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Abstract: The Syr Darya River’s lower reaches of floodplain geosystems face growing environmental pressures,
necessitating a thorough understanding of their vulnerability on which this study focuses, emphasising the role of
natural and climatic factors. The research analyses the correlations and impacts of elevation, soil density, precipitation,
air temperature, and normalised difference vegetation index (NDVI) on environmental vulnerability. The results
indicate a strong positive correlation between elevation, precipitation, air temperature, and environmental
vulnerability, with NDVT also playing a significant role. The study employs principal components analysis to further
explore these relationships and generates an integrated vulnerability map, highlighting vulnerable areas, particularly
near Kyzylorda city. The map also aligns with different land cover types, emphasising the dominant influence of
environmental and climatic factors, especially maximum air temperature, precipitation, and elevation, on
environmental vulnerability. The research concludes that the integrated vulnerability map serves as a valuable tool
for guiding environmental management and conservation strategies, enabling targeted interventions and sustainable
practices in areas of high vulnerability. The study’s methodology and findings offer crucial insights for effective
environmental management and conservation in floodplain geosystems, promoting informed decision-making for
sustainable development in the region.

Keywords: environmental vulnerability, floodplain geosystems, natural-climatic factors, principal components analysis,

land cover

INTRODUCTION

The increasing growth of environmental stress and the demand
for sustainable land management necessitates a thorough assess-
ment, focusing on its impact on natural systems, including
climate change (Anderson, Bayer and Edwards, 2020; Surya ef al.,
2020). Analysing this impact on geosystems has become crucial
for science-based nature management (Bychkov et al, 2018;
Yamashkin et al., 2018; Ozgeldinova et al., 2019). As integral
natural and economic geosystems, river basins play a pivotal role
by connecting biological, economic, and socio-demographic
processes between nature and society (Henriquez-Dole et al.,
2018; Anchita et al., 2021).

Geosystems are studied to understand the dynamic relation-
ships between these components and how they function as an
integrated whole within a particular geographical region. This
holistic approach helps researchers and scientists analyse and
predict changes, including the impact of human activities and
environmental factors on a geosystem (Frolova, 2019; Izakovi¢ova
et al., 2019).

The Syr Darya River’s floodplain is a critical geosystem
supporting diverse ecological and economic functions covering
Central Asia (Baranovskaya, Pit'eva and Orolbaeva, 2021;
Issayeva et al., 2021; Zinabdin et al., 2022). Its seasonal flooding
creates a unique ecosystem that fosters biodiversity, including
fish, birds, and other aquatic life (Kuz'mina, Shinkarenko and
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Solodovnikov, 2019; Dimeyeva et al., 2023). Additionally, the
floodplain acts as a natural filter, improving water quality and
reducing soil erosion. Furthermore, the floodplain supports
agriculture, primarily for cotton, wheat, rice cultivation, and
pastoralism, where livestock graze on natural grasslands and hay-
fields (Samarkhanov et al., 2019; Baranowski et al., 2020).

However, the floodplain faces threats, including climate
change, overgrazing, and unsustainable land use (Rzymski et al.,
2019; Havrdovd, Douda and Doudovd, 2023). These factors result
in soil degradation, biodiversity loss, and reduced water quality,
making the region more vulnerable to natural disasters like floods
and droughts, impacting the economy and society (Aralova,
Gafurov and Toderich, 2018; Issanova et al., 2022). Efficient
management and conservation of the Syr Darya River’s floodplain
geosystems are essential for sustainable development and the
region’s well-being (Kuderin et al, 2019). This requires an
integrated, science-based approach considering ecological, eco-
nomic, and social factors to promote sustainable land use
practices and mitigate climate change impacts (Izakovi¢ova et al.,
2019; Cherkashin, 2021).

