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The degradation of the Aral Sea is among the most severe man-made environmental catastrophes of the 20th and 21st 

centuries. In this article, the tenets of ecotoxicology, namely, i) Source–Pathway–Receptor, ii) Dose–Response, iii) 

Bioavailability, iv) Accumulation, v) Mode of Action, vi) Ecological Relevance, vii) Mixture Toxicity, viii) Community 

Effects, ix) Toxicokinetics, and x) Risk Assessment, are used to reinterpret the toxicological perspective of the ecological 

degradation of the Aral Sea. This article calls for an expansive historical-ecological synthesis of the manner in which 

cumulative exposure to toxics, desertification, and systematic water mismanagement have inflicted irreversible damage 

upon biotic and human communities by synthesizing ecological data, health indicators, remote sensing studies, and 

governance investigations. Every theme manifests serious gaps in monitoring, risk communication, and regulatory 

reaction, thus highlighting the lack of integrated toxicological governance in reducing environmental and public health 

issues. The research shows that ecotoxicology is a framework for ethical and multidisciplinary environmental action and 

a discipline for assessing chemical risks. The Aral Sea disaster therefore demonstrates how oversight of the toxicological 

foundations of ecosystem failure can exacerbate health crises, social disintegration, and environmental irreversibility. This 

article supports the integration of ecotoxicological concepts into regional policy, restoration planning, and resilience-

enhancement at the community level. Eventually, the implementation of these concepts may bring about more equitable, 

science-based, and sustainable futures for previously marginalized ecosystems. 
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Introduction 
 

Having been among the world's largest inland bodies of water, the Aral Sea now serves as a symbol of tremendous 

environmental destruction due to human abuse. Mass-scale Amu Darya and Syr Darya river diversion for Soviet 

agricultural expansion desiccated the sea, resulting in the Aralkum Desert, notable microclimatic changes, and profound 

socio-environmental effects (Liu et al., 2024; Lloyd et al., 2023; Lopes et al., 2020). Although routinely addressed by 

hydrology and climatology, such a situation is better comprehended as an entirety by ecotoxicology, which is a science 
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concerned with the fate and impact of toxic substances in ecosystems (Walker et al., 2016); Ma et al., 2024; Mayar et al., 

2024). Ecotoxicology is a suite of ideas from source–pathway–receptor dynamics to risk assessment that collectively 

describe how contaminants act in associating with the environment and with living organisms. Beasley & Levengood 

(2007, 2012) express these ideas as key to diagnosing ecological stressors and to informing regulatory response. Typically 

applied to industrial pollution and anthropogenic chemicals, ecotoxicology has come to encompass broader applications 

like evaluating effects at the ecosystem level from multi-stressor environments, land degradation, and air pollution 

(Gagné, 2014; Truhaut, 1977). More recent initiatives extended ecotoxicology to include ethical and cooperative aspects, 

promoting open data-sharing and integration approaches that link science and social issues (Muñoz et al., 2023; Pastorino 

et al., 2024). In politically sensitive or ecologically disputatious contexts in particular, the European Food Safety Authority 

(EFSA PPR Panel, 2006) and research like Harris et al. (2014) have particularly highlighted the need for scientifically 

reliable and open examination. These events resonate with the Aral Sea case, where historical pollution, airborne toxins, 

and environmental degradation converge with human disease and local government collapse. Moreover, the toxic 

environment of the Aral Sea—defined by salt storms, bioavailable heavy metals, and destruction of ecosystems—offers 

an in vivo test site for testing and developing ecotoxicological principles (Moiseenko, 2008; Turzhova et al., 1993). The 

bioaccumulation evidence among animals and plants, community structure perturbation, and changes in trophic 

interaction fit paradigms that have been addressed in ecotoxicological research (Levengood & Beasley, 2007; Ford, 2017). 

Ecotoxicology is thus not only significant for scientific explanation but also adaptive policy and moral environmental 

management. Moreover, the case of the Aral Sea provides rich ground for Lopes et al. (2020) proposed problem-based 

learning of ecotoxicology. Real-world problems related to environmental justice, socio-economic dislocation, and long-

lasting ecosystem resilience demand interdisciplinary education and stakeholder involvement. Ecotoxicology provides an 

ethical compass and a diagnostic tool set since the discipline is moving from collapse to partial rehabilitation, hence 

planning future activities towards sustainability. Thus, within this study, the 10 overall ecotoxicology concepts provide an 

essential framework through which to re-consider the Aral Sea disaster. Building on the science foundation developed by 

influential books (Walker et al., 2016; Beasley & Levengood, 2012; Harris et al., 2014), it responds to current demands 

for more varied, evidence-based, and ethical environmental science (Pastorino et al., 2024; Muñoz et al., 2023). With this 

reframing, we suggest a historical-ecological synthesis that shifts the Aral Sea from an ecological disaster to a case study 

in applied toxicological ethics, resilience, and planetary health. 

