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Sustainable governance of Hyrcanian forest soils requires a precise understanding of
the consequences of harvesting operations on the soil ecosystem. This study
investigated the mid-term effects (7, 10, 15, and 20 years post-harvest) of skidding
operations on soil physical and chemical properties under various traffic intensities
(low, medium, high, and log landings) in the Kheyrud Forest, northern Iran. Soil
physical properties, including bulk density, porosity, penetration resistance, moisture
content, and texture, along with chemical properties such as organic carbon, total
nitrogen, C/N ratio, and pH, were analyzed using analysis of variance (ANOVA) and
Principal Component Analysis (PCA). The results indicated that bulk density and
penetration resistance were significantly higher in skid trails compared to undisturbed
control areas, whereas porosity and moisture content significantly decreased.
Furthermore, organic carbon and total nitrogen declined in skid trails, and trafficked
areas exhibited increased acidity (lower pH). PCA results confirmed that soil
compaction indicators were negatively correlated with soil moisture, carbon, nitrogen,
and pH, while positively correlated with traffic intensity and time since harvest. These
indicators were identified as the primary factors distinguishing disturbed from
undisturbed forest soils. Although signs of recovery were evident after two decades,
soil conditions in heavily trafficked trails had not yet returned to control levels. These
findings underscore the necessity of integrated, ecosystem-based governance.
Developing technical standards to minimize traffic, utilizing low-ground-pressure
machinery, scheduling operations based on soil moisture conditions, and ensuring the
active involvement of operators are essential strategies for the long-term sustainable
management of forest ecosystems.
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Introduction

Sustainable governance of Hyrcanian forest soils requires a precise understanding of the
long-term consequences of mechanized harvesting operations. Despite numerous studies on the
short-term effects of skidding, knowledge about the mid-term soil recovery process under the
interaction of traffic intensity and time since harvest remains insufficient. This knowledge gap
challenges the planning of sustainable forest management. The main objective of this study was
to investigate the effects of time since harvest (7, 10, 15, and 20 years after skidding) and
different traffic intensities (low, medium, high, and landing areas) on the physical and chemical
properties of soil in skid trails of the Kheyrud Forest, Hyrcanian region. The key research
questions were: (1) After two decades, have the soils on skid trails recovered to the level of
undisturbed forest areas? (2) What is the role of initial traffic intensity in the rate of recovery?
(3) Is there a significant interaction effect between time since harvest and traffic intensity?

Method

The research was conducted in the Kheyrud Educational and Research Forest (Mazandaran
Province). Four stands with a beech—hornbeam forest type and time since harvest of 7, 10, 15,
and 20 years were selected. In each stand, four levels of traffic intensity were defined: landing
(highest traffic), high, medium, and low. For each treatment, six main sample plots (1 x 1 m)
were established along the skid trail, and three control plots were located 10 m away inside the
undisturbed forest (144 sample plots in total). Soil sampling was conducted at a depth of 5 cm.
Measured physical properties included moisture content, bulk density (BD), total porosity (TP),
penetration resistance (PR), and soil texture. Chemical properties included organic carbon (C),
total nitrogen (N), C/N ratio, and pH. Data were analyzed using two-way ANOVA in SPSS and
SAS JMP software, and principal component analysis (PCA) was used to identify relationships
among variables.

Results

ANOVA results showed that time since harvest, traffic intensity, and their interaction had a
significant effect on all measured physical and chemical soil properties (p < 0.001 for all). Mean
BD in landings was 49% higher than in control areas (0.95 g-cm™). The highest BD was
recorded in the 7-year landing (1.45), and the lowest was recorded in the low-traffic 20-year
treatment (1.03), but it still significantly differed from the control. Mean TP in skid trails was
38% lower than in controls (65.19%). The lowest TP was in the 7-year landing (43.01%), and
the highest was in the low-traffic 20-year treatment (58.54%); however, full recovery was not
achieved. PR in landings increased by up to 91% compared to controls (from 1.41 to 3.11 MPa
at age 7 years). Even in the best case (low traffic, 20 years), PR remained 50.5% higher than in
the control. Soil moisture content decreased from 41.97% in the control to 10.11% in the 7-year
landing and had not recovered to control levels after 20 years. Soil texture also changed:
controls were predominantly clay loam (89%), whereas skid trails became dominated by loam
texture (54%). Organic carbon decreased from 6.37% (control) to 4.10% in the 7-year landing,
and after 20 years (5.22%) was still lower than the control (6.60%). Total nitrogen showed a
similar reduction (from 0.54% to 0.43% at age 7 years). The C/N ratio at age 7 years was lower
than in the control (9.58 vs. 11.82), but at age 20 years it became higher in skid trails than in
the control (12.29 in landing vs. 11.54), indicating disturbance of the nitrogen cycle. Soil pH
decreased (became more acidic) from about 6.8—7.0 in controls to 5.24 in the 7-year landing,
and after 20 years reached 6.13 but still differed from the control (7.04). The first two principal
components of the PCA explained 66% of the total variance. The first component (43%) was
positively correlated with BD and PR and negatively correlated with TP, C, and N (the
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"compaction and degradation axis"). The second component (23%) was associated with
moisture, nitrogen, and pH. The PCA biplot clearly showed that treatments with time since
harvest of 7 and 10 years and high traffic intensity fell into the severe degradation zone, whereas
treatments with 20 years and low traffic moved toward the control zone but still did not fully
overlap with it.

Conclusion

This study demonstrates that mechanized skidding operations in the Hyrcanian forests cause
deep and persistent soil degradation. Significant increases in BD and PR, along with decreases
in TP, moisture, C, and N, are particularly severe in landings and high-traffic areas. Initial traffic
intensity is the main determinant of degradation severity. Although signs of natural recovery
(relative improvement in TP, reduction in PR, slight increases in C and pH) are visible after 20
years, soils at none of the traffic levels have fully recovered to the condition of undisturbed
forest. The significant interaction between time since harvest and traffic intensity indicates that
recovery rate depends strongly on the initial degree of disturbance. From the perspective of
adaptive governance, these findings have clear policy implications: the development of
technical standards to reduce traffic intensity (establishing permissible passage limits,
optimizing trail network design), mandating low-ground-pressure machinery and scheduling
operations based on soil moisture conditions, rethinking harvesting practices with an emphasis
on prevention rather than remediation, and designing active restoration programs for old skid
trails (mulching, planting nitrogen-fixing species). Ultimately, achieving good soil governance
in the Hyrcanian forests requires not only regulatory enforcement but also active stakeholder
participation and the institutionalization of a long-term, sustainability-oriented perspective in
natural resource management.
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