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EXTENDED ABSTRACT

Introduction

Rangelands constitute 54% of the Earth's terrestrial surface and account for 52% of the land area of Iran.
A significant portion of these Iranian rangelands is experiencing degradation owing to excessive utilization.
Although vegetation recovery is evident in some regions, the responses of soils, including their structure,
organic matter, nutrients, and microbial communities, remain poorly understood. Overgrazing results in
decreased soil organic carbon, nitrogen, and biological activity, while simultaneously increasing soil bulk
density and risk of erosion.

Objective

The objectives were to (a) identify a minimum dataset of soil quality indicators for semi-arid rangelands,
(b) compare scoring methods for indexing soil quality, and (c) evaluate the effectiveness of restoration
interventions in enhancing soil physical, chemical, and biological properties.

Method

This study was conducted in the Qezeltepe region, which is characterized as a semiarid climate and
receives an annual precipitation of 359.8 mm. This study assessed soil quality across three management
systems in Zanjan Province, northwestern Iran: (i) natural rangeland without management, (ii) grazing
exclusion with native reseeding, and (iii) seedling planting (afforestation). In the spring of 2023, 60 composite
topsoil samples (0—30 cm; n = 20 per management) were collected using a random method within 40 x 40 m
plots. Intact soil cores were collected for analysis, and 26 properties were quantified using established
laboratory techniques. The data were assessed for normality and homoscedasticity, followed by ANOVA and
LSD post-hoc tests to compare the management practices. Principal component analysis (PCA) with varimax
rotation was employed to identify the minimum dataset (MDS). The MDS variables were scored using both
linear and sigmoidal nonlinear functions. These scores were then aggregated in two ways: simple additive and
PCA-weighted additive, yielding four soil quality indices (SQIs): linear additive, nonlinear additive, linear
weighted, and nonlinear weighted. Discriminant analysis was used to determine which SQI best distinguished
the management operations.

Results

Among the 26 properties analyzed, 19 showed significant variations in response to the management
practices. Compared with natural rangelands, both grazing exclusion and afforestation decreased bulk density
(BD) and soil compaction while simultaneously increasing the geometric mean diameter (GMD) and soil
structure index. These management practices also enhanced the saturated hydraulic conductivity, total
porosity, macroporosity, and aeration capacity, indicating improved infiltration. Furthermore, soil water
retention was enhanced, as evidenced by increases in field capacity and available water (AW), with the latter
rising from 6.5% in natural rangelands to over 8% in afforested areas. From a chemical perspective, the levels
of soil organic carbon and total nitrogen were elevated under exclusion and afforestation conditions. In
contrast, available potassium (K) increased specifically with afforestation, whereas available phosphorus was
more prevalent in restored systems. In biological terms, both microbial biomass carbon and soil respiration
increased in the restoration treatments. Notably, microbial biomass carbon exceeded 500 mg kg in
afforestation, indicating enhanced moisture conditions. The highest levels of electrical conductivity (EC) were
recorded under afforestation conditions while remaining within non-saline thresholds. However, this indicates
a potential accumulation of salts. PCA explained 76% of the total variance across three components and
identified a five-indicator minimum dataset: GMD, AW, EC, K, and BD. All SQIs consistently ranked the
systems, indicating that restoration was superior to the natural rangeland. Discriminant analysis (Wilks'
A=0.53; y* significant at p<0.001) indicated that the linear, unweighted SQI demonstrated the highest-class
separation coefficient. This finding suggests that a simple additive index derived from the MDS effectively
captures the management effects.

Conclusion

In the semi-arid rangelands of Zanjan, five indicators (GMD, AW, EC, K, and BD) constitute a MDS that
is responsive to management practices. The exclusion of grazing, combined with reseeding and afforestation,
significantly improved the soil structure, water retention, fertility, and microbial activity within the upper 30
cm of the soil profile. The linear SQI derived from this MDS effectively differentiates management outcomes,
making it highly suitable for monitoring by land managers. Although afforestation presents numerous benefits,
the observed rise in EC necessitates the implementation of adaptive salinity management strategies. The MDS-
based SQI is a practical tool for prioritizing sites, monitoring ecological recovery, and guiding policy decisions
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aimed at reversing rangeland degradation and enhancing ecosystem services, such as carbon storage, water
regulation, and forage provision across semi-arid landscapes.
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1 Geometric mean diameter

2 Air capacity

3 Soil structural index

4 Bulk density of least limiting water range
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- (A ke
SQI,= Z Si/n
i=1

1 Principal Component Analysis
2 Eigenvalue
3 Varimax rotation
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TDS, total data set; PCA, principal component analysis; MDS, minimum data set; LS, linear scoring;
NLS, non-linear scoring; A, additive; WA, weighted additive; SQI, soil quality index.
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1 Levene’s test
2 Kolmogorov—Smirnov test
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