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Any interference in the forest ecosystem, if not carried out systematically and rationally,
disrupts the ecological balance. Forest soil, as the origin of all fundamental changes in
the forest, holds particular importance. Forest soils, due to their high organic matter
content, have low bulk density, high porosity, high permeability, and low resistance,
making them sensitive to compaction and shear stresses. Soil compaction is a term often
used to describe general conditions in a forest stand after skidding operations, although
various conditions including soil muddiness and slippage, disturbance, and soil
displacement may occur. This study investigated the effect of slope position (shoulder,
backslope, footslope, and toeslope) on the recovery rate of soil physical and chemical
properties, four years after harvesting operations that were designed on machine wheel
ruts compared to undisturbed areas in the Hyrcanian forests of northern Iran. The
physical and chemical properties of compacted soils in machine wheel ruts showed
significant differences among slope positions. Bulk density, penetration resistance, soil
moisture, total stability, and sand were significantly lower at the toeslope position than
the values recorded at the shoulder and backslope positions. Conversely, total porosity,
macroporosity, silt, and clay were higher at the toeslope than at the shoulder and
backslope positions. The highest levels of recovery of soil physical properties were
found at the toeslope, followed by the backslope, and lastly at the shoulder position.
However, the results indicated that complete recovery of soil physical and chemical
properties compared to undisturbed areas was not achieved even after a four-year period.
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Introduction

Any human intervention in forest ecosystems, if not conducted according to fundamental and reasonable principles, disrupts the
ecological balance, with forest soil—the origin of all essential transformations in the forest—being of particular importance. Forest
soils, characterized by high organic matter content, low bulk density, high porosity, high permeability, and low mechanical resistance,
are inherently sensitive to compaction and shear stresses induced by heavy machinery operations. Soil compaction, defined as the
reduction of pore space through the compression of soil particles, is a widespread consequence of ground-based skidding operations
during timber harvesting. This process decreases macroporosity, increases bulk density, reduces hydraulic conductivity and infiltration
capacity, and impairs root penetration and gas exchange, ultimately affecting forest productivity and ecosystem health. While
numerous studies have examined the immediate effects of skidding on soil properties, the recovery dynamics of compacted forest soils
remain insufficiently understood, particularly regarding the influence of topographic factors. Landscape position plays a critical role
in regulating hydrological processes, soil formation, organic matter accumulation, and nutrient cycling through mechanisms including
water redistribution, erosion, and sediment transport. Understanding how slope position affects the natural recovery of compacted soils
is essential for developing sustainable forest management practices and planning appropriate restoration interventions. The Hyrcanian
forests of northern Iran, recognized as a UNESCO World Heritage site, represent ecologically valuable ecosystems where ground-
based skidding is commonly practiced. This study investigates the effects of slope position (shoulder, mid-slope, and toe-slope) on the
recovery of soil physical properties four years after skidding operations in these forests, providing critical insights for managing
compaction impacts and guiding future harvesting practices.

Methodology

This study was conducted in the Gorazbon section of the Kheyrud Educational and Research Forest in the Hyrcanian forests of northern
Iran. Four skid trails with concave slope morphology, similar in elevation, aspect, and vegetation composition, were selected, all
subjected to skidding operations during summer 2014. Three slope positions (shoulder, mid-slope, and toe-slope) were identified on
each trail, with undisturbed reference plots established 20 meters adjacent to each skid trail. Within each slope position, 20 m x 4 m
(trail width) plots were randomly established. Along each plot, three measurement lines were randomly selected at 4-meter intervals,
with three sampling points per line: one on the right wheel track, one on the left wheel track, and one between tracks. Soil samples
were collected from the 0-10 cm depth using metal cylinders (5 cm diameter, 5 cm height) for bulk density determination, along with
2-3 kg bulk samples for physical analysis. Measured parameters included bulk density, total porosity, macroporosity, penetration
resistance, soil moisture content, and particle size distribution (sand, silt, and clay percentages). Statistical analysis employed one-way
ANOVA following normality (Kolmogorov-Smirnov) and homogeneity of variance (Levene's test) verification, with significant
differences determined using Tukey's test at 0=0.05.

Results and Discussion

The results demonstrated that slope position significantly influenced the recovery of soil physical properties four years after skidding
operations. Bulk density and penetration resistance were significantly lower at the toe-slope position (1.21 g/cm? and 1.14 MPa,
respectively) compared to shoulder (1.29 g/cm? and 1.73 MPa) and mid-slope positions (1.25 g/cm3 and 1.41 MPa). Conversely, total
porosity, macroporosity, silt, and clay content were highest at the toe-slope, reflecting greater recovery and sediment deposition. Soil
moisture content followed a similar pattern, with the toe-slope (36.51%) showing significantly higher moisture than the shoulder
(21.47%) and mid-slope (29.34%) positions. All measured parameters remained significantly different from undisturbed reference
values after four years, indicating incomplete recovery. The shoulder position exhibited the lowest recovery across all parameters,
attributed to greater surface runoff, soil erosion, and organic matter depletion from upper slope positions. The concave slope
morphology facilitated water and sediment accumulation at the toe-slope, enhancing physical recovery through improved moisture
conditions and organic matter retention. These findings align with previous studies demonstrating that topographic position
fundamentally regulates soil formation processes, hydrological dynamics, and nutrient redistribution. The observed recovery gradient
(toe-slope > mid-slope > shoulder) reflects the combined effects of water-driven translocation, erosion intensity, and organic matter
redistribution along the slope. The persistent differences between treated plots and reference areas emphasize that four years is
insufficient for complete soil recovery, particularly for penetration resistance and macroporosity, which may require 10-20 years for
surface layers and up to 50-100 years for deeper compacted horizons.

Conclusion

This study confirms that slope position significantly influences the recovery of soil physical properties following ground-based
skidding operations in the Hyrcanian forests. The toe-slope exhibited the highest recovery levels for bulk density, porosity, penetration
resistance, moisture content, and texture parameters, followed by mid-slope and shoulder positions. However, complete recovery to
pre-harvest conditions was not achieved within the four-year period across any slope position, underscoring the long-term nature of
soil compaction impacts in forest ecosystems. These findings have important implications for sustainable forest management,
suggesting that harvesting operations should consider topographic position when planning skid trail locations and timing. To minimize
long-term soil degradation, managers should avoid skidding on upper slopes and shoulder positions where recovery is slowest,
prioritize operations during dry conditions to reduce compaction severity, and implement protective measures such as brush mats and
water diversion structures. The results support the hypothesis that slope position serves as a critical driver of soil recovery processes
through its influence on hydrology, erosion, and organic matter dynamics. Future research should extend these investigations to convex
slopes and longer temporal scales, while exploring the role of site-specific factors including soil type, vegetation composition, and
operational intensity in modulating recovery rates across different topographic settings.
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