 

Applying the ten principles of ecotoxicology to the Aral Sea collapse 

 

Source–pathway–receptor 

 

Figure 1 depicts the source-pathway-receptor model in Aral Sea basin due to the desiccation environmental issue. The 

diversion of the Amu Darya and Syr Darya rivers' irrigation was the principal source of hydrological perturbation in the 

Aral Sea Basin. The construction of extensive canal systems such as the Karakum Canal diverted fresh water flow to large 

monoculture cotton fields, causing systematic changes in water availability and quality (Ahn et al., 2024; Akramkhanov 

et al., 2022). This alteration of hydrological pathways cut short the natural linkage between inflow rivers and the Aral 

Sea, effectively separating the basin's ecological feedback loops. 

 

 
Figure 1. The model of source-pathway-receptor in Aral Sea basin due to the desiccation environmental problem 

 
The channel—formed by artificial canals, agricultural runoffs, and secondary water networks was not just utilized for the 

diversion of freshwater but also acted as a vehicle for chemical contaminants, including pesticides, fertilizers, and salts, 

to adjacent ecosystems (Amirgaliyev et al., 2023; Andrulionis et al., 2025). These inputs gradually piled up in water 

reservoirs and soils, inducing salinization and toxification processes. Turzhova et al. (1993) noted that rapid techniques 

for determining biological expression can be critical in such dynamic ecotoxicological systems, where biological 

indicators respond directly to contaminant fluxes. 
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The receptors—local biota, human settlements, and ecosystem components were subjected to multiscalar impacts 

including desiccation, habitat destruction, salt toxicity, and airborne dust exposure from the newly formed Aralkum Desert 

(Kim et al., 2023; Alikhanova & Bull, 2023). Dust storms, now frequent with exposed seabeds, are airborne vectors of 

residual agrochemicals and pathogens, expanding the ecological footprint of contamination (Asadov et al., 2023; Aslan et 

al., 2023). Walker et al., (2016) point out that the source-pathway-receptor relationship is key to the science of 

ecotoxicology insofar as it allows the determination of vulnerable organisms and points of intervention. Failure to control 

these vectors has resulted in continuous environmental degradation in the form of biodiversity losses, fisheries declines, 

and worsening public health indicators across the region (Alieva et al., 2023; Alikhanova et al., 2024). Nature-based 

solutions have since been proposed to cut off these toxic pathways, however, on an ad hoc basis (Alikhanova & Bull, 

2023). 

 

Dose–response 

 
Figure 2. depicts the dose-response relationship in Aral Sea crisis instigated by the environmental problem of desiccation. 

The exposure to increasing intensity of inhalation of air-dust laden with salts, pesticides, and heavy metals has resulted in 

measurable physiological and public health impacts on the population of the Aral Sea (Suleimen et al., 2024; Erkudov et 

al., 2023). These effects include heightened respiratory disease incidence, immune dysfunction, cardiovascular disease, 

and skin disease, particularly in children and the elderly. The severity and incidence of these effects illustrate the classic 

dose–response relationship: greater exposure intensity is correlated strongly with increased disease incidence and 

morbidity. 

 
Figure 2. The relationship of dose-response in Aral Sea crisis due to the desiccation environmental problem 

 

In ecotoxicology, the dose–response relationship is applied to determine toxicity levels, establish no-observed-effect levels 

(NOELs), and define safe thresholds (Truhaut, 1977; Walker et al., 2016). Chronic exposure to low-to-moderate doses of 

environmental pollutants that have resulted in cumulated health loads with time is exemplified by the Aral Sea disaster. 

New ecotoxicological tools, including in vitro and in silico models, offer ethical and precise alternatives to assessing such 

effects and allow for the construction of a green ecotoxicology paradigm (Pastorino et al., 2024). Microbial analysis in 

the region reported changes in native populations, including metabolic change and resistance development, as signs of 

long-term biological stress from continuous toxic input (Chernyh et al., 2024). Flora and vegetation in the soil within the 

Aral region, including antifungal bacteria, have shown shifts in activity, possibly a result of prolonged duration of 

exposure to pollutants (Aytenov et al., 2024).  

 

In addition, human physical activity assessment in the exposed regions shows lower fitness and health-related quality of 

life, further confirming the systemic physiological impact of toxic environmental exposure (Baspakova et al., 2024). The 

cumulative effects of atmospheric toxicants, combined with ongoing climatic alterations and land-cover transformations, 

underscore the need for integrated risk assessment that includes ecological, chemical, and biomedical data (Bao et al., 

2024; Berdimbetov et al., 2024). The temporality of exposure and its intersection with socio-environmental 

transformation, as theorized in cultural studies and ecological reconstruction, emphasizes that the Aral Sea catastrophe is 
not an isolated incident of history but a living toxicological state (Bespalova, 2023; Boymirzaev et al., 2024). Therefore, 

it is essential to have a nuanced appreciation of the dose–response relationship so that effective future mitigation, policy, 

and ecosystem rehabilitation can be formulated. 
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Bioavailability 

 

Figure 3. represents the overall concept of bioavailability of pollutants in the Aral Sea region due to the desiccation 

environmental problem. Bioavailability of pollutants such as heavy metals and persistent organic pollutants (POPs) of the 

Aralkum Desert aerosol has been confirmed in human biomonitoring studies and field studies on ecosystems (Amirgaliyev 

et al., 2023). These toxins become progressively available for uptake via seasonal winds and dust storms, particularly 

when fine particulate matter is inhaled or deposited on water bodies and soil and mobilized. Seasonal resuspension of 

harmful dust has made the Aral Sea region a chronic hotspot of exposure, particularly impacting communities, farmers, 

and wildlife in the region (Erkudov et al., 2023; Duan et al., 2024). 

