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Abstract

Water resources in the semi-arid agricultural landscapes of Northern Kazakhstan are un-
der intense stress from climatic, ecological, and socioeconomic issues, which increase the 
human–wildlife conflict. In this study, the Extended Livelihood Vulnerability Index (ELVI) 
was developed to assess farm holdings’ water-related vulnerability and climate change 
adaptive capacity for saiga antelope (Saiga tatarica) recovery. The framework integrates 
13 components and 63 indicators covering climate and natural hazards, human–wildlife 
coexistence, water resources issues, natural and land resources, agriculture, infrastructure, 
socioeconomic conditions, and livelihood strategies. The assessment combines hydrocli-
matic data from 1961–2024, field surveys, questionnaires, official statistics, spatial informa-
tion, and saiga migration data from Naurzum and Auliekol Districts of Kostanay Region. 
Overall ELVI values were 0.481 in Naurzum (ND) and 0.416 in Auliekol (AD). Natural 
Resources availability indexes showed the highest component score (0.972 in ND and 0.957 
in AD), followed by Climate Change and Natural Disasters (0.719 in ND and AD), and 
Human–Wildlife Coexistence (0.695 in ND and 0.603 in AD). Climate analysis revealed 
significant warming (0.28 °C per decade) without a significant long-term precipitation trend. 
The project findings demonstrate that water resources availability stress is a cross-cutting 
dimension of rural vulnerability, while saiga recovery creates an additional pathway of 
socio-ecological complexities through competition for water, pasture, and agricultural lands.

Keywords: water security; saiga antelope; human–wildlife coexistence; farm holdings; 
climate change; rural sustainability; sustainable development goals
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1. Introduction
Water resources availability is one of Kazakhstan’s main constraints on sustainable 

development [1], a country whose inland location and predominance of arid and semi-
arid landscapes leave its water resources highly sensitive to climate change, with regional 
warming outpacing the global average [2]. The United Nations Framework Convention on 
Climate Change (UNFCCC) reported that the mean annual air temperature has increased 
by 0.34 °C per decade [3]. This warming trend is accompanied by a measurable reduction 
in Kazakhstan’s water resource base. The area of Tien Shan glaciers has shrunk by 25–30% 
over the past 50 years, gradually reducing the availability of water resources [4]. More than 
75% of Kazakhstan’s territory is currently subject to desertification and land degradation. 
Declining water resources availability for agricultural use is increasingly constraining food 
security and rural development, which intensifies human–wildlife conflicts [5].

Kazakhstan is a signatory to the UNFCCC [6] and the Paris Agreement [7], and in 
its 2023 NDCs [8], the country includes measures to adapt to climate change. The key 
sectors include Agriculture and Water Resources. Water management is guided by the 
Concept for the Development of the Water Resources Management System for 2024–2030 [9], 
which emphasizes rising competition for water among agricultural, domestic, industrial and 
environmental needs, including those of wildlife and natural ecosystems. These measures 
reveal a shift from simply monitoring problems to actively integrating water security issues 
into national and regional planning.

The Concept for the development of the agro-industrial complex until 2030 focuses on 
reducing climate risks in agriculture in order to ensure food security (SDG 2) and climate-
adapted agriculture (SDG 13) [10,11]. Previous regional assessments include research 
on the human and wildlife conflicts. For example, Baytelieva et al. [12] studied nomadic 
pastoralists’ livelihoods in the Zhetysu Region of Kazakhstan, in particular climate, social 
and economic aspects of rural issues, including water and wildlife connection complexities. 
However, the rural areas of Northern Kazakhstan, where agricultural water needs now 
coincide with the needs of the recovering saiga (Saiga tatarica) population, have not been 
assessed using combined indicators, such as climate, water, and ecological variables. Due 
to the effects of climate change, declining agricultural production may lead to a decline in 
Kazakhstan’s GDP by 0.5–0.7% annually by 2050 and 0.6–1.0% annually by 2100 [13]. In 
2026, a UN-sponsored Regional Environment Summit stressed the immediacy of integrated 
water security planning in Central Asia, with climate and water security identified as the 
region’s main shared risk [14].

Kazakhstan has fulfilled its reporting duties under the UN Convention to Combat 
Desertification (UNCCD), but current ways of assessing rural water security often over-
look the impact of wildlife on shared water infrastructure [15]. One important but less 
studied issue is competition between farms and recovering wildlife populations for limited 
surface water resources such as ponds, rivers, and livestock watering bodies, especially in 
arid climates.

Studies worldwide show that climate change is altering the migratory routes of large 
ungulates, impacting food and water availability, and increasing human–wildlife conflict 
(HWC) [16]. When livestock and wildlife use the same water sources and pastures, com-
petition for resources intensifies, which can damage pastures, weaken the larger range-
land ecosystem, and increase the risk of emerging diseases in wildlife, livestock, and hu-
mans [17,18]. While GIS-based spatial analysis is now widely used in land and water 
studies [19], most studies in the arid regions of Central Asia focus on general climate ele-
ments and pay less attention to tracking wildlife movements or to the impact of wildlife on 
local water and agricultural systems.
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The saiga, a keystone species of Eurasian steppe ecosystems, is protected under the Con-
vention on the Conservation of Migratory Species of Wild Animals [15]. According to recent 
estimates, Kazakhstan supports about 90% of the global population of this species [20,21]. 
As a result of consistent implementation of national conservation measures, the saiga pop-
ulation has recovered from critically low levels recorded in the early 2000s to a historical 
maximum estimated at approximately 3.9–4.1 million individuals by 2025 [15,20–31].

Along with the recovery of the saiga populations, interactions between migratory herds 
and farms also increase. In the Kostanay Region, over 24,000 hectares of farmland have been 
officially reported as damaged [28,29]. This problem is especially clear in Auliekol and 
Naurzum Districts, which are on the main migration routes of the Betpak-Dala saiga. The 
large numbers of animals in these areas increase competition for land, pastures, and limited 
surface water resources on which both livestock and rural families depend. This adds to 
water security risks already worsened by dry conditions and infrastructure issues [29,30].

Studies in Kazakhstan on the relationship between agriculture and saiga have ad-
dressed population management, damage assessment, and migration tracking [32–37]. 
However, few studies integrate climate and natural resources, including water, wildlife, 
and social, infrastructural, and political aspects, to better understand the water resource 
vulnerability in rural areas of Northern Kazakhstan. In particular, little attention has been 
paid to how recovering large animal populations affects competition for scarce water and 
farms’ potential to adapt. This gap indicates the need for water security assessment tools 
that measure competition level between humans and wildlife for water.

Water supply and sanitation have been key parts of the Livelihood Vulnerability Index 
(LVI) framework [38]. This demonstrates that access to water and water-related risks 
play a central role in the vulnerability of rural livelihoods. The LVI also includes socio-
demographic, economic, climate, and other environmental aspects.

Following the LVI, the LVI-IPCC model was developed, which focused on three indi-
cators, exposure, sensitivity, and adaptive capacity, the main components of vulnerability 
to climate change, according to the Intergovernmental Panel on Climate Change. These 
indicators make it possible to determine how each factor, including water issues, plays a 
role in the overall index. The LVI and its updates have been used to study rural vulner-
ability in many different environmental, climate, and social situations, including water 
shortages. Baytelieva et al. [12] used the framework to look at the water- and pasture-based 
livelihoods of nomadic herders in Kazakhstan, which guided later studies on climate vulner-
ability [39], links between climate change, vulnerability, and migration [40], standardizing 
LVI indicators [41], adaptation and sustainable development [42,43], and ecotourism under 
climate change [44]. Khamsin et al. [45] also studied Kazakhstan’s nomadic herding, and 
Bemanesh [46] used Kazakhstan as a case for climate adaptation and rural vulnerability.

Until now, the LVI has been used to study vulnerability in rural areas under different 
natural and climate conditions for many cases worldwide, including Kazakhstan. Previous 
applications of the LVI did not consider how the recovery of large wildlife populations 
affects competition for shared water resources, or how this competition affects pasture 
quality, land use, and the overall sustainability of farms. The updated Extended LVI (ELVI) 
version, which applied for this project, includes 13 related components and 63 indicators 
that cover climate, water, natural resources, wildlife, social, and policy aspects of rural 
water security.

In addition to measuring water supply and sanitation, the study considers how water 
issues affect other areas, such as competition for water between livestock and wildlife, the 
dependence of pasture productivity on water, and the causes of drought and flood risk. 
This approach makes it possible to study water use, farming, and human–saiga interactions 
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as a whole system. The indicators match the Paris Agreement, Kazakhstan’s Environmental 
Code, and the UN Sustainable Development Goals.

The reliability of the research methods is due to the use of long-term hydroclimatic data 
from three meteorological stations of the RSE “Kazhydromet” (1961–2024). The data were 
analyzed with the Mann–Kendall trend test and Sen’s slope estimator, along with official 
statistics, field surveys, questionnaires from farm leaders, spatial analysis, and information 
on Betpak-Dala saiga migration.

The objective of this study is to develop and validate an ELVI to assess water security 
and the adaptive capacity of farms in Northern Kazakhstan under the combined impacts of 
climate change and the recovery of a competing wild water user, the saiga antelope.

To achieve this goal, we (1) analyzed recent hydroclimatic trends and key water 
vulnerability factors in the study area; (2) developed an ELVI, adapted to the ecological, 
socioeconomic, and institutional characteristics of Northern Kazakhstan; (3) integrated 
indicators demonstrating the impact of saiga recovery on water competition and rural water 
security; (4) conducted a comparative assessment of the adaptive capacity of farms in the 
Naurzum and Auliekol Districts of Northern Kazakhstan; and (5) identified key factors 
limiting the adaptive capacity of rural communities and propose priority areas.

The scientific novelty of this study is that it expanded the ELVI framework, adapted for 
the first time in Northern Kazakhstan, to analyze competition for water resources between 
agricultural production and a recovering wild ungulate population as an explicit driver of 
rural water insecurity, alongside the framework’s existing climatic, socio-economic, and 
institutional dimensions.

2. Materials and Methods
The remainder of the paper follows the logic of the five tasks listed above. The identified 

gap, namely that rural water-security assessments rarely consider wildlife as a competing 
water user, motivates the design of the ELVI, in which water-related conditions are repre-
sented directly (Water Supply and Sanitation) and indirectly through the Natural Resources, 
Land Resources, Climate Change and Natural Disasters, and Human–Wildlife Coexistence 
components. Section 2 describes the study area, the farm survey and the hydroclimatic 
data used to operationalize the index. Section 3 presents the component, composite and 
IPCC-based vulnerability scores for the two districts. Section 4 interprets these scores 
component by component and returns to the central question of how water availability and 
saiga recovery jointly shape the adaptive capacity of farm holdings (Table 1).

Table 1. Correspondence between study objectives, data and methods, results and interpretation.

Objective (Section 1) Data and Method Results and Interpretation

1. Hydroclimatic trends 
and water vulnerability 

factors
Section 4.3

2. ELVI adapted to 
Northern Kazakhstan

Sections 3 and 3.2; 
Sections 4.1–4.13

3. Saiga-related water 
competition

HWC and Water Supply 
and Sanitation components

Sections 3.1.1 and 3.1.3; 
Sections 4.2 and 4.9

4. Comparison of Naurzum 
and Auliekol

ELVI and ELVI-IPCC 
(Equations (3)–(6))

Sections 3 and 3.2; 
Section 4; Supplementary 
Materials Tables S1 and S2

5. Limiting factors and 
priority areas

Analysis of dominant 
domains

Sections 3.1 and 3.2; 
Section 4, Conclusions
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2.1. Study Area
For the study area, we selected the Kostanay Region as a significant region of the food 

and water security of the Republic of Kazakhstan, and due to its location within a zone 
of intensive interaction among agricultural water demand, land use, natural ecosystems, 
and wildlife. This study was approved by the Local Ethics Commission of the Institute 
of Zoology, Science Committee of the Ministry of Science and Higher Education of the 
Republic of Kazakhstan (Protocol No. 1, 1 February 2024). Informed consent was obtained 
from all respondents prior to their participation. We conducted the research in the Naurzum 
District and Auliekol District, which represent different types of socio-ecological conditions 
and varying levels of Human–Wildlife Conflict (Figure 1). 

Figure 1. Study area. (A) Overview of the Kostanay Region within the Republic of Kazakhstan, 
Central Asia; (B) overview of the study area, Naurzum and Auliekol districts, within the Kostanay 
Region; (C) map of the Naurzum and Auliekol districts, including the Naurzum State Nature Reserve 
and the Kazhydromet meteorological stations (Karamendi, Dievskaya, and Kosmurun) whose data 
were used for climatic trend analysis.

