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Abstract

Gully erosion is a major but poorly documented driver of land degradation across the irrigated plains and
foothill zones of Central Asia. This study presents the first comprehensive, landscape-scale inventory of
gully erosion in the Tashkent region, Uzbekistan (14,995.7 km?), combining high-resolution imagery
(Google Earth Pro) with GIS-based landscape mapping (ArcGIS) and field verification. Gullies were
manually digitized and analyzed across 50 landscape units, four major river basins (Syrdarya, Chirchigq,
Ohangaron, and Gijigen), and successive elevation zones. Gullies occupy 345.4 km? (2.30%) of the study
area overall, yet reach 30-40% of surface area within individual landscape units, particularly in foothill
zones between 300 and 600 m a.s.l. The Gijigen and Chirchiq basins account for the largest share of
regional gully area (30.5% and 29.8%, respectively), while Gijigen shows the highest within-basin gully
density (10.90%). The results indicate a significant relationship between gully prevalence and both
elevation zonality and irrigation-related land use. These findings provide the first empirical baseline for
basin-level erosion management in the Tashkent region and demonstrate that even landscapes of
modest overall extent can host severe, spatially concentrated degradation, supporting targeted soil
conservation planning in the irrigated foothill environments of Central Asia.

Introduction

Soil erosion, and particularly gully formation, is recognized worldwide as one of the most damaging
forms of land degradation (Montanarella et al., 2016). It removes fertile topsoil, reduces agricultural
productivity, and intensifies ecological and economic pressures. Increasing human activity and
unsustainable land use have accelerated soil erosion globally (Hooke, 2000; Montgomery, 2007;
Boardman & Poesen, 2006; Maetens et al., 2012; Vanacker et al., 2014, Garcia-Ruiz et al., 2015;
Vanmaercke et al., 2015; Tarolli & Sofia, 2016; Goudie & Viles, 2016; Vanwalleghem et al., 2017). While
erosion has been extensively studied worldwide (Poesen, 2017; Castillo & Gémez, 2016), the Tashkent
region remains one of the least-documented areas, motivating the present study.

The Tashkent region, in northeastern Uzbekistan, encompasses a wide range of geomorphological
settings — river valleys and terraces, foothill plains and uplands, and low-, medium-, and high-mountain
zones. Irrigated agriculture, deforestation, and open-pit quarrying have intensified gully erosion across
the region, yet no systematic, region-wide assessment has previously been conducted.

A substantial body of research has applied spatial modeling to gully erosion risk, using logistic
regression (Ayalew & Yamagishi, 2005; Conoscenti et al., 2013), multivariate statistics (Akgiin & Tirk,
2011), and machine-learning approaches (Oh & Pradhan, 2011; Razavi-Termeh et al., 2020). Review
studies (Castillo & Gémez, 2016; Vanmaercke et al., 2021) emphasize the need for comprehensive,
multidisciplinary research to better understand gully formation and its spatial variability. Recent basin-
scale assessments combining satellite imagery with frequency-ratio and machine-learning approaches
(Laraib et al., 2024) have reaffirmed the value of such multidisciplinary, basin-level erosion planning. A
comparable basin-approach to gully density mapping has also proven effective across extensive plain
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landscapes of the Russian Plain (Golosov et al., 2018), reinforcing the applicability of basin-level gully
inventories across contrasting geomorphological settings. Classical work has linked gully initiation to
hillslope hydrology, soil erodibility, and runoff accumulation (Bryan, 2000; Kirkby & Bracken, 2009;
Valentin et al., 2005), with field studies across Spain, Canada, and Laos (Casali et al., 1999; Burkard &
Kostaschuk, 1997; Chaplot et al., 2005) confirming that both natural conditions and land-use practices
jointly govern gully expansion and magnitude.

In a related preliminary study, a DEM-based Weighted Overlay hazard model (slope, flow accumulation,
and aspect) was developed for the Tashkent region and validated against an independent, Google Earth
Pro—derived gully inventory, showing that the high-hazard class captured 78—-82% of mapped gullies
(Sharipov & Samatova, 2025). That study confirmed the overall reliability of relief-based hazard
prediction for the region but did not examine the spatial distribution of gully erosion across landscape
units, elevation zones, or river basins — information that is essential for basin-level management
planning.

