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Background and Obijectives: Hyrcanian beech forests, as sensitive
mountain ecosystems, are vulnerable to disturbances caused by logging
operations. The traffic of skidding machinery leads to soil compaction and
alterations in its biochemical and microbial properties, which can persist
for decades. Elevation above sea level, by influencing climatic conditions,
vegetation, and pedogenic processes, plays a crucial role in modulating
these effects and determining the trajectory and rate of soil recovery.
Despite the importance of this issue, there is limited information on the
interactive effect of elevation gradient and traffic intensity on the recovery
of microbial indicators and nutrient cycling in the soil of skid trails. This
study aimed to investigate the effect of elevation gradient (700 to 1500 m
a.s.l.) and machinery traffic intensity (low, moderate, high) on the recovery
of soil biochemical and microbial properties in 7-year-old skid trails within
pure Oriental beech (Fagus orientalis) stands of the Hyrcanian forests.

Materials and Methods: Soil sampling was conducted seven years after
logging operations on skid trails and adjacent undisturbed areas across five
elevation gradients (700, 900, 1100, 1300, and 1500 m) in the Kheyrud and
Kojur forests. In each trail, three levels of traffic intensity (low, moderate,
high) were distinguished based on distance from the landing. Soil samples
were taken from a depth of 0-10 cm. Microbial biomass carbon (MBC),
nitrogen (MBN), and phosphorus (MBP) were determined using the
fumigation-extraction method. Ammonium (NH,*) and nitrate (NO3")
concentrations were measured colorimetrically, and the net rate of nitrogen
mineralization was determined through incubation. Data were analyzed
using Kolmogorov-Smirnov, Levene's, two-way ANOVA, and Tukey's
HSD tests.

Results: The interaction effect of elevation gradient and traffic intensity
was statistically significant for all studied indicators (P<0.01). In control
(undisturbed) areas, MBC showed a substantial increase of 246% with
increasing elevation from 700 to 1500 m. In contrast, MBN (68%), MBP
(57%), NH,* (60%), NO3;~ (76.3%), and N mineralization rate (65%)
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decreased significantly. At lower elevations (700-900 m), MBC and MBN
exhibited complete recovery; however, NH,* concentrations remained
significantly lower than the control under moderate and high traffic
intensities (6.5-7% reduction). At 900 m elevation, NO;~ levels in all
traffic intensity treatments (low, moderate, high) showed persistent
reductions of 7.3%, 11.1%, and 7.7%, respectively, indicating sustained
disruption of the nitrification process. At mid-elevations (1100 and
1300 m), high traffic intensity led to lasting decreases in NO3;™ (9-19%),
N mineralization (11.5-14.5%), and MBP (21-26%). At the highest
elevation (1500 m), high traffic intensity resulted in a 25% reduction in
MBP and a significant increase in microbial biomass C/N and C/P ratios,
signifying profound disruption of the phosphorus cycle and exacerbated P
limitation. Pearson correlation analysis revealed that the interaction effect
of traffic and elevation exhibited a very strong negative correlation with
MBC (r = -0.88) and NO3~ (r = -0.93), and a very strong positive
correlation with the microbial biomass C/N ratio (r = 0.95).

Conclusion: Seven years after logging operations, none of the elevation
zones or traffic intensity levels had fully recovered to pre-disturbance
conditions. Mid-elevations (900-1300 m) are particularly vulnerable to
high traffic intensity, with persistent disruptions in nitrogen and
phosphorus cycles posing a threat to long-term soil fertility. Management
of skidding operations must adopt an approach based on elevational
sensitivity, with strict limitations on traffic intensity, especially at mid and
high elevations, to prevent irreversible degradation of these valuable
ecosystems.
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Figure 1. Schematic diagram of sampling from the litter layer and soil of skid trails and the control area in
each elevation gradient.
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Table 2. Analysis of variance (ANOVA) for the interaction effect of elevation above sea level and traffic
intensity on soil biochemical and microbial characteristics.
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Figure 2. Comparison of mean and standard deviation (indicated range) of soil microbial biomass carbon
(MBC) across different elevation gradients (700, 900, 1100, 1300, and 1500 m a.s.l.) and skid trail traffic
intensities using Tukey's HSD.

