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ABSTRACT

Efficient irrigation management is crucial for maintaining soil fertility and reducing secondary salinization in arid
regions irrigated with mineralized water. This study evaluated the effects of soil-moisture-based deficit irriga-
tion on the agrochemical properties and salt distribution of moderately saline meadow-alluvial soils under cotton
(Gossypium hirsutum L., cv. Chimboy-5018) during 2016-2018. Six treatments were established by combining
three water-supply levels (=40%, 60% and 80%) with two pre-irrigation moisture thresholds (70—70-60% and
80-80—-60% HB). Soil samples from 0-30, 30-50 and 50-100 cm layers were analyzed for humus, total NPK,
mobile NOs-N, P»0s, K20, and water-soluble salts. Total NPK contents showed little variation among treatments,
whereas mobile nutrient forms displayed pronounced vertical redistribution depending on the irrigation regime.
Lower water supply (=40%) resulted in nutrient accumulation in the topsoil together with increased concentrations
of Na* and Mg?" salts. Higher irrigation levels (=80%) enhanced leaching, reducing salt accumulation in the root
zone but also decreasing available K2O by 35-45%. The intermediate 60% regime provided the most balanced
conditions, maintaining moderate salt leaching, stable nutrient distribution, and the lowest risk of secondary sali-
nization. ANOVA revealed significant differences in cotton yield, with the highest yield (30.4 c¢/ha) obtained under
the 80% water-supply regime, while the 60% regime demonstrated comparable productivity with lower water use.
Overall, moderate deficit irrigation (=60%) represents the optimal strategy for sustaining soil quality and crop
productivity under saline irrigation conditions in arid environments.

Keywords: deficit irrigation, soil salinity, agrochemical properties, meadow-alluvial soils, cotton, arid conditions,
Karakalpakstan.

INTRODUCTION nutrients, and other properties that characterize
soil salinity. These parameters control the pro-

Irrigated agriculture in arid and semi-arid re-  ductivity of agroecosystems under water stress
gions depends significantly on soil fertility, deter- and the stability of soil fertility over time. Cation
mined by a combination of agrochemical param- exchange capacity and the availability of mobile

eters, including organic matter content, available forms of phosphorus and potassium are closely
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linked to crop yields in dryland conditions (Sainju
and Liptzin, 2022). In arid climates, low organic
matter content, insufficient amounts of available
nitrogen and phosphorus, high alkalinity, and low
water storage increase soil sensitivity to second-
ary salinization, structural deterioration, and low-
er soil functionality (Hag Husein et al., 2021; Diaz
et al., 2021; Soltani-Gerdefaramarzi et al., 2023).
In Central Asia, including Karakalpakstan, a
combination of natural and anthropogenic factors
exacerbates arable land degradation. Traditional
high irrigation rates coupled with low water-use
efficiency have contributed to widespread salini-
zation of irrigation systems and deterioration of
soil structure (Jabbarov et al., 2025; Ruziyev et
al., 2022; Dauletmuratov et al., 2024; Mirzaqobu-
lov et al., 2025). It is estimated that up to 50%
of the region’s arable land is already susceptible
to secondary salinization (Measho et al., 2022;
Koriyev et al., 2025). Long-term excess moisture
destroys aggregates and reduces soil permeabil-
ity, while moisture deficit increases compaction
of the upper horizon and increases salt concen-
trations in the root zone (Abdullaev et al., 2010;
Qadir et al., 2014). With insufficiently developed
drainage infrastructure, the accumulation of Na*
and Cl™ causes dispersion of clay particles, in-
creases pH, and limits nutrient availability (Ham-
idov et al., 2022; Dauletmuratov et al., 2024).
Global research highlights that irrigation re-
gime and quality are key factors in transforming
the agrochemical status of soils. Irrigation water
salinity, irrigation frequency, and rates determine
the accumulation or leaching of salts, organic mat-
ter dynamics, and nutrient availability, shaping the
salt and nutrient regimes of the profile (Soltani-
Gerdefaramarzi et al., 2023; Alsanad, 2024; Yan et
al., 2025; Rafik et al., 2023; Meiramkulova et al.,
2024). It was shown that the use of treated waste-
water, in contrast to freshwater, can alter cumula-
tive infiltration, aggregate stability, and nutrient
availability; and the effect depends on the crop
and irrigation process parameters (Gharaibeh and
Eltaif, 2014; Meiramkulova et al., 2024). This is
especially important in regions with highly min-
eralized irrigation waters, such as Karakalpakstan,
where the chemical composition of irrigation water
can both reduce and enhance salinization processes.
Long-term irrigation leads to restructuring of
soil formation processes and changes in the or-
ganic carbon stocks, total nitrogen, and carbon-
ate profile relative to rainfed areas (Sousa et al.,
2021; Weldewahid et al., 2023). Using waters with
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different chemical compositions has been shown
to alter the soil’s salt balance and the suitability of
groundwater for agricultural use (Yan et al., 2025;
Alsanad, 2024). Salt-affected and solonetzic soils
of Central Asia are particularly sensitive to irriga-
tion regimes. A meta-analysis showed that deficit
irrigation at a level of 0.85-0.90 of the full rate
reduces salt accumulation in the root zone and in-
creases water productivity (Lu et al., 2025). Field
observations confirm that a decrease in water sup-
ply is accompanied by measurable changes in pH,
EC, and the concentration of major ions in the ar-
able layer (Hasani et al., 2024; Al-Khuzaie et al.,
2022). In Central Asia, the transition to economic
irrigation regimes is considered an important tool
for stabilizing the agrochemical status of soils
when using saline irrigation water (Jabbarov et al.,
2025; Hamidov et al., 2022; Hasani et al., 2024).