In this regard, environmental vulnerability is an option to
formulate informed decision-making in environmental manage-
ment, disaster preparedness, climate adaptation, and sustainable
development, ultimately contributing to the resilience of ecosys-
tems and human communities. Common parameters used in
studies for calculating environmental vulnerability typically
include a combination of climatic, geographic, and ecological
factors: geology, geomorphology, soil, vegetation, and land use
(Choudhary, Boori and Kupriyanov, 2018). These parameters have
been employed in various regions, where studies have shown
strong correlations between these factors and environmental
vulnerability along with social (Vieira et al., 2023; Xu et al., 2024).
While previous studies have examined various aspects of the Syr
Darya River basin, there remains a critical knowledge gap in
understanding the specific environmental vulnerabilities of its
floodplain geosystems, particularly in the context of the interplay
between natural and climatic factors.

The study of Syr Darya River’s floodplain geosystems is
driven by the need for current landscape-ecological information.
This information is essential for effectively managing land use

66°E

through a basin-geosystem approach (Prykhodko et al., 2019;
Chernykh, 2022). This paper aims to comprehensively describe
the state of floodplain geosystems in the Syr Darya River lowlands
based on other studies where potential interrelations within the
floodplain geosystem, including alterations in hydrology, soil
degradation, biodiversity loss, and socioeconomic systems have
been considered (Khromykh and Khromykh, 2020). The paper
also identifies challenges and opportunities for sustainable land
use, highlighting the geosystem’s structure. Integration of
parameters indicating social and natural factors through principal
component analysis (PCA) and geographic information systems
(GIS) allows for a comprehensive environmental vulnerability
assessment across different ecosystems (Choudhary, Boori and
Kupriyanov, 2018). The application of principal components
analysis contributed to identifying the key natural and climatic
factors driving vulnerability and developing an integrated
vulnerability map, providing a valuable tool for targeted
conservation efforts.

MATERIALS AND METHODS

STUDY MATERIALS

According to most authors, Syr Darya River’s lowlands start from
the Shardara reservoir and go down to the Kazaly irrigation zone
(Asarin, Kravtsova and Mikhailov, 2010; Crétaux et al.,, 2015;
Bissenbayeva et al., 2021). Based on the elevation features and
hydrobasins dataset in our study, we have selected the floodplain
part of the Syr Darya River’s basin, starting from the eastern
boundaries of the Kyzylkum desert near Turkestan city and going
down to the Zhossaly city in the north-west direction according
to Figure 1 (Linke ef al., 2019). It is a flat area with about 100-
200 m elevations, the flooding zone upstream of the Syr Darya
River’s old delta.

In the floodplain of the Syr Darya, there are about 280
species of higher plants, some of which (Populus pruinosa, Scirpus
kasachstanicus) are the habitat of species listed in the Red Book of
Kazakhstan (Kaz.: Qazagstanniii Qizil Kitabr) (Kuanyshova et al.,
2017). This area was the habitat of the Turan tiger or Caspian
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Fig. 1. The study area map; source: own study
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tiger (Panthera tigris virgata), which was last seen here in the
1930s (Chestin et al., 2017). Nowadays, one of the protected relic
fauna species — the Bukhara deer (Cervus elaphus bactrianus) that
commonly used to inhabit the riparian forests till the 1960s and
was re-introduced starting in 1998 within the project under the
support of the World Wildlife Fund (WWF) as a part of the state
program implemented by the Forestry and Wildlife Committee of
the Ministry of Agriculture of the Republic of Kazakhstan (Rus.:
Komitet lesnogo hozjajstva i zhivotnogo mira Ministerstva
ekologii i prirodnyh resursov Respubliki Kazahstan) (WWEF,
2007-2015; Pereladova, 2013).

STUDY METHODS

The study workflow (Fig. 2) was defined after establishing the
study area. It consisted of three main stages: input data
preparation, data analysis, overlay, and result evaluation.

Input data were clipped by area of interest and exported
from the Google Earth Engine web service to analyse the
floodplain geosystem’s state (Amani et al, 2020). Our input
dataset combined the elevation, median values for soil properties,
vegetation, climatic data, and land cover to evaluate the state of
the floodplain geosystem (Tab. 1).

