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The drying of the Aral Sea has exposed vast seabed areas characterized by heterogeneous soils
influenced by climatic, hydrological, and ecological factors. This research analyzed the physical,
chemical, and nutrient properties of soils from ten profiles that illustrate different stages of the
Aral Sea’s retreat. The results revealed substantial spatial variation in soil properties, including par-
ticle-size distribution, salinity, organic matter, and nutrient content. While earlier exposure profiles
generally exhibited finer textures, lower salinity (EC), and higher organic matter content, nutrient
distribution (N, P, K) did not follow a consistent age-related trend. Instead, elevated nutrient levels
were observed in profiles across all exposure stages, highlighting the influence of vegetation input
and localized site conditions. Salinity has been identified as a significant factor impeding soil devel-
opment and vegetation establishment, exhibiting strong negative correlations with organic matter
and nutrient retention. Surface salinity and nutrient depletion were most severe in the top 0-5 cm
layer; mulching may help improve conditions for plant establishment. These findings emphasize
the need for site-specific restoration planning based on measured soil characteristics. Areas with
suitable soil conditions may grow drought-resistant species, whereas regions characterized by high
salinity or degradation necessitate halophytes that are adapted to low fertility and extreme envi-
ronmental conditions. These insights provide critical guidance for the implementation of targeted,
site-specific restoration projects focused on soil stabilization, biodiversity enhancement, and de-
sertification mitigation in the Aral Sea region.
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1. Introduction early as Herodotus (5th century BCE) and Al-Balkhi (9th centu-
ry CE) — once influenced the sea’s levels (UNESCO, 2017), mod-

Salt-affected soils cover 1,381 million hectares, represent- ern desiccation has been overwhelmingly human-driven. So-

ing 10.7% of the global land area, with an additional 1,038 mil-
lion hectares at risk of salinization (EC 0.75-2 dS‘m). This situa-
tion presents a significant challenge to agriculture, ecosystems,
and livelihoods. (FAO, 2024). Arid regions such as Central Asia
exhibit heightened vulnerability, as soil salinity exacerbates the
process of desertification. In Uzbekistan, approximately 50% of
irrigated arable land is currently affected by salinization, attrib-
utable to both natural and human-induced factors. (Kholdorov
et al,, 2023). The drying of the Aral Sea is a striking example of
this crisis.

The Aral Sea, which once covered 68,000 km, between
Uzbekistan and Kazakhstan, supported regional ecology and
economies until its rapid decline starting in the 1960s (Kuziyev
et al., 2020). While historical climate fluctuations—recorded as

viet-era irrigation policies diverted over 90% of the Amu Darya
and Syr Darya rivers for cotton monoculture, using inefficient,
unlined channels (Issanova et al., 2022; Massakbayeva et al.,,
2020). By 1989, the sea had split, and by 2020, it had shrunk to
a tenth of its original size, exposing vast salt flats that gener-
ate 1,143-2,684 t/km_ of airborne dust annually (Issanova et
al., 2022).

The drying unfolded in distinct phases (Table 1, Fig. 1),
starting in the southeast and east (1960s) and expanding west-
ward and southward (1990s). This process accelerated saliniza-
tion and desertification, fundamentally altering soil properties.
In response, efforts to combat desertification include afforest-
ing approximately 100,000 hectares of the exposed seabed with
saxaul (Haloxylon ammodendron) and other arid-adapted spe-
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Table 1
Stages of Aral Sea retreat and affected areas (1960-2014)

Period Degree of Retreat Affected Areas of the Aral Sea

1960 Beginning (Weak) Southeast, East

1970 Strength Level Southeast, East, Central-West, North

1980 Average Level Southeast, South, East, Central-West, North

1990 Strength Level Southeast, South, East, Central-West, North, Southwest

2000 Very Strong Southeast, South, East, Central-West, North, Southwest

2004 Very Strong Southeast, South, East, Central-West, North, Southwest

2008 Very Strong Southeast, South, East, Central-West, North, Southwest, Central
2014 Very Strong Southeast, South, East, Central-West, North, Southwest, Central