The combination of water delivery method
and water deficit level determines the mineralogi-
cal and salt profiles. Changes in pH, EC, organic
matter, available NPK forms, and enzymatic
activity were shown for different irrigation sys-
tems under arid conditions (Teklu, 2017; Soltani-
Gerdefaramarzi et al., 2023; Diaz et al., 2021;
Boru et al., 2024). The use of regulated deficit ir-
rigation (RDI) and partial root zone drying (PRD)
improves water use efficiency and manages mois-
ture and salt distribution with the correct selec-
tion of the deficit level (Zeineldin and Al-Mol-
him, 2021; Barbagallo et al., 2021; Hashem and
El-Abedin, 2019). Studies with grain crops have
shown that spatially and temporally differentiated
water supply affects vertical salt transport, nitrate
accumulation, and water productivity (Chen et
al., 2022; Lu et al., 2025).

Thus, available data indicate that the agro-
chemical properties of irrigated soils in arid re-
gions are determined not only by natural and cli-
matic conditions but also by the quality, method,
and regime of irrigation. However, for Karakal-
pakstan, characterized by high salinity of irriga-
tion water and widespread secondary salinization,
there is insufficient information on the dynamics of
key agrochemical parameters and the salt regime
of soils under various levels of deficit irrigation.
Therefore, a comprehensive assessment of the im-
pact of water supply regimes on the content of es-
sential nutrients and salinization ions is needed to
stabilize fertility and limit degradation processes.

The study aims to identify patterns of change
in the agrochemical properties of meadow-allu-
vial soils of Karakalpakstan under various deficit
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irrigation regimes and to substantiate the param-
eters of the irrigation regime that minimize the
risk of secondary salinization while maintaining
or increasing soil fertility.