Despite these advances, three gaps remain: (1) a lack of empirical, landscape-scale data for the
Tashkent region despite its extensive irrigation-based agriculture and grazing pressure; (2) insufficient
incorporation of elevation zonality into gully erosion studies, despite its strong influence on hydrology
and land-use dynamics; and (3) a weak link between gully erosion mapping and basin-level management
planning.

This study addresses these gaps by providing a landscape-scale, GIS-based inventory of gully erosion in
the Tashkent region, supported by field verification, and building on the validated hazard-modeling
framework of Sharipov and Samatova (2025) with a detailed empirical account of gully distribution by
landscape unit, elevation zone, and river basin.

Materials and methods

Study area

The study was conducted in the Tashkent region, located in northeastern Uzbekistan. Water bodies
(rivers, reservoirs, and lakes) were excluded from the analysis, yielding a total study area of 14,995.7
kmz2. The region is characterized by a semi-arid continental climate and a diverse range of
geomorphological settings, including river valleys and terraces, foothill plains, and low-, medium-, and
high-mountain zones. Land resources are used primarily for irrigated agriculture, livestock grazing,
mining, and forestry.

Gully mapping and landscape classification

Gully mapping followed a five-step GIS workflow. First, high-resolution satellite imagery covering the full
extent of the Tashkent region was systematically reviewed in Google Earth Pro at a consistent viewing
scale (approximately 1:5,000—1:10,000), sufficient to resolve individual gully channels. Second, gully
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features were manually identified and digitized as polygons using standard visual-interpretation criteria:
channel connectivity to an established drainage line, a V-shaped cross-sectional morphology visible from
the characteristic shadow pattern, and the absence of continuous vegetation cover along the incision.
These criteria are consistent with the digitization protocol applied in a related regional hazard-modeling
study (Sharipov & Samatova, 2025). Third, the resulting 748 gully polygons were exported in shapefile
format and imported into ArcGIS, where topology checks were performed to remove overlapping or
duplicate polygons. Fourth, the cleaned gully layer was spatially intersected with a pre-existing
landscape classification map of the Tashkent region (50 landscape units, delineated by Sharipov, 2022)
using the ArcGIS Intersect and Summarize Statistics tools, yielding gully area and share (%) for each
landscape unit. Fifth, each landscape unit was assigned to one of the four main river basins of the region
(Syrdarya, Chirchig, Ohangaron, and Gijigen) based on its hydrographic position, determined from the
basin boundary layer; landscape units situated across multiple basins or in unclassified upper-mountain
zones were grouped separately as an "other/multi-basin" category rather than force-assigned to a single
basin. This descriptive, GIS-based mapping approach parallels other recent studies that combined
satellite imagery interpretation with GIS analysis to characterize gully development without predictive
modeling (Real et al., 2020).

Field verification

To assess the accuracy of the Google Earth Pro—based digitization, field measurements were carried out
at three representative gully sites, where cross-sectional profiles were recorded in situ and compared
against the corresponding remotely digitized boundaries. This targeted verification, while limited in
spatial coverage relative to the full inventory (n = 748), confirmed the reliability of the visual-interpretation
criteria applied across the dataset; broader field-based validation remains a priority for future work.

Statistical analysis

Descriptive statistics (area, gully share by landscape unit, elevation zone, and river basin) were computed
for all gully-bearing landscape sub-units (n = 102). The relationship between landscape elevation and
gully share was assessed using Pearson's correlation coefficient; a weak but statistically significant
negative correlation was found across the full elevation gradient (r =-0.231, p = 0.020), consistent with
the sharp decline in gully activity above the foothill zone. A comparison of mean gully share between the
foothill zone (300-600 m a.s.l.) and all other elevations showed a higher, though not statistically
significant, mean value within the foothill zone (6.38% vs. 4.86%; Welch's t = 1.00, p = 0.323), reflecting
the substantial within-group variability documented in Table S1. No significant relationship was found
between landscape unit area and gully share (r=0.016, p = 0.874), indicating that the intensity of gully
degradation is independent of landscape size. All statistical analyses were performed in Python (SciPy
v1.x).
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Table 1

Gully erosion distribution by river basin

River basin Basin area Gullied Gully share Share of total
(km?) area (km?)  within basin regional gully area
(%) (%

