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ABSTRACT. The objective of this study was to determine the impact of erosion on soil retention as an ecosystem service 
and its relationship with soil quality in a mountainous catchment in Iran. In this regard, 42 soil samples were collected 
from rangelands, rainfed, and irrigated farming areas. Thirteen physical and chemical soil attributes were measured. 
Principal component analysis was applied to identify a soil quality index (SQI). The respective ranges of soil erosion rates 
from rangelands, rainfed farming lands, and irrigated farming lands were estimated to be 0.2 – 46.4, 0.18 – 0.20, and 0.00 
– 0.18 t ha−1 yr−1. The SQI estimates ranged between 3.2 – 4.0 for the rangelands compared with corresponding estimates 
of 4.0 – 5.7 for the rainfed farming lands and 5.7 – 8.4 for the irrigated farming lands. Soil retention was estimated to range 
between 0 – 0.01 t ha−1 yr−1 (average = 0.005 t ha−1 yr−1) for rangelands, 0.01 – 0.03 t ha−1 yr−1 (average = 0.02 t ha−1 yr−1) for 
rainfed farmlands, and 0.03 – 3.5 t ha−1 yr−1 (average = 1.8 t ha−1 yr−1) for irrigated farming lands. Negative relationships were 
observed among soil erosion, soil quality, and soil retention, emphasising the sensitivity of soil quality to the soil erosion rates 
estimated for different land use types. This study provides evidence for the negative effects of soil erosion under different 
land uses regarding the degradation of soil quality and soil retention as an ecosystem service.
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INTRODUCTION

	 Increasing economic development and the resulting 
land use change have accelerated soil erosion. This is now 
documented as one of the most severe environmental 
challenges globally (Wijesundara et al., 2018). Importantly, 
soil is a non-renewable resource that requires improved 
management for sustainability given population growth 
(Lal, 2015). Soil erosion heavily impacts anthropogenically-
modified ecosystems, including managed forests and 
croplands (Obidike-Ugwu et al., 2025). Accelerated erosion 
frequently causes other issues such as sealing, acidification, 
salinisation, alkalisation, diffuse pollution, and biodiversity 
decline (Ayoubi et al., 2014; Nabiollahi et al., 2018; Nosrati 
and Collins, 2019). Soil erosion is a major issue that adversely 
impacts environmental quality and food security, and it 

also reduces crop productivity (Rahmanipour et al., 2014). 
To mitigate the specific damages caused by soil erosion, 
such as decreased soil depth and organic matter, and soil 
compaction leading to reduced fertility and productivity, 
fertilisers and pesticides are used widely (Emadodin et 
al., 2012; Nosrati and Van Den Eeckhaut, 2012). These are 
used to sustain crop yield, but these applications harm 
human and environmental health (Amuah et al., 2024). 
Approximately 70% of Iran’s drylands have exhibited signs 
of desertification, with croplands experiencing the highest 
risk (Eskandari Dameneh et al., 2021). The economic 
ramifications are significant, with the total cost of soil and 
water degradation, along with fertiliser use in agriculture, 
estimated at around US $12.8 billion. This is approximately 
4% of Iran’s total GDP and about 35% of the agricultural 
sector’s GDP (Emadodin et al., 2012).
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	 To quantify soil quality, it is necessary to measure the 
physical, chemical, and biological attributes that affect soil 
processes, functions, and services (Dominati et al., 2010; 
Dominati, 2013). The properties and various factors affecting 
soils must be evaluated to assess soil quality (Aziz et al., 2009), 
as soil quality is a fundamental basis for ecosystem functions. 
Soil quality can be described as the capacity of soil, under a 
particular land use or within a given ecosystem, to maintain 
fertility and environmental quality, and to enhance the health 
and diversity of plants, animals, and micro-organisms (Dilly et 
al., 2018; Karlen et al., 1997). Therefore, the physical, chemical, 
and biological properties and functions of soil are consistent 
in both soil-related ecosystem services, such as soil retention, 
and soil quality indicators (Aitkenhead and Coull, 2019; Black 
et al., 2010; Van Eekeren et al., 2010).
	 The soil ecosystem provides many services (Gómez-
Baggethun et al., 2010). These benefits vary both spatially 
and temporally (Fisher et al., 2009). Soil ecosystem services 
are classified into four categories: provisioning services (e.g., 
provision of medicines, building materials, and nutrients), 
regulating services (e.g., water regulation, water quality 
control, erosion control and soil retention, greenhouse 
gas storage/retention), supporting services (e.g., nutrient 
cycling, water cycling, biodiversity), and cultural services (e.g., 
recreational activities, cultural heritage, aesthetic experience, 
spiritual enrichment) (Comerford et al., 2013; Paul et al., 2021). 
Among these services, the regulating category ensures 
environmental safety and sustainability (Bo-Jie et al., 2004). 
Soil erosion degrades regulating ecosystem services. As a 
result, controlling soil erosion can restore those specific soil-
related ecosystem services (Steinhoff-Knopp et al., 2021).
	 Soil-related ecosystem services can be evaluated using 
the Integrated Valuation of Ecosystem Services and Tradeoffs 
(InVEST) tool for ecosystem services mapping (Mousazadeh 
et al., 2018). Within this tool, soil erosion is assessed using 
the universal soil loss equation (USLE) model (Zhang et al., 
2019). Tools such as InVEST offer the opportunity to map 
soil retention in areas where such conceptual frameworks 
have not yet been applied, thereby providing critical new 