MATERIALS AND METHODS

Research area

The study area is located in the northwestern
part of the Republic of Uzbekistan, within its au-
tonomous Republic of Karakalpakstan (40°58'—
45°39'Nand 56°00'-62°33'E). This region borders
Kazakhstan to the west, north and northeast, and
the Bukhara and Khorezm regions of Uzbekistan
to the east and southeast. In the context of recent
studies on the soil cover of Uzbekistan (Gafurova
et al., 2024), the territory of Karakalpakstan rep-
resents an important area for analysing the struc-
ture and transformation of soil cover under arid
and irrigated conditions. The region’s climate is
characterized by hot, dry summers and cold win-
ters, high solar radiation, intense evaporation, and
a deficit of precipitation during the warm season.
The climatic conditions of the experimental site
are characterized by hot and dry summers. Freez-
ing of the arable layer is observed in winter. The
average daily air temperature in summer is 24-31
°C, with a maximum of 44 °C; and in winter,
drops to -14...-21 °C are possible. Average daily
temperatures exceed 10 °C in spring in late March
— early April, and in autumn in late September—
October. The sum of effective temperatures (>10
°C) for April-October is 2410-2470 °C, which
makes cotton cultivation possible. However, the
risk of water stress increases from late spring on-
ward. Annual precipitation is low (74—170 mm),
mostly falling during the cold season. Summer
precipitation is often absent, and relative humidity
is low, enhancing evaporation and transpiration.
In terms of soil and geography, the experiment
was conducted on meadow-alluvial soils, which
correspond to Fluvisols in the international WRB
classification, with a low to moderate degree of
sulfate-chloride salinity.

Field experiment design

The field experiment was based on regulat-
ing the pre-irrigation soil moisture, which served
as the main indicator of the crop water-sup-
ply level. Three water-supply regimes were

established-approximately 40%, 60% and 80%
of the crop’s estimated water requirement. These
values did not represent fractions of the season-
al irrigation rate; instead, they corresponded to
soil-moisture thresholds expressed as a percentage
of field capacity (HB). Two pre-irrigation moisture
regimes were used in the 0-30, 30-50 and 50-100
cm layers: 70-70-60% HB and 80-80-60% HB.
Maintaining higher HB levels required more fre-
quent irrigations, whereas lower HB thresholds
resulted in fewer irrigations. Therefore, the actual
irrigation volumes (m*ha) differed between treat-
ments, although the water-supply level itself was
defined by the soil-moisture regime rather than by
the total water applied. Irrigation schedules were
encoded by three-digit schemes (e.g., 0—1-0, 1-1—
0, 1-2-0), indicating the number of irrigations in
the early growth phase, flowering, and boll-forma-
tion/ripening phases. The combination of moisture
thresholds and irrigation schedules produced six
experimental treatments (Table 1). Variants with
70-70-60% HB generally required fewer irriga-
tions (800-2000 m3/ha), while variants with 80—
80-60% HB required more frequent irrigations
(1500-3000 m*/ha). Thus, the irrigation volume
reflected the frequency and depth of irrigations re-
quired to maintain the specified HB levels.

The experiment was arranged as a randomized
block design with four replications. Each plot cov-
ered 360 m?, including 180 m? for measurements.

All experimental treatments used the same
mineral nutrient background in order to isolate
the effect of irrigation regimes. The main dose
of phosphorus—potassium fertilizers (=60% of
the total rate) was applied during autumn plow-
ing. Before sowing, N-30, P-100, and K-50 kg/ha
were applied and incorporated. Organic fertilizers
were not used. Cotton (Gossypium hirsutum L.,
variety Chimboy-5018) was sown at the standard
time for the region. Weed control, inter-row culti-
vation, and plant protection measures were iden-
tical across treatments.

Irrigation was carried out using water from the
local canal system hydraulically connected to saline
groundwater. The salinity of the irrigation water
ranged from 3.7 to 5.1 g/L, dominated by sodium,
magnesium, and calcium sulfate—chloride salts,
which increases the risk of secondary salinization.