 
Figure 3. The overall concept of bioavailability of contaminants in Aral Sea region due to the desiccation 

environmental problem 

 

Bioavailability in ecotoxicology refers to that fraction of a substance that is accessible to an organism's biological systems 

to be absorbed and interact at the target site (Walker et al., 2016; Moiseenko, 2008). The term is central in assessing 

environmental health risks since it measures real levels of exposure and not the presence of pollutants. Soil salinization, 

hydrological transformation, and ecosystem degradation in the Aral Sea basin have altered the physicochemical properties 

of the landscape to favor the mobilization and assimilation of pollutants (Duan et al., 2024; Cui et al., 2023). Existing 

studies depict how bioavailable pollutants get uptaken by plants and microorganisms and, therefore, introduce long-term 

ecological risks into the food web. For instance, native soil microbials and fungal populations exhibit adaptive biochemical 

responses characteristic of long-term low-dose exposure that undercut their ecological function and resilience (Aytenov 

et al., 2024). This is a timely process in dryland ecosystems already threatened by unpredictable climate oscillation (Féaux 

de la Croix & Samakov, 2024). The environmental vulnerability of Karakalpakstan and Khorezm agricultural societies 

demonstrates the real effects of bioavailable toxins. Farmers regularly record lower crop yields and livestock health 

concerns, reflecting both indirect and direct exposure pathways (Djumaboev et al., 2024; Fomenko & Fomenko, 2023). 

This environmental stress falls under the general paradigm of system feedback dynamics, where land degradation induced 

by bioavailable pollutants is compounded by social vulnerability and food insecurity (Edwin et al., 2024). Training and 

capacity development in ecotoxicology should therefore emphasize the importance of measuring and modelling 

bioavailability, particularly in the arid regions with intricate hydrology and land use histories. Lopes et al. (2020) favor 

problem-based learning curricula in ecotoxicology education that would equip local scientists and practitioners within the 

Aral Sea region to develop region-specific monitoring tools and interventions. Hence, bioavailability is a more dynamic 

than static factor and is controlled by climatic, hydrological, and anthropogenic variables. The Aral Sea example illustrates 

how bioavailability information is essential in following sources of entry of toxicants into ecosystems and human systems, 

both shaping scientific investigation and policy action. 

 

Accumulation 

 
Figure 4 represents the overall concept of accumulation of toxicants/contaminants in Aral Sea region because of the 

desiccation environmental problem. Cumulative air toxicant exposure in the Aral Sea region has resulted in widespread 

bioaccumulation in a number of environmental compartments including human tissues, vegetation, animals, and aquatic 

and groundwater systems. These long-lasting contaminants, such as heavy metals, polycyclic aromatic hydrocarbons 

(PAHs), and organochlorine pesticides (OCPs), continue to get accumulation in biological systems through inhalation, 
dermal absorption, ingestion, and environmental exposure, particularly during dust storm seasons and annual flooding 

events (Jiemuratova et al., 2024; Erkudov et al., 2023). Such cumulative exposure translates to long-term and progressive 

accumulation and is particularly harmful to sensitive populations such as children, pregnant women, and outdoor workers, 

and is associated with immune dysfunctions, growth retardation, and reproductive abnormalities. 
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Figure 4. The overall concept of accumulation of toxicants/contaminants in Aral Sea region due to the desiccation 

environmental problem 

 

Bioaccumulation in ecotoxicological research is the mechanism by which pollutants are stored increasingly within 

organisms directly from the environment or through trophic transmission (Levengood & Beasley, 2007; Harris et al., 

2014). Both bioaccumulation and biomagnification have occurred in regards to the Aral Sea. Aquatic life in residual 

basins, terrestrial vegetation such as Xylosalsola richteri, and even microbial populations in the soil have shown aberrant 

biochemical profiles, reflecting pollutant deposition (Karlybaeva et al., 2024). The deposition is augmented with water 

deficiencies in the environment, which accumulate pollutants in reduction water bodies and dust-emitting desertified 

territories (Han et al., 2024; Huang, Ochoa, & Guo, 2023). The historical path of pollutant accumulation in the Aral Basin 

is also made more complex by the record of infectious disease control with chemical agents. For example, retrospective 

molecular evidence for plague epidemics occurring during the mid-20th century suggests environmental pathways of 

contamination potentially leading to long-term pathogen-pollutant interactions (Karapetyan et al., 2024). These historical 

and ongoing exposures synergize with each other, underpinning chronic disease burdens in human populations and 

wildlife as well. Hydrological and remote sensing studies confirm the persistence and accumulation of contaminants in 

the still water regions of the residual North Aral Sea and bordering terminal lakes (Huang et al., 2023; Izhitskiy & Ayzel, 

2023). Lower freshwater inflows under climatic uncertainty lead to lower flushing rates, thus speeding up the 

accumulation process in sediment and benthic fauna (He et al., 2024). Also, recent risk assessment of the Amu Darya 

River Basin revealed high levels of PAHs and OCPs, highlighting the transboundary nature of pollution loading and the 

capacity to accumulate on a regional scale (Jin et al., 2023). These findings underscore the need for robust monitoring 

programs to quantify pollutant burdens in abiotic and biotic matrices. Robust ecotoxicology, according to Harris et al. 