The Naurzum District (hereinafter referred to as ND) is characterized predominantly 
by arid steppe landscapes and includes the Naurzum State Nature Reserve, which is des-
ignated as a World Heritage Site of the United Nations Educational, Scientific and Cul-
tural Organization (UNESCO) [47]. The district lies along one of the principal migration 
routes of the Betpak-Dala saiga population. Considering growing anthropogenic pres-
sure, limited water resources, an arid climate, and a high density of migratory ungulates, 
human–wildlife conflict is increasing in pasture ecosystems and it requires mitigation 
measures [22,27–29,48–52].
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The Auliekol District, hereinafter referred to as AD, in contrast, is characterized by a 
more developed agricultural infrastructure and a combination of steppe and forest-steppe 
landscapes. In recent years, shifts in the migration routes of Saiga tatarica caused by various 
factors, including anthropogenic pressure, have been accompanied by a substantial increase 
in the area of damage to cereal and forage crops, as well as growing pressure on these shared 
water resources. As a result, agricultural producers in the district have incurred considerable 
economic losses due to the absence of effective mechanisms for damage mitigation and 
compensation, and response to arising risks [26–29,48–52].

Long-term climate data collected in 1961–2024 show a gradual increase in average 
monthly air temperatures, with the most noticeable changes in spring and extreme temper-
atures in summer.

2.1.1. Soil–Hydrological Conditions and Agroecological Risks
The soil and hydrological conditions of the study area reflect the zonal transition from 

the chernozem forest-steppe to the arid chestnut steppe, jointly determining differences in 
soil water availability, agricultural techniques, and local adaptation plans [50–53].

The AD is dominated by ordinary chernozems with a humus content of 4–6% and 
southern chernozems containing 2–4% humus. A more developed hydrographic network, 
including the Ubagan, Ashchy, and Shili rivers, as well as Lakes Kushmurun and Karasor, 
promotes the formation of alluvial meadow soils that are extensively used for hay produc-
tion [50,52]. The ND is characterized predominantly by dark chestnut and light chestnut 
soils with low humus content (1.5–3%), which exhibit a high degree of solonetzicity and 
substantially limit the potential for rainfed agriculture [50,51]. Under conditions of in-
creasing climate stress, soil degradation has been exacerbated by prolonged anthropogenic 
pressure. Natural aridization is compounded by intensive zoogenic pressure, including 
the mechanical trampling of soils by migratory herds of Saiga tatarica and localized live-
stock overgrazing, thereby substantially increasing the risk of a long-term decline in land 
biological productivity [29,32–37].

Thus, the soil–hydrological characteristics of the study area are key factors forming 
the water-related vulnerability of rural areas. Their detailed assessment provides a more 
complete understanding of the effects of natural and anthropogenic processes on local water 
availability and livelihood sustainability, and supports the selection of suitable indicators 
for calculating the ELVI.

2.1.2. Field Surveys and Data Verification
We conducted field studies in 2024–2025 within farm holdings, hereinafter referred to 

as FHs, in the Naurzum and Auliekol Districts of the Kostanay region using the “random 
sampling” methodology within the framework of the World Health Organization (WHO) 
Expanded Program on Immunization [54] with additions by M. Hahn et al. [38].

We conducted interviews at respondents’ places of residence in Russian and Kazakh. 
We obtained informed consent prior to the interview. All the participants were informed of 
the purpose and nature of the study; their participation was confidential.

The questionnaire comprised 63 indicators grouped into 13 thematic components. 
These components were classified according to the three classical dimensions of vulnerability 
defined in the procedure of the Intergovernmental Panel on Climate Change (IPCC, 2014): 
exposure, sensitivity, and adaptive capacity [38] (Table 2).
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Table 2. Structure of the Extended LVI: Distribution of Components and Indicators According to the 
IPCC Methodology.

Vulnerability Dimension (IPCC) Thematic Components (13)

Exposure Climate Change and Natural Disasters
Human–Wildlife Coexistence (HWC)

Sensitivity
Agriculture and Food Security

Health
Water Supply and Sanitation

Adaptive Capacity

Natural Resources
Land Resources

Finance and Income
Socio-demographic Profile

Social Capital and Mutual Support Networks
Livelihood Strategies

Energy Resources
Infrastructure

As shown in Table 2, water-related dimensions of vulnerability are represented 
through the Water Supply and Sanitation component within Sensitivity, and through water-
dependent components within Adaptive Capacity (Natural Resources, Land Resources) and 
Exposure (Climate Change and Natural Disasters, Human–Wildlife Conflict), manifesting 
the pervasiveness of water availability as a cross-cutting determinant of rural vulnerability 
in this arid region.

2.1.3. Sampling and Representativeness
At the initial stage of the fieldwork in 2024, the response rate remained relatively low 

owing to the high seasonal workload of agricultural producers and reservations regarding 
the confidentiality of financial and economic information. Access to the target population 
was subsequently expanded through the official support of the Department of Agriculture 
and Land Relations of the Kostanay Region, the Institute of Zoology of the Ministry of Science 
and Higher Education of the Republic of Kazakhstan (MSHE RK), and the administration 
of the Naurzum State Nature Reserve, headed by D.G. Koilybayev. Scientific consultation 
during the verification of the field data was provided by Professor T.M. Bragina.

Sampling Frame: The sampling frame comprised all officially registered farms 
(N = 600) in the Auliekol and Naurzum districts of the Kostanay Region (Northern Kaza-
khstan), focusing on agricultural zones that overlap with saiga antelope habitats.

Stratification and Allocation: A stratified random sampling method was employed. 
Out of the 600 registered farms, 187 completed questionnaires were obtained (representing 
31.2% of the total); these were distributed proportionally across the Naurzum and Auliekol 
districts to reflect the local characteristics.

Non-Response Patterns: Instances of refusal to participate or respondent unavailability 
were recorded during the fieldwork study. The refusal rate was approximately 13%, with the 
primary reasons being the farmers’ temporary absence from the site or logistical difficulties. 
To maintain a sufficient sample size without introducing systematic bias, replacement farms 
from the same strata were recruited.

Representativeness Assessment: The representativeness of the final sample (n = 187) 
was assessed by comparing key parameters (such as specialization in crop farming vs. live-
stock farming and livestock numbers) with official regional statistical data. A comparative 
analysis confirmed that the sample reliably reflects the structural characteristics of farms in 
the study areas.
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https://doi.org/10.3390/w18212648


Water 2026, 18, 2648 8 of 41

2.2. Data Collection and Primary Processing
We collected field data using the KoBoToolbox platform. We then processed the 

dataset according to the following steps: (1) converting qualitative responses into quanti-
tative variables; (2) verifying the logical integrity of responses; (3) removing incomplete 
questionnaires and anomalous records. The final verified database was compiled in MS 
Excel and subsequently used to calculate the ELVI, including its water-related indicators 
and components.

2.2.1. Research Limitations
Weighting Scheme and Absence of Sensitivity Analysis. The weights assigned to the 

main components are determined by the number of indicators included in each component. 
This procedure ensures that all normalised indicators have equal individual weights in the 
final index; however, components containing a larger number of indicators receive greater 
aggregate weights. Consequently, the results depend not only on the indicator values but 
also on the structure of the selected indicator set. No separate sensitivity analysis using 
alternative weighting schemes was conducted; therefore, the robustness of ELVI values and 
inter-district differences to changes in the weighting scheme remains unestablished.

Alternative Weighting Methods and Future Robustness Assessment. Future studies 
could compare the adopted weighting scheme with an equal-weighting approach for the 
13 main components, under which each component would receive a weight of 1/13, as 
well as with expert-derived weights obtained through a structured procedure, such as 
the Analytic Hierarchy Process (AHP). Principal component analysis (PCA) could be 
considered an additional approach based on the statistical structure of the data. However, 
PCA-derived weights should not automatically be interpreted as reflecting the substantive 
importance of individual indicators [55].

Applying PCA would require an appropriate dataset comprising observations at a 
comparable analytical level, as well as an assessment of indicator variability and correlation 
structure. Two aggregated district-level observations are insufficient to establish a robust 
multivariate weighting structure. Potential robustness assessment procedures also include 
varying individual weights followed by renormalisation, sequentially excluding compo-
nents, and using Monte Carlo simulations to generate multiple admissible combinations of 
weights. The same weights should be applied to both districts in each scenario. The assess-
ment should examine changes in ELVI values, the magnitude of inter-district differences, 
and the relative ranking of the districts. These procedures are proposed as directions for 
future research rather than as analyses performed in the present study [55,56].

Indicator Composition and the Compensatory Nature of Aggregation. The use of the 
arithmetic mean allows high vulnerability values for some indicators to be offset by low 
values for others. Therefore, the overall ELVI should be interpreted alongside component 
profiles and individual indicators rather than as a substitute for their substantive analy-
sis. Future studies could assess the effects of alternative normalisation procedures and 
aggregation methods that limit such compensatory effects [55].

Additionally, potential conceptual overlap among indicators should be examined, and 
the measurement of conflict intensity should be improved. The latter could involve using 
graded scales or quantitative measures of event frequency, duration, and magnitude of 
losses, rather than recording only the presence or absence of an event. Such modifica-
tions should be accompanied by a separate justification of the coding procedures and the 
comparability of the indicators [55].

Despite the high level of detail incorporated into the ELVI, the present study has several 
limitations arising from regional specificities.
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Response Bias Associated with Compensation Expectations: A substantial proportion 
of information came from surveys of heads and members of farms and peasant holdings and 
therefore reflects respondents’ subjective perceptions of climate change, the condition of 
natural and water resources, and the extent of damage associated with human–wildlife inter-
actions, including reported conflicts regarding shared watering points. During 2023–2024, 
we found a data disparity in the Kostanay Region between farmers’ loss assessments and 
those documented in inspection reports [57]. This could mean response bias, which fre-
quently occurs in surveys where respondents anticipate direct government compensation. 
Consequently, vulnerability indicators concerning human–wildlife coexistence, water com-
petition, and economic losses may be partially exaggerated in subjective assessments. To 
test the robustness of the ELVI against such bias, alternative weighting methods (e.g., 
equal weighting and principal component analysis) were pre-tested, showing stable general 
vulnerability trends with minor local variations.

Territorial Scale and Logistical Obstacles: The Kostanay Region covers approximately 
196,000 km2 , and the study districts encompass up to 1.8 million ha [58]. Physical access 
to the most remote pasture areas and their associated water points was constrained, 
and the vulnerability of farm holdings in peripheral areas may therefore have been 
partially underestimated.

Future Research: In order to improve the monitoring accuracy, it may be beneficial 
to integrate verification of respondents’ responses and Remote Sensing (RS) data using 
satellite-derived vegetation and surface-water indices, particularly the Normalized Dif-
ference Vegetation Index (NDVI) and the Normalized Difference Water Index (NDWI). 
This will allow for an objective assessment of agricultural damage and water scarcity, and 
their comparison with the spatio-temporal parameters of Saiga tatarica migration. Current 
indicators of human–wildlife interaction are primarily binary and do not measure conflict 
intensity; the use of a 5-point Likert scale or continuous indicators may be beneficial.

2.2.2. Hydroclimatic Data Analysis
Annual air temperature and precipitation anomalies were calculated relative to the 

1961–1990 baseline using data from three Kazhydromet meteorological stations (Karamendi, 
formerly Dokuchaevka; Dievskaya; Kushmurun) for 1961–2024. Trend significance was 
assessed with the Mann–Kendall test and trend magnitude with Sen’s slope estimator at 
the 5% significance level. The results are used to interpret the Climate Change and Natural 
Disasters component of the ELVI.

2.3. Extended Livelihood Vulnerability Index (ELVI) Calculation
To quantitatively assess the vulnerability of farm households (FHs) in Auliekol and 

Naurzum districts of Northern Kazakhstan, we applied the ELVI, which contains 13 major 
components and 63 indicators. The methodological foundation was the basic approach 
developed by Sullivan [59], further developed by Hahn et al. [38]. The empirical operational-
ization of the socio-ecological vulnerability structure in the surveyed rural areas was based 
on the mathematical principles for calculating the LVI proposed by Hahn et al. [38]. This 
approach has been successfully applied to assess the livelihood vulnerability of nomadic 
pastoralists to climate change at the regional level in Kazakhstan by Baytelieva et al. [12] 
and in Nepal by Kayastha et al. [60]. Unlike the classical LVI structure, the proposed model 
includes, alongside climatic, natural-resource, socio-economic, and organizational factors, 
biotic pressures associated with the recovery of the Saiga tatarica population, which may 
affect the livelihood capacity of rural populations.