NASA digital elevation model (NASADEM) is a reprocessed
version of shuttle radar topography mission (SRTM) data, with
the primary goal of filling voids and improving overall accuracy.
It incorporates data from Advanced Spaceborne Thermal

Fig. 2. The workflow of the study; source: own study

Table 1. The input dataset”

Emission and Reflection Radiometer’s Global Digital Elevation
Model (ASTER GDEM), Ice, Cloud, and Elevation Satellite’s
Geoscience Laser Altimeter System (ICESat GLAS), and
Panchromatic Remote-sensing Instrument for Stereo Mapping
(PRISM). While digital elevation models (DEMs) may contain
errors due to land cover, the SRTM data used in this study
demonstrates suitable performance (Meadows, Jones and Reinke,
2024). Notably, SRTM-derived heights over vegetated areas in
North America exhibit minimal influence from forest height
(Buckley et al., 2020). Therefore in the specific context of the Syr
Darya lowlands, where tree heights range from 4 to 20 meters,
the flat terrain and relatively low vegetation likely mitigate the
impact of vegetation on the accuracy of elevation data (Dimeyeva
et al., 2023). Open layer soil bulk density is a measure of soil
compaction (Hengl, 2018). It reflects how tightly packed soil
particles are, influencing water infiltration, root growth, and soil
aeration. Open layer median monthly precipitation provides
insights into the average water availability throughout the year
(Hengl and Parente, 2022). Areas with low or highly variable
precipitation are more susceptible to droughts, affecting
agriculture, water resources, and ecosystems. Conversely, regions
with excessive rainfall might face flooding and soil erosion risks.
TerraClim maximum air temperature indicates the highest
temperatures experienced in the area, crucial for understanding
heat stress and its impacts (Abatzoglou et al., 2018). High
maximum temperatures can exacerbate droughts, increase wild-
fire risks, and threaten human and ecosystem health. Vulner-

No Name Source Period Description
1 Nasapem | digita! e?;\(l)a:i))n model 2000 max.: 177 m, mean: 21.394 m, min.: 0 m, SD: 51.22 m
median values at each pixel for all vertical layers (0 cm, 10 cm, 30 cm, 60 cm,
2 OpenLandMap soil bulk density 1950-2018 | 100 cm, 200 cm) were extracted; max.: 157 kg-m™>, mean: 143.49 kg:m >, min.:
93 kgm >, SD: 4.78 kgm >
3 OvenLandM thl ibitati 2007-2017 median monthly precipitation values at each pixel were extracted; max.:
penlandVap | monthly precipitation 14.58 mm, mean: 11.81 mm, min.: 9.9 mm, SD: 1.51 mm
4 | Terra Climate | ™™™ ATEMT 1 958 9023 | max.: 18.9°C, mean: 17.2°C, min.: 15.26°C, SD: 1.38°C
perature
5 MOD13Ql 16-days NDVI dataset [ 2000-2024 [ max.: 0.45, mean: 0.25, min.: 0, SD: 0.07
i 1 types: sh lass 20), h 1 0), agricult lass 40),
6 Copernicus global land cover data 2015-2019 and cover types: shrubs (class 20), herbaceous (class 30), agriculture (class 40)
CGLS settlements (class 50)

! The dataset covers a geographic area with a latitude ranging from approximately 43.33° to 45.47° and a longitude ranging from approximately 64.07°
to 67.65°. It has a width of 13,290 pixels and a height of 7,948 pixels, providing fine spatial detail.
Explanations: NASADEM = NASA Digital Elevation Model, Copernicus CGLS = The Copernicus Global Land Service; SD = standard deviation,

NDVI = normalised difference vegetation index.
Source: own study.
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ability is particularly high in areas experiencing increasing
temperature trends. Moderate Resolution Imaging Spectro-
radiometer’s (MODIS) NDVTI dataset provides a temporal view
of vegetation dynamics (Didan, 2021). Low or declining NDVI
values can indicate vegetation stress, potentially due to drought,
disease, or land degradation. This information helps identify
areas vulnerable to desertification, reduced agricultural produc-
tivity, and ecosystem degradation. Copernicus land cover data
classifies the Earth’s surface into different categories, such as
forests, grasslands, and urban areas (Buchhorn et al., 2020). Land
cover directly influences various environmental processes. For
instance, forests play a vital role in regulating climate and water
cycles. Conversion of natural land cover to agriculture or
settlements can increase vulnerability to erosion, floods, and
biodiversity loss.