(2014), requires integrating long-term data sets and multilevel bioindicators to be in a position to effectively capture the 

dynamics of accumulation. Ongoing reliance on satellite monitoring and geospatial modelling while beneficial must be 

supplemented with in situ sampling to monitor contaminant burdens at molecular and ecological levels (Han et al., 2024). 

Thus, the process of accumulation is more of a systemic indicator of ecological disintegration than a biological process. 

It is a measure of the severity and longevity of environmental stress and demands interaggregated intervention involving 

hydrology, toxicology, and public health interventions. 

 

Mode of action 

 

 
Figure 5. The overall toxic effects of contaminants in Aral Sea region due to the desiccation environmental 

problem 
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Figure 5 shows the overall toxic effect of pollutants in Aral Sea region as a result of desiccation environmental problem. 

The contaminants in the Aral Sea catchment area exert their toxic effects via specific biochemical and physiological 

pathways that impact both wildlife and the health of human beings. Documented mechanisms of action are metabolic 

disturbance, immunosuppression, endocrine disruption, and damage to systemic organs (Sokolova et al., 2024; 

Boymirzaev et al., 2024). These effects are mediated by such pollutants as heavy metals, polycyclic aromatic 

hydrocarbons (PAHs), and organochlorine pesticides that gain entry into biological systems through inhalation, ingestion, 

or dermal exposure and then interfere with cellular signaling, gene expression, and enzymatic activity. Biochemical 

ecotoxicology revealed that xenobiotics are able to strike mitochondrial respiration, oxidative stress mechanisms, and 

hormone control, leading to a chain of pathological effects (Gagné, 2014). For example, chronic exposure to airborne 

pollutants in the Aral Sea basin has been linked with disruption of hematological parameters, impaired physical 

performance, and sexual delayed maturation among children and adolescents (Boymirzaev et al., 2024). These findings 

are indicative of classic biomarkers of toxic mechanism of action, including disruption of hypothalamic–pituitary–gonadal 

axis signalling and immune cell dysfunction (Harris et al., 2014). Parallel disruptions also have been observed in wildlife, 

in fish in the remaining Small Aral Sea, where bioaccumulated toxins interfere with the synthesis of reproductive 

hormones, growth regulation, and lipid metabolism (Kulikov et al., 2024). In crops such as Sorghum bicolor, cultivated 

under salinity conditions in the Aral region, stress responses indicate the inhibition of protein synthesis through toxicity 

and osmotic imbalance (Khaitov et al., 2023). These effects at the species level are reflective of an overall ecosystem 

instability, wherein individual-level physiological disruption widens into diminished fertility, population decline, and 

trophic imbalance. The process of action also depends largely on abiotic aspects of the environment such as salinity, 

temperature, and desertification that may increase the uptake and toxicity of contaminants (Kayiranga et al., 2024; Kim 

et al., 2024). Degrading topsoil and altering the geomorphology of the ex-seabed modify the mobility and reactivity of 

contaminants, rendering them bioavailable and hence biologically active (Kurbanov et al., 2024). This modulational 

component of environmental toxicity is testimony to the significance of local chemical behavior and interaction 

evaluation, especially within highly perturbed ecosystems. Persistence of certain toxicants within sediments and dust, 

along with seasonally windborne transport, ensures repeated exposure and thus an expanded window of toxic action (Kim 

et al., 2023; Kuzmichyova, 2023). Recently developed satellite and remote sensing techniques offer useful means for 

correlating trends in land degradation with regions of likely biological stress, but these must be integrated with field-based 

physiological and biochemical monitoring to realistically map toxic action (Kayiranga et al., 2024; Kitov & Al Farabi, 

2024). It is therefore necessary to understand how environmental pollutants act in the Aral Sea basin both for diagnostic 

and preventative purposes. As Harris et al. (2014) emphasize, credible ecotoxicological assessments must not only identify 

pollutants but inform how they functionally impair organisms. It is only by mapping these pathways that we can create 

mitigation measures, restore damaged systems, and prevent long-term public health and ecological disasters. 

 

Ecological relevance 

 

Figure 6 depicts the overall ecological impacts of the Aral Sea disaster due to the desiccation environmental problem. The 

ecological impacts of the Aral Sea disaster are severe and pervasive, evidencing clear violations of the principle of 

ecological relevance—a fundamental tenet of ecotoxicology emphasizing the cruciality of assessments and models in 

representing actualized environmental reality and organismal reaction (Ford, 2017; EFSA PPR Panel, 2006). In the Aral 

Sea Basin, drying up of water bodies, and mobilization of toxic sediments have led to fisheries collapse, loss of aquatic 

biodiversity, and drastic alterations of terrestrial and microbial assemblages within the newly formed Aralkum Desert 

(Chernyh et al., 2024). 