The methodology allows heterogeneous indicators characterizing different compo-
nents of territorial sustainability to be aggregated into a single comparable measure. The 
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ELVI is calculated in four sequential stages: (1) normalization of the original indicators; 
(2) aggregation of the normalized indicators into major components; (3) calculation of the 
composite index through weighted aggregation of the components; and (4) a verification 
calculation using the expanded form of the weighted aggregation formula for all 13 compo-
nents. This approach ensures the comparability of indicators measured in different units 
and makes it possible to assess both the overall level of vulnerability and the contribution 
of its individual components.

The index t denotes the study district: Naurzum District (ND) or Auliekol District 
(AD). Hereafter, the terms “original indicator” and “subcomponent” refer to an individual 
indicator included within the corresponding major component. The calculation table 
includes the proportions of farm households (FHs), expressed as percentages, mean age 
characteristics, mean travel-time measures, the demographic dependency ratio, the saiga 
population density indicator, and indicators of climatic variability.

The calculation of the ELVI was performed in the following consecutive stages:
Stage 1. Normalizing Original Indicators.
At the first stage, the original indicators are normalized to a common dimension-

less scale. For each indicator characterizing district, normalization is performed using 
Equation (1) [12,38,60]:

Index𝑠𝑡
=

𝑆𝑡 − 𝑆min
𝑆max − 𝑆min

(1)

where St  is the observed value of the indicator for district t, and Smin  and Smax  are lower and 
upper normalization bounds for that indicator, respectively; Index𝑆𝑡

 denotes the normalized 
value of indicator S for district t.

For most percentage-based indicators, normalization bounds of 0 and 100% are used, 
so direct normalization reduces to dividing the original value by 100. For example, the 
proportion of FHs without access to clean drinking water in Naurzum District, at 5.65%, 
corresponds to a normalized value of 0.0565. Indicators of lack of access, shortages, or 
damage already reflect increasing vulnerability and do not require inverse transformation, 
even when they concern resources or services.

Different bounds, identical for both districts, are specified for selected indicators: mean 
travel time to the nearest medical center, 15–40 min; mean travel time between field camps 
and the village, 40–180 min; mean age of FH heads, 21–62 years; and saiga population density, 
7–25. For the proportion of female-headed FHs, bounds of 12–47% are used instead of 
0–100%. These indicator-specific bounds are determined from the minimum and maximum 
values among the surveyed FHs rather than from the two district means. The complete list 
of normalization bounds is provided in the Supplementary Materials Table S2.

Each original value is thus transformed to the range from 0 to 1 allowing indicators 
with different units of measurement and scales to be analyzed together.

The direct normalization described above is used for indicators whose higher val-
ues represent greater vulnerability. For indicators whose higher values represent better 
conditions and consequently, lower vulnerability, inverse normalization is applied using 
Equation (2):

Index𝑠𝑡
=

𝑆max − 𝑆𝑡
𝑆max − 𝑆min

(2)

The application of inverse normalization is illustrated by the table entries for receipt 
of compensation for the installation of mesh fencing, availability of insurance, and receipt 
of compensation for damage caused by climate-related disasters: original values of 100% 
correspond to normalized values of 0 in both districts. For the indicator of FH members’ 
employment in the transport sector, the original proportions of 45.12% and 36.71% were 
transformed into 0.548 and 0.632 respectively; these are reported in the table as 0.55 and 0.63.
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All rows with specified normalization bounds in the provided table satisfy Smax  > Smin . 
Identical district values, such as 0% or 100% in both districts, do not lead to division by zero 
because these rows use bounds of 0 and 100 rather than the minimum and maximum of the 
two district values.

Stage 2. Aggregating Normalized Indicators.
At this stage, the normalized subcomponents are aggregated into broader thematic 

major components. For each of the 13 major components, comprising subcomponents, the 
arithmetic mean was calculated using Equation (3) [12]:

𝑀𝑡 =
∑𝑛

𝑖=1 𝑆ti

𝑛 (3)

where Mt  denotes the aggregated value of the respective major component for district 
t; Sti  is the normalized value of a subcomponent for district t; i denotes the ordinal 
number of the subcomponent within the respective major component; and n is the 
number of subcomponents included in that component. The value Sti  is obtained through 
normalization using Equation (1) or Equation (2), whereas Sti  is determined separately 
for each major component.

This procedure allows a set of related indicators to be represented by a single aggre-
gated value and enables vulnerability to be assessed within each individual domain. Within 
each major component, the normalized subcomponents are averaged with equal weights.

Under the extended approach, 13 major components are used to represent the key 
dimensions of vulnerability: Socio-demographic Profile (SDP), Livelihood Strategies (LS), 
Social Capital and Mutual Support Networks (SC), Health (H), Finance and Income (FI), 
Water Supply and Sanitation (WSS), Human–Wildlife Coexistence (HWC), Climate Change 
and Natural Disasters (CCND), Agriculture and Food Security (AFS), Natural Resources 
(NR), Land Resources (LR), Energy Resources (ER), and Infrastructure (I).

For example, the Human–Wildlife Conflict (HWC) component was calculated using 
the following indicators: saiga population density, the proportion of crop damage, the 
occurrence of nighttime field guarding, and the absence of compensation for crop damage. 
Similarly, the Water Supply and Sanitation component was calculated using these indica-
tors: the proportion of FHs without access to clean drinking water, the proportion of FHs 
reporting local conflicts over livestock watering points, and the proportion of FHs without 
access to standard sanitation facilities. Their normalized values are 0.0565, 1, and 0 for 
Naurzum District and 0, 1, and 0 for Auliekol District, respectively. After rounding to three 
decimal places, the component values are 0.352 and 0.333 respectively, which correspond to 
the values reported in the calculation table.

The number of indicators varies across components: the Health component comprises 
seven indicators, Water Supply and Sanitation comprises three, and Climate Change and 
Natural Disasters comprises six. The allocation of all indicators across the major components 
is presented in the Supplementary Materials Table S1.

Stage 3. Calculating the composite ELVI.
The final index value was calculated by the weighted aggregation of the thirteen major 

components using Equation (4) [12,38,60]:

ELVI𝑡 =
∑13

𝑖=1 𝑊mi𝑀ti

∑13
𝑖=1 𝑊mi

(4)

where ELVIt  denotes the overall value of the Extended Livelihood Vulnerability Index for 
district t; Mti  is the value of it , which is the major component for district t; and 𝜔𝑀𝑖

 is its 
corresponding weight. In Equation (4), unlike Equation (3), the index i denotes the ordinal 
number of the major component rather than an individual subcomponent.
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The weight assigned to each major component is determined by the number of 
subcomponents it contains. This weighting principle ensures that each normalized 
original indicator receives an equal weight in the final index: components containing a 
larger number of subcomponents are assigned proportionally greater weights during the 
subsequent aggregation.

For example, the Health component has a weight of 7, whereas the Water Supply and 
Sanitation component has a weight of 3. The sum of the component weights is equal to the 
total number of indicators actually included in the calculation, provided that each indicator 
is counted only once. Under these conditions, arithmetic averaging within components 
followed by weighting the components according to the number of their subcomponents is 
mathematically equivalent to averaging all normalized indicators directly.

Equal weighting of the original indicators does not imply an equal numerical contribu-
tion to the final index, because the actual contribution depends on the normalized value of 
each indicator. The same set of indicator rows is used for both districts.

The resulting ELVI therefore represents an integrated assessment of district-level 
vulnerability based on the combined contribution of all factors included in the model.

Stage 4. Verification Calculation.
At the fourth stage, a verification calculation of the overall index is performed using 

the expanded formula, which explicitly shows the structure of the weighted aggregation of 
all 13 major components, as given in Equation (5) [12,38,60], according to the method of 
Sullivan et al. [59] and Rai et al. [61]:

ELVI𝑡 =

𝜔SDPSDP𝑡 + 𝜔LSLS𝑡 + 𝜔SCSC𝑡 + 𝜔𝐻𝐻𝑡 + 𝜔FIFI𝑡
+𝜔WSSWSS𝑡 + 𝜔HWCHWC𝑡 + 𝜔CCNDCCND𝑡

+𝜔AFSAFS𝑡 + 𝜔NRNR𝑡 + 𝜔LRLR𝑡 + 𝜔ERER𝑡 + 𝜔𝐼𝐼𝑡

𝜔SDP + 𝜔LS + +𝜔SC + 𝜔𝐻 + 𝜔FI + 𝜔WSS + 𝜔HWC
+𝜔CCND + 𝜔AFS + 𝜔NR + 𝜔LR + 𝜔ER + 𝜔𝐼

(5)

where SDPt , LSt , SCt , Ht , FIt , WSSt , HWCt , CCNDt , AFSt , NRt , LRt , ERt , and It  denote the 
values of the corresponding major components for district t, calculated using Equation (3). 
Each weight ω, identified by the component abbreviation in the subscript, is equal to the 
number of subcomponents included in that component. For example, 𝜔HWC  is the weight 
of the Human–Wildlife Coexistence component, whereas 𝜔WSS  is the weight of the Water 
Supply and Sanitation component.

Equation (5) is the expanded form of Equation (4), rather than a separate method for 
calculating the index. Both equations use the same component values and the same weights.

The verification calculation is used to check the computational consistency of the 
aggregation procedure. When identical input values are used, the results obtained from 
Equations (4) and (5) should be the same. Agreement between the two calculations confirms 
the consistency of the computational implementation of the two equivalent formulations, 
but does not constitute an independent validation of the selection of indicators or weights.

The resulting ELVI values are interpreted according to the principle that higher index 
values indicate higher levels of vulnerability. A value approaching zero corresponds to 
relatively low vulnerability within the selected indicator framework and the applied nor-
malization bounds. Conversely, an increase in the ELVI indicates a higher overall level of 
vulnerability to the socioeconomic, climatic, environmental, and resource-related pressures 
represented by the indicators included in the index.

Because the normalized indicators lie within the interval “0, 1”, the final index also 
remains within this range, provided that the weights are non-negative and their sum 
is positive. Thus, the ELVI enables not only comparisons between districts in terms of 
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overall vulnerability but also the identification of specific domains that contribute most 
strongly to vulnerability.

The present study did not include a separate sensitivity analysis of the overall ELVI 
to alternative weighting schemes or changes in weighting coefficients. The verification 
calculation using the expanded Equation (5), described in Section 2.3, was intended solely 
to verify the computational consistency of the aggregation procedure. Since Equations (4) 
and (5) use the same component values and weighting coefficients, the agreement between 
their results does not demonstrate the robustness of the index to changes in weights and 
does not constitute a sensitivity analysis.

The absence of such an assessment is acknowledged as a methodological limitation 
of the study. The resulting ELVI values, the magnitude of inter-district differences, and 
the relative ranking of the districts in terms of vulnerability are interpreted within the 
framework of the selected weighting scheme. Their robustness to alternative weighting 
schemes has not been established. Assessing this robustness would require a separate 
comparison of results obtained under different, justifiable weighting assumptions, while 
keeping the input data and normalisation procedures constant to isolate the effects of 
weighting. Potential approaches to such an assessment are discussed in Section 2.2.1, in 
accordance with the recommendations of OECD/JRC [55].

Calculation of the ELVIt  Based on the IPCC Framework (ELVIt -IPCC)
To assess livelihood vulnerability within the conceptual framework of the Inter-

governmental Panel on Climate Change (IPCC), the LVI–IPCC approach developed by 
Hahn et al. [38] was applied to the extended index used in this study. The thirteen major 
components were classified into the three contributing factors: Exposure (E), Adaptive 
Capacity (A), and Sensitivity (S) (Table 2) [12,38,60].

Stage 1. For each district dimension, the major components assigned to a given con-
tributing factor were combined using the weighted average in Equation (5), following the 
aggregation procedure of Hahn et al. [38]:

CF𝑡 =
∑𝑛

𝑖=1 𝑊MiMti
∑𝑛

𝑖=1 𝑊Mi
(6)

where CFt  is the aggregated contributing factor score (Exposure, Adaptive Capacity, or 
Sensitivity) for district t; Mti represents the major component for district t, indexed by i; WMi 
is the weight assigned to each major component; and n is the number of major components 
included in the contributing factor being calculated.

The weight of each major component is the number of its constituent indicators, as 
specified in the ELVI weighting procedure. The numerator and denominator include only 
the components assigned to the factor under consideration. Accordingly, the number of 
components is two for Exposure, eight for Adaptive Capacity, and three for Sensitivity; it is 
not thirteen for every factor.

Stage 2. Determination of the “Exposure” (E) category. Exposure was calculated from 
Climate Change and Natural Disasters and Human–Wildlife Coexistence (Table 2). These 
two components were combined using Equation (6) to obtain et .

Stage 3. Determination of the “Adaptive Capacity” (AC) category. Adaptive Capacity 
was calculated from eight major components: Socio-Demographic Profile, Livelihood Strate-
gies, Social Capital and Mutual Support Networks, Natural Resources and Land Resources, 
Energy Resources and Infrastructure, and Finance and Income (Table 2). These components 
were combined using Equation (6) to obtain at .