Gijigen 967.06 105.39 10.90 30.5

Chirchiq 2868.72 102.81 3.58 29.8

Ohangaron 1166.05 78.32 6.72 22.7

Syrdarya 611.06 48.97 8.01 14.2

Other (unclassified/mountain ~ 8586.41 9.94 0.12 2.9

tributaries)

Total 14,199.30 345.43 - 100

Table 2
Top 10 landscape units by gully share (%)
Rank Landscape unit River Elevation Unit area Gullied Gully
basin range (m) (km?) area (km?) share (%)

1 7 - 2 (right of Syrdarya 280-310 107.20 43.84 40.9
Syrdarya)

2 11 - 3 (left of Ohangaron  380-420 82.52 30.34 36.8
Ohangaron)

3 12-15 (left of Gijigen 280-290 17.46 5.29 30.3
Gijigen)

4 3-17 (right of Ohangaron  400-410 2.44 0.49 20.0
Ohangaron)

5 14 - 12 (left of Gijigen 290-410 133.60 24.58 18.4
Gijigen)

6 13 - 3 (left of Chirchiq 470-590 22.75 417 18.3
Chirchiq)

7 14 - 10 (left of Ohangaron  350-370 22.22 3.67 16.5
Ohangaron)

8 12-14 (left of Gijigen 290-410 247.20 39.59 16.1
Gijigen)

9 4-11 (right of Syrdarya 290-440 2.82 0.45 16.0
Syrdarya)

10 12-16 (left of Ohangaron  410-450 27.79 4.42 15.9

Ohangaron)

Results and discussion

Page 5/16




Distribution by river basin

Across the Tashkent region (14,995.7 km?), gully erosion was mapped over 345.4 km? of land (Fig. 1),
corresponding to 2.30% of the total study area. This overall figure, however, conceals substantial spatial
heterogeneity: gully share varied from 0% in extensive mountain and lowland zones to over 40% within
individual landscape units (Table 2).

At the basin scale (Table 1; Fig. 2), the Gijigen basin recorded both the highest within-basin gully density
(10.90% of its 967.1 km? area) and the largest share of the region's total gullied land (30.5%), closely
followed by the Chirchiq basin (29.8% of the regional total, though a lower within-basin density of 3.58%
owing to its considerably larger overall area, 2,868.7 km?). The Ohangaron basin accounted for 22.7% of
the regional gullied area (6.72% within-basin density), while the Syrdarya basin, despite its comparatively
small area (611.1 km?), showed the second-highest within-basin density (8.01%) among the four main
basins. As Fig. 2 illustrates, absolute gullied area and within-basin density do not track one another:
Chirchig ranks second by absolute area but lowest by density among the four named basins, whereas
Gijigen and Syrdarya combine comparatively small areas with the highest densities. This divergence
indicates that absolute extent and relative intensity capture different dimensions of degradation risk and
should be considered jointly when setting management priorities. Landscape units situated in upper-
mountain or multi-basin zones together contributed only 2.9% of the regional gullied area, confirming
that gully erosion in the Tashkent region is concentrated almost exclusively within the four principal river
basins.

This basin-differentiated pattern has direct management implications. The Chirchiq basin, despite its
large area and comparatively low within-basin density, contributes nearly 30% of the region's total gullied
land in absolute terms, warranting basin-wide, extensive conservation planning. In contrast, the Gijigen
and Syrdarya basins — smaller in area but exhibiting the highest within-basin densities — require
targeted, intensive intervention within a comparatively confined geographic footprint. This basin-
differentiated pattern directly addresses the third research gap identified in the Introduction: the
previously weak link between gully erosion mapping and basin-level management planning.

Distribution by landscape unit and elevation

The ten most severely affected landscape units (Table 2; Fig. 3) were distributed across three of the four
basins — Ohangaron (4 units), Gijigen (3 units), Syrdarya (2 units), and Chirchiq (1 unit) — with gully
shares ranging from 15.9% to 40.9%. The single most affected unit, located on the right bank of the
Syrdarya River (elevation 280-310 m), showed gullies covering 40.9% of its 107.2 km? area. Notably,
several of the most severely affected units were relatively small in absolute terms (e.g., unit 3-17, 2.44
km?; unit 4-11, 2.82 km?), underscoring that landscape size is not a determinant of relative degradation
severity.