0 100 km 0 100 km 0 100 km e Aral 0 100 km ~eAral
Kazakhstan Kazakhstan Kazakhstan Kazakhstan
= R W
£
196 196
197 19
e , 1980 o 3
Mo'ynogq - Moynoq§ 9 Mo'ynoq| - Mo'ynog Kl o
Y % - 199 @
/ v v/ Y, 1990
Uzbekistan / | 200 Uzbekistan Uzbekistan 00 Uzbekistan
Q ) % X 0 Q
L ) N
4 b 200 5 4 5 N
3N ) iy — ; AN ) . N )
ﬂ,i\\ =+ eNukus - \ﬂ:\ ==X \\.Nukus = AT “.Nukus vﬂ)\ \,/\~ ~eNukus
1960 1970 1980 1990
0 100 km - e Aral 0 100 km ~eAral 0 100 km e Aral 0 100 km ] ‘e Aral
Kazakhstan - Kazakhstan . Kazakhstan - Kazakhstan -
3 AN
- e s N A S
[\ 19€ oy 196
N i ’
i / 1
o O o : 8 oy { 1980 Ao ( WIS 198
Moynoq g% v | Moynogf "o RSt TR L Moynog) g TR | Meyey g T o
Yy 4 1 {05 9 {3 199 0 4 1
g % X R
Uzbekistan 2000 Uzbekistan 2000 Uzbekistan Uzbekistan )
{ ) 2004 \ )
o ) . ) i 4 2008 IN ) ‘
G=UNG (\J‘\ g ; O~ I 2014 G 2014
-\ “\ oNukus N - N \eNukus AN ~\ " eNukus NN - eNukus
2000 2004 2008 2014

Fig. 1. The stages of Aral Sea retreat from 1960 to 2014 (Brilliant Maps, 2023)

cies annually. However, harsh soil conditions, marked by high aimed to analyze the soil characteristics of the Aral Sea’s ex-
salinity and low fertility, have limited vegetation establishment, posed seabed sediments, formed during various drying stages,
highlighting the need for soil-specific restoration approaches. to evaluate their suitability for vegetation-based restoration

Although extensive research has focused on hydrological strategies. This study analyzed essential soil properties, such as
and ecological impacts, there is a lack of systematic analysis particle size distribution, organic matter content, salinity, and
regarding the soil characteristics of the seabed. This research nutrient levels (NPK), to identify areas with optimal conditions
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for vegetation establishment and ecological restoration, rather
than concentrating on soil formation processes.

2. Materials and methods

2.1. Study area and site selection

The study was conducted on the exposed southeastern sea-
bed of the Aral Sea, located in Uzbekistan site. This area was
chosen due to its early exposure in the 1960s, providing an op-
portunity to investigate soil formation under arid conditions.

The drying of the Aral Sea

As the water receded, particularly from the southeastern and
eastern regions, soil development began, with characteristics
varying based on the duration of exposure. The study targeted
ten soil profiles, each georeferenced with precise latitude and
longitude coordinates, to capture the chronological phases of
the sea’s retreat, as shown in the drying evolution maps (Fig. 1).
The sampling sites (Fig. 2) were strategically selected and ar-
ranged in a chronological sequence, reflecting the Aral Sea’s
drying history. Point 1 represents the earliest dried area, while
Point 10 marks the most recently dried zone. These sites are
distributed in a roughly linear pattern across the southeastern
exposed seabed. This arrangement mirrors the historical retreat

Fig. 2. Study area within the southeastern part of the dried Aral Sea
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of the sea, allowing for a systematic analysis of soil evolution
over time.

2.2. Soils and soil sampling

The soils in this region exhibit significant differences from
typical zonal soil formation processes, mainly because of the
harsh environmental conditions present in the Aral Sea area. To
a significant degree, salt accumulation leads to the development
of coastal salt flats, known as solonchaks, distinguished by their
chloride, sulfate-chloride, and chloride-sulfate salinization pat-
terns. Over time, these soils experience differentiation shaped by
the lithological and morphological characteristics of the seabed.
Fine sediments create aeolian landscapes that are susceptible to
wind erosion. In contrast, denser substrates evolve into desert
solonchaks, which may ultimately change into takyric soils or
highly saline automorphic soils in arid regions.