The dataset layers, excluding the digital elevation model
(DEM), were resampled to approximately 30 m pixel data. Then
the point grid layer of over 87,000 points (the space between them
is 270 m) was created to analyse possible relationships between
the selected indicators from Table 1. The values of the raster were
filtered using the boxplots - the statistical distribution was
assessed following the exclusion of roughly 10,000 outliers. Most
of the indicators possess a robust statistical foundation. Analysing
their numerical values has allowed us to acquire unbiased
information regarding the different factors. These indicators
enable a comparative evaluation of the state of the studied
geosystems. We applied the principal component analysis (PCA)
technique to identify the significant indicators within the dataset
and derived the principal components 1 and 2 (PC1, PC2, or PCs)
(Arora et al., 2012) following the steps below.

a. The dataset underwent a normalisation process.
b. The covariance matrix C of the dataset was computed using
the formula:

1
n—1

C=

XTx (1)

where: X = the data matrix, X” = the transposition of matrix X,

n = the number of data points.

c. Subsequently, the eigenvalues and eigenvectors of the covari-
ance matrix were calculated.

d. The eigenvalues and their corresponding eigenvectors were
then arranged in descending order of magnitude.

e. We estimated Pearson’s correlation coefficient Tyy for elevation,
soil density, precipitation, maximum air temperature, NDVI,
population data, and PCs:

Tey = Ef:l (7'1 - f)(y7 _ g)
BRI D VIR

(2)

where: n = the sample size, x;, y; = the individual sample points
indexed with i, Z, y = the sample means that is estimated as
follows:

Tr=— Z; (3)

f. To facilitate subsequent calculations, we normalised the values
of the considered indicators using the following formula (Koz-
hokulov et al., 2019):

k— kmin

kmax - kmin

k= 4)

where: k = the actual value of the indicator for a given period,
Kkmin = the minimum value, k;,x = the maximum value of the
indicator.

We then reclassified the normalised values, considering the
logical subsequence among natural indicators and their environ-
mental vulnerability while factoring in climatic influences. We
assigned ascending rating values, ranging from 1 to 5, to indicate
environmental vulnerability (R), with 1 representing the lowest
vulnerability and 5 representing the highest. Quantiles of
normalised values were applied for this purpose.

After computing the statistical indicators, we calculated the
environmental vulnerability of natural indicators that were used
as the weighted overlay function to map the boundaries of
existing geosystems utilising the formula as follows (Ashimova
et al., 2023):

n
y=> wyRy (5)
ij=1

where: y = the integrated natural indicator, R;; = the i-th or j-th
environmental vulnerability rating, w;; = the weight with which
the i-th or j-th indicator contributes to the integrated indicator.

We utilise an approach based on calculating the weights of
the indicators derived from pair-correlation coefficients between
them to determine wj;. This was performed according to the
formula:

(6)

where: r; = the correlation coefficient between i-th or j-th
indicator. Hence, the summation of paired correlation coefficients
for each natural indicator with the others is related to the total
sum of coefficients over the entire matrix of paired correlation
coefficients.

After deriving the integrated natural indicator per each pixel
of the study areas, we extracted its values into the point vector
layer. We applied the kriging algorithm to get the smoothed map
of the environmental vulnerability with clear boundaries using the
system for automated geoscientific analyses (SAGA 9.2) software
(Lugli et al., 2022). Thus, we analysed the calculated maps to
describe the state of the Syr Darya River’s floodplain geosystems.

RESULTS AND DISCUSSION

The dataset layers, excluding the digital elevation model (DEM),
were resampled to approximately 30 m pixel data. Then, the point
grid layer of over 87,000 points (the space between them was set
as equal to 270 m) was created, as reported in the data and
methods part of this article.