information for informing soil management. On this basis, the 
work reported in this paper applied InVEST to a study area in 
Iran. The Zar-Abad catchment is a mountainous case study 
area that has experienced progressive human development. 
It is characterised by steep slopes, different land use types, 
and lithology vulnerable to erosion. Collectively, these factors 
have resulted in accelerated soil erosion rates and subsequent 
sedimentation downstream. The objective of this study was 
to investigate the impact of soil erosion on soil retention 
as an indicator of soil ecosystem regulating services, and 
its relationship with soil quality in the Zar-Abad catchment, 
Iran. To this end, the study addressed the following research 
questions: (i) Do soil quality indices significantly differ across 
various land use types? (ii) What is the relationship between 
soil erosion, soil retention, and soil quality?

MATERIALS AND METHODS

Study area and data sources

	 Our study was conducted in the Zar-Abad catchment 
(36⁰_46’’ to 36⁰_56’’N and 50⁰_32’’ to 50⁰_50’’E). This area is 
part of the Alamout drainage basin, located in the southwest 
of the Alborz Mountains, 139 km northwest of Tehran, Iran 
(Fig. 1). The Zar-Abad catchment covers an area of 110 km² 
and includes rangelands, irrigated orchards, and rainfed 
farms. Rangelands make up the majority of the current land 
cover, accounting for 45%. Elevations range from 1000 m to 
over 3000 m. Slopes exceed 20% in 70% of the study area. 
The average annual rainfall between 2007 and 2018 was 
approximately 399 mm. Based on data from the Iranian 
Meteorological Organisation, the study area has a cold and 
mountainous climate. The mean daily temperatures from 
2007 to 2018 were -8.1 °C in the coldest month and 35.5 °C in 
the warmest month.
	 Geologically, the study area is underlain by sandstone, 
red and green marl, basalt, salt, shale, tuff, and young terraces. 
The predominant geological formation consists of silt and 
sand combined with red and green marl.
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Fig. 1. The geographical location of the Zar-Abad study catchment, and soil sampling locations
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	 The average annual rainfall and the monthly rainfall for 
the period 2007 to 2018 were used as meteorological data 
in this study. The land use map and land cover classification 
were extracted from Sentinel 2 image data with a 10 m 
spatial resolution. We also used a digital elevation model 
(DEM) with 12.5 m resolution taken from ALOS PALSAR 
images downloaded from the Vertex Alaska website 
(https://search.asf.alaska.edu/#/). Soil data were obtained 
from field sampling and laboratory analyses. Figure 2 
shows the flowchart outlining the methodological steps 
and input data in this study.
	 A sampling approach was determined based on the 
geology and types of land use in the study area, resulting 
in a total of 42 soil samples being collected. These 
comprised 17 samples from rangelands, 15 from rainfed 
farming lands, and 10 from irrigated farming (orchards) 
lands. The samples were taken to a depth of 0-20 cm, 
bearing in mind that only the surface layers are at severe 
risk of erosion (Nosrati and Collins, 2019). Each soil sample 
weighed approximately 1 kg. Following field collection, all 
soil samples were dried and sieved using a 2 mm sieve. 