We collected a total of 68 soil samples from 10 profiles
(Fig. 2) in the south-eastern part of the dried seabed of the Aral
Sea. These sampling locations were arranged sequentially to
represent the chronological shrinkage of the sea. Each point was
georeferenced to ensure spatial accuracy. At each location, soil
samples were collected from multiple depth layers within the
profiles. Most profiles extended to a depth of 120 cm. Samples
were collected at the following depth layers: 0-5 cm, 5-15 cm,
15-30 cm, 30-50 cm, 50-70 cm, 70-90 cm, and 90-120 cm. This
sampling method ensured consistent and detailed coverage of
soil characteristics across different depths and site conditions.
Sampling continued until a wet layer was encountered, marking
the practical excavation limit due to the infeasibility of deeper
digging. However, at Profile 3, sandy soil conditions restricted
excavation depth, allowing for the collection of only four sam-
ples. The sampled depth layers ranged from the surface to sub-
surface, with precise top and bottom depths recorded in centim-
eters. This method ensured a comprehensive assessment of both
horizontal and vertical variations in key soil properties, such as
salinity, texture, and structure. The resulting dataset provides
valuable insights into changes in soil characteristics over time
as the Aral Sea receded.

After collection, soil samples were air-dried at room tem-
perature (approximately 25°C) to remove moisture. The dried
samples were then milled and sieved to achieve the required
particle size for analysis.

2.3. Laboratory analysis

We analysed the soil samples using established procedures
to determine their physical, chemical, and nutrient properties.
Soil particle-size distribution was determined using the pipette
method according to Kachinsky (Kachinsky, 1943). We deter-
mined the organic matter using the modified Tyurin method by
CINAO, which involved oxidizing soil organic carbon with potas-
sium dichromate, in accordance with GOST 26213-91 (Commit-
tee for Standardization and Metrology of the USSR, 1991). We
determined the total phosphorus and potassium contents using
acid digestion, following GOST 26261-84 (Ministry of Agriculture
of the USSR, 1984a), and quantified them using spectrophotom-

207727

SOIL SCIENCE ANNUAL

etry and flame photometry. We determined the total nitrogen
content using the Kjeldahl method, as detailed in GOST 26107-
84 (Ministry of Agriculture of the USSR, 1984b), which involved
digestion with concentrated sulfuric acid and subsequent titra-
tion. Soil salinity was assessed by measuring electrical conduc-
tivity (EC) in a 1:1 soil-to-water suspension following the USDA
method (United States Department of Agriculture, 1954)

3. Results
3.1. Soil particle-size distribution

Soil particle-size distribution results were grouped into
sand (1.0-0.05 mm), silt (0.05-0.001 mm), and clay (<0.001 mm)
fractions following the particle-size classification method by
Kachinsky (1943), as shown in Fig. 3. Profiles 1 to 3, located in
areas exposed during the early stages of the sea’s desiccation, ex-
hibited coarser surface textures and finer textures at depth. For
example, in Profile 1, the surface layer (0-5 cm) contained 34.4%
sand, 51.0% silt, and 14.6% clay, while the deeper layer (70-120
cm) showed an increased clay content, reaching 43.7%. Simi-
larly, Profile 3, situated closer to the centre of the dried seabed,
demonstrated the highest sand content among all profiles, with
sand fractions reaching 49.3% in the 50-70 cm layer. This high
sand content reflects high-energy hydrodynamic conditions that
once dominated this region.

Profiles 4 to 7, representing the intermediate stages of
shrinkage, displayed a transition from silt-dominated surface
layers to sandier and more clay-rich layers at depth. For in-
stance, sediment redeposition during fluctuating water levels
led Profile 5 to exhibit the highest sand content (66.0%) in the
13-35 cm layer . Conversely, Profile 6 showed a gradual increase
in clay content with depth, reaching 16.5% in the 90-120 cm lay-
er. These profiles reflect the dynamic sedimentation conditions
during periods of water level fluctuations in the Aral Sea’s inter-
mediate dried up phase. In profiles 8 through 10, which show the
late shrinkage phase, the surface textures were dominated by
silt, and the subsurface layers were more consistent in texture
with depth. This suggests that the Aral Sea was settling down
more slowly in its last stages. For instance, in Profile 8, 74.0%
silt and 4.4% clay dominated the surface layer (0-5 cm), while
deeper layers showed a slight increase in sand content (42.2% in
the 30-50 cm layer). Profile 9 was characterized by high silt frac-
tions, peaking at 68.9% in the 50-90 cm layer, with clay content
increasing to 15.0% in the 90-120 cm layer.