Dissimilar lowercase letters indicate significant differences between means at the 95% confidence level.

C: Control (undisturbed area); L: Low traffic intensity; M: Moderate traffic intensity; H: High traffic intensity.
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Figure 3. Comparison of mean and standard deviation (indicated range) of soil microbial biomass nitrogen
(MBN) across different elevation gradients (700, 900, 1100, 1300, and 1500 m a.s.l.) and skid trail traffic
intensities using Tukey's HSD.

Dissimilar lowercase letters indicate significant differences between means at the 95% confidence level.

C: Control (undisturbed area); L: Low traffic intensity; M: Moderate traffic intensity; H: High traffic intensity.
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Figure 4. Comparison of mean and standard deviation (indicated range) of soil ammonium (NH,*)
concentration across different elevation gradients (700, 900, 1100, 1300, and 1500 m a.s.l.) and skid
trail traffic intensities using Tukey's HSD.
Dissimilar lowercase letters indicate significant differences between means at the 95% confidence level.
C: Control (undisturbed area); L: Low traffic intensity; M: Moderate traffic intensity; H: High traffic intensity.
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Figure 5. Comparison of mean and standard deviation (indicated range) of soil nitrate (NO3z~) concentration
across different elevation gradients (700, 900, 1100, 1300, and 1500 m a.s.l.) and skid trail traffic intensities
using Tukey's HSD.

Dissimilar lowercase letters indicate significant differences between means at the 95% confidence level.

C: Control (undisturbed area); L: Low traffic intensity; M: Moderate traffic intensity; H: High traffic intensity.
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Figure 6. Comparison of mean and standard deviation (indicated range) of soil nitrogen mineralization rate
across different elevation gradients (700, 900, 1100, 1300, and 1500 m a.s.l.) and skid trail traffic intensities
using Tukey's HSD.

Dissimilar lowercase letters indicate significant differences between means at the 95% confidence level.

C: Control (undisturbed area); L: Low traffic intensity; M: Moderate traffic intensity; H: High traffic intensity.
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Figure 7. Comparison of mean and standard deviation (indicated range) of soil microbial biomass
phosphorus (MBP) across different elevation gradients (700, 900, 1100, 1300, and 1500 m a.s.l.) and
skid trail traffic intensities using Tukey's HSD.
Dissimilar lowercase letters indicate significant differences between means at the 95% confidence level.
C: Control (undisturbed area); L: Low traffic intensity; M: Moderate traffic intensity; H: High traffic intensity.
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Figure 8. Comparison of mean and standard deviation (indicated range) of soil microbial biomass carbon to
nitrogen ratio (MBC/MBN) across different elevation gradients (700, 900, 1100, 1300, and 1500 m a.s.l.) and
skid trail traffic intensities using Tukey's HSD.

Dissimilar lowercase letters indicate significant differences between means at the 95% confidence level.

C: Control (undisturbed area); L: Low traffic intensity; M: Moderate traffic intensity; H: High traffic intensity.
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Figure 9. Comparison of mean and standard deviation (indicated range) of soil microbial biomass carbon to
phosphorus ratio (MBC/MBP) across different elevation gradients (700, 900, 1100, 1300, and 1500 m a.s.l.)
and skid trail traffic intensities using Tukey's HSD.

Dissimilar lowercase letters indicate significant differences between means at the 95% confidence level.

C: Control (undisturbed area); L: Low traffic intensity; M: Moderate traffic intensity; H: High traffic intensity.
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Figure 10. Comparison of mean and standard deviation (indicated range) of soil microbial biomass nitrogen to
phosphorus ratio (MBN/MBP) across different elevation gradients (700, 900, 1100, 1300, and 1500 m a.s.l.)
and skid trail traffic intensities using Tukey's HSD.

Dissimilar lowercase letters indicate significant differences between means at the 95% confidence level.

C: Control (undisturbed area); L: Low traffic intensity; M: Moderate traffic intensity; H: High traffic intensity.
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Figure 11. Pearson correlation relationship between soil biochemical and microbial characteristics
in skid trails at the one percent significance level across different elevation gradients
(700, 900, 1100, 1300, and 1500 m a.s.l.) and skid trail traffic intensities.
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