen
consumption in fish **, while amphibians may experience
a mismatch between larval development timing and food
availability %, Higher water temperatures can also pro-
mote the growth of opportunistic pathogens, such as Car-

nobacterium spp., increasing infectious disease outbreaks

in fish populations . In fact, thermal stress can weaken

fish immune systems, making them more vulnerable to

such pathogens .

Increased UV radiation damages DNA, disrupts

physiological processes, and interacts with pollutants to

12,3435

amplify toxic effects ! ! Some species, such as high-al-

titude fish, have developed photoprotective adaptations,

B9 while zoo-

plankton reduce UV exposure by migrating vertically °”**,

including increased melanin production

UV-induced stress causes algal cell damage, impairing pri-
mary production °”, Amphibians are particularly vulnera-
ble, as UV exposure exacerbates oxidative stress and raises
the incidence of developmental anomalies ***”.
Contaminants reduce microbial diversity in biofilms,
lowering primary productivity and altering nutrient cycling
" Zooplankton accumulate pollutants, resulting in phys-
iological impairments ”’. Macroinvertebrates experience
developmental abnormalities and reproductive disruptions

344 Fish and amphibians suffer endocrine and immune

dysfunctions due to pollutant exposure "),
Heavy metals impair photosynthesis in algae and
bioaccumulate through the food chain, affecting both in-

vertebrates and vertebrates ™'

I Eutrophication driven by
nitrogen deposition promotes cyanobacterial blooms,
which deplete oxygen and favor generalist species over
specialists ***". Fish accumulate pollutants that increase
oxidative stress and susceptibility to disease ", Amphibi-
ans experience endocrine disruption that impairs reproduc-

tion and development “***”.
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5. Human Health Implications of Ec-
otoxicological Changes in Fresh-
waters

Although lakes are not typically viewed as direct
human health risk sources, their alterations can cause sig-
nificant indirect impacts. A major concern is the transport
of contaminants from these ecosystems to downstream
water supplies, especially where alpine waters feed drink-
ing water sources ”. Trace metals, POPs, and emerging
contaminants accumulate in lake sediments and biota and
can eventually enter broader freshwater networks ", The
introduction of micro(nano)plastics and related toxicants
further complicates risk assessments, as these pollutants
can carry chemical and biological agents such as bacteria

750 Climate change-driv-

and antibiotic-resistant genes
en changes in water temperature and nutrients may also
encourage cyanotoxin-producing cyanobacterial blooms,
increasing human health risks °'. Recreational exposure
is another concern since lakes attract hikers, anglers, and
outdoor enthusiasts who may come into contact with con-
taminated water. Although direct human consumption of
fish from these lakes may be limited, biomagnification of
toxic substances within the food web underscores the im-

portance of ongoing ecotoxicological monitoring ™.

6. Conclusions

This review emphasizes the multifaceted and inter-
connected effects of climate change and human activities
on the ecological health of Lake Tudakul, one of Uzbeki-
stan’s most important brackish wetlands. The lake, a key
reservoir of biodiversity and a crucial socio-economic
asset, faces mounting threats from climate-driven fac-
tors such as rising temperatures, changes in precipitation
patterns, and increased ultraviolet (UV) radiation. These
environmental shifts are likely to amplify the toxicity, bio-
availability, and mobility of pollutants—including heavy
metals, POPs, and micro(nano)plastics—already intro-
duced via agricultural runoff and atmospheric deposition.
Climate warming scenarios modeled under RCP4.5 and
RCPS8.5 indicate significant ecological risks, especially
when temperature rises of 2.0 °C to 4.5 °C coincide with

existing chemical contamination. Such combined ther-

mal and chemical stressors may trigger cascading impacts
across multiple trophic levels, affecting microbial popu-
lations, phytoplankton, zooplankton, macroinvertebrates,
and fish, and potentially disrupting food web structure and
ecosystem functions.

Climate change and human activities are increas-
ingly threatening the ecological stability of inland waters
worldwide, with saline and brackish lakes especially vul-
nerable due to their unique hydrological and biological
features. This review examines the ecological impacts of
climate change on Lake Tudakul, one of Uzbekistan’s larg-
est saline lakes, by combining climate scenario modeling
with standardized ecotoxicological assessment methods.
Lake Tudakul, a Ramsar-listed wetland, faces both natu-
ral and human-induced stressors. The study’s innovation
lies in applying multiple standardized bioassays (Micro-
tox®, MARA, algal growth inhibition, Lemna minor, and
Daphnia magna) under future warming scenarios (+2.0 °C
and +4.5 °C) to evaluate the combined effects of climate
change and chemical pollutants on aquatic organisms.
Findings highlight increased biological sensitivity to con-
taminants, threatening ecosystem structure and function,
with serious implications for water safety, biodiversity, and
regional economies. This work emphasizes the urgent need
for early-warning systems and adaptive management poli-
cies to mitigate ecotoxicological risks under climate warm-
ing.

By applying various standardized ecotoxicological
test systems—including Microtox®, MARA, algae growth
inhibition, Lemna minor, and Daphnia magna bioassays—
this study demonstrated the feasibility of quantifying inter-
active stressors. These tools provide a robust framework
for early detection and risk assessment of toxicological
threats under realistic future climate scenarios. Important-
ly, the research highlights the ecological vulnerability of
Lake Tudakul’s endemic and introduced species, many of
which may lack the physiological or behavioral capacity
to adapt to combined environmental pressures. The results
support the hypothesis that thermophilic and opportunis-
tic taxa could replace cold-adapted and sensitive species,
resulting in biodiversity loss, biotic homogenization, and
ecosystem simplification. Additionally, increased eutrophi-
cation and UV-induced photodamage may impair primary

production and nutrient cycling, further destabilizing the
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ecosystem.

Human health implications, though indirect, are nev-
ertheless significant. Contaminants originating from Lake
Tudakul—including antibiotic-resistant pathogens asso-
ciated with microplastics or toxins from cyanobacterial
blooms—can be transported downstream, threatening the
safety of drinking water, recreational users, and aquatic
food webs. These risks underscore the importance of pro-
active policy responses, integrated monitoring systems,
and targeted public education to protect both environmen-
tal and human well-being. Given Lake Tudakul’s desig-
nation as a Ramsar site and its hydrological connection to
major water systems such as the Amu Darya and Zarafshan
rivers, regionally coordinated conservation efforts are ur-
gently required to prevent cascading ecological and public
health consequences.

Finally, Lake Tudakul exemplifies how climate
change intersects with legacy pollution and land-use pres-
sures in Central Asia, highlighting the need for holistic and
interdisciplinary approaches in ecological monitoring. The
methodology and findings presented in this study offer a
valuable framework for future research and environmental
management in similarly vulnerable lake systems global-
ly. Sustained investment in ecotoxicological monitoring,
adaptive ecosystem management, and cross-border collab-
oration will be critical to mitigating the complex and com-
pounding threats facing saline lake ecosystems in an era of
rapid climate change.

Overall, this study advances both theoretical un-
derstanding and practical application in ecotoxicology by
situating localized ecological degradation—such as that
observed in Lake Tudakul—within the broader context of
climate change. By applying standardized bioassays un-
der simulated warming scenarios, it provides a replicable
methodological model for assessing ecological risk in sim-
ilarly vulnerable aquatic systems. The findings emphasize
the importance of incorporating environmental science into
regional planning and water resource management, partic-

ularly in climate-sensitive regions such as Central Asia.
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