3.2. Soil salinity

The measurement of electrical conductivity, as illustrated
in Fig. 4, demonstrates the salinity distribution across all pro-
files, highlighting the variations in EC values by depth. Profile 1
demonstrated stable and moderate salinity values, with electri-
cal conductivity consistently measured at 7.80 dS‘m™ across the
depth range of 5 cm to 120 cm. Profiles 2 to 5 exhibited greater
variability in salinity patterns. Profile 3 exhibited the highest
surface EC value of 19.70 dS‘m™, which progressively decreased
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Fig. 3. Soil particle size distribution analysis across profiles from the dried up Aral Sea seabed
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to 17.50 dS'm™ at the 30-50 cm depth layer. Profile 2 exhibited
consistently elevated EC values throughout various depths, with
measurements ranging from 19.40 dS‘m at the 5 cm layer to
18.30 dS'm™ at 120 cm. Profile 5 demonstrated a significant rise
in EC from 7.20 dS'm™ at the 0-5 cm depth to 16.30 dS-m™ at
the 70-90 cm layer, whereas Profile 4 maintained consistently
moderate EC values. Profiles 6 and 7 exhibited moderate salin-
ity levels characterized by notable deep fluctuations. Profile 6
exhibited a gradual decline in EC from 15.80 dS'm at the 0-5 cm
layer to 6.80 dS'm™ at the 90-120 cm layer. Profile 7 exhibited
an initial electrical conductivity of 18.30 dS‘m at the surface,
which decreased to 10.30 dS‘m™ within the 50-70 cm layer, fol-
lowed by a subsequent increase to 9.70 dS'm™ at the 90-120 cm
layer. Profiles 8, 9, and 10 demonstrated the most pronounced
and irregular salinity trends. Profile 8 exhibited an EC value of
18.70 dS'm™ at the 0-5 cm layer, with negligible decreases ob-
served at greater depths. Profile 9 exhibited irregular salinity
patterns at increased depths, with a surface EC of 15.70 dS-m™.
Profile 10 exhibited an EC value of 18.00 dS‘m™ at the surface,
decreasing to 4.60 dS-m at the 70-90 cm layer, and subsequent-
ly increasing to 17.00 dS‘m™ at the 90-120 cm layer.

3.3. Soil organic matter (SOM)

The amounts of SOM differed across profiles, resulting in
three separate categories based on surface enrichment and
depth dispersion (Fig. 5). Profiles 1, 5, and 9 had the greatest
SOM concentrations, with surface values ranging from 0.33%
to 0.38%, and a steady decrease with depth, indicating active
biological contribution and organic buildup. Profiles 4, 6, 8,

Organic matter (%)
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and 10 were categorized as moderate, with surface concentra-
tions ranging from 0.25% to 0.30%, with a rather stable vertical
trend. Profiles 2, 3, and 7 had the lowest SOM concentrations,
often between 0.12% and 0.22%, with little change with layers.
In Profiles 1, 4, 5, and 9, SOM concentrations were reduced in
the topsoil (0-5 cm), increased in the subsurface layers (15-50
cm), and then decreased at increasing depths, resulting in a mid-
depth peak. Conversely, Profiles 2, 3, 6, 7, 8, and 10 exhibited
either the greatest surface amount of SOM or a more homogene-
ous vertical distribution, without significant enrichment within
the upper layer.

3.4. Nutrient content (total nitrogen, phosphorus,
and potassium)

Total nitrogen contents exhibited variability across profiles,
often with a declining trend with increasing depth (Fig. 6). The
profiles were categorized into four groups based on concentra-
tion levels. Profiles 1, 5, and 9 showed the greatest nitrogen con-
centrations, regularly attaining or surpassing 0.11% at various
depths, with a peak of 0.13% in Profile 9 at 30-50 cm. Profiles 4
and 8 were designated as moderate, with values between 0.06%
and 0.09% in the top layers, followed by a progressive decrease
with depth. Profiles 3, 6, and 10 exhibited reduced nitrogen
concentrations, typically ranging from 0.04% to 0.06%, with no
vertical fluctuation. Profiles 2 and 7 had the lowest quantities,
with nitrogen continuously low throughout deeper layers, rang-
ing from 0.02% to 0.04%. Nitrogen concentrations in Profiles 1,
5, 6, and 9 decreased in the surface layer (0-5 cm) compared to
the subsurface layers (15-50 cm), exhibiting different mid-depth
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Fig. 5. Organic matter distribution analysis across profiles from the dried-up Aral Sea seabed
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Fig. 6. Total Nitrogen (%) distribution across profiles from the dried-up Aral Sea seabed

peaks. Profiles 2 and 7 showed generally low nitrogen values
across the profile, whereas Profiles 3, 4, 8, and 10 exhibited rela-
tively stable distributions with minimal vertical variation.