In the next step, the normalised values of each indicator
were calculated for elevation, soil density, precipitation, and
maximum air temperature. NDVI was not recalculated as it is
already expressed through the coefficients, and we just filtered
from 0 to 1. It resulted in the 6-dimensional array with values
between 0 and 1 for further calculations (Fig. 3a).
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Fig. 3. Representation of: a) the raster dataset structure, b) Pearson’s correlation between indicators and principal components; H =
elevation, SD = soil density, P = precipitation, T = air temperature, NDVI = normalised difference vegetation index, source: own study

After this, the correlation coefficients were calculated by
equations (1-3) from the relationships between each parameter,
including principal components (PCs). It was plotted to visualise
the relationships between parameters (Fig. 3b). It demonstrated
that elevation, precipitation, and air temperature strongly
correlate with PCl (accordingly, 0.95, 0.87, and 0.95). We
consider these the natural-climatic factors affecting the vulner-
ability of floodplain geosystems in the study area. In contrast,
vegetation has a strong negative correlation with PC2 but still
affects floodplain geosystems of the lower reaches of the Syr
Darya River. That means the vegetation expressed by NDVI
contributes to the environmental vulnerability of the study area.

The data indicates that the elevation has the highest values
in the south-east (177 m) down to the north-west (about 118 m),
soil density is lower in the floodplain zone of Syr Darya (down to
93 kg-m ), median monthly precipitation ranges between 10 and
15.5 mm, and maximum air temperature is between 15.3 and
19°C. The elevation patterns coincide with a maximum in the
south-east and minimum to the north-west, NDVI has highest
values in flooding zone which is in line with the soil density data
and water dissemination patterns.

We normalised all the data according to Equation (4) and
derived five raster data layers (elevation, soil density, NDVI, air
temperature, precipitation) for further calculations. Then, we
reclassified them to get the rating of environmental vulnerability
for natural indicators (Fig. 4f). The ascending rating values,
ranging from 1 to 5, to indicate environmental vulnerability are
presented in Table 1 and therefore, it is a composite index derived
from combination of the other factors shown in the maps of
elevation (Fig. 4a), soil density (Fig. 4b), precipitation (Fig. 4c),
maximum air temperature (Fig. 4d), and NDVI (Fig. 4e).

Environmental vulnerability ratings were considered in this
order: high elevation - less vulnerable, low elevation - more
vulnerable, less dense soil - highly vulnerable to soil erosion and
soil salinity, high air temperature - affects most susceptible areas,
along with precipitation, while NDVI demonstrates vegetation
experiencing effects of environmental issues.

The Copernicus land cover map (Fig. 5a) and the
interpolated integral environmental vulnerability map (Fig. 5b)
were compared. It presents two crucial aspects of the study area
along the Syr Darya River.

1. Land cover types: this map categorises the land into various
types like shrubs, herbaceous areas, agriculture, and settlements.
It provides the context of the landscape’s composition.

2. Interpolated environmental vulnerability: this map visualises
the degree of environmental vulnerability across the region,
using a colour gradient ranging from low (blue) to high (red)
vulnerability; the latter was prepared to delineate vulnerability
level boundaries by applying the kriging algorithm.

We could see that most of the area is occupied by
herbaceous vegetation (almost 50%) and agriculture (29%),
followed by shrubs (9%) and settlements (2%). Other land cover
types were not included. Then, the most vulnerable areas were
detected south of Kyzylorda city, close to the Kyzylkum Desert,
which has low precipitation and high temperatures. There are
large, abandoned areas of croplands near that city, which aligns
with this study’s findings (Low et al., 2018). They reported that
most of the abandoned agricultural land was concentrated in
Kazakhstan, accounting for 38% of the total cropland abandon-
ment in the Aral Sea region. Among these regions, Kyzyl-Orda in
Kazakhstan had the highest percentage of abandoned cropland,
reaching 49%.