Across the full set of 102 gully-bearing landscape sub-units, a weak but statistically significant negative
correlation was found between elevation and gully share (r =-0.231, p = 0.020). Figure 3 clarifies why this
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linear coefficient understates the true spatial pattern: gully-bearing units are concentrated at low-to-
moderate elevations (below approximately 600 m), where both the highest individual gully shares (up to
40.9%) and the greatest scatter in values occur, while units above roughly 800 m show consistently low
and narrowly distributed gully shares (mostly below 5%). This reflects a threshold-like decline in gully
activity above the foothill zone rather than a gradual, linear one. When the foothill zone (300-600 m
a.s.l.) — the elevation range most frequently associated with irrigation-driven erosion in the descriptive
analysis — was compared against all other elevations, mean gully share was higher within the foothill
zone (6.38% vs. 4.86%), although this difference did not reach statistical significance (Welch's t = 1.00, p
= 0.323), reflecting the high within-group variability visible in Fig. 4 and documented in Table S1. The non-
significance of this comparison should not be read as evidence against a foothill effect; rather, as Fig. 4
shows, the effect is better characterized as an elevated ceiling on gully severity within the foothill zone
(individual units reaching 30—-40%) rather than a uniformly elevated mean, a distinction a simple two-
group mean comparison cannot fully capture.

This elevation pattern contrasts with findings from the Mediterranean and East Asia, where lowland
areas are typically identified as the most erosion-prone zones (Casali et al., 1999; Chaplot et al., 2005). In
the Tashkent region, the combination of steep foothill slopes, erodible soils, and intensive irrigated
agriculture appears to displace the zone of maximum instability upslope relative to these previously
studied regions. This elevation-dependent decline is also consistent with mountainous-catchment
studies identifying weakly aggregated, barren high-elevation soils as disproportionately erosion-prone
(David Raj et al., 2024), further supporting the interpretation that relief and land use jointly govern
erosion intensity across elevation gradients. This finding extends the discussion initiated by Bryan
(2000), Kirkby and Bracken (2009), and Valentin et al. (2005) on the role of hillslope hydrology and land
use in gully initiation, suggesting that elevation-dependent land-use intensity, rather than elevation itself,
may be the more direct driver — a hypothesis that future work incorporating land-use classification at the
sub-unit level could test directly.

Independence from landscape size

No significant relationship was found between landscape unit area and gully share (r =0.016, p = 0.874).
This indicates that the intensity of gully degradation, expressed as a proportion of local area, operates
independently of landscape size — small landscape units are statistically as likely to exhibit severe
relative degradation as large ones (Table 2, units 3-17 and 4-11). By contrast, absolute gullied area
(km?) was moderately and significantly correlated with landscape unit area (r = 0.400, p < 0.001), as
expected for an extensive-quantity measure: larger units simply have more surface area over which a
given gully density can accumulate, without that density itself increasing.

The overall gully coverage found in this study (2.30% of the Tashkent region) is broadly consistent with
anthropogenically driven gully erosion rates reported across irrigated semi-arid landscapes elsewhere
(Hooke, 2000; Montgomery, 2007; Boardman & Poesen, 2006; Maetens et al., 2012; Vanacker et al., 2014;
Garcia-Ruiz et al., 2015; Vanmaercke et al., 2015; Tarolli & Sofia, 2016; Goudie & Viles, 2016;
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Vanwalleghem et al., 2017), while the sharply higher, spatially concentrated values found within specific
landscape units (up to 40.9%; Table 2; Fig. 3) align with global observations that aggregate regional
statistics can substantially understate the severity of localized degradation (Castillo & Gémez, 2016;
Vanmaercke et al., 2021). This distinction between absolute and relative gully coverage is directly
confirmed by the statistical independence between landscape size and gully share found in this study:
mitigation priorities based solely on absolute gullied area risk overlooking small but severely degraded
landscape units. This semi-arid regional pattern parallels basin-scale assessments elsewhere, where
combined rainfall and vegetation controls, together with irrigation practices, similarly shape erosion
severity in semi-arid river basins (Kaliraj et al., 2025).