A set of soil physico-chemical attributes was analysed 
for each sample. These included absolute particulate size 
distribution (sand, silt, and clay), organic matter (OM) 
content, electrical conductivity (EC), pH, water holding 
capacity (WHC), saturation percentage (SP), available water 
content (AWC), bulk density (BD), particle density (PD), as 
well as carbonate calcium (CaCO3), potassium (K), sodium 
(Na) and phosphorus (P) content. These were selected to 
represent critical soil quality indicators. More details on 
the specifics of the soil properties used in this study are 
presented in Table 1.

Estimation of soil erosion and soil retention

The InVEST model

	 The soil retention services in the InVEST software 
calculate the ecosystem’s capacity for soil retention. This 
is done by considering the maximum potential soil loss 
and potential soil loss (Sharp et al., 2014) according to the 
following equations:

Fig. 2. Flowchart outlining the methodological steps and input data

Table 1. Descriptions of the soil parameters used in this study

Soil Factor Unit Method References

Soil Texture (clay, silt, and sand) % Hydrometer method Kroetsch and Wang (2008) 

SP % Weight method Carter and Gregorich (2007)

AWC % Pressure plate extractor Carter and Gregorich (2007)

WHC % Pressure plate extractor Carter and Gregorich (2007)

BD Mg m-3 Core method Palmer et al. (2002)

PD Mg m-3 Pycnometer procedure Blake and Hartge (1986)

EC dsm-1 Saturated soil _paste extract Corwin and Lesch (2003)

pH Saturated soil _paste extract Robbins and Wiegand (1990); 

OM % Walkley and Black Walkley and Black (1934)

CaCO3 % Calcimetre method Şenlikci et al. (2015)

K and Na mg kg-1 Flame photometric method Helmke and Sparks (1996)

P mg kg-1 Spectrophotometer method Gburek et al. (2000)
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	 where SLmax is the maximum potential soil loss 
regardless of the vegetation factor. SLj denotes the 
potential soil erosion that can be calculated from the 
universal soil loss equation (USLE). R, K, LS, C, and P are the 
rainfall erosivity, the soil erodibility, the slope-length and 
steepness, the crop management, and the conservation 
practice factors, respectively in the USLE model (Irvem et 
al., 2007; Wischmeier and Smith, 1978). The USLE factors are 
determined as described immediately below.

Rainfall erosivity factor (R)

	 The term rain erosion was proposed by Wischmeier 
(1978) to describe the effect of climate on soil erosion. 
Based on rainfall data for the Zar-Abad station, this study 
calculated R-values for the period 2007 to 2018 using 
average annual rainfall (Renison et al., 2010). Accordingly, 
the Fournie (F) Index (Eq. 4) was used with the average 
annual precipitation. Where the F-index was <55 mm, 
Equation 5 was applied, and where it exceeded 55 mm, 
Equation 6 was used (Renard et al., 2011).

	 where: pi is the monthly rainfall (mm) and p represents 
the annual rainfall (mm).

Soil erodibility factor (K)

	 The soil erodibility factor (t ha h ha−1 MJ−1 mm−1) 
measures how sensitive soil particles are to detachment and 
transport by rainfall and runoff (Sun et al., 2014). Based on 
soil texture, 24 samples (57% of the 42 samples) were clay 
textured, with texture being an important factor controlling 
erodibility (Jong, 1994). Wischmeier (1978) developed the 
following concept based on laboratory analyses (Eq. 7):

	 where M represents silt (%) + very fine sand (%) × (100 
− clay (%)); a is OM content (%), and b is the soil structure 
code, where 1 = very fine granular [1–2 mm], 2 = fine 
granular [2–5 mm], 3 = medium or coarse granular [5–10 
mm], and 4 = blocky, platy, or massive [>10 mm]. Finally, c 
represents the soil profile permeability, where 1 is high, 2 is 
moderate to high, 3 is moderate, 4 is moderate to slow, 5 is 
slow, and 6 is very slow.