Total phosphorus concentrations shown significant varia-
bility between profiles, generally decreasing with depth (Fig. 7).

Total phosphorus (%)
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The profiles were classified into four categories based on con-
centration patterns. Profiles 1, 5, and 9 showed the greatest phos-
phorus concentrations, with maximum values of 0.38%, 0.34%,
and 0.30%, respectively, and consistently high levels (20.27%)
throughout several layers. Profiles 4, 6, and 10 were categorized
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Fig. 7. Total phosphorus (%) distribution across profiles from the dried-up Aral Sea seabed
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as moderate, with phosphorus concentrations typically between
0.17% and 0.25%, with little change over depth. Profiles 3, 7, and
8 constituted the low group, with concentrations mostly ranging
from 0.11% to 0.16%, and devoid of any significant peak. Pro-
file 2 was notably the lowest, sustaining phosphorus concentra-
tions below 0.13% at all depths, with a minimum of 0.07% in
the top layer. In nearly all profiles, phosphorus concentrations
in the surface layer (0-5 cm) were lower than those in the sub-
surface layers, which ranged from 15 to 50 cm. The trend of sub-
surface enrichment was particularly noticeable in Profiles 1, 5,
and 9; even in low-content profiles, the highest values were not
found near the surface.

Total potassium values shown significant variability be-
tween profiles, allowing categorization into four separate
groups (Fig. 8). Profiles 1, 5, and 9 were categorized as high-po-
tassium profiles, exhibiting consistently high concentrations at
all depths. Peak values above 2.00% in Profiles 1 and 5, although
Profile 9 had a maximum of 1.84%, with all values remaining
above 1.46%. Profiles 3, 4, 6, and 10 were classified as moder-
ate, with consistent concentrations typically between 1.20% and
1.50%, with little fluctuation throughout layers. Profiles 7 and 8
constituted the low group, with potassium values mostly rang-
ing from 0.98% to 1.11%, with no notable accumulation at depth.
Profile 2 was designated as the lowest, demonstrating the mini-
mal values in the dataset, regularly fluctuating between 0.64%
and 0.81%. In 8 out of 10 profiles, potassium reaches its peak in
deeper layers, particularly at 70-120 cm. Profile 3 shows a slight
difference, with surface values being slightly higher than those
at depth, whereas Profile 8 exhibits nearly uniform values with
no significant vertical variation. The topsoil (0-5 cm) is not the
highest in any profile.

Total potassium (%)
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4. Discussion

The drying of the Aral Sea exemplifies a complex environ-
mental catastrophe influenced by the interplay of meteorologi-
cal, human, geopolitical, and socioeconomic factors. This study’s
results, obtained from the analysis of soil profiles exhibiting dif-
ferent drying levels, reveal distinct variations in soil properties
closely associated with the timing and conditions of exposure.
The integration of these observations provides a comprehen-
sive understanding of the factors affecting the formation of the
parched bottom and highlights potential strategies for effective
rehabilitation.

Climate variability has been significant in influencing the
rapid desiccation of the Aral Sea. From 1987 to 2014, relative
humidity decreased from 64.76% to 61.15%, while air tempera-
tures rose by more than 0.93°C (Massakbayeva et al., 2020). This
warming trend significantly altered the regional climate, result-
ing in increased evaporation rates and decreased rainfall. The
developments related to the Amu Darya and Syr Darya rivers
exacerbated drought conditions by increasing water loss from
the tributaries of the Aral Sea (Pan et al., 2022; Wang et al., 2024).
Consequently, diminishing water supplies combined with rising
evaporation rates led to a rapid decline in the water level of the
Aral Sea.