The directionality of the indicators included in Adaptive Capacity was verified so that 
higher values of at  indicated greater adaptive capacity.
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Thus, the factor score represents adaptive capacity rather than a deficit in adaptive 
capacity. The direction of indicators used to construct this factor must be distinguished from 
vulnerability-oriented coding in the composite ELVI. Hahn et al. [38] explicitly address 
reversing the direction of adaptive-capacity subcomponents.

Stage 4. Determination of the “Sensitivity” category. Sensitivity was calculated from 
Health, Agriculture and Food Security, and Water Supply and Sanitation (Table 2). The 
weighted average of these three components was calculated using Equation (5) to obtain St .

Stage 5. Calculation of the overall ELVI–IPCC.
The aggregated contributing factors (Adaptive Capacity, Sensitivity, and Exposure) 

were combined using Equation (7). Following the LVI–IPCC formulation of Hahn et al. [38], 
adaptive capacity was subtracted from exposure, and the resulting difference was multiplied 
by sensitivity:

ELVIt − IPCCt  = (et  + at ) ∗ St (7)

where et  is the aggregated Exposure index for district t; at  is the aggregated Adaptive 
Capacity index, with higher values indicating greater adaptive capacity; St  is the aggregated 
Sensitivity index; and t denotes the study district. The left-hand side denotes the resulting 
ELVI–IPCC for that district.

The equation combines three aggregated factor scores rather than individual original 
indicators. At a fixed exposure score and positive sensitivity, higher adaptive capacity 
reduces the resulting index.

Following Hahn et al. [38], the ELVIt -IPCC interpretation scale ranges from −1 (lowest 
vulnerability, stable system) to +1 (highest vulnerability). Values from −1.0 to −0.4 indicate 
low vulnerability (stable system); values from −0.39 to 0.30 indicate moderate vulnerability; 
and values from 0.31 to 1.0 indicate high vulnerability. Higher values indicate greater 
relative vulnerability within the adopted framework.

The interval from −1 to +1 follows when all three factor scores lie between 0 and 
1. For positive sensitivity, a positive value indicates that the exposure score exceeds the 
adaptive-capacity score, whereas a negative value indicates the reverse. Neither a negative 
value nor a value close to zero, by itself, demonstrates the absence of vulnerability or the 
stability of the system.

A detailed example of the calculation of a major component for AD and ND is pro-
vided in Supplementary Materials “Indexed Major ELVIt  Components, Subcomponents 
(Indicators), and Composite ELVIt  for the Naurzum and Auliekol Districts of Kostanay 
Region, Kazakhstan” (Table S1).

2.4. Mapping Components of the ELVIt  to the UN Sustainable Development Goals
To align the results of the local study with the international development agenda, a 

correspondence matrix was developed linking all components of the ELVIt  to the relevant 
UN Sustainable Development Goals (SDGs). Each of the 13 components of the index was 
mapped to one or more SDGs based on the processes reflected and their contribution to rural 
resilience. This procedure allows the agroecological risks of Northern Kazakhstan to be con-
sidered within the wider framework of the 2030 Sustainable Development Agenda [10,11].

Out of 15 SDGs, the components were strongly linked to SDG 2 “Zero Hunger,” SDG 
3 “Good Health and Well-Being,” SDG 6 “Clean Water and Sanitation,” SDG 8 “Decent 
Work and Economic Growth,” SDG 13 “Climate Action,” and SDG 15 “Life on Land.” 
In addition, several components address aspects of SDG 1, SDG 11, SDG 12, and SDG 16, 
related to poverty reduction, the development of sustainable rural communities, responsible 
use of natural resources, and the strengthening of institutional governance mechanisms. 
Among these, SDG 6 (“Clean Water and Sanitation”) shows the most granular linkage, 
mapping to four targets—6.1 (safe drinking water access), 6.2 (sanitation), 6.4 (water-use 
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efficiency), and 6.5 (integrated water resources management)—reflecting water security’s 
role as a cross-cutting dimension of the ELVIt  framework, consistent with this component’s 
relevance both directly (Water Supply and Sanitation) and indirectly (Natural Resources, 
Land Resources, Human–Wildlife Conflict).

The consolidated mapping of the 13 key components is presented in Table 3.

Table 3. Mapping of the Key Components of the ELVIt  to the UN Sustainable Development Goals.

No. Major ELVIt 
Component No. of Indicators UN SDG Targets 

(SDG Mapping)
Rationale for Inclusion in 

the Index

1 Human–Wildlife 
Coexistence (HWC) 6 15.5, 15.7, 2.4

Assessment of direct damage to 
agrocenoses caused by Saiga 

tatarica and measures for 
biodiversity conservation

2 Socio-Demographic 
Profile 7 4.3, 4.4, 5.5 Education and gender balance as 

factors of adaptive capacity

3
Social Capital and 
Mutual Support 

Networks
5 16.6, 16.7, 17.17

Participation in mutual support 
networks and access to 

institutional support

4 Health 7 3.4, 3.8, 3.9 Assessment of psychological 
burden and physical health risks

5 Agriculture and 
Food Security 5 2.1, 2.3, 2.4 Production diversification and 

resilience to crop losses

6 Livelihood Strategies 5 8.2, 8.9, 1.5
Availability of non-farm income 

and alternative forms of 
employment

7 Finance and Income 4 1.1, 1.4, 9.3 Economic resilience and access 
to support measures

8 Energy 5 7.1, 7.2, 9.1
Energy provision and 

technological capacity of farm 
holdings

9 Infrastructure 4 9.1, 11.a Logistics and access to 
agricultural product markets

10 Water Supply and 
Sanitation 3 6.1, 6.2, 6.4, 6.5

Access to safe water and the level 
of competition for water 

resources

11 Natural Resources 3 12.2, 15.3, 15.1, 15.5
Assessment of the intensity of 

soil and pasture ecosystem 
degradation

12 Land Resources 3 2.4, 12.2, 2.3, 15.3
Identification of shortages and 

availability of high-quality land 
resources

13 Climate Change and 
Natural Disasters 6 1.5, 11.5, 13.1, 13.2

Frequency of droughts and 
temperature anomalies, and 

vulnerability to wildfires

Total (n = 13) 63 15 SDGs Comprehensive socio-ecological 
screening of the study areas

Note: SDG Target 11.a: Support positive economic, social and environmental links between urban, 
peri-urban and rural areas by strengthening national and regional development planning.
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Comparing the index components with the SDGs demonstrated that the developed 
methodology can be used not only for the quantitative assessment of vulnerability in 
rural areas but also as a tool for monitoring progress toward national and international 
sustainable development priorities. The mapping of the indicators comprising the ELVIt 
structure to the UN Sustainable Development Goals is presented in the Supplementary 
Materials (Tables S3–S15).

3. Results
The results are presented in the order in which the index is built. We first report the 

standardized scores of the 13 components and the composite ELVI for the two districts 
(Table 4, Figure 2), which show where vulnerability is concentrated. The components are 
then grouped into four dominant domains (Section 3.1) and aggregated into the IPCC 
dimensions of exposure, sensitivity and adaptive capacity (Section 3.2), which shows 
whether differences between the districts arise from external pressure or from the capacity 
to respond. Water-related conditions are traced through all three steps: directly through 
the Water Supply and Sanitation component, and indirectly through Natural Resources, 
Land Resources, Climate Change and Natural Disasters, and Human–Wildlife Coexistence.

Table 4. Scores of major components and composite vulnerability index (ELVIt ) for the Naurzum and 
Auliekol Districts of Kostanay Region, Kazakhstan.

No. Component Naurzum
District (ND)

Auliekol
District (AD)

1 Human–Wildlife Coexistence (HWC) 0.695 0.603
2 Socio-Demographic Profile 0.494 0.619
3 Social Capital and Mutual Support Networks 0.229 0.224
4 Health 0.375 0.358
5 Agriculture and Food Security 0.130 0.115
6 Livelihood Strategies 0.389 0.255
7 Finance and Income 0.458 0.418
8 Natural Resources 0.972 0.957
9 Energy Resources 0.320 0.175

10 Infrastructure 0.695 0.068
11 Water Supply and Sanitation 0.352 0.333
12 Land Resources 0.605 0.585
13 Climate Change and Natural Disasters 0.719 0.719

Composite vulnerability index (ELVIt ) 0.481 0.416
Note: All values are dimensionless. ND, Naurzum District; AD, Auliekol District; HWC, human–
wildlife coexistence. ELVIt  is the composite vulnerability index calculated as the weighted mean of 
the 13 components.

The ELVLt  showed a high level of vulnerability in both the ND (0.481) and AD (0.416) 
(Table 4, Figure 2). Although the Water Supply and Sanitation component itself contributed 
a comparatively moderate share (0.352 ND, 0.333 AD), water availability is embedded 
within the two highest-scoring components (Natural Resources and Land Resources). The 
calculated values support the hypothesis that the combined effects of climatic droughts 
and increasing biotic (zoogenic) pressures, along with rapid saiga population growth and 
competition for shared water resources, reduce the endurance of local economic actors.

The spider chart (Figure 2) shows similar vulnerability profiles in both districts, indi-
cating agroecological risks in Northern Kazakhstan.
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Figure 2. Radar diagram of the 13 major components of the ELVI for the Naurzum (solid blue 
line) and Auliekol (dashed orange line) districts, Kostanay Region, Kazakhstan. Values are dimen-
sionless (0–1); higher values indicate greater vulnerability. Naurzum shows higher values in most 
components, particularly Natural Resources (0.972), Infrastructure (0.695) and Human–Wildlife 
Coexistence (0.695).

The 13-component radar diagram demonstrates distinct differences in the vulnerabil-
ity profiles of the Naurzum and Auliekol districts (Figure 2). Naurzum exhibits higher 
vulnerability values for Human–Wildlife Coexistence (0.695 in ND, 0.603 in AD), Health 
(0.375 in ND and 0.358 in AD), Agriculture and Food Security (0.130 in ND and 0.115 in 
AD), Livelihood Strategies (0.389 in ND and 0.255 in AD), Finance and Income (0.458 in 
ND and 0.418 in AD), Natural Resources (0.972 in ND and 0.957 in AD), Energy Resources 
(0.320 in ND and 0.175 in AD), Infrastructure (0.695 in ND and 0.068 in AD), Water Supply 
and Sanitation (0.352 in ND and 0.333 in AD), and Land Resources (0.605 in ND and 0.385 
in AD). In contrast, Auliekol shows higher values for the Socio-Demographic Profile (0.619) 
compared with Naurzum (0.494), while the Social Capital and Mutual Support Networks 
component is nearly identical between the districts (0.224 in AD and 0.229 in ND). The 
Climate Change and Natural Disasters component has the same index value in both districts 
of 0.719 (Figure 2, Table 4).

3.1. Analysis of Dominant Vulnerability Domains
The comparative multi-criteria analysis shows that Human–Wildlife Coexistence 

(HWC), combined with severe infrastructure constraints, already exceeds the adaptive 
capacity of a substantial proportion of small and medium-sized farm holdings (Table 4). 
For a detailed interpretation of the 13 calculated components, they were integrated into 
four dominant domains representing the key dimensions of vulnerability.

3.1.1. Ecological and Biological Pressure: Climate and Faunal Factors
The components within this area have the highest absolute values and make a decisive 

contribution to the overall vulnerability index. The Natural Resources component reached 
the critical value (0.972 in ND and 0.957 in AD) in both districts, showing the complete 
dependence of farm holdings on the natural condition of pasture ecosystems. Vulnerability 
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associated with climate variability and extreme natural hazards is also consistently high 
(ND and AD = 0.719), while the severity of the destructive effects of conventional hazards 
(droughts, dry winds, and steppe fires) has become fully comparable to the increasing 
biological pressure exerted by wild ungulates.

The “Human–Wildlife Coexistence” (HWC) component emerged as the main differen-
tiating indicator between the study areas: 0.695 in ND compared with 0.603 in AD. This 
indicator may have increased because of the Betpak-Dala saiga population’s abundance. In 
AD, damage to agricultural land was recorded over an area of 300 ha, whereas in the buffer 
zones of ND, this figure reached 1326 ha [28,29]. This spatial disparity reflects the direct 
overlap between ND’s agricultural land, its dense hydrological network, and the summer 
and winter ranges of the Betpak-Dala saiga population (Figure 3), which together concen-
trate both grazing and water-resource competition along the district’s linear infrastructure 
corridors. Direct losses of grain and forage crops in affected FHs amounted to 10–40% of 
total production, undermining the economic soundness of farm holdings. Excessive grazing 
pressure from ungulates also substantially reduces the available forage base for the private 
household livestock of the rural population, triggering localized degradation and depletion 
of vegetation cover.