 
Figure 6. The overall ecological impacts of the Aral Sea disaster due to the desiccation environmental problem 

 

Regional biodiversity loss is most directly connected to the clearing of aquatic habitats, specifically in the river delta 

provinces of the Amu Darya and Syr Darya. Changes in salinity and toxic runoff have rendered vast territories 
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uninhabitable for native fish, bird, and invertebrate organisms. In addition, the increasing salt dust aerosols of the arid 

seabed regionally transported by the winds also accelerate degradation of nearby vegetation and soil microbiomes, thereby 

accelerating ecosystem collapse (Liu et al., 2025; Novikova et al., 2023). Vegetation succession across the ancient seabed 

has low ecological resilience. While a variety of drought-tolerant crops like Pennisetum glaucum (African millet) have 

been tried as part of ecological restoration (Nurgaliyev et al., 2024), various native and foreign plant species are unable 

to survive on the hypersaline, nutrient-deficient soils (Li et al., 2024). This constraint further restricts re-development of 

functional food webs and compromises efforts at natural or assisted revegetation (Ma et al., 2024). Microbial communities 

have adapted to extreme abiotic fluctuations through experiencing compositional and functional changes and dominance 

by halophilic and extremophilic groups (Chernyh et al., 2024). These communities are typical of pollution-tolerant 

ecotypes, which, while being under acclimation to the new stressors of the environment, are not as diverse and ecologically 

advantageous as the native assemblages. The resulting loss of ecosystem functionality also extends to biogeochemical 

cycles, primary productivity, and trophic interactions. 

 

At the system level, the altered form and function of the ecosystem have affected other ecosystem services such as water 

filtration, supply of food, and climate control (Mayar et al., 2024; Liu et al., 2024). Not only do these ecological changes 

disown sustainability but also have spillover effects on people's livelihoods, local economies, and long-term food security. 

The common perception of these changes, documented in sociocultural narratives and ecopoetic framings, again highlights 

the recognition of ecological disintegration as a felt and witnessed phenomenon (Lloyd et al., 2023; Munisov & Borowy, 

2023). Such narratives form part of an extended story of ecological relevance, placing destruction of nature in cultural 

memory and informing stewardship demands for full rehabilitation. Therefore, the Aral Sea represents a textbook case of 

ecological irrelevance where environmental mismanagement ignores feedback loops as well as long-term systemic health. 

Restoration of ecological integrity not only involves biophysical recovery but also adherence to scientifically sound and 

ecologically appropriate paradigms of measure and action (EFSA PPR Panel, 2006; Ford, 2017). 

 

Mixture toxicity 

 
Figure 7 presents the large body of knowledge on mixture toxicities of toxicants/contaminants in the Aral Sea catchment 

area due to the desiccation environmental problem. Mixture toxicity i.e., the joint action of multiple contaminants acting 

simultaneously or sequentially is one of the most critical problems in environmental risk assessment, especially in 

complex, degraded environments like the Aral Sea Basin. In this case, the environment is contaminated by a combination 

of salt dust, chemical residues (e.g., fertilizers, pesticides, heavy metals), particulate matter in the air, and biological 

contaminants such as pathogens and allergens. These contaminants combine by additive, synergistic, or antagonistic 

mechanisms, typically generating amplified toxicological effects over those of individual contaminants (Jin et al., 2023; 

Beasley & Levengood, 2007). 

 

 
Figure 7. The overall understanding on the mixture toxicities of contaminants/toxicants in the Aral Sea basin due 

to the desiccation environmental problem 

 

One of the most significant impacts of mixture toxicity is the inability to forecast toxic thresholds. This is especially 

critical in the Aral Sea where cumulative exposures to toxins occur through multiple environmental pathways air-borne 

dust inhalation, ingestion of water, dermal contact with soil, and ingestion of contaminated food crops (Satybaldiyev et 

al., 2023b). These interactions bewilder toxicokinetic and toxicodynamic modeling, frustrating scientists and 

policymakers in their efforts to derive safe levels of exposure or perform single-target remediation. Chemical mixtures in 

the Syr Darya and Amu Darya river systems i.e., elevated levels of dissolved and acid-leachable trace elements show high 
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variability and water quality standard exceedances, especially in areas receiving agricultural and industrial runoff 

(Satybaldiyev et al., 2023a, 2023b). In sediments, the co-occurrence of heavy metals, metalloids, and organic residues 

also alters bioavailability and enhances long-term accumulation, with risk to aquatic and benthic biota (Plotnikov et al., 

2023; Ramazonov et al., 2024). Moreover, socio-economic conditions exacerbate the exposure to multi-pollutant 

mixtures. Environmental injustice in the form of poor water infrastructure and lack of access to clean air and safe food 

characterizes the plight of the inhabitants of the Aral Sea region. Reduced fertility, endocrine disruption, and respiratory 

infections are now prevalent and are due to long-term exposure to overlapping contaminants (Saidmamatov et al., 2024a, 

2024b). These are, in ecotoxicological parlance, cumulative stressors that target multiple endpoints reproductive, 

developmental, and immunological across generations. Raw material utilization within the Aral Sea's industrial economy 

also raises pollutant mobilization and exposure issues. For instance, ceramic binders and construction materials 

manufactured from locally derived clays and sediment can sequester trace contaminants, forming secondary sources of 

environmental exposure (Ruzmetova et al., 2023). Additionally, Pleistocene-era sediment studies refer to long-term 

pollutant legacies sequestered within geological strata, with implications of legacy mixture toxicity profiles spanning time 