Increased temperature extremes due to climate change
have intensified the drying process. Precipitation decreases in
winter, while summers experience increased heat stress, lead-
ing to accelerated soil moisture loss. Climatic instability affects
soil salinization and degradation by diminishing natural leach-
ing processes due to decreased rainfall, leading to salt accumula-
tion on the exposed seabed. The analysis reveals that this effect
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was especially significant in profiles exhibiting freshly exposed
bottoms, where severe environmental conditions limited soil
formation.

While climate change is significant, human activity primar-
ily caused the drying up of the Aral Sea. Under Soviet-era ag-
ricultural policy, cotton farming led to substantial water diver-
sions for large-scale irrigation projects, resulting in a significant
reduction of outflows to the sea (Kayiranga et al., 2024). Approxi-
mately 82% of the diverted water is attributed to agriculture,
indicating its significant role in this process (He et al., 2022).
Minor fluctuations in water level were observed from 1920 to
1960; however, after 1960, the diversion of over 90% of the Aral
Sea’s inflow led to significant shrinkage (Micklin, 2014). By 1989,
the Aral Sea had divided into the Big and Small Aral Seas, and
by 2020, its surface area had decreased to nearly one-tenth of its
original size (Yang et al., 2020). Ineffective irrigation technologies
significantly increased water waste, as noted by Massakbayeva
et al. (2020) , particularly through the use of unlined channels
that are susceptible to high evaporation and seepage losses. The
unsustainable activities have transformed the exposed seafloor
into a barren landscape, currently generating dust. The presence
of saline dust, augmented by toxic minerals and compounds, has
significantly degraded soil quality and obstructed the develop-
ment of stable soil profiles.

The Aral Sea issue is further complicated by social and geo-
political factors. The Soviet Union prioritized immediate eco-
nomic gains from cotton exports at the expense of long-term
environmental sustainability through the rapid construction of
irrigation infrastructure. The competition for limited water re-
sources has exacerbated regional tensions among downstream
nations such as Uzbekistan and Kazakhstan, as well as upstream
nations like Kyrgyzstan and Tajikistan (Micklin, 2016). The re-
sultant environmental disaster has led to mass migration, public
health issues, and significant economic stress in regions reliant
on agriculture and fisheries. The desiccated seabed, laden with
hazardous salts and chemicals, has generated dust storms that
contribute to respiratory issues, cardiovascular diseases, and
adverse effects on agricultural productivity, thereby exacerbat-
ing socioeconomic stress (Kumar, 2023; Lioubimtseva, 2023).

The phases of the Aral Sea’s withdrawal were significant in
shaping the development of soil across the exposed basin. The
analysis of the soil profile in our investigation indicates varying
tendencies that correspond to the timing of exposure and the
evolving environmental conditions.

Profiles in the early drying parts of the Aral Sea, such as Pro-
file 1, were characterized by finer textures, moderate salinity,
and elevated organic matter content. While nutrient levels were
high in this profile, similarly elevated values were also observed
in intermediate (Profile 5) and recent (Profile 9) exposures, in-
dicating no consistent age-related trend in nutrient distribution.
The observed conditions suggest heightened vegetative input,
ongoing leaching processes, and prolonged precipitation-driven
infiltration, which facilitate more advanced soil formation (Ajiev
et al., 2023; An et al., 2018; Issanova et al., 2022) .

Intermediate exposure profiles, specifically Profiles 2-5,
exhibited a range of soil textures, distinct salinity patterns, and
variable organic matter and nutrient content. The dynamic

The drying of the Aral Sea

properties correspond to unstable hydrological conditions
marked by alternating cycles of sediment deposition and wa-
terlogging. Profile 5 exhibited elevated sand content in deeper
layers, indicating that sediment redistribution was influenced
by fluctuations in water levels (Kayiranga et al.,, 2024; Lio-
ubimtseva, 2023).

Late exposure profiles, specifically Profiles 6 and 7, exhib-
ited inconsistent salt levels, low to moderate organic matter con-
tent, and incomplete leaching patterns. The conditions indicate
insufficient moisture retention and sporadic groundwater infil-
tration, thereby hindering stable soil formation (Gupta, 2020;
Ismonov et al., 2024).