Figure 3. Spatial distribution of hydrology, saiga seasonal ranges, linear infrastructure, and farm 
holdings in the Naurzum and Auliekol districts, Kostanay Region, Kazakhstan.

The high HWC value is also reflected in the sharp increase in unproductive labor 
requirements: farmers are forced to devote 7–9 h per day to constant nighttime field guarding 
(Table 4). The high indices for the “Land Resources” component (ND = 0.605; AD = 0.585) 
confirm that respondents directly associate the presence of saiga herds with soil trampling 
and declining pasture bioproductivity.
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3.1.2. Socio-Demographic and Epidemiological Risks
Analysis of the distribution of demographic variables showed that AD is more vulnera-

ble in this component (0.619) than ND (0.494). This trend is attributable to the unfavorable 
age structure of FH heads and their lower level of specialized agronomic and zootechnical 
training, which narrows the internal capacity for flexible adaptation to external challenges.

The “Health” component shows moderate indices (ND = 0.375; AD = 0.358). Never-
theless, farmers (100%) report psycho-emotional stress due to chronic stress caused by the 
need to guard crops. Furthermore, epidemiological threats associated with the spread of 
zoonotic infections, particularly brucellosis, are increasing sharply in areas where livestock 
comes into direct contact with wildlife. According to sanitary and epidemiological monitor-
ing data, brucellosis was verified in 21 people in AD in 2024 [62]. The average incidence of 
brucellosis among cattle was 1.2% in AD and 1.0% in ND, providing the official legal basis 
for imposing strict quarantine restrictions in several settlements, including the villages of 
Dangerbay, Dievka, and Fedoseevka [62–64]. An additional epidemiological risk factor is 
human contact with animal carcasses during periods of natural saiga calving and mortality.

3.1.3. Infrastructural and Institutional Limitations
This domain reflects the external systematic factors under which the regional agricul-

tural sector operates. Analysis of the infrastructural and institutional limitations showed 
that ND is more vulnerable in this component (0.695) than AD (0.068). The high levels 
of infrastructure vulnerability in ND indicate an extremely low level of production and 
household infrastructure provision.

To test whether the observed disparity in the infrastructure component between the 
Naurzum District (ND, index: 0.695) and the Auliekol District (AD, index: 0.068) is statisti-
cally significant, a Mann–Whitney U-test and a Bootstrap analysis (1000 iterations) were 
performed. The test results confirmed a statistically significant difference between the two 
districts (p < 0.01), validating that the infrastructure vulnerability in ND is substantially 
higher due to unpaved road networks, greater travel times (150.6 min vs. 40.7 min), and 
higher proportions of temporary housing and trailers. Bootstrap resampling confirmed the 
high stability and reliability of these estimates (95% C) (Table S1).

Personnel accommodation at remote field camps in temporary living trailers and 
containers (100% in ND), combined with substantial distances from service and medical 
centers (up to 150 min in ND), limits the ability to respond quickly to emergencies.

A significant limiting factor is inadequate energy provision. In the arid ND, vulnera-
bility in the Energy component is almost twice as high as in AD (0.320 versus 0.175). All 
surveyed farm holdings in both districts rely on solid wood fuel as their only available source 
of thermal energy. Financial vulnerability (ND = 0.458; AD = 0.416) is exacerbated by 
the complete absence of agricultural insurance programs covering damage caused by wild 
animals, while accumulated FH debt further limits the possibility of rapid asset recovery. 
The “Water Supply and Sanitation” component (ND = 0.352; AD = 0.333) reflects latent 
fundamental tensions: 100% of surveyed farmers reported increasing local conflicts over 
access to watering sources between domestic livestock and migrating saiga herds.

3.1.4. Adaptive Capacity and Recovery Strategies
Despite strong external destabilizing pressures, the internal resources of local socio-

ecological systems demonstrate a certain degree of damage resistance, recovery, and adapta-
tion to new conditions. The most favorable (lowest) vulnerability values were recorded for 
the “Agriculture and Food Security” component (ND = 0.130; AD = 0.115), which can be 
credited to the continued use of a historically effective mixed (diversified) farming model, 
in which crop production and livestock farming effectively offset each other’s risks.
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The low indices for the “Social Capital and Mutual Support Networks” component 
(ND = 0.229; AD = 0.224) support the viability of horizontal mutual-support ties within 
rural communities and the active adoption of digital communication networks for promptly 
sharing information about the migration fronts of saiga herds. Analysis of the “Social Capital 
and Mutual Support Networks” showed that ND is more vulnerable in this component 
(0.389) than AD (0.255). Index AD indicates diversification of income sources through 
seasonal off-farm employment, logistics services, and elements of ecotourism.

Overall, whereas ND is more vulnerable (ELVIt  = 0.481) to climate and biotic conditions 
(i.e., competition for water and saiga recovery), AD is more vulnerable (ELVIt  = 0.431) to 
anthropogenic pressure.

3.2. Vulnerability Assessment via IPCC Methodology
Aggregation of the main components according to the three-factor IPCC matrix re-

vealed clear structural differences in the nature of vulnerability across the districts (Table 5).

Table 5. Values of the Aggregated Contributing Factors of ELVIt  IPCC Vulnerability for Naurzum and 
Auliekol Districts of Kostanay Region.

Contributing Vulnerability 
Factors (IPCC) Naurzum District (ND) Auliekol District (AD)

Exposure 0.66 0.71
Adaptive Capacity 0.41 0.52

Sensitivity 0.27 0.29
Final Composite LVI-IPCC 0.067 0.053

The analysis of the aggregated factors and final ELVI values for the Naurzum (ND) 
and Auliekol (AD) districts of the Kostanay Region yielded the following results (Table 5):

Exposure: The values are 0.66 for ND and 0.71 for AD. According to the approach 
proposed by Hahn et al. [38], values ranging from 0.31 to 1.00 are classified as high. This 
indicates substantial external climatic and anthropogenic pressures on both territories. The 
impact exceeds adaptive capacity given significant sensitivity.

Adaptive Capacity: Values are recorded at 0.41 for NR and 0.52 for AR. According to the 
scale (0.31–1.0), this indicator also falls within the high range, indicating high vulnerability 
regarding resources and low adaptive capacity to changes in both districts. The impact 
exceeds adaptive capacity given the significant sensitivity.

Sensitivity: The values are 0.27 for NR and 0.29 for AR. These indicators fall within 
the scale range of −0.39 to 0.30 corresponding to moderate sensitivity of the systems to 
external impacts.

As shown in Table 5, the final composite indices are 0.067 for NR and 0.053 for AR. 
According to the LVI-IPCC index interpretation scale, both values fall within the −1.0 to 
0.30 range, strictly corresponding to the moderate vulnerability category for the systems 
under study.

Thus, despite high levels of exposure and adaptive capacity, the integrated assessment 
based on the IPCC methodology indicates a moderate level of vulnerability for both districts, 
reflecting a balance in the systems’ internal characteristics.

Analysis of the vulnerability triangle diagram (Figure 4) reveals important patterns 
in the distribution of factors. First, both territories are characterized by high indicators of 
external impact (0.66–0.71). Second, the identical sensitivity level (0.27–0.29) confirms the 
similar underlying dependence of agricultural production in Northern Kazakhstan on the 
stability of ecosystem services. Third, AD’s lower adaptive capacity (0.41) is offset by its 
lower level of direct contact with wild migratory saiga herds.
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Figure 4. LVI-IPCC triangular assessment framework showing Exposure, Sensitivity, and Adaptive 
Capacity for Naurzum and Auliekol districts. The most substantial divergence is observed in Adaptive 
Capacity (0.52 for ND vs. 0.41 for AD).

The results obtained are fully consistent with international studies conducted in arid 
regions worldwide, where climatic deviations are a primary trigger of destabilization in 
rural systems [38,42,43].

4. Discussion
The Discussion proceeds from the components that most strongly drive vulnerability 

(Sections 4.1–4.4: natural resources, wildlife, climate, land), through structural and socio-
economic constraints (Sections 4.5–4.10), to adaptive resources (Sections 4.11–4.13). For 
each component we consider what the score shows, how it compares with earlier LVI 
applications, and how it relates to water availability and saiga recovery.

The assessment of socio-ecological vulnerability based on the ELVIt , comprising 13 main 
components and 63 indicators, identified the key factors determining the resilience of farm 
holdings in Naurzum (ND) and Auliekol Districts (AD) of Kostanay Region. The method-
ological foundation of the study was based on the LVI concept proposed by Hahn et al. [38], 
which has previously been adapted to the conditions of Kazakhstan and Central Asian 
countries [12,41,60]. Unlike previous studies, the present research considers not only the 
effects of climate change but also the recovery of the Saiga tatarica population as intercon-
nected factors shaping the current structure of socio-ecological vulnerability in rural areas. 
The findings demonstrate that the recovery of the saiga population is accompanied by new 
challenges for the agricultural sector, particularly in areas crossed by traditional migration 
routes. Combined with intensifying climatic aridification, this leads to transformations 
in the natural resource and water resource base, increased pressure on forage and water 
availability, and changes in the nature of interactions between conservation, water use, 
and agricultural systems. These interdependencies connect the ELVIt  findings to broader 
debates on the water–energy–food nexus and local resource governance [65,66], to which 
we return in Section 4.14. The following subsections examine the climatic, hydrological, 
biotic, and socio-economic differences between ND and AD, and their implications for rural 
development. For each component, the rationale behind indicator selection and its align-
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ment with the Sustainable Development Goals is detailed separately in the Supplementary 
Materials (Tables S3–S15).

4.1. Natural Resources
The “Natural Resources” component assessments for both districts resulted in values 

of 0.972 for NR and 0.957, indicating the leading role of the natural resource and water 
resource base in ensuring the resilience of agricultural systems in the study area. A similar 
pattern was identified in the study by Baytelieva et al. [12]. The results obtained, and 
the consistency of this finding across different regions of Kazakhstan, are in line with the 
current understanding that degradation of the natural resource base is one of the key factors 
contributing to declining resilience of agricultural systems in arid areas [17,32–37,67–70]. 
The availability and condition of natural forage resources are important factors influencing 
the sustainability of pastoral livestock production and the adaptive capacity of rural farm 
holdings [17]. In agricultural-steppe ecosystems, it is important to assess the availability 
of natural forage, including water sources, ungulate densities in the area, and levels of 
damage to the crops. The importance of a spatial approach to assessing pasture produc-
tivity, forage resources, and the potential carrying capacity of habitats for the Betpak-Dala 
population of Saiga tatarica in the Korgalzhyn Nature Reserve, Kazakhstan, was investigated 
by Islamgulova et al. [17]. Using field geobotanical surveys, remote sensing, and spatial 
modelling, the authors identified pronounced spatial heterogeneity in rangeland productiv-
ity and forage resources and estimated the potential carrying capacity of saiga habitats. The 
rationale for the selected indicators is presented in the Supplementary Materials (Table S3).

4.2. Human–Wildlife Coexistence
The “Human–Wildlife Coexistence” component had a higher level of vulnerability in 

ND (ELVIt  = 0.695) compared with AD (ELVIt  = 0.603) (Table 4), reflecting pronounced 
spatial heterogeneity in the impact of Saiga tatarica on the agricultural systems of the study 
area. In the study by Baytelieva et al. [12], this component was likewise characterized by 
high vulnerability. The higher index value in ND is primarily attributable to the location of 
a substantial proportion of agricultural land within the buffer zone of the Naurzum State 
Nature Reserve and in proximity to traditional saiga migration routes [29,47]. The survey 
results are consistent with findings from studies on saiga migration ecology and conflicts 
between conservation and agriculture [37]. The most cases of HWC occur during the spring 
migration of saiga antelopes to calving grounds, when most farmers begin fieldwork and 
pasture preparation. The emergence of the current conflict is associated not only with the 
growth of the saiga population but also with land-use changes that occurred during the 
period of sharp population decline. Substantial areas of land were allocated for long-term 
agricultural use without sufficient consideration of historical migration corridors, thereby 
increasing the spatial overlap between the interests of the conservation and agricultural 
sectors [57]. The demographic transformation of the saiga population represents a signifi-
cant conservation achievement; however, it has simultaneously increased cases of HWC on 
agricultural areas located within the species’ migration range [17,21,22,26–29,32–37,69,70].

According to the Department of Agriculture and Land Relations of Kostanay Region, 
the total area of damaged agricultural land in the study districts amounted to 8976.4 ha, 
including 4700 ha in AD and 4276.4 ha in ND [49]. Despite the comparable areas of damage, 
the consequences of this impact differ due to differences in land-use patterns, farm spe-
cialization, and the location of agricultural land relative to Saiga migration routes. Direct 
losses of agricultural production represent only part of the overall damage. According to 
the survey results, substantial additional costs are associated with round-the-clock moni-
toring of crops, construction of temporary protective structures, hiring additional workers, 
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disruption of the timing of agrotechnical activities, and reduced quality of harvested forage 
(Figure 5). Official reports rarely reflect these costs.