Laboratory soil analysis

Soil samples were analyzed using established
methods to determine soil properties. Organic
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Table 1. Experimental treatments

Variant Water-supply level* Pre-irrigazﬁg’sl;oi I) moisture Irrigation schedule Total irrigit;c;?*;/vater (me/
1 40% 70-70-60 0-1-0 800
2 40% 80-80-60 0-2-0 1500
3 60% 70-70-60 1-1-0 2000
4 60% 80-80-60 1-2-0 2500
5 80% 70-70-60 1-2-0 3000
6 80% 80-80-60 1-3-0 3000

Note: * Water-supply level refers to the soil-moisture regime (HB), not to the seasonal irrigation rate.
** The irrigation volume reflects the number and depth of irrigations required to maintain the specified HB levels.

matter content was determined using the modified
Tyurin method (CINAO), based on the oxidation
of organic carbon with potassium dichromate, in
accordance with state standards GOST 26213-91
(Committee for Standardization and Metrology
of the USSR, 1991). Total phosphorus and potas-
sium content were determined by acid digestion
in accordance with GOST 26261-84 (Ministry
of Agriculture of the USSR, 1984a), followed by
measurement using spectrophotometry and flame
photometric analysis. Total nitrogen was deter-
mined using the Kjeldahl method described in
GOST 26107-84 (Ministry of Agriculture of the
USSR, 1984b); the method included decomposi-
tion with concentrated sulfuric acid. In this study,
soil salinity was evaluated using the total content
and ionic composition of water-soluble salts in
accordance with the classification developed by
Pankova et al. (1996). Electrical conductivity
(EC) was not measured instrumentally, so EC-
based salinity classes (dS/m) were not used in the
interpretation. The analysis relied on gravimet-
rically determined concentrations of water-sol-
uble salts (%, g/kg) and their ionic composition
(Ca?*, Mg*, Na’, Cl, SO+*), which allowed
characterization of salinity type (chloride-sul-
fate, sulfate-chloride) and degree (weak, mod-
erate, strong). Although soil electrical conduc-
tivity (EC) is widely used in salinity studies, the
applied approach based on the total content and
ionic composition of water-soluble salts remains
methodologically justified for sulfate—chloride
meadow-alluvial soils of arid Central Asia. Un-
der conditions of mineralized irrigation water, ion
composition and redistribution of physiological-
ly harmful salts (Na* and Mg?") within the soil
profile provide more detailed information on sa-
linization processes than integral EC values. The
classification of salts as “physiologically harm-
less” (mainly Ca?" salts) or “harmful” (Na" and
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Mg?* chlorides and sulfates) follows the widely
accepted approach for sulfate-chloride soils in
Central Asia described by Pankova et al. (1996).

This approach provides a quantitative assess-
ment of salinity in cases where EC measurements
are unavailable, which is acceptable for irrigated
meadow-alluvial soils where the primary concern
is the redistribution of harmful ions within the
0-100 cm profile.

Statistical data processing

Cotton yield data (raw cotton yield) were
subjected to a single-factor analysis of variance
with the “irrigation treatment” factor. Means
were compared using the LSDo-os ratio; differ-
ences were considered statistically significant at
p < 0.05. Soil agrochemical parameters (humus,
total and mobile forms of NPK, water-soluble
salts) were analyzed using descriptive statistics
(means and ranges) without formal analysis of
variance. This approach was applied because
the primary objective was to identify consistent
trends and vertical redistribution patterns of nu-
trients and salts within the soil profile rather than
to compare treatment means statistically. Depth-
stratified and multi-year soil sampling further
limits the applicability of classical single-factor
ANOVA for soil parameters. Statistical process-
ing was performed according to method of B.A.
Dospekhov (Dospekhov, 1985).

RESULTS AND DISCUSSION

The initial agrochemical state of the mead-
ow-alluvial soils of the experimental plot was
characterized by average organic matter content
and moderate macronutrient availability. Humus
content in the 0—100 cm profile ranged from 0.48
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to 0.69%, reaching a maximum in the 0—30 cm
layer and decreasing to 0.48% in the 70—-100 cm
horizon, reflecting the typical stratification of
organic matter in alluvial soils. Total nitrogen,
phosphorus, and potassium also decreased with
depth: from 0.06-0.146% in the 0-30 cm layer to
0.03—-0.102% in the 70—-100 cm horizon (Table 2).