Relationship to the companion hazard-modeling study

These findings complement the DEM-based Weighted Overlay hazard model previously developed and
validated for this region (Sharipov & Samatova, 2025), which demonstrated that relief-based factors
(slope, flow accumulation, aspect) captured 78-82% of mapped gullies within its high-hazard class. The
present landscape-scale analysis extends that work by showing where, within the region, this hazard is
realized most severely — namely, within specific foothill landscape units of the Ohangaron, Gijigen, and
Syrdarya basins (Table 2; Fig. 3) — and by basin (Fig. 2), information not resolved by the hazard model
alone. Together, the two studies suggest a two-tier planning approach: the relief-based hazard model of
Sharipov and Samatova (2025) for rapid, region-wide screening, and the present landscape/basin
inventory for prioritizing specific management units within high-hazard zones.

Limitations

Several limitations should be acknowledged. First, field verification was restricted to cross-sectional
profile measurements at three representative gully sites, a small fraction of the 748 digitized features;
while these measurements supported the reliability of the visual-interpretation criteria used, broader
ground-truthing — ideally a stratified random sample across basins and elevation zones — remains a
priority for future work. Second, a subset of landscape units (jointly accounting for approximately 5% of
the study area) could not be unambiguously assigned to a single hydrographic basin, either because they
span multiple basins or lie within unclassified upper-mountain zones; these were reported separately
(Table 1) rather than force-assigned, and their exclusion does not affect the region-wide gully-area total,
which is based on direct polygon digitization rather than basin summation. Third, the foothill-zone
comparison, while directionally consistent with the descriptive elevation pattern shown in Fig. 4, did not
reach statistical significance, reflecting substantial within-zone variability; this should be interpreted as
suggestive rather than conclusive evidence of an elevation threshold effect.

Notwithstanding these limitations, this study provides the first landscape-scale, basin-differentiated
empirical inventory of gully erosion for the Tashkent region — addressing a documented data gap for
Central Asia (Poesen, 2017) — and demonstrates, through direct statistical testing rather than
description alone, that relative gully severity is independent of landscape size while remaining strongly
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basin- and elevation-dependent. This dual finding provides a quantitative basis for prioritizing both basin-
wide and unit-specific conservation measures in irrigated foothill environments more broadly.

Conclusions

This study provides the first landscape-scale, GIS-based inventory of gully erosion in the Tashkent region
(Fig. 1), based on 748 digitized gully features covering 345.4 km? (2.30%) of the 14,995.7 km? study area.
Although this regional figure is modest, individual landscape units reached gully shares of up to 40.9%,
and this severity was shown to be statistically independent of landscape size — confirming that small
landscape units can be as critically degraded as large ones. Gully distribution differed markedly by river
basin: the Gijigen and Chirchiqg basins together accounted for over 60% of the region's total gullied area,
while the Gijigen and Syrdarya basins exhibited the highest within-basin densities. A weak but significant
negative correlation between elevation and gully share, together with a higher, though not statistically
significant, mean gully share within the 300—-600 m foothill zone, points to irrigation-driven foothill
instability as a defining feature of gully erosion in this semi-arid region — distinguishing it from patterns
reported in lowland-dominated erosion studies elsewhere.

Together with the previously validated DEM-based hazard model for this region, these findings support a
two-tier approach to erosion management: relief-based hazard screening at the regional scale, followed
by basin- and landscape-unit-specific conservation planning informed by the empirical distribution
reported here. Future research should prioritize expanded field-based validation of the gully inventory
across a stratified sample of basins and elevation zones, incorporation of land-use classification at the
sub-unit level to test whether irrigation intensity — rather than elevation per se — drives the observed
foothill concentration, and temporal monitoring using multi-date remote sensing to assess rates of gully
expansion under ongoing land-use change.
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% Gully Erosion Map of the Tashkent Region
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Figure 1

Gully erosion map of the Tashkent region, showing landscape types (piedmont to high-mountain zones)
and mapped disturbed/gullied areas (magenta) across the four main river basins. Scale 1:800,000.
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Gullied area (bars, left axis) and within-basin gully share (red ling, right axis) for the four main river
basins and the unclassified/multi-basin category. Absolute area and relative density follow different

rankings across basins.
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Figure 3

Gully share (%) for the ten most severely affected landscape units, coloured by river basin (blue =
Syrdarya, orange = Ohangaron, green = Gijigen, yellow = Chirchiq).
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Figure 4

Gully share (%) versus elevation midpoint for all 102 gully-bearing landscape sub-units. The shaded band
marks the 300-600 m foothill zone; the highest and most variable gully shares occur below
approximately 600 m, with a marked decline at higher elevations.
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