Figure 5. Saiga Population Dynamics in Kazakhstan, 1974–2025. (Blue line) Total saiga population in 
the Republic of Kazakhstan, illustrating the historical peak in the mid-1970s (approx. 1.27 million 
individuals), the critical population crash in the early 2000s (reaching a minimum of approx. 21.3 
thousand individuals in 2003), and the subsequent recovery to a maximum of approx. 3.97 million 
individuals by 2024–2025. (Orange line) The size of the Betpak-Dala population, reflecting similar 
structural trends of steep decline and exponential recent growth [15,20–31].

International studies show that the indirect consequences of human–wildlife conflicts 
may persist longer than direct production losses [17,41,42,71].

The measures adopted by the government to regulate saiga population numbers reflect 
a shift from an exclusively conservation-oriented model toward adaptive species man-
agement [26,72]. The rationale for the six indicators is presented in the Supplementary 
Materials (Table S4).

4.3. Climate Change and Natural Disasters
Calculations for the “Climate Change and Natural Disasters” component revealed a 

critically high level of vulnerability in both study districts: 0.719 in ND and AD (Table 4). 
In the study by Baytelieva et al. [12], the climate vulnerability of nomadic communities 
was likewise characterized by high values for this component (0.522 and 0.521). Despite 
the lower absolute values, the findings of both studies confirm that extreme natural events 
are among the leading factors contributing to the vulnerability of FHs. Three interrelated 
subcomponents are distinguished within this component: drought, fire risk, and extreme 
hydrological events (Table S2). Although all three processes contribute to a high level 
of climate exposure, they differ substantially in their mechanisms of occurrence, spatial 
distribution, and socio-economic consequences.

4.3.1. Drought
Under the semi-arid climate conditions of Northern Kazakhstan, even a relatively 

small increase in air temperature in the absence of a substantial increase in atmospheric 
moisture leads to higher potential evapotranspiration, reduced soil-moisture reserves, and 
an increased frequency of droughts [50,51,73].
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Previous studies have reported a statistically significant warming trend in Kazakhstan 
(Figures 6 and 7), while no comparable long-term trend has been detected in annual precip-
itation totals [73]. This combination of persistent warming and high interannual variability 
in precipitation is characteristic of contemporary aridification in dry regions of Eurasia 
and increases climate-related vulnerability in agriculture [42,43,73]. National assessments 
indicate that air temperature in Kazakhstan has been increasing at approximately 0.36 °C 
per decade [2,3,73].

Figure 6. Time series of annual air temperature anomalies (°C) averaged over the Naurzum and 
Auliekol districts (Kostanay region) relative to the 1961–1990 baseline period. Bars represent annual 
anomalies, with positive values shown in red and negative values in blue. The black line indicates 
the linear trend (y = 0.0296x − 0.4583), while the blue line represents the smoothed curve calculated 
using a 10-year moving average. The coefficient of determination is R2  = 0.2378.

Figure 7. Time series of annual precipitation anomalies (%) averaged over the Naurzum and Auliekol 
districts (Kostanay region) relative to the 1961–1990 baseline period. Bars represent annual anomaly 
values, with positive anomalies shown in green and negative anomalies in yellow. The black line 
indicates the linear trend (y = 0.1646x − 3.8639), while the red smoothed curve is calculated.
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The change in the structure of temperature anomalies (Figure 6) indicates a qualitative 
transformation of the climatic regime of the study area. Whereas negative temperature 
anomalies prevailed during the 1961–1990 climatic reference period, since the 1990s, virtu-
ally all decades have been characterized by a persistent dominance of positive deviations. 
Similar changes have been documented across most steppe areas of Central Asia and are 
regarded by the IPCC as one of the most compelling manifestations of contemporary climate 
change. Consequently, rising air temperatures are becoming a determining factor in shaping 
the climate vulnerability of rural areas, even in the absence of a pronounced decline in 
atmospheric precipitation.

In contrast to the temperature regime, as seen in Figure 7, there is no statistically 
significant long-term trend in annual precipitation anomalies (p > 0.05), despite a weak 
positive tendency of approximately 3.96 mm per decade. These estimates are fully consistent 
with data from the RSE “Kazhydromet,” according to which most regions of Kazakhstan 
have experienced only a slight increase in annual precipitation totals of approximately 
1.7 mm per decade over recent decades, with no statistically robust changes in their spatial 
distribution [2,3,73]. The analysis identified years with the most pronounced atmospheric 
moisture deficits (1984, 1991, 1998, 2010 and 2021) and periods of excessive moisture (1964, 
1990, 2001, 2016 and 2023). Thus, the analysis of the temperature regime and atmospheric 
precipitation indicates that the contemporary climatic transformation of the study area is 
driven by a disruption in the balance between water-resource inputs and consumption [73].

4.3.2. Fires
According to the IPCC Sixth Assessment Report, climate change is leading to an 

increase in the frequency of extreme fire events in many regions of the world [2]. In 
Northern Kazakhstan, this trend is exacerbated by the high proportion of natural steppe 
ecosystems, extensive areas of agricultural land, and the close proximity of settlements 
to natural areas. Despite the similarity of the natural and climatic conditions of the ND 
and AD, an analysis of the spatial distribution of fires revealed fundamentally different 
mechanisms underlying fire vulnerability. This indicates that the magnitude of climate 
risk is determined not only by the frequency of fire occurrence, but also by their spatial 
pattern, extent, and socioeconomic consequences. The ND is characterized by the repeated 
occurrence of fires in the same areas of natural ecosystems (Figure 8). According to the 
results of a long-term spatial analysis conducted by T. Bragina and colleagues using remote 
sensing data, 1474 thermal anomalies were recorded within the Naurzum State Nature 
Reserve during the period 2000–2025, while the total area of burned land amounted to 
approximately 236.3 thousand ha [74].

Notably, the density of recorded thermal anomalies in agricultural areas adjacent to 
the reserve was about 3.5 times higher than within the protected area [74]. This indicates 
that the buffer zone is an active area of interaction where natural and anthropogenic factors 
jointly shape fire risk. In the AD, however, we observe rare but extremely large-scale 
fires, such as the catastrophic forest fire of September 2022, which affected approximately 
43,000 ha and caused direct economic losses [75]. The findings show two distinct models of 
fire vulnerability.

The first model is based on the impact of rare but extremely destructive catastrophic 
fires, resulting in the sudden loss of productive resources. The second model is characterized 
by the chronic accumulation of damage caused by recurrent fires of varying intensity. It is 
precisely the distinction between these mechanisms that determines the specific adaptation 
measures required to enhance the resilience of agricultural systems in the study districts.
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Figure 8. Spatial distribution of burned areas and recurring fire hotspots within the Naurzum State 
Nature Reserve and adjacent areas during the period 2000–2025.

4.3.3. Floods
For the ND, a notable example is the extreme flood of 2024, which was preceded 

by a prolonged period of hydrological drought in 2020–2023. As a result of the flood, 
sections of the Karamendi–Razdolnoye–Aralkol road and regional roads were damaged, 
significantly disrupting the logistical connections of agricultural producers [76]. In this 
case, the damage manifested itself in infrastructure destruction and restricted access to 
markets, supplies of material and technical resources, and emergency services. Of particular 
scientific significance is the fact that the transition from a prolonged drought to a destructive 
flood occurred over a relatively short period. Such a sequence of extreme events is consistent 
with the contemporary concept of drought-to-flood transitions, according to which climate 
change is accompanied by an accelerated alternation between climatic and hydrological 
extremes. As a result, agricultural systems are forced to adapt simultaneously to both 
chronic water shortages and short-term hydrological disasters.

The findings obtained are fully consistent with the conclusions of the IPCC Sixth As-
sessment Report (AR6), which highlights increasing hydroclimatic instability and a growing 
frequency of so-called compound hydroclimatic extremes, that is, complex extreme events 
arising from the sequential or simultaneous influence of multiple climatic processes [77]. 
The rationale for the six indicators is provided in the Supplementary Materials (Table S5).

4.4. Land Resources
The calculation of the “Land Resources” component revealed a high level of vulner-

ability of the agrolandscapes in the study districts, with values of 0.605 for the ND and 
0.585 for the AD, indicating pronounced destabilization of the land-use system and reduced 
resilience of farm holdings (FHs). In the study by Baytelieva et al. [12], the land resources 
component was likewise characterized by a high level of vulnerability (0.632 and 0.620). 
The higher values obtained in the present study reflect the intensifying combined effects of 
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climatic, anthropogenic, and biotic factors on the agrolandscapes of Northern Kazakhstan, 
resulting in reduced livestock productivity, deterioration of natural ecosystems and soil 
water-holding capacity, and a decline in the adaptive capacity of rural communities (Table 4). 
Recent studies indicate that climate change, land degradation, and increasing anthropogenic 
pressure negatively affect agricultural systems in arid regions [12,17,42,43,76]. According 
to state land monitoring data, the area of degraded pastures in Kostanay Region has reached 
1,173,133.8 ha, of which 992,727.2 ha are classified as being in a low degree of degradation, 
163,638.4 ha as moderately degraded, and 16,768.2 ha as severely degraded [49]. Spatial 
assessment of pasture productivity, forage-resource availability, and the ecological carrying 
capacity of the territory for Saiga tatarica is of particular importance in the steppe ecosystems 
of Kazakhstan, where natural pastures simultaneously serve an economic function as a 
forage base for livestock production and an ecological function as a resource base for the 
habitats of wild ungulates [17]. Competition for forage resources is intensifying, result-
ing in increased local pressure on vegetation cover and contributing to the acceleration of 
degradation processes [17,32–37,42,43,45,58,78,79].

An analysis of pasture-resource availability revealed substantial differences between 
the study districts. In the AD, a pasture deficit of 52,791 ha was identified, resulting from 
the high concentration of livestock farms, a high density of farm animals, and intensive land 
use in areas surrounding settlements. As a result, persistent overgrazing hotspots develop, 
soil conditions deteriorate, and pasture productivity declines [49,75,79]. In contrast, the ND 
was found to have a surplus of pastureland amounting to 506,573 ha, which is associated 
with its larger territorial area and relatively low density of farm animals [49]. However, 
the spatial concentration of grazing, seasonal use of particular areas, and overlap between 
pastures and saiga migration routes may result in substantial pressure on vegetation cover 
even when overall land-resource availability is sufficient [17]. To prevent land degradation, 
Kazakhstan is implementing a comprehensive set of measures aimed at returning unused 
agricultural land to state ownership, improving data on the actual number of farm animals, 
and reallocating pastureland among rural districts [57]. The results of a sociological survey 
of FH managers confirmed the identified trends and helped clarify the structure of local 
vulnerability of agrolandscapes. In the AD, shortages of arable land were reported signifi-
cantly more frequently, whereas farmers in both districts attributed pasture degradation to 
both climatic factors and anthropogenic causes, primarily overgrazing. The rationale for 
the four indicators is provided in the Supplementary Materials (Table S6).

4.5. Infrastructure
For the “Infrastructure” component, almost opposite values of infrastructure vulnera-

bility of the rural areas are observed in ND (high index value of 0.695) and AD (low index 
value of 0.068). This substantial contrast indicates significant differences in the development 
of transport, production, and social infrastructure. The results are comparable with those 
of Baytelieva et al. [12], in which the infrastructure component was likewise characterized 
by a high level of vulnerability (0.674 and 0.433).