The most challenging conditions for soil growth were indi-
cated by the latest exposure profiles (profiles 8-10). Rapid evap-
oration and inconsistent leaching processes resulted in profiles
characterized by high salinity, low organic matter, and limited
nutrient availability, particularly in Profiles 2, 3, and 7 (Kumar,
2023; Micklin, 2014; Zhu et al., 2024).

This study demonstrates a significant correlation between
soil texture and exposure length, consistent with previous find-
ings. Initial exposure profiles indicated increased clay accumu-
lation and improved surface textures indicative of advanced
pedogenesis (Ismonov et al., 2024; Issanova et al., 2023b; Kim
et al., 2024). Conversely, profiles exhibiting later stages of ex-
posure displayed coarser textures, indicating restricted pedog-
enic processes due to rapid moisture loss and surface salt ac-
cumulation.

Nutrient analysis did not confirm a consistent age-related
trend. While earlier profiles, such as Profile 1, exhibited elevat-
ed nutrient levels, similarly high concentrations of nitrogen and
phosphorus were also observed in intermediate (Profile 5) and
recent (Profile 9) exposures. These findings suggest that nutrient
accumulation is more closely linked to factors such as vegetation
development, organic matter input, and localized microclimatic
conditions, rather than the age of the sediments (Babur et al.,
2022; Baturin et al., 2015; Gill et al., 2022).

It is also important to note that soil conditions did not uni-
formly improve or deteriorate within each exposure stage. For
instance, among the intermediate profiles (2-5), Profile 5 dem-
onstrated favorable nutrient and organic matter content, while
Profiles 2 and 3 were markedly poorer. Similarly, Profile 9, de-
spite being among the most recent exposures, exhibited nutrient
and SOM levels comparable to much older profiles. This high-
lights the spatial heterogeneity of soil development within each
stage and reinforces the need for restoration planning based on
site-specific properties rather than general assumptions by ex-
posure phase.

The lowered concentrations of soil organic matter and es-
sential nutrients (nitrogen, phosphorus, potassium) in the 0-5
cm layer, compared to deeper layers, are primarily related to
wind erosion and an accumulation of surface salts. The exposed
seabed, lacking vegetation, is especially susceptible to aeolian
processes that erode fine particles and organic matter from
the topsoil. Additionally, the accumulation of wind-driven salts
at the surface inhibits microbial activity and nutrient cycling.
The identified constraints highlight the significance of surface
management. The application of mulch may mitigate salinity
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impacts, safeguard the soil from erosion and salt redeposition,
and facilitate vegetation establishment by enhancing soil micro-
environments.

Click or tap here to enter text.The findings highlight the need
for restoration strategies that are specific to the site and adapted
to the diverse soil conditions found on the exposed seafloor. Res-
toration planning should therefore be based on measured soil
conditions—such as salinity, organic matter, and nutrient con-
tent—rather than drying stage alone, to ensure optimal plant
selection and site performance. Early exposure profiles, such as
Profile 1, with stable structures, moderate salinity (~7.8 dS‘m),
finer textures, and relatively higher organic matter and nutrient
levels, offer significant potential for the support of traditional
salt-tolerant plants. The surface clay-silt composition enhances
water retention, supporting more robust vegetative growth. In
regions with limited water resources, the use of drought-toler-
ant species that necessitate minimal irrigation is advised. Ap-
propriate species comprise resilient shrubs and trees, including
tamarisk (Tamarix spp.), saxaul (Haloxylon ammodendron), and
camelthorn (Alhagi spp.), all of which are adapted to arid envi-
ronments.

Among the intermediate exposure profiles (Profiles 2-5),
Profile 5 exhibited moderate salinity (~16.3 dS-m™), balanced
loam texture, and higher nutrient and SOM levels, while Pro-
files 2 and 3 showed poor fertility, high salinity (~18-19.4 dS-m™),
and coarser, sand-dominant subsoils. Therefore, restoration ap-
proaches in this group should be adjusted based on individual
soil conditions. Where soil texture is supportive and fertility is
moderate (e.g., Profile 5), moderately salt- and drought-toler-
ant grasses and shrubs such as saltbush (Atriplex spp.), feather
grass (Stipa spp.), and sand ryegrass (Leymus arenarius), are
recommended. In contrast, highly salt-tolerant pioneer species
are more appropriate for severely degraded profiles such as 2
and 3.