Concentrations of mobile nutrient forms were
highest in the arable layer and decreased with
increasing profile depth. According to data from
the first year, with a 40% water supply, the nitrate
nitrogen (NOs—N) content in the 0-30 cm layer
was 3.38 mg/kg, at 60%, it was 3.02 mg/kg, and
decreased to 2.329 mg/kg at 80%. In the 70—-100
cm horizon, values decreased from 2.01 mg/kg
(40%) to 1.581 mg/kg (80%). In the second year,
a similar trend was observed: in the 0-30 cm lay-
er, the NOs—N content varied from 3.41 to 2.322
mg/kg with an increase in water supply from 40
to 80%, and in the 70—100 cm horizon, from 2.02
to 1.623 mg/kg (Figure 1).

The content of mobile phosphorus (P20s)
also decreased with increasing water supply and
depth. In the first year, in the 0-30 cm layer, the
concentrations were 4.01, 3.18, and 3.04 mg/kg at
40, 60, and 80%, respectively. In the 70-100 cm
horizon, the values varied from 1.02 to 2.11 mg/
kg. In the second year, the ranges were 4.03—3.20
mg/kg in the 0-30 cm layer and 1.01-2.13 mg/kg
in the 70-100 cm layer at 40—60% water supply,
decreasing to 2.02 mg/kg at 80% (Figure 2).

The most pronounced changes were observed
for mobile potassium (K20). In the first year, in
the upper layer (0-30 cm), K-O concentrations
were 302.10 mg/kg at 40%, 244.11 mg/kg at
60%, and 204.29 mg/kg at 80%. In the 70-100
cm horizon, values increased from 115.08 mg/kg
at 40% to 201.02 mg/kg at 60% and decreased to
161.11 mg/kg at 80%, indicating a redistribution
of potassium to the lower part of the profile with
higher irrigation rates. In the second year, similar

Table 2. Initial agrochemical properties of the soil profile

dynamics were maintained: concentrations de-
creased from 301.25 to 202.17 mg/kg in the 0-30
cm layer and increased from 113.20 to 159.89
mg/kg in the 70—-100 cm horizon with an increase
in water supply from 40 to 80% (Figure 3).

Averaging the data over the soil profile con-
firms the stability of the identified trends. In
the first year, in the 0-100 cm layer, the aver-
age NOs-N content decreased from 2.36 mg/kg
at 40% to 1.909 mg/kg at 80%, the P.Os content
decreased from 2.53 to 2.47 mg/kg, and K-O de-
creased from 235.13 to 180.47 mg/kg. In the sec-
ond year, a similar range was 2.367-1.946 mg/
kg for NOs-N, 2.517-2.465 mg/kg for P-Os, and
234.33-180.04 mg/kg for K2O. Thus, across all
layers of the soil profile and in both study years, a
consistent trend toward a decrease in the content
of mobile forms of nitrogen, phosphorus, and po-
tassium in the upper arable layer with increasing
water availability and a partial redistribution of
nutrients to the lower part of the profile was ob-
served. The most pronounced changes were ob-
served for nitrate nitrogen and potassium, while
variations in phosphorus were less significant.

The observed difference in the vertical distri-
bution of mobile forms of macronutrients is ex-
plained by differences in their soil mobility and
migration mechanisms. Phosphate ions (P-Os) are
quickly fixed in the upper horizons due to inter-
action with calcium and magnesium in carbonate
soils, so their content varies little with depth, even
with higher irrigation rates. Nitrate nitrogen (NOs")
is highly mobile, but a significant portion of it is
consumed by plants and lost through denitrifica-
tion, which reduces its accumulation in the deeper
layers. In contrast, potassium (K") has intermedi-
ate mobility: it is partially washed down the pro-
file with increasing water supply, which leads to a
decrease in concentration in the upper layer and a
simultaneous increase in content in the 70100 cm
horizon, especially at 60% water supply.

