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Soil moisture in the upper soil layers plays a vital role in water and soil resource
management, directly influencing infiltration, runoff, agricultural productivity, and flood
regulation. Its spatial variability is controlled by multiple factors, including climate
conditions, topography, vegetation, and soil characteristics. Neglecting these variations
often leads to significant errors in hydrological and agricultural modeling. This study
investigates the relationship between geomorphometric indices as a proxy of topography
and topsoil moisture across five sub-basins of the Simineh and Zarrineh rivers in
northwest Iran, using both field observations and satellite data. Soil moisture
measurements from 287 points (2015-2017) were compared with Soil Moisture Active
Passive (SMAP) satellite estimates to produce high-resolution spatial maps. Several
geomorphometric indices were derived, including the Topographic Wetness Index
(TWI), Topographic Position Index (TPI), Wind Exposure Index (WEI), flow direction
(Flow_D), flow accumulation, and Analytical Hillshading (AH). The Random Forest
(RF) model was applied to determine the importance of geomorphometric attributes.
Validation results revealed a strong correspondence between SMAP data and field
observations, with July showing the highest correlation (r = 0.77, soil moisture = 0.18
cm?-cm™?), and May the lowest (r = 0.50). The RF model achieved robust performance
(R? > 0.7, RMSE = 0.04%). Among the indices, WEI and TWI exhibited the greatest
importance (>16%), followed by AH (13%), while Flow_D had the lowest influence
(8.9%). These findings confirm the significant role of topographic and hydrological
features in controlling soil moisture distribution. The integration of SMAP data with
machine learning and geomorphometric indices provides a reliable framework for soil
moisture monitoring, offering valuable insights for agricultural management,
hydrological modeling, and environmental planning in similar watersheds.
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EXTENDED ABSTRACT

Introduction: Vegetation patches and their spatial patterns are fundamental elements of ecological stability in rangeland
ecosystems and play an important role in regulating the water cycle, nutrient distribution, and soil stability. In semi-arid
rangelands, the spatial heterogeneity of the land surface and the differences between patches and inter-patch distances
determine the hydrological behavior of the soil, the degree of permeability, and ecosystem function. Studies have shown
that the development of vegetation patches can reduce erosion and increase water infiltration capacity, while the expansion
of bare soil spaces leads to increased runoff, reduced moisture, and intensified degradation. In recent decades, livestock
grazing has been recognized as the most important factor in structural changes in rangeland ecosystems. Grazing intensity
has a direct impact on soil physical properties, vegetation density, and patch stability, and overgrazing is associated with
soil compaction, reduced porosity, and reduced permeability. On the other hand, the removal of grazing through the
establishment of long-term enclosures can provide conditions for natural soil structure regeneration and hydrological
restoration. Although several studies have investigated the effects of grazing on permeability or patch structure separately,
the simultaneous analysis of grazing intensity, permeability, and the role of microtopography has received less attention.
Given the sensitivity of Gomishan rangelands and their importance in ecological sustainability, the present study aimed
to evaluate the effect of livestock grazing intensity on soil permeability and plant patch dimensions, as well as to
investigate the moderating role of microtopography in these relationships, in order to provide a scientific basis for
sustainable management of semi-arid rangelands.

Materials and Methods: This study was conducted in a 300-hectare area fenced since 1989 and two areas outside the
fence in the Gomishan region of Golestan province. Based on the number of livestock, field observations, and vegetation
harvesting intensity, grazing intensity was determined at three levels of fencing (no grazing), moderate grazing, and heavy
grazing. Then, an experimental design was considered as a factorial in a completely randomized design with three
replications. In each treatment, three 50-meter transects were established in three geographical directions. The dimensions
of plant patches (length, width, height) and the dimensions of inter-patch spaces were measured along the transects. The
instantaneous and cumulative soil permeability in patches and inter-patch spaces was measured using paired rings. The
Kostyakov—Lewis infiltration equation was used to estimate cumulative infiltration. The difference in ground surface
elevation at one-meter intervals was measured for microtopographic classification. Based on the modified method,
microtopography was divided into three classes of 1-3, 4-6, and 7-9 cm. After quality control, the data were analyzed in
SPSS software. To examine the effect of grazing intensity, surface type (patch or bare soil), and their interaction on
permeability, one-way analysis of variance and a test for comparing means at the 5% level were used.

Results and Discussion: The results of the study showed that grazing intensity has a significant effect on soil
permeability. The highest permeability was recorded in the fenced area, especially in plant patches, which indicates the
effect of natural soil regeneration in the absence of livestock trampling. The absence of grazing pressure reduced
compaction, increased porosity, and improved hydraulic conductivity. Even the bare soil in the fenced area had significant
permeability, indicating that the removal of grazing not only improves hydrological quality through vegetation cover but
also through reducing physical pressure on the soil. With increasing grazing intensity, permeability decreased
significantly; such that the lowest values were observed in heavy grazing. In moderate and heavy grazing treatments, the
difference between the permeability of patches and bare soil decreased and both were subjected to severe compaction.
This indicates that the protective function of plant patches decreases at high intensities and livestock pressure dominates
the surface structure of the soil. The study of the effect of microtopography showed that in the Qarq region, micro-
elevations play an important role in increasing the length, width, and height of patches. Higher elevations increase the
accumulation of moisture, organic matter, and mechanical protection, and provide a better environment for plant growth.
However, with increasing grazing intensity, the role of microtopography was significantly weakened. In moderate
grazing, the difference between elevation classes became less, and in heavy grazing, only the length of patches increased
in higher slopes; which is probably due to higher humidity or relative shelter in these areas. The results of the analysis of
variance showed that the factor of grazing intensity has a significant effect on permeability, but the effect of the type of
surface cover and their interaction was not significant. This emphasizes that grazing intensity is the main factor in
changing the hydrological behavior of the soil and the role of other factors is less important. The combined results show
that long-term enclosure is an effective tool in restoring soil functions and restoring the positive role of microtopography,
while intensive grazing eliminates the destructive ecological effects and reduces the coherence of the patch pattern. This
pattern is consistent with global studies on the effects of grazing pressure in semi-arid regions.

Conclusion: The results of this study showed that grazing intensity is a determining factor in changing soil permeability
and plant patch structure in semi-arid rangelands of Gomishan. Removing grazing through long-term enclosure
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significantly increased permeability and enhanced the response of patches to microtopography, providing more suitable
conditions for plant growth. In contrast, moderate and especially heavy grazing caused a sharp decrease in permeability,
a decrease in the protective function of plant patches, and the loss of the moderating role of microtopography. Some
limitations, including measuring permeability in only one season and not recording initial soil moisture, could affect the
results, so it is suggested that future studies be conducted with multi-season sampling and measuring additional hydraulic
parameters. Despite these limitations, the findings have important management implications. The results emphasize that
controlling grazing intensity, using grazing rotation programs, establishing periodic enclosures, and protecting plant
patches can play an important role in maintaining the ecological and hydrological stability of rangelands. Also, paying
more attention to natural microtopography and utilizing it in management planning can help increase soil efficiency and
reduce the process of degradation.

Keywords: Grazing management, Long-term enclosure, Rangeland ecosystems, Rangeland management, Soil conservation
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