Late exposure profiles (e.g., Profiles 6 and 7), characterized
by moderate to high salinity and variable soil stability, show
fluctuating salinity levels (e.g., Profile 6 ranges from 15.8 to 6.8
dS-m™), low to moderate organic matter, and mixed loamy tex-
tures. These conditions require halophytic plants capable of tol-
erating saline stress and anchoring less-developed soils. Species
recommended for consideration include glasswort (Salicornia
spp.), seepweed (Suaeda spp.), and seashore dropseed (Sporobo-
lus virginicus), all of which exhibit resilience to periodic mois-
ture stress.

Among the recent exposure profiles (Profiles 8-10), Profile
9 exhibited unexpectedly high nutrient and SOM levels, moder-
ate clay-silt texture, and stable EC values (~15.7 dS-m™), while
Profiles 8 and 10 were more degraded with erratic salinity and
poor fertility. This variability suggests that even recently ex-
posed areas may hold restoration potential if site-specific soil
conditions are favorable. Profile 9 may support moderately
salt-tolerant halophytes, while Profiles 8 and 10, with EC levels
reaching up to 18.7 dS‘m™ and poor texture stability, require
extreme halophytes that can establish in harsh conditions. Op-
timal restoration of these areas is achieved through the plant-
ing of highly salt-tolerant halophytes that can thrive in extreme
conditions with limited soil development.Species recommend-
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ed for saline desert environments include Salicornia europaea,
Salsola spp., and Halostachys belangeriana, recognized for their
resilience.

5. Conclusions

This study illustrates the substantial influence of drying
stages on soil texture, salinity, organic matter, and nutrient dis-
tribution (N, P, K) at the dried up bottom of the Aral Sea, with
critical implications for restoration planning. Soil sampling pro-
files from the earliest drying phases (e.g., Profile 1) exhibited
finer textures, moderate salinity, elevated organic matter con-
tent, creating favorable conditions for the growth of drought-
and salt-tolerant plants that require minimal irrigation. Inter-
mediate drying phase profiles (Profiles 2-5) showed diverse soil
textures and variable salinity and fertility, indicating the need
for flexible strategies, from moderately salt-tolerant grasses to
highly tolerant pioneers. Late exposure profiles, such as Profiles
6 and 7, exhibited elevated salinity levels, lower organic mat-
ter content, and fluctuating conditions, requiring targeted inter-
ventions with halophytic species capable of stabilizing unstable
soils. Among the most recent drying phase profiles (Profiles 8-
10), soil conditions were the most challenging—characterized by
extreme salinity, low organic matter, and limited nutrient avail-
ability. However, exceptions such as Profile 9, which exhibited
favorable fertility, highlight the importance of localized assess-
ment.

The consistently reduced levels of soil organic matter and
nutrients in the surface layer (0-5 cm), likely related to wind ero-
sion and salt accumulation, indicate that surface mulching could
mitigate salinity, enhance soil conditions, and promote more ef-
fective restoration positive results. The use of adaptive strate-
gies, including the planting of drought-tolerant species in early
exposure areas and the establishment of specialist halophytes in
saline environments, improves restoration efforts through en-
hanced soil stabilization, reduced erosion, and increased biodi-
versity. These insights provide essential guidance for formulat-
ing sustainable restoration strategies to tackle persistent deserti-
fication issues in the Aral Sea region and comparable degraded
ecosystems globally.

6. Limitations

This study has several limitations that should be acknowl-
edged. The limited number of soil sample sites—only 10 pro-
files—restricted the development of a comprehensive vegeta-
tion-based restoration map, as these samples were predomi-
nantly located in the eastern and southeastern regions of the
Aral Sea seabed. This restricted coverage fails to accurately
represent soil variation across the entire exposed seabed. This
study focused on evaluating soil characteristics for vegetation-
based restoration; however, a deeper understanding of soil for-
mation processes would require excavating profiles to greater
depths. The initial objective was to assess seabed composition
for restoration methods; however, the research team is cur-
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rently focusing on soil formation techniques. Moreover, as no
previous studies have classified these soils using the World Ref-
erence Base for Soil Resources (WRB), we applied national soil
classification terminology in this study. Future research will
aim to enhance vegetation mapping, broaden soil profile cov-
erage, and apply WRB soil classification standards (IUSS Work-
ing Group WRB, 2022) to better support ecological restoration
planning.
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