Abandoned croplands represent a significant land cover
change that can directly impact environmental vulnerability.
These areas are susceptible to further degradation, affecting soil
health, water resources, and biodiversity. Recognising this
connection is crucial for understanding the dynamic nature of
vulnerability in the region.

Identifying large, abandoned croplands also points towards
potential opportunities for restoration and sustainable land
management. These areas could be targeted for reforestation,
agroforestry, or other practices that enhance ecosystem services
and reduce vulnerability.

Figure 5b illustrates the spatial distribution of environ-
mental vulnerability in the study region. The area south of
Kyzylorda is particularly vulnerable due to a combination of its
proximity to the arid desert, susceptible land cover types, and
potential human pressures. This information is crucial for
prioritising conservation efforts and sustainable land manage-
ment practices in the region.

The areas with a significant concentration of abandoned
cropland were primarily found in the lower-lying regions of
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Fig. 4. Raster data layers: a) elevation, b) soil density, c) precipitation, d) maximum air temperature, e) normalised
difference vegetation index (NDVI), f) integral vulnerability; source: own study
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Fig. 5. Maps of the study area: a) land cover map (Copernicus GLCS),
b) the integrated environmental vulnerability; source: own study

Kazakhstan, such as Kazalinsk and Kyzyl-Orda. Cropland
abandonment was prevalent in Kyzyl-Orda with moderate to
excellent suitability for wheat cultivation, a similar pattern for rice
production, and varying suitability from high to very high.
Therefore, identifying and understanding the vulnerability of
abandoned croplands is crucial for developing sustainable land
management strategies and prioritising restoration efforts in the
region.

Considering the principal components, we revealed that
they include maximum air temperature, precipitation, and

elevation, which are mutually correlated. Therefore, we can state
that environmental-climatic factors are the primary cause of
major environmental vulnerability.

CONCLUSIONS

The study comprehensively evaluates the environmental vulner-
ability of floodplain geosystems in the Syr Darya River’s lower
reaches, underscoring the critical role of natural and climatic
factors. By integrating diverse datasets and employing principal
components analysis, the research identified key vulnerability
drivers and resulted in an integrated vulnerability map, which
serves as a valuable tool for guiding targeted conservation efforts
and sustainable land management practices. The findings highlight
the dominant influence of maximum air temperature, precipita-
tion, and elevation on environmental vulnerability, particularly in
areas near Kyzylorda city, aligning with abandoned croplands. The
methodological framework presented in this study can be adapted
and applied to other floodplain environments, facilitating a broader
understanding of environmental vulnerability and informing
effective conservation strategies in similar contexts.

The research outcomes contribute significantly to environ-
mental management and conservation by providing a detailed
understanding of the factors influencing vulnerability in floodplain
geosystems. The integrated vulnerability map, a key output of this
study, offers a practical tool for decision-makers and stakeholders
to prioritise conservation efforts and implement sustainable land
management practices in the most vulnerable areas. Though digital
elevation model (DEM) has its limitations, the identification of
maximum air temperature, precipitation, and elevation as primary
vulnerability drivers underscores the urgent need to address
climate change impacts and apply an adaptive management
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strategies in the region. The methodological approach employed in
this study, combining geospatial analysis and statistical techniques,
can be readily transferred to other floodplain environments,
enabling researchers and practitioners to assess and address
environmental vulnerabilities in diverse contexts.

Future research can build upon these findings by incorpor-
ating additional factors, such as socioeconomic variables and
land-use practices, to develop more nuanced vulnerability
assessments and support sustainable development initiatives in
floodplain regions. Integration of these factors would provide
a more holistic understanding of the complex interactions
between human activities and environmental processes, enabling
the formulation of comprehensive and effective conservation
strategies. Furthermore, future studies can explore the temporal
dynamics of environmental vulnerability in floodplain geosys-
tems, considering the potential impacts of climate change and
other anthropogenic pressures on the long-term sustainability of
these vital ecosystems. The insights gained from such research
will be instrumental in guiding adaptive management approaches
and ensuring the resilience of floodplain environments in the face
of ongoing global change.
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