(Panin et al., 2024). To address these challenges, there is a growing need for open-access, community ecotoxicology 

platforms with broad data sharing and model construction. The ATTAC concepts proposed by Muñoz et al. (2023) 

emphasize the integration of wildlife toxicology data, exposure modeling, and mixture evaluation tools as the foundation 

for effective environmental management. These are particularly needed in areas like the Aral Sea Basin where traditional 

single-chemical evaluations are not able to capture the extent of environmental interactions. Finally, mixture toxicity 

reflects not only scientific intricacy but also sociopolitical intertwinings of environmental collapse, food insecurity, and 

public health deterioration. Restoration efforts and policy responses must consider the systemic character of contaminant 

interaction and privilege interdisciplinary, multi-stressor risk analysis for sustainable rehabilitation.  

 

Community effects 

 

Figure 8 depicts the overall community impacts of Aral Sea collapse as a result of the desiccation environmental problem. 

The Aral Sea's ecosystem collapse has triggered a cascade of adverse community effects at various levels, from livelihood 

loss and mass migration to cultural degradation and poor public health. These effects not only reflect the social costs of 

environmental degradation but also the chronic toxicological stress of ongoing exposure to pollutants, degraded resources, 

and disrupted environmental services (Rustamova et al., 2023; Berdimbetov et al., 2024). 

 

 
Figure 8. The overall community effects of Aral Sea collapse due to the desiccation environmental problem 

 

Destabilization of rural livelihoods is arguably the most severe community effect. As fisheries collapsed and agriculture 

became ever more impossible due to salinization and dust pollution, thousands of families were forced to abandon 

ancestral occupations and migrate in search of basic economic stability (Beasley & Levengood, 2007, 2012). The 

migration destabilized long-established social structures and undercut local knowledge systems related to land and water 

management. The intensive desertification of the dried bed of the Aral Sea and the rising dust-salt storms have 

significantly worsened the air quality across the region, resulting in an increase in respiratory diseases, particularly among 

children and the elderly (Shukurov et al., 2024; Suleimen et al., 2024). Extreme levels of airborne pathogens, heavy 

metals, and fine particulate matter are not only environmental hazards but direct causes of community-level toxic exposure 

that drive systemic health decline and reduce life expectancy (Sokolova et al., 2024). There have been mental health 

implications as well stemming from chronic ecological loss and ongoing uncertainty. Communities coping with drought, 

land degradation, and the visible contraction of the sea report heightened stress, depression, and trauma associated with 

environmental grief. These sorts of psychosocial costs, less quantifiable as they are, constitute compelling indicators of 

ecological failure in the form of societal disempowerment (Song et al., 2024; Timur, 2023).  
 

Moreover, social cohesion has been eroded by fragmented adaptation responses. Some communities have attempted 

reforestation of the dried seabed to halt wind erosion, but microbial and fungal contamination of new plantations 

introduces new biological risks (Sherimbetov et al., 2024; Šimonovičová et al., 2024). Similarly, climate change 

variability, such as shifting precipitation and temperature extremes, continues to undermine resilience strategies, making 
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cohesive community response ever more difficult (Sultonov & Pant, 2023; Timur, 2023). At the cultural level, the collapse 

has jeopardized traditional ecological knowledge and species utilization. For example, the degradation of wild edible 

plants like Asparagus L. in the southern Aral Sea area not only limits local food security but also destabilizes 

ethnobotanical relationships and intergenerational knowledge transmission (Tejetdinova et al., 2023). As climate change 

intensifies and ecosystem changes persist, such cultural-ecological linkages are at risk of irreparable disruption. Lastly, 

the Aral Sea disaster demonstrates how ecotoxicological stressors—particularly when combined with socio-economic and 

climatic vulnerabilities can rend the very fabric of human community. The impact on community requires an integrated, 

place-based response that intertwines environmental restoration with health infrastructure, social equity, and local 

empowerment. As Beasley & Levengood (2007, 2012) have emphasized, ecotoxicology must extend beyond laboratory 

assessment to include these real-world, population-level ramifications for effective environmental and public health 

practice. 

 

Toxicokinetics 

 

Figure 9 displays the general toxico-kinetics in the Aral Sea region due to the desiccation environmental problem. 

Toxicokinetics is the internal fate of contaminants in biological systems—more specifically, how toxins are absorbed, 

distributed, metabolized, and eliminated. In the Aral Sea region, toxicokinetic studies are critical to explaining health 

outcomes in populations that are chronically exposed to wind-blown dust, contaminated soil, and contaminated water 

systems. Recent biomonitoring of farm workers and children revealed high levels of heavy metals and endocrine-

disrupting chemicals, indicating high absorption rates and low excretion rates, which result in long biological half-lives 

(Asadov et al., 2023; Jiemuratova et al., 2024). 