Total content, % Mobile forms, mg/kg
Depth, cm Humus, %
N P K NO, PO, K,O
0-30 0.69 0.06 0.146 1.87 3.74 3.95 310.00
30-50 0.64 0.05 0.139 1.13 2.34 3.68 306.12
50-70 0.54 0.03 0.103 1.07 2.54 243 258.07
70-100 0.48 0.03 0.102 1.05 1.12 1.02 194.31
0-50 0.66 0.05 0.142 1.50 3.04 3.81 308.06
0-100 0.58 0.04 0.122 1.28 243 2.77 267.12
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Figure 2. Depth-wise distribution of mobile P2Os at different irrigation water supply levels (40, 60 and 80%)
in 2016 and 2017

A comparison of the obtained data with the lit-
erature shows that the identified patterns are con-
sistent with those of other studies. Teklu (2017)
observed a decrease in the content of available
phosphorus and potassium in the surface soil hori-
zon with increased irrigation rates due to leaching.
Hasani et al. (2024) reported a similar effect when
corn was cultivated under drip irrigation with min-
eralized water, with a decrease in available po-
tassium content of 30—40% compared to a deficit
regime. This confirms that the decrease in K.O
concentration at 80% water availability under our
conditions is consistent with the general pattern of
nutrient removal with higher irrigation rates. Other
researchers have noted similar differences between
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macronutrients in terms of vertical migration.
Field experiments on carbonate soils (De Paz et al.,
2017; Kumar et al., 2020) found that phosphorus
is almost entirely fixed in the upper horizon, while
potassium tends to shift to deeper horizons under
regular irrigation. This confirms that the increased
sensitivity of KO to water availability observed in
our study is typical for irrigated agricultural land-
scapes in the arid zone.

Since electrical conductivity (EC) was not
measured instrumentally, the assessment of sa-
linity dynamics in this study was based entirely
on the total content and ionic composition of wa-
ter-soluble salts. This approach is widely applied
in studies of sulfate—chloride salinization in arid
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Figure 3. Depth-wise distribution of mobile K2O at different irrigation water supply levels (40, 60 and 80%)
in 2016 and 2017

regions, where the ecological impact of salinity
is determined primarily by the redistribution of
specific ions (Na*, Mg?", Ca*", Cl", SO+*) rath-
er than by integral EC values. Salinity levels in
the 0-30, 30-50 and 50-100 cm soil layers were
therefore interpreted according to the classifi-
cation of Pankova et al. (1996), in which weak
salinity corresponds to 0.20—0.40% total soluble
salts and moderate salinity to 0.40-0.70%. This
method provides a reliable basis for comparing
irrigation treatments and characterizing salinity
profiles under conditions where EC measure-
ments are unavailable.

At the beginning of the growing seasons in
both years of the experiment, the meadow-alluvi-
al soils of the study site exhibited predominantly
weak sulfate—chloride salinity with clear vertical
differentiation (Figures 4 and 5). The upper 0-30
cm layer was characterized by a higher propor-
tion of physiologically low-impact calcium salts,
whereas the deeper 50—100 cm horizons con-
tained an increased share of magnesium and so-
dium chlorides and sulfates. This vertical pattern
served as the baseline for evaluating how differ-
ent irrigation water-supply levels influenced salt
redistribution within the soil profile.

In the second year, low-impact calcium salts
(Ca(HCO:s3)2, CaS04) predominated in the 0-30
cm layer: their content reached 0.186% (77.8%
of the total salts), with the proportion of high-im-
pact sodium and magnesium salts being 0.053%
(22.1%) and total mineralization being 0.239%.
The proportion of high-impact salts increased

with depth, reaching ~50.4% in the 50-100 cm
horizon, while the total salt content in the 0-50,
0-70, and 0—100 cm sections remained within the
limits of weak salinization (0.192-0.212%). In
2018, the general patterns persisted, with a slight
increase in mineralization in the upper horizons
(up to 0.242% in the 0-30 cm layer) and an al-
most equal ratio of low-impact salts and high-im-
pact salts (approximately 49-51%) in the 50—100
cm layer, indicating the accumulation of sulfates
and chlorides of Na* and Mg?* in the lower part of
the profile. Even based on average values of wa-
ter-soluble salt content in the 0-30 cm layer, with
an increase in water supply from 40 to 80%, total
mineralization decreased from 0.46 to 0.36%. The
same trend was observed throughout the 0-100
cm profile: mineralization decreased from 0.50 to
0.39%, confirming the leaching effect of higher
irrigation rates and reflecting the differences be-
tween the options in the degree of salinization of
the arable layer.