Slope length and steepness factor (LS)

	 Slope length and steepness (LS) factors represent the 
impact of topography and morphology on the rate of soil 
erosion. As the slope increases, the cumulative runoff and 
the velocity of surface runoff also increase (Jong, 1994). 
Methods for calculating the L and S factors using GIS_SAGA 
can be found within the SAGA programme. This was used 
with our DEM for the study area.
	 The LS factor in the USLE shows the combined effect 
of slope length and slope steepness on soil erosion. 
Moore and Wilson (1992) provided a simplified method for 
calculating the LS factor, which is particularly useful for GIS-
based calculations. This method focuses on the influence 
of slope length (L) and slope steepness (S) on soil erosion 
(Badora and Wawer, 2023). Both SAGA GIS and ArcGIS have 
tools for calculating the LS factor. They typically use DEMs 
as input and implement algorithms for flow direction and 
accumulation to determine slope length and steepness.
	 The LS factor is calculated using the following formula 
(Moore and Wilson, 1992):

	 where Slope Length is Flow accumulation multiplied 
by Cell resolution (DEM), and θ is Slope in degrees. In this 
study, the LS factor was calculated using digital elevation 
models (DEMs) with 12.5 m resolution obtained from ALOS 
PALSAR images downloaded from the Vertex Alaska website 
(https://search.asf.alaska.edu/#/) to derive slope and flow 
path information in GIS_SAGA.

Crop management factor (C)

	 The crop management factor is one of the most sensitive 
spatial and temporal controls of soil erosion. It depends on 
variations in plant growth stages, vegetation types, and 
rainfall (Zhang et al., 2010). The C-factor quantifies the effect 
of vegetation cover and management on soil loss in USLE/
RUSLE, ranging from approximately 0 (full protection) to 
1 (bare soil) (Renard, 1997; Wischmeier, 1978). To map the 
C-factor, we used Sentinel-2 surface reflectance imagery. 
The Normalized Difference Vegetation Index (NDVI) was 
computed from the near-infrared (Band 8) and red (Band 4) 
using ENVI 5.3 software (Eq. 9), as follows:

	 A cloud-free image acquired during the main erosive 
season of the study year was selected to represent protective 
ground cover when erosion risk is most relevant in RUSLE 
applications (Ayalew et al., 2020). We acknowledge that multi-
date NDVI composites reduce temporal noise; however, the 
single-date approach is widely used when time-series stacks 
are unavailable (Ayalew et al., 2020).
	 NDVI values were then transformed to C using the 
exponential function proposed for continental-scale erosion 
mapping (Eq. 10).

	 where α and β shape the NDVI–C curve. More specifically, 
Van Leeuwen and Sammons (2004) considered 2.5 and 1, 
which has been shown to provide robust results across diverse 
environments when using MODIS-NDVI data.

(1)

(2)

(3)

(4)

(9)

(10)

(5)

(6)if:

if:

(7)

(8)
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Conservation practice factor (P)

	 The P-factor represents the ratio of soil loss with a 
given conservation practice compared to that under 
conventional tillage up-and-down slope (Wischmeier 
and Smith, 1978). In this study, land use/land cover 
(LULC) classes were derived from Sentinel-2 MSI imagery 
using an object-based image analysis (OBIA) approach in 
eCognition Developer 64. OBIA allows for the segmentation 
and classification of homogeneous land parcels and 
reduces spectral confusion that often occurs in pixel-
based classifications (Blaschke, 2010). The LULC map was 
validated with field surveys and high-resolution Google 
Earth images to ensure classification accuracy.
	 The slope gradient was obtained from the 12.5 m ALOS 
PALSAR DEM. The classified LULC and slope layers were 
spatially overlaid in a GIS environment. P-factor values 
were assigned to each LULC–slope combination following 
the guidelines of Wischmeier (1978) and updated values 
provided in subsequent studies (Kouli et al., 2009; Lufafa 
et al., 2003; Phinzi et al., 2021). This procedure allowed the 
parameterisation of the P-factor by integrating remote 
sensing data, topographic information, and empirical 
lookup tables. This provided a transparent and reproducible 
methodology.