 

 
Figure 9. The overall toxico-kinetics in the Aral Sea region due to the desiccation environmental problem 

 

Toxicokinetics is important in ecotoxicology for establishing thresholds of exposure and intervention levels based on 

health (Truhaut, 1977; Beasley & Levengood, 2007). Such internal events allow for determination of important biomarkers 

such as shifts in enzyme activity, bioaccumulation levels of metals, and tissue-specific burdens reflecting systemic toxic 

stress. For instance, animal experiments in the region demonstrate histological and cellular alterations in immune and 

reproductive organs due to long-term exposure to salt-dust aerosols and polycontaminant loads (Suleimen et al., 2024). 

Environmental context is also an essential modifier of toxicokinetics. The arid environment of the Aral Sea and 

widespread desertification increase the chances of re-aerosolization of the pollutants, leading to more chronic exposure 

through respiratory routes (Yang et al., 2024; Zhang et al., 2023). Additionally, decades of decline in the Amu Darya 

inflows have concentrated the pollutants in aquatic habitats and sediments, increasing contact frequency and concentration 

of exposure (Yue et al., 2024). Soil degradation, as is also the case with desertification areas like the Aralkum Desert, also 

causes redistribution of pollutants. Microplastic, organic pollutant, and trace metal transfer along the desiccation gradient 

opens up new avenues of exposure to land and microbial organisms, most of which are bioindicators of human health 

risks (Wicaksono et al., 2023; Turzhova et al., 1993). They also highlight the importance of how toxicokinetic responses 

must be studied together with environmental forces so as to adequately assess health risks in multi-component ecosystems 

(Zhou et al., 2024). In addition, post-Soviet studies of population health evidence a clear linkage of toxicokinetic burdens 

and socio-environmental vulnerability. Disparities in access to healthcare, occupational exposure, and nutrition change 
metabolic response to pollutants, potentially increasing retention and toxicity (Wheeler, 2021; Wu et al., 2023). It is 

difficult to distinguish between timing of exposure, quantifying body burden, or planning targeted interventions without 

systematic toxicokinetic profiling. In addition to this, modern remote sensing and satellite-based assessment have enabled 

it to become possible to correlate spatial pollutant distribution with risk areas. Such technologies enable more capability 

in exposure "hotspot" prediction, which can be superimposed on toxicokinetic data in order to inform spatially sensitive 
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public health planning (Zhou et al., 2024; Wen et al., 2023). Therefore, understanding toxicokinetics in the Aral Sea region 

involves something greater than detection of contaminants it involves an integrated process that includes both internal 

biological response as well as external environmental transformation. As Truhaut (1977) emphasized and later reaffirmed 

in further ecological regulation practices (Wu et al., 2023), toxicokinetics remains at the center of predictive modeling, 

diagnosis, and prevention of ecotoxicological damage in this particularly problematic and historically heavily encumbered 

environment. 

 

Risk assessment 

 

Figure 10. presents the overall issues of the risk assessment of toxic/contaminant in the Aral Sea basin due to the 

desiccation environmental problem. Risk assessment in the Aral Sea Basin remains a critical but underemphasized 

component of public and environmental health management. Where local and international stakeholders have led in 

developing metrics for quantifying ecological dangers, practice is frustrated by fragmented governance systems, limited 

inter-agency cooperation, and a lack of reliable ongoing monitoring processes (Andrulionis et al., 2025). As such, 

environmental and health risks continue to be addressed in post facto, rather than holistic, proactive manner. 

 
Figure 10. The overall challenges of risk assessments of contaminant/toxicants in the Aral Sea basin due to the 

desiccation environmental problem 

 

Proven and tested ecotoxicological paradigms emphasize the need for hazard identification, exposure assessment, dose–

response analysis, and risk characterization—factors that are still patchily considered in the Aral Sea region (Truhaut, 

1977; Turzhova et al., 1993). For instance, although remote sensing and hydro-ecological modeling have been employed 

to track salinization and water withdrawal trends (Wang et al., 2024; Wen et al., 2023), there are typically few studies that 

translate these data into quantified human health or ecosystem-level risk levels in a systematic way. Recent hydrological 

modeling, such as the physically based scheme of Touge et al. (2024), has developed our understanding of water balance 

and consumption in the basin to the point of making integrated risk prediction possible. Such tools, however, have yet to 

be used widely by national or regional authorities in planning for actual intervention, and this is in part a matter of 

limitations of cross-border water governance and competing national interests (Sultonov & Pant, 2023). 

 

In addition, the lack of extensive biomonitoring programs is a severe hindrance to effective risk assessment. Current 

programs have an intense focus on episodic sampling of environmental parameters without any longitudinal health 

monitoring or tissue-based contaminant monitoring in humans, livestock, or indicator species (Tejetdinova et al., 2023; 

Turdimambetov et al., 2024). The absence of real-time, biologically integrated data greatly impedes early warning sign 

detection and adaptive intervention. Climatic variation also complicates risk prediction because, with altered patterns of 

precipitation, evaporation rates, and extreme temperature indices, dynamic introduction of changes in exposure pathways 

and pollutant mobility is brought about (Timur, 2023; Wang et al., 2023a, 2023b). The shrinkage of the Aral Sea not only 

has concentrated toxicants but created new desert surfaces like the Aralkum Desert, which are active emission zones for 

air-borne pollutants (Wang et al., 2023a, 2023b). These changing spatial and temporal exposure scales demand flexible, 

scalable risk assessment models. 