The results of salinization analysis at differ-
ent water supply levels (40, 60, and 80%) showed
a clear trend of the nature and intensity of salt
accumulation on the irrigation regime. With
minimum water supply (40%), the upper soil
layer (0-30 cm) contained 0.133% of low-im-
pact salts Ca(HCOs). and CaSOa4 and 0.330%
of harmful salts MgSQO4, Na.SO4 and NaCl, and
the average mineralization in the 0—100 cm layer
reached 0.504%, which corresponds to the transi-
tion to average sulfate-chloride salinization. At
60% water supply, the proportion of low-impact
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Figure 5. Ionic composition of water-soluble salts in meadow-alluvial soils at different depths
and irrigation water supply levels at the end of the 2017 growing season

salts in the arable layer increased to 0.151%, and
the proportion of high-impact salts decreased
to 67.0%. In the 30-50 cm layer, the content of
Ca(HCOs)2 and CaSOs4 increased to 0.201%, re-
flecting a partial leveling of the salt profile, al-
though in the 50-100 cm layer the proportion
of harmful salts remained high. The greatest de-
crease in the concentration of harmful salts in the
upper layer was observed at 80% water supply:
in the 0-30 cm layer, the content of low-impact
salts was 0.151%, high-impact salts — 0.210%,
while in the 50-100 cm layer, the proportion of
harmful salts remained high, and the total miner-
alization reached 0.469%. The average total min-
eralization in the 0—100 cm layer decreased from
0.504% to 0.394% with increased water supply,
indicating greater salt migration down the pro-
file at higher irrigation rates. A similar pattern of
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seasonal downward shift of the salt front under
the influence of high irrigation rates was ob-
served in experiments with winter wheat (Chen
et al., 2022) and alfalfa on saline soils (Yang et
al., 2019). In both cases, the authors noted that
high water consumption leads to the accumula-
tion of Na* and Mg?" in the subsurface horizons
(50-100 cm), which is consistent with our data
for the meadow-alluvial soils of Karakalpakstan.
This confirms that the efficiency of salt leaching
into the lower layers at 80% water availability is
a natural process characteristic of arid regions.
Irrigation with 40%, 60%, and 80% water-
supply levels resulted in significant differences
in cotton yield. The highest yield (30.4 c/ha) was
obtained under the 80% water-supply regime
(1-3—0 scheme). A three-year analysis of vari-
ance (ANOVA) confirmed statistically significant
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differences among treatments (Ffact = 21.63 >
F0.05 = 3.33, p < 0.05), and the least significant
difference (LSDO0.05 = 1.08 c/ha) verified the re-
liability of these differences. However, the 80%
regime was also associated with the greatest
leaching losses of available K-O and enhanced
downward migration of high-impact Na* and
Mg?* salts. In contrast, the 60% regime produced
only slightly lower yields but maintained a more
balanced nutrient status in the root zone, reduced
total mineralization in the upper soil layer, and
lowered the risk of secondary salinization. There-
fore, considering agrochemical stability, water-
use efficiency, and ecological safety, the 60%
water-supply level represents a more optimal
long-term irrigation strategy than the high-input
80% regime.