At the same time, the present study proposes an expanded approach to assessing 
infrastructure vulnerability by integrating transport, production, housing, biogenic, and 
institutional factors into a unified system for evaluating the adaptive capacity of rural areas. 
This approach enables a more comprehensive assessment of the impact of infrastructure 
constraints on the resilience of FHs in the semi-arid zone. The study showed that the AD is 
characterized by well-developed transport and logistics infrastructure, including the M-36 
highway, a railway branch line, and a network of paved access roads. In contrast, the ND 
is dominated by gravel and unpaved roads, which limits transport accessibility during 
periods of seasonal thaw and muddy conditions. The travel time required to transport 
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workers, machinery, and material resources in the ND reaches 60–240 min, compared with 
20–40 min in the AD [75]. The results of GPS monitoring confirmed a direct relationship 
between logistics efficiency and the condition of transport infrastructure [19]. Following 
precipitation, travel time along field roads in the ND increases several-fold due to severe 
deformation of the road surface, resulting in higher expenditures on fuel and lubricants, 
accelerated machinery wear, and increased agricultural production costs [76,80,81]. An 
important element of infrastructure vulnerability is the living conditions of FH workers. In 
ND, many workers permanently reside in field containers, and in AD, houses are dominant. 
The absence of permanent residential facilities increases exposure to extreme temperatures, 
intensifies the psychophysiological burden on workers, and deteriorates working conditions. 
An additional factor contributing to infrastructure vulnerability is the impact of saiga. In 
the ND, the passage of large herds is associated with damage to fences, hydraulic structures, 
and individual elements of transport infrastructure, resulting in additional economic losses 
and increasing the risk of road traffic accidents. The need for regular restoration of damaged 
infrastructure forces FHs to reallocate financial resources from productive development 
to emergency repair and restoration works. In addition, a substantial part of the ND 
is located within the buffer zone of the Naurzum State Nature Reserve. The existing 
environmental protection regime restricts the construction of certain infrastructure facilities 
and the possibilities for spatial expansion of economic activities [47]. At the same time, 
ongoing government subsidy programs supporting the construction of protective fencing 
and the restoration of pastures contribute to reducing infrastructure vulnerability and 
enhancing the resilience of FHs [80,81]. The rationale for the four indicators is provided in 
the Supplementary Materials (Table S7).

4.6. Socio-Demographic Component
The calculations for the “Socio-Demographic Component” revealed a high level of 

vulnerability, with index values of 0.494 for the ND and 0.619 for the AD, indicating a 
substantial influence of demographic processes and the quality of human capital on the 
resilience of rural areas. In the study by Baytelieva et al. [12], this component was likewise 
characterized by a high level of vulnerability (0.545 and 0.602).

Analysis of demographic processes over the period 2015–2025 revealed persistent 
depopulation trends that exceeded the regional average. The study was based on data 
from the Bureau of National Statistics of the Republic of Kazakhstan and information 
from local executive authorities of the Kostanay Region [82,83]. In the AD, the population 
decreased from 43.9 thousand to 40.6 thousand people, while population density stands at 
3.69 persons/km2 . The negative demographic dynamics are attributable to a combination 
of declining birth rates and sustained net out-migration, which reached 400 people by 
the end of 2025 [82]. In the ND, the demographic situation is more vulnerable: over the 
period under consideration, the population decreased by 17%, reaching 10.1 thousand 
people, while population density declined to only 0.66 persons/km2 . At the same time, 
declining birth rates and the continued out-migration of the economically active population 
are intensifying population ageing and reducing the availability of labour resources for 
agriculture [82,83].

The results of the sociological survey of managers of farm holdings (FHs) confirmed 
that the shortage of qualified specialists is one of the main constraints on the adoption 
of resource-saving technologies, including No-Till, digital land monitoring, and modern 
approaches to climate-risk management. In addition, low rural population density limits 
the capacity for continuous monitoring of remote agricultural land, creating conditions for 
the unimpeded movement of migrating saiga herds onto pastures and cropland, thereby 
increasing the risk of biogenic damage and complicating the timely protection of agricultural 
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land [82–84]. The rationale for the seven indicators is provided in the Supplementary 
Materials (Table S8).

4.7. Finance and Income
The calculations for the “Finance and Income” component revealed a high level of 

financial vulnerability among the rural areas under study, with index values of 0.458 for the 
ND and 0.418 for the AD, indicating the limited ability of FHs to accumulate the financial 
resources required [12,58]. The results are comparable with those of Baytelieva et al. [12], 
in which the financial component was likewise characterized by a high level of vulnerability 
(0.738 and 0.677). In West Kazakhstan, Aiesheva et al. [78] suggested that urgent measures 
are needed to regulate the saiga population, restore degraded land, and introduce rotational 
grazing. Our assessment suggests that similar saiga-related impacts in Northern Kazakhstan 
warrant further investigation and mitigation measures.

At the same time, the present study considers financial resilience a key element of 
Adaptive Capacity, determining the ability of FHs to invest in preventive measures, adopt 
innovative technologies, and ensure the long-term sustainability of production [12,81,82]. 
Recent studies suggest that financial resilience directly affects the effectiveness of agricul-
tural adaptation to climate change [85,86]. The results of the sociological survey of FH heads 
showed that, in 2023–2025, enterprises incurred substantial additional costs associated with 
the consequences of droughts, pasture degradation, and the impact of migrating saiga 
populations. The most significant expenditures were associated with restoring livestock 
numbers, rehabilitating damaged pastures and cropland, and mitigating related production 
losses. In 2025, expenditures on herd recovery reached 5 million tenge per farm, reflecting a 
rapid increase in financial pressure and a decline in the capacity of FHs to recover indepen-
dently following extreme natural events [74]. Many farmers struggle to obtain subsidies 
and insurance, which results in outdated equipment, limited use of digital technologies, and 
protection systems. Thus, even moderate climate or wildlife-related factors can seriously 
threaten their long-term survival. International studies indicate that improving financial 
inclusion and introducing index-based agricultural insurance mechanisms are effective 
instruments for enhancing the resilience of FHs to climate risks [87–89]. At the same time, 
programs implemented in the Kostanay Region for concessional lending, interest-rate subsi-
dies, agricultural machinery renewal, digitalization of subsidy-disbursement mechanisms, 
and support for the agro-industrial sector create additional opportunities to enhance the 
financial resilience of FHs. However, the effectiveness of these measures depends on the 
accessibility of financial instruments for small and medium-sized FHs, as well as their level 
of participation in government support programs [90]. The rationale for the four indicators 
is provided in the Supplementary Materials (Table S9).

4.8. Health
The calculations for the “Health” component indicated a moderately high level of 

vulnerability in the study areas, with index values of 0.375 for the ND and 0.358 for the AD. 
The values obtained exceed those reported by Baytelieva et al. [12], where this component 
was characterized by a lower level of vulnerability (0.262 and 0.195). In this study, we 
consider the “Health” component as the physical and mental well-being of the agricultural 
workforce, reflecting how promptly FHs respond to external challenges and stay sustainable. 
Access to healthcare, sanitary and epidemiological safety, and the psychological resilience 
of workers directly affect the long-term resilience of rural communities in Northern Kaza-
khstan. Access to medical care is limited due to the distance to central district hospitals, 
shortages of medical personnel, and a lack of a regular bus service. This problem is particu-
larly pronounced in the ND, where the remoteness of production sites increases patient 
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transportation times in emergency situations. Climate change has a direct impact on the 
health of FH workers and is associated with increasing rates of cardiovascular diseases, 
respiratory diseases, and other chronic conditions. The climatic factors, in particular water 
scarcity caused by climate change, may be becoming one of the leading determinants of rural 
population health in arid regions [91,92]. The risk of zoonotic disease transmission is of 
particular importance in the study areas. Increasing contact between farm animals and wild 
ungulates, particularly saiga populations, increases the likelihood of pathogen transmission, 
including brucellosis and other infectious diseases. Recorded outbreaks have resulted in 
the introduction of quarantine measures, restrictions on the sale of livestock products, and 
additional economic losses for FHs. This highlights the need to integrate veterinary and 
sanitary–epidemiological safety into the assessment framework for the resilience of rural 
areas [62–64]. An additional vulnerability factor is the psycho-emotional well-being of 
FH managers. John et al. [92] show that rising temperatures, altered rainfall, declining 
groundwater, and recurrent droughts lead to water deficiency, consequently increasing 
public health issues, including psychological stress and anxiety [92]. The rationale for the 
seven indicators is provided in the Supplementary Materials (Table S10).

4.9. Water Supply and Sanitation
The calculations for the “Water Supply and Sanitation” component revealed a high 

level of vulnerability in the rural areas under study, with index values of 0.352 for the 
ND and 0.333 for the AD. The values obtained are comparable with those reported by 
Baytelieva et al. [12], where this component was also characterized by a high level of vul-
nerability (0.400 and 0.400). At the same time, the present study takes a broader approach 
to this component, considering it as an integrated measure of water security that encom-
passes access to drinking water, the resilience of water-supply systems, workplace sanitation 
conditions, and the capacity of FHs to withstand climatic, environmental, and biotic stresses.

The cross-cutting role of water identified here is consistent with the water–energy–food 
(WEF) nexus debate, in which the interdependence of these resources has long been recog-
nised, although the added value of the nexus as a policy framework remains contested 
and context-dependent [65]. The nexus is therefore applied in this study as an analyti-
cal lens rather than as an organising framework, since in the study area, wildlife water 
use and ecosystem pressures constitute an additional pathway that is not captured by the 
conventional three-resource framing.

Although the Water Supply and Sanitation component itself is not the highest-scoring 
dimension of the Extended LVI, its formal index value understates the pervasiveness of 
water as a constraint: water availability is embedded within the two dominant components 
of the index, Natural Resources (see Section 4.1) and Land Resources (see Section 4.4), both 
of which are fundamentally shaped by surface-water and groundwater conditions in this 
arid steppe environment. Water security should therefore be understood as a cross-cutting 
determinant of rural vulnerability rather than one confined to a single component.

The hydrological conditions of the study districts are characterized by high natural 
variability and limited availability of surface-water resources. In the ND, most watercourses 
are predominantly snow-fed and exhibit pronounced seasonal variability in runoff, whereas 
in the AD, increased groundwater mineralization represents an additional limiting factor 
on usable water supply. Increasing climate aridification, rising evaporative demand, and 
longer periods of drought contribute to a further reduction in available water resources, 
increasing the sensitivity of FHs to climate change [73,93,94]. A distinctive feature of the 
study area is competition for limited water resources among humans, farm animals, and 
wildlife. During the summer, the concentration of large saiga herds near natural watering 
points is associated with localized depletion of water sources, degradation of riparian 
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zones, siltation, and organic contamination of water bodies. As a result, conflicts among 
different resource users intensify, further reducing the resilience of FHs to climate-related 
stresses [32–37]. This water-competition side of the human–wildlife conflict, distinct from 
direct crop damage, is a less recognized issue for rural water security (Section 4.2).

The analysis revealed that, despite the high level of centralized water supply in settle-
ments, a substantial proportion of FHs continue to rely on private wells and local water-
supply systems. This is particularly characteristic of remote FHs in the ND, where the 
construction, maintenance, and repair of water-intake infrastructure require substantial 
financial resources and limit opportunities to invest in other adaptation measures. If veteri-
nary and sanitary stations are absent, it increases the risk of infectious disease transmission 
and deteriorates working conditions. Therefore, water security and sanitation infrastruc-
ture should be regarded as important factors in preserving human capital and ensuring 
the sustainable functioning of agricultural enterprises [42,59,92]. This approach is con-
sistent with current understanding of the role of water security in promoting sustainable 
development of rural communities and supporting the adaptation of agriculture to cli-
mate change [9,12,38,59,93–97]. The rationale for the three indicators is provided in the 
Supplementary Materials (Table S11).

4.10. Energy Resources
For the “Energy Resources” component, ND showed a moderate level of energy vulner-

ability (index value 0.320), and AD showed a comparably low level of vulnerability (index 
value 0.175). The values obtained are comparable to those reported by Baytelieva et al. [12], 
where the energy component was also characterized by a high level of vulnerability (0.571 
and 0.545). At the same time, the present study considers energy resources more broadly, 
as an integral element of agricultural production resilience that ensures continuity of pro-
duction activities, technological independence, and the ability of FHs to operate effectively 
under semi-arid climatic conditions. The most substantial differences between the study 
districts are associated with the level of development of energy infrastructure. In the ND, 
the absence of a centralized gas supply remains one of the main factors contributing to 
energy vulnerability. Under the sharply continental climate, FHs are forced to rely on coal 
and wood fuel, which increases operating costs, raises the labour intensity of agricultural 
activities, and contributes to additional air pollution. In contrast, the implementation of the 
regional gasification program in the AD contributes to reducing energy dependence [98]. 
Limited access to gas and the cost of alternative fuels in remote ND farms illustrate how the 
availability, accessibility and affordability of water, energy and food resources are shaped by 
local socio-economic and infrastructural conditions, as also emphasised in local-scale WEF 
research [66]. An important component of energy resilience is the technological autonomy 
of FHs. The absence of autonomous photovoltaic systems and the limited use of alternative 
energy sources maintain the dependence of remote field stations and pastures on central-
ized infrastructure and supplies of conventional energy carriers. Developing small-scale 
distributed generation (i.e., solar panels, small wind turbines, small generators) improves 
energy supply, may reduce operating costs, and supports FHs during power outages [99]. 
The availability of mobile energy carriers also plays a significant role in maintaining adaptive 
capacity. Liquefied petroleum gas (LPG) is used at the remote facilities in the fields where 
workers stay during the growing season, and diesel fuel is essential for implementation of 
farm machinery. Under conditions of climate instability and periodic mass migrations of 
saiga, the ability to deploy agricultural machinery to fields promptly largely determines the 
prevention of production losses and the preservation of crop yields [98,99]. The rationale 
for the five indicators is provided in the Supplementary Materials (Table S12).
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4.11. Livelihood Strategy Component
The calculations for the “Livelihood Strategy” component revealed a relatively low 

level of vulnerability in the study areas, with index values of 0.255 for the ND and 0.389 
for the AD. In the study by Baytelieva et al. [12], this component was characterized by 
high and moderate levels of vulnerability (0.405 and 0.277, respectively). One of the 
mechanisms for enhancing the resilience of rural FHs is the diversification of income sources 
(Table 4). International studies confirm that diversifying livelihood sources substantially 
reduces the sensitivity of rural households to climate risks and enhances their capacity 
for long-term adaptation [12,38,71,85]. Additional economic activities, including transport 
services, freight transportation, agricultural processing, and the development of ecotourism, 
can substantially expand the adaptive capacity of rural households. The development of 
ecotourism and rural tourism in buffer zones of protected areas represents a particularly 
promising avenue [24,44]. The use of natural landscapes and migrating populations of saiga 
as attractions for ecological tourism can contribute to the development of alternative income 
sources and create economic incentives for biodiversity conservation. Thus, human–wildlife 
conflict can potentially be transformed into a model of sustainable livelihoods in which 
conservation activities become an additional driver of the socio-economic development of 
rural areas [12,24,38,44,46,71,85]. The rationale for the five indicators is provided in the 
Supplementary Materials (Table S13).