 

Social and cultural dimensions of risk remain under-addressed too. Despite evidence of deteriorating quality of life and 

environmental concern in vulnerable communities, these are rarely included in official risk frameworks (Wheeler, 2021; 

Turdimambetov et al., 2024). This disparity reduces trust and adoption of risk reduction measures among communities, 

highlighting the necessity for participatory and inclusive approaches. Looking forward, strengthening risk analysis in the 
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Aral Sea Basin must be supported by the institutionalization of regularized biomonitoring programs, transboundary data 

sharing, and stakeholder-involved forecasting mechanisms. As noted in both ecological and hydro-social studies (Wang 

et al., 2023b), risk governance must bring together hydrology, toxicology, governance, and social equity in an integrated 

framework. Without such integration, there will continue to be piecemeal and reactive responses that fail to prevent future 

health and environmental crises. 

 

Integrated Toxicological Framework: Synthesizing Toxicological Governance, Environmental Justice, and 

Restoration 

 

Figure 11 presents the overall integrated toxicological framework in for Aral Sea restoration due to the desiccation 

environmental problem. The destruction of the Aral Sea is not merely an environmental or hydrological anomaly; it is a 

collapse of toxicological governance in its broadest sense where lackadaisical institutional response, delayed scientific 

intervention, and asymmetrical policy enforcement allowed incremental toxic pressure to ravage ecosystems and 

communities with equal ferocity (Andrulionis et al., 2025; Truhaut, 1977). To address this complexity, an integrated 

toxicological framework is necessary—one that unites the scientific rigor of ecotoxicology with the ethical imperatives 

of environmental justice and the strategic foresight of ecological restoration. 

 

 
Figure 11. The overall integrated toxicological framework in for Aral Sea restoration due to the desiccation 

environmental problem 

 

Toxicological management is the process by which scientific knowledge of contaminants and exposure is converted into 

policy, standards, and enforcement. Historically reactive, uneven, and local in the Aral Sea Basin, it has involved little 

transboundary coordination (Sultonov & Pant, 2023). The risk avoidance and defense of health continue to be unrealised 

without biomonitoring infrastructure and warning systems (Turzhova et al., 1993; Wang et al., 2024). The 

institutionalisation of regional toxicology databases, harmonised exposure standards, and bottom-up participatory 

monitoring systems that allow communities to co-produce environmental data are recommended in this article (Wu et al., 

2023). Aral Sea environmental justice has to contend with unequal environmental load burdens. Rural and peripheral 

groups, especially women, children, and agricultural workers, experience uneven exposure to air pollutants, polluted 

water, and eroded soils (Turdimambetov et al., 2024; Jiemuratova et al., 2024). An integrated approach requires procedural 

justice through participatory decision-making, distributive justice through fair prevention of risk, and restorative justice 

that recognizes previous neglect and gives first order priority to remediation (Wheeler, 2021). Even framed classically in 

terms of reforestation or hydrological engineering, ecological restoration needs to be re-imagined as a toxicological 

activity. Restoration project success depends on an awareness of contaminant dynamics in biota, water, and soil. 

Restoration activities in the Aralkum Desert, for example, must account for internal contaminant uptake dynamics and 

sediment mobility (Wicaksono et al., 2023; Yue et al., 2024). Local salt-tolerant flora like Asparagus L. and Pennisetum 

glaucum proved effective to suppress soil dust mobility and stabilize damaged areas (Tejetdinova et al., 2023; Ramazonov 

et al., 2024). Effectiveness and safety of such projects should be evaluated based on toxicokinetic knowledge and long-

term biomonitoring. Accordingly, the toxicology system introduced herein underscores that a single approach will not 

usher in long-term recovery of the Aral Sea basin. Instead, it calls for a synergic process that incorporates scientific 

examination, implementation by policy, and societal adaptive ability. The process offers an iterative model for addressing 

environmental crises in other post-industrial and climate-vulnerable areas by synthesizing ecotoxicological principles into 

a justice-focused governance system seeking long-term recovery (Truhaut, 1977). 

 

Conclusion 
 

This paper presents a new historical-ecological synthesis between environmental science, public health, and governance 

by recasting the Aral Sea collapse in light of ecotoxicology's ten basic principles. From Source-Pathway-Receptor to Risk 

Assessment, each principle demonstrates not only the biophysical dynamics of decline but also the socio-political deficits 
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that permitted a regional ecological disaster develop into a long-term humanitarian disaster. Specifically, ecotoxicology 

standards are ethical imperatives that involve foresightful stewardship, organized responsibility, and long-term resilience 

planning rather than just being instruments of scientific diagnosis. Ecological deterioration in combination with poor 

toxicological control, disjointed structures of monitoring, and poor risk communication in the Aral Sea case conditions 

taken as a whole attacking environmental integrity and human health. This study emphasizes the imperative need for 

cross-sectoral interventions including holistic biomonitoring, adaptive water management, participatory risk assessment, 

and climate-resilient restoration practices by placing the Aral Sea disaster in an integrated toxicological framework. 

Finally, when employed holistically, ecotoxicology represents a means toward environmental justice, sustainability, and 

ethical rehabilitation of hitherto disadvantaged ecosystems and people rather than simply measurements and models. 
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