Soil quality index

	 The application of the soil quality index approach has 
recently been expanded to quantify soil chemical, physical, 
and biological indicators that affect the soil’s ability to 
function effectively. In the study reported herein, fifteen 
different factors affecting soil quality were measured. Our 
soil quality index (SQI) was calculated using the three steps 
described below:
	 (1) To identify the SQI, a small set of soil characteristics 
representing the so-called minimum data set (MDS) was 
selected (Fang et al., 2024; Garrigues et al., 2013). The MDS 
for SQI can be selected based on expert opinion (Andrews 
et al., 2004) or statistical analyses (Rojas et al., 2016). In our 
study, the MDS was selected using the load and eigenvalue 
obtained from principal component analysis (PCA). PCA 
is considered one of the most common (Doran and 
Parkin, 1994; Wang et al., 2021) and flexible methods for 
identifying the MDS for SQI (Juhos et al., 2016). Based on 
the PCA (Doran and Safley, 1997), the soil properties with 
the highest factor loading (absolute value) in each PC were 
shortlisted for the MDS (Andrews et al., 2004).
	 (2) Using expert opinion (Andrews and Carroll, 2001), 
the indicators in the MDS were normalised based on a 
standard scoring function: optimal is better, more is better, 
and less is better (Si in Equation 10). Therefore, all attributes 
were converted into a 0-1 range value. Two techniques 
can be used here: linear or non-linear scoring. In this study, 
linear scoring was used. For the ‘more is better’ approach, 
the values were ranked in rising order and each case 
divided by the highest observation. For the ‘less is better’ 
approach, the values were ranked in declining order, with 
the lowest value divided by each observation.
	 (3) For each property in the MDS, the ratio of explained 
variance for each principal component to the total variance 
explained by all principal components (total cumulative 
variance) (Wi in Equation 11) was calculated. On this basis, the 
SQI was calculated for each soil sample using Equation 11:

	 where Wi and Si are the weights and scoring rank of the 
soil attribute selected for the MDS, respectively. Marzaioli 
et al. (2010) divided the SQI into three classes: low soil 
quality (SQI < 0.55), medium soil quality (0.55 < SQI < 0.70), 
and high soil quality (SQI > 0.70). The index value was 
multiplied by 10 to provide index values in a range of 1 to 
10 rather than 0 to 1, as this has been found to be more 
understandable for producers and other users (Andrews et 
al., 2004).

Statistical analyses

	 To assess differences in the SQI across various land 
use types, a one-way analysis of variance (ANOVA) was 
conducted. Subsequently, Scheffé’s post hoc test was 
employed to identify statistically homogeneous subsets 
among the land use categories (Landau and Everitt, 2003). 
The relationships among soil quality, soil erosion, and soil 
retention were examined using correlation analysis. All 
analyses were conducted using SPSS version 22.

RESULTS AND DISCUSSION

Soil erosion estimates based on the USLE

	 The average annual rainfall data were used to compute 
the average annual R factor values, which ranged from 616 
to 2207 MJ mm ha−1 h−1 yr−1 (Fig. 3A). The results of the K 
factor indicated that soil erodibility ranged between 0.004 
and 0.28 t ha h ha−1 MJ−1 mm−1. Here, most areas have 
high erodibility in the upstream portions of the Zar-Abad 
catchment, whereas erodibility decreases downstream 
(Fig. 3B). The value of the LS factor ranged within 0–99%. In 
general, the increase in the length and slope percentage due 
to the resultant intensification of the velocity and strength 
of surface flow increased the amount of soil erosion per unit 
area (Fig. 3°C). The amount of vegetation varied between 
0.1–0.6 (values closer to 1 indicate denser vegetation cover 
and vice versa) (Fig. 3D). The conservation practice values 
(P-factor; values between 0.1 and 1.0) were determined 
based on protective operations: a value of 0.1 for orchard 
farming lands with terraces and gabion check dams and 
1.0 for lands without any soil protection operations (Fig. 
3E). The results indicated that the rate of soil erosion ranged 
between 0 and 46.4 t ha−1 yr−1. The respective ranges of the 
soil erosion rates for rangelands, rainfed farming lands, and 
irrigated farming lands (orchards) were estimated as 0.2–
46.4, 0.18–0.2, and 0.0–0.18 t ha−1 yr−1.

Soil retention

	 The potential soil loss and maximum potential soil loss 
were estimated to be in the ranges of 0 and 46.4 t ha−1 yr−1, 
and 9.0 to 46.4 t ha−1 yr−1, respectively (Fig. 4A). Therefore, the 
corresponding range for soil retention in the study area was 
0 to 3.5 t ha−1 yr−1 (Fig. 4B). The estimates of soil retention for 
the rangelands, rainfed farming lands, and irrigated farming 
lands (orchards) ranged between 0–0.01 t ha−1 yr−1 (with a 
mean value of 0.005 t ha−1 yr−1), 0.01–0.03 t ha−1 yr−1 (with a 
mean value of 0.02 t ha−1 yr−1), and 0.03–3.5 t ha−1 yr−1 (with 
a mean value of 1.8 t ha−1 yr−1).