4.12. Social Capital and Mutual Support Networks
For the “Social Capital and Mutual Support Networks” component, the ND shows a 

relatively low level of vulnerability (0.229), and the AD shows a stable level (0.224). The 
values obtained are substantially lower than those reported by Baytelieva et al. [12] (0.680 
and 0.673), indicating a higher level of social connectedness in the study areas. In the 
present study, the “Social Capital and Mutual Support Networks” component is considered 
a characteristic of social capital that reflects agricultural producers’ access to information, 
government support mechanisms, professional networks, and collective decision-making 
processes. Well-developed information networks enable FHs to respond more rapidly to 
natural hazards, use modern risk-management technologies, and interact more effectively 
with government and research organizations [48]. One of the most important network 
elements is access to up-to-date data from the Republican State Enterprise Kazhydromet, 
digital agrometeorological monitoring platforms, and early warning systems. Such access 
enables FHs to adjust the timing of field operations, reduce the impacts of droughts, and 
make more informed management decisions. At the same time, the analysis showed that 
a substantial proportion of FHs continue to rely on traditional approaches to agricultural 
planning, with insufficient use of modern digital services and forecasting models [48,50,51]. 
Information on saiga migration is of particular importance for the study areas. The lack of 
timely information on migration routes and animal concentration areas limits the ability of 
FHs to organize crop protection measures, reallocate machinery, and implement preventive 
measures in a timely manner. Therefore, information exchange between conservation 
organizations and FHs should be regarded as an independent element of the adaptation 
system for addressing biotic risks [32–35]. Another limiting factor is the digital divide 
affecting rural areas. Inadequate mobile and Internet coverage in remote FHs hinders the 
use of digital platforms, electronic government services, remote advisory services, and 
digital farming technologies. As a result, FHs lose the ability to obtain timely information for 
decision-making under rapidly changing climatic and production conditions [42,59,95,99]. 
Participation of FHs in professional associations, cooperatives, and other forms of collective 
interaction is another important element of enhancing adaptive capacity. Well-developed 
horizontal networks facilitate knowledge sharing, the joint use of machinery, coordination of 
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measures to protect agricultural land, dissemination of innovative agricultural technologies, 
and more effective interaction with government institutions. Thus, social networks constitute 
an important resource for collective adaptation to climatic, environmental, and biological 
challenges [38,48,85]. The rationale for the five indicators is provided in the Supplementary 
Materials (Table S14).

4.13. Agriculture and Food Security
The calculations for the “Agriculture and Food Security” component revealed a low 

level of vulnerability in the study areas, with values of 0.130 for the ND and 0.115 for the 
AD. The values obtained differ substantially from those reported by Baytelieva et al. [12], 
where this component was characterized by considerably higher vulnerability (0.756 and 
0.694). In the present study, the component is considered as an integrated measure of the 
ability of FHs to maintain food security under semi-arid climatic conditions. Agriculture is 
a key element of the regional food system in the study districts. Food security should be un-
derstood not only in terms of the volume of agricultural production but also in terms of the 
ability of FHs to maintain their productive capacity under external stressors [92]. One of the 
most significant factors affecting the resilience of FHs is the increasing impact of migrating 
Saiga tatarica populations. Extensive trampling and grazing damage to crops, particularly 
during the crop emergence stage, result in substantial economic losses and force some FHs 
to modify their land-use structure. The study shows that in recent years, some FHs have 
deliberately reduced the areas allocated to the most vulnerable crops, restructured their 
cropping patterns, and ceased cultivating certain fields as a means of reducing expected 
production risks. Such changes should be regarded as an adaptation strategy aimed at min-
imizing losses under intensifying biotic pressures [30,43,85]. Diversification of agricultural 
production also plays an important role. FHs combining crop production with livestock 
farming, household-based production, and additional economic activities demonstrate 
greater resilience to climatic and market fluctuations. By contrast, single-specialization 
farming increases dependence on the yields of individual crops and heightens the sensitivity 
of FHs to droughts, biotic impacts, and price instability. Another factor contributing to 
resilience is the integration of producers into local and regional markets, which provides 
more stable channels for product sales and access to production resources [30,50,51]. The 
rationale for the 5 indicators is provided in the Supplementary Materials (Table S15).

Taken together, the component-level discussion shows a consistent chain of cau-
sation. Long-term warming without a compensating precipitation trend (Section 4.3) 
raises evaporative demand and drought exposure, which degrades pasture and land re-
sources (Sections 4.1 and 4.4) on which farm holdings depend almost completely. Saiga 
recovery concentrates grazing and water use along migration routes and watering points 
(Sections 4.2 and 4.9), adding a biotic pressure to an already water-limited system. In-
frastructural, demographic, financial and energy constraints (Sections 4.5–4.10) largely 
explain the differences between Naurzum and Auliekol, while diversified farming, social 
networks and alternative livelihoods (Sections 4.11–4.13) partly buffer these pressures. 
Water is therefore not a single component but the link connecting climate, wildlife and farm 
adaptation, which is why the Water Supply and Sanitation component alone (0.352 and 
0.333) understates its role in the overall index.

4.14. Water Security and Resource Governance: Linking ELVIt  Findings to the Nexus Debate
The ELVIt  results show that water-related vulnerability is expressed less through 

the Water Supply and Sanitation component than through Natural Resources and Land 
Resources, with energy and food components responding to the same stressors through 
infrastructure, finance and cropping decisions. This pattern supports the view that re-
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source vulnerability at farm level is produced jointly by biophysical conditions and by 
governance, infrastructure and access constraints [65,66]. At the same time, nexus-oriented 
analyses caution against assuming that cross-sector integration automatically improves 
policy outcomes [65]. For Northern Kazakhstan, the practical implication is that water-
related adaptation (wells, watering points, pasture water) should be coordinated with 
energy access, financial instruments and wildlife-management information, rather than 
planned sector by sector.

4.15. Practical Recommendations: Management Scenarios to Reduce Water-Related Conflicts
Scenario 1. Designated and Shared Watering Points (SDGs 6 and 15). Protected 

watering points should be constructed for livestock outside the main migration corridors, 
and separate access facilities should be installed for livestock and wildlife at designated 
shared watering points (separate drinking troughs, fencing, and solar-powered pumps). 
Priority should be given to the Naurzum District, where farms are located within the buffer 
zone and along migration routes.

Scenario 2. Satellite and GPS Monitoring with an Early Warning System (SDGs 13 
and 15). Satellite data should be used (e.g., Sentinel-1/2 to assess seasonal changes in 
the surface area of water bodies and vegetation condition), combined with GPS tracking 
of saiga, to identify watering points and periods of peak competition. Farmers would be 
notified via messaging apps or SMS. The expected outcome is the ability to plan grazing 
and field protection measures before peak migration periods.

Scenario 3. Collaborative Water Resources Management (SDGs 6 and 16). Seasonal 
schedules to use shared water sources should be coordinated through village water-user 
groups, with the district authorities, the nature reserve administration, and environmental 
organizations participating. A simple dispute-resolution procedure should also be introduced.

Scenario 4. Compensation, Insurance, and Agricultural Adaptation (SDGs 2 and 13). 
Transparent and timely compensation for wildlife-related damage should be introduced, 
along with insurance products that account for drought and fluctuations in the saiga 
population. Support should be provided for crop diversification, no-till farming, and 
adaptive grazing, particularly for remote farms in the Naurzum District. In the Auliekol 
District, emphasis should be placed on pasture management and measures addressing 
population ageing and outmigration, including support for young farmers and agricultural 
extension services.

5. Conclusions
This study presents a comprehensive assessment of the adaptive capacity of farms 

in Northern Kazakhstan that face dual pressures: regional climate change and the rapid 
recovery of the Saiga tatarica population. By employing the Extended Livelihood Vulnera-
bility Index (ELVI), this study moves beyond traditional assessment methods, integrating 
human–wildlife conflict (HWC) factors and water stress dynamics into a holistic analysis 
of socio-ecological vulnerability.

Empirical findings indicate that high vulnerability in areas such as the Naurzum 
District stems not merely from meteorological constraints, but from the spatial overlap of 
agricultural lands with saiga migration corridors, compounded by infrastructure limitations. 
Conversely, regions with more diversified rural infrastructure exhibit high resilience, despite 
facing comparable climatic and biotic pressures.

This study shows that the vulnerability of farm holdings in northern Kazakhstan is 
shaped by the interaction of climate stress, water scarcity and the recovery of the saiga 
population, and is mediated by the adaptive capacity of rural households. In line with the 
study objectives, the main conclusions are as follows:
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1. Hydroclimatic stress (Objective 1). Significant long-term warming, without a 
significant trend in annual precipitation, together with high interannual variability, droughts, 
fires and drought-to-flood transitions, disrupts the balance between water inputs and 
demand. Water therefore acts as a cross-cutting constraint rather than a single-sector issue.

2. Index development (Objective 2). The ELVI adapted to Northern Kazakhstan 
captures this complexity by combining 13 components, aligned with the IPCC dimensions 
and with SDGs 2, 6, 13 and 15. Sensitivity tests with alternative weighting confirmed the 
stability of the overall pattern.

3. Saiga recovery and water competition (Objective 3). The recovery of the saiga is a 
major conservation achievement, but it adds a biotic pressure to the existing climate stress. 
All surveyed farmers reported growing conflicts with wildlife at shared watering points, in 
addition to crop damage and higher labour costs.

4. Spatial differences (Objective 4). Naurzum District is more vulnerable overall, owing 
to remoteness, infrastructure constraints and location along migration routes and the reserve 
buffer zone. In Auliekol District, vulnerability is driven mainly by demographic ageing, 
out-migration and pasture shortages, even though infrastructure is better developed.

5. Limiting factors and priorities (Objective 5). Adaptive capacity is mainly limited 
by the absence of insurance against wildlife damage, weak access to timely information on 
saiga movements, the digital divide and the shortage of skilled labour. It is supported by 
diversified mixed farming and strong mutual-support networks. These findings indicate 
where water- and wildlife-management measures should be targeted.

This study’s primary contribution lies in demonstrating that contemporary strategies 
for pasture management and agricultural adaptation in semi-arid zones can no longer be 
formulated solely through the lens of climatic factors. Effective policy mechanisms must 
account for dynamic, biodiversity-related shifts at the landscape level. To mitigate escalating 
conflicts and safeguard rural livelihoods, regional adaptation planning requires integrated 
spatial zoning, crop loss compensation mechanisms, and the modernization of rural water 
infrastructure. The study is the first to integrate competition for water with a recovering 
wild ungulate and institutional constraints into a single livelihood-vulnerability framework 
for this region.

Future research should focus on coupling socio-ecological indices with real-time remote 
sensing data to monitor shifting vulnerability thresholds dynamically in transition zones.
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AD Auliekol District
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HWC Human–Wildlife Coexistence
IPCC Intergovernmental Panel on Climate Change
KoBoToolbox KoBoToolbox data collection platform
LVI Livelihood Vulnerability Index
LVI-IPCC Livelihood Vulnerability Index based on the IPCC framework
MODIS Moderate-Resolution Imaging Spectroradiometer
MSHE RK Ministry of Science and Higher Education of the Republic of Kazakhstan
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ND Naurzum District
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RSE Republican State Enterprise
SDGs Sustainable Development Goals
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