These results are generally consistent with
data from other researchers studying deficit ir-
rigation in saline and semi-saline conditions, in-
cluding studies on the impact of irrigation water
quality and brackish irrigation on soil salinity and
crop yield (Dinh et al., 2021; Rafik et al., 2023;
Meiramkulova et al., 2024). It is emphasized that
the optimal deficiency level depends on the de-
gree of mineralization of the irrigation water and
the depth of the groundwater table: with relative-
ly low-salinity water, some experiments recom-
mend regimes close to full water supply, while
with higher salt concentrations, more stringent
irrigation rate restrictions are required to prevent
secondary salinization (Liu et al., 2024).

Our data fits well with this concept. Under
Karakalpakstan conditions, using mineralized ir-
rigation water and shallow saline groundwater, a
40% deficiency regime led to the concentration
of mobile forms of NPK and salts in the upper
horizons due to increased capillary rise and in-
sufficient leaching effect of irrigation. However,
at 80%, intensive leaching of high-impact salts
from the arable layer and their accumulation in
the deeper profile were observed, as well as a sig-
nificant decrease in the content of available potas-
sium. A similar trend in vertical salt redistribution
under the influence of increased irrigation rates
and the use of saline irrigation water was observed
in field experiments with maize and other crops in
arid regions (Lor Mohammad Hasani et al., 2024;
Yuan et al., 2019). For cotton crop under drip ir-
rigation with brackish water, it was shown that a
combination of moderate moisture deficit and op-
timal doses of nitrogen and potassium allows for
the maintenance of an acceptable soil salt regime

with high efficiency of water and fertilizer use
(Min et al., 2014; Zhang et al., 2025).

Against this background, an intermediate irri-
gation regime of approximately 60% can be con-
sidered a hydrological and agrochemical compro-
mise. It provides sufficient moisture content to
limit capillary rise and prevent excessive concen-
trations of salts and mobile forms of NPK in the
surface layer (as with 40% irrigation regime), but
does not lead to pronounced potassium removal
and other nutrient losses characteristic of the 80%
regime. Similar conclusions about the advan-
tages of moderate deficit irrigation compared to
both severe deficit and excess water supply are
presented in several publications on cotton and
other crops under conditions of water deficit and
secondary salinization (Lu et al., 2025; Min et al.,
2014; Zhang et al., 2025).

These results demonstrate that maintaining a
moderate deficit irrigation level of approximately
60% of the estimated water requirement ensures
a balance between the leaching of harmful salts
and the retention of essential nutrients in the root
zone. Under saline irrigation conditions (3.7-5.1
g/L), this level reduced the total salt mineraliza-
tion in the topsoil, prevented the intensive remov-
al of available potassium into the soil profile, and
ensured higher cotton productivity compared to
the 40% and 80% water supply options.

CONCLUSIONS

A consistent relationship was established
between water supply levels, the vertical distri-
bution of available nutrients, and soil salinity
parameters when using saline irrigation water.
Increasing irrigation from 40% to 80% of the es-
timated water requirement led to a decrease in the
content of mobile forms of NOs-N, P-Os, and K>O
in the 0-30 cm layer, while their concentration
simultaneously increased in the 70-100 ¢m hori-
zons. A stable vertical gradient in the availability
of potassium was observed with increasing water
supply. Changes in nitrate nitrogen and phospho-
rus were less pronounced.

Although the maximum cotton yield was
achieved under the 80% water-supply regime,
this treatment also intensified the leaching of
available potassium from the arable layer and and
promoted the downward migration of high-im-
pact salts. The 60% regime resulted in only a
slight reduction in yield but maintained a more
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balanced distribution of nutrients in the root zone,
decreased total mineralization in the upper soil
layer, and reduced the risk of secondary saliniza-
tion. Therefore, from the standpoint of soil fertili-
ty preservation, water-use efficiency, and ecologi-
cal sustainability, the 60% water-supply level can
be considered the most optimal irrigation regime
under saline water conditions.

From a long-term sustainability perspective,
the accumulation of Na* and Mg?** ions in the
50-100 cm layer under the 80% regime may pose
risks for subsoil properties, whereas the 60% wa-
ter-supply level provides a more balanced com-
promise between salt leaching and nutrient reten-
tion in the root zone.
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