Soil quality index (SQI)

	 Changes in soil quality can be estimated to evaluate 
the impacts of different land uses and their corresponding 
management practices (Arshad and Martin, 2002). Table 
2 summarises the results of using PCA to determine 
the MDS. Five components were calculated to have an 

(11)
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eigenvalue >1 and can therefore be used in the MDS. 
The cumulative variance was 68.8%. Table 2 reports the 
results of the rotating components matrix, in which the 
loading coefficients of the factors were defined for each 
component. The highest PCs loadings were considered 
a condition for selecting the final MDS, which comprised 
OM, EC, P, sand content and K (Table 2).
	 A ‘more is better’ scoring approach was used for P, K, and 
OM (Andrews et al., 2004; Marzaioli et al., 2010; Rahmanipour 
et al., 2014). In contrast, a ‘less is better’ scoring function was 
employed for EC (Derakhshan-Babaei et al., 2021; Nabiollahi et 
al., 2018; Rahmanipour et al., 2014). The sand content followed 

an ‘optimal r function (Davari et al., 2020; Derakhshan-Babaei et 
al., 2021; Rahmanipour et al., 2014). The final results indicated 
that sand content, EC, K, P, and OM had the highest to lowest 
weights, respectively (Eq. 12):

	 Using Equation 11, the soil quality index ranged between 
3.15 and 8.40 (SQI values are in a range of 1 to 10), indicating 
that soil quality increased from the upstream to the 
downstream parts of the Zar-Abad catchment. This pattern 

Fig. 3. Maps of the factors for soil erosion: rainfall erosivity factor (R) (MJ mm ha−1 h−1 yr−1), soil erodibility factor (K) (t ha h 
ha−1 MJ−1 mm−1), slope length and steepness factor (LS), D) crop management factor (C), 

and conservation practice factor (P)

(12)
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reflects the different intrinsic conditions and management 
factors affecting soil erosion, and consequently soil quality 
and structure. The SQI ranged between 3.2 and 4.0 for the 
rangelands compared with corresponding estimates of 4.0 
to 5.7 for the rainfed farming lands and 5.7 to 8.4 for the 
irrigated farming lands.
	 The relationship between soil erosion, soil retention, and 
soil quality is fundamental to understanding soil health. Soil 
erosion is the process by which the top layer of soil is removed 
by natural forces like wind and water. This removal can lead 
to a loss of valuable topsoil, which is rich in organic matter 
and nutrients. Soil retention, conversely, refers to the ability 
of the soil to stay in place, resisting erosive forces. Factors 
such as vegetation cover, soil structure, and topography 
play crucial roles in soil retention.  When soil is eroded, the 

remaining soil often experiences a decline in its quality. This 
is because the most fertile and nutrient-rich components 
are typically lost first. Consequently, reduced soil quality can 
manifest as lower organic matter content, decreased water-
holding capacity, and a deficiency in essential plant nutrients. 
This degradation makes the soil less suitable for agriculture 
and can negatively impact ecosystems. Conversely, effective 
soil retention helps to preserve soil quality. Maintaining a 
stable soil structure, with adequate vegetation and organic 
matter, enhances its resistance to erosion. Healthy soil, 
which is well-retained, supports robust plant growth, which 
in turn further improves soil structure and its ability to retain 
moisture and nutrients. Therefore, promoting soil retention 
is a key strategy for safeguarding soil quality and its long-
term productivity.

Fig. 4. A) Maps of potential soil loss (t ha−1 yr−1) and B) soil retention (t ha−1 yr−1)

Table 2. The results of principal component analysis (PCA) in selecting the minimum data set (MDS)

PC, principal component. The bold value corresponds to the selected attribute in each PC used to calculate the soil quality 
index (SQI).

Variables PC1 PC2 PC3 PC4 PC5 Mean Standard Deviation

Sand (%) .74 -0.10 -0.56 -0.19 0.08 44.40 19.94

Silt (%) -.28 0.35 0.59 -0.07 0.25 32.15 23.97

Clay (%) -.73 -0.06 0.36 0.26 -0.22 23.44 10.57

SP (%) -.07 -0.01 0.68 0.50 -0.24 32.72 14.73

AWC (%) .02 0.21 -0.11 -0.66 -0.26 9.60 2.13

WHC (%) .23 0.27 0.15 0.59 0.02 15.67 7.48

BD (Mg m-3) .70 -0.11 -0.02 -0.15 -0.18 1.8 0.3

PD (Mg m-3) 0.08 -0.02 -0.02 -0.01 -0.16 2.10 0.45

EC (dS m-1) -0.14 0.86 -0.22 0.16 0.13 0.67 0.19

pH -0.08 0.80 0.08 -0.14 -0.21 7.72 0.26

OM (%) 0.15 0.50 -0.01 -0.20 -0.57 2.83 1.41

CaCO3 (%) -0.70 0.41 0.03 -0.11 -0.04 9.97 6.46

K (g kg-1) -0.08 -0.31 -0.82 -0.03 0.08 15.76 3.99

Na (g kg-1) 0.44 0.18 0.32 0.31 -0.36 19.19 4.14

P (g kg-1) -0.25 -0.10 -0.08 0.67 -0.01 14.50 9.54

Eigenvalue 3.58 2.50 1.64 1.424 1.19

 % Total variance 23.85 16.65 10.91 9.50 7.93

% Cumulative variance 23.85 40.50 51.41 60.91 68.84
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	 The one-way ANOVA results confirmed that soil quality, 
as a dependent variable, showed differences across land 
use types, the independent variables, at the 0.05 confidence 
level. The significance level was 0.02. Pairwise comparisons 
from the post hoc test indicated that soil quality in irrigated 
farming and rangelands was significantly different at the 
0.05 level. However, the pairwise comparison of irrigated 
farming and rainfed farming showed no significant 
difference (Table 3). There was also no significant difference 
between the SQI of rangelands and rainfed farming at the 
0.05 level (Table 3). Figure 5 demonstrates that the SQI in 
irrigated farming was higher than in rainfed and rangeland 
areas, with the latter showing the lowest values.
	 The relationship between soil erosion, soil quality, 
and soil retention indicated that the rate of soil erosion 
decreased from the upstream to the downstream parts of 
the Zar-Abad study catchment (Fig. 6). This is because the 
upstream areas of the catchment are very susceptible to 
soil erosion. The main issues in this region are steep slopes, 
a lack of vegetation cover, and the erosive impact of rainfall, 
all of which degrade the chemical and physical components 
of the soil. Downstream areas in the study catchment 
experience less soil erosion due to more extensive 
vegetation cover (irrigated farming, orchards), gentler 
slopes, lower precipitation intensity, and consequently, 
lower surface runoff. Therefore, soil quality and soil retention 
improve from upstream to downstream (Fig. 6).
	 Table  4 presents the correlations between soil quality, soil 
retention, and soil erosion. Soil quality shows the strongest 
correlation with soil retention at the 0.01 confidence level. 
The relationship between soil quality and soil erosion is a 
strong negative correlation, as is the relationship between 
soil retention and soil erosion. Therefore, as soil quality 
and soil retention increase, the soil erosion rate decreases 
sharply (Table 4).

	 Overall, the results indicated that soil quality ranged 
between 3.15 and 8.40, with a decreasing trend from the 
downstream to the upstream portions of the study catchment. 
The estimated soil retention ranged between 0–3.54 and 
increased from the upstream to the downstream portions of 
the study catchment. This is due to the reduction in slope and 
rainfall, as well as increased vegetation density, associated with 
the transition from rangeland to orchards and rainfed land use 
types. In general, soil retention and soil quality exhibit the 
same pattern, in contrast to the pattern of soil erosion (Fig. 6).
	 The estimated erosion rates in this case study, when 
compared to soil erosion rates estimated for other catchments 
in Iran, suggest that our findings are reasonable for the study 
area. For example, the annual soil erosion in most drainage 
basins in Iran was estimated to be between 7.5 and 25 t ha-1 
yr-1 using empirical methods by Jalalian et al. (1994). Afshar 
et al. (2010), using the 137Cs method, estimated the gross 
erosion rate and net soil deposition in western Iran to be 29.8 
t ha−1 yr−1 and 21.8 t ha−1 yr−1, respectively. Studies have shown 
that the Zar-Abad catchment experiences high soil loss when 
compared to some studies globally and within Iran. According 
to Wuepper et al. (2020), the global average soil erosion rate 
is 2.4 t ha−1 yr−1. However, rates can vary from less than 1 t 
ha−1 yr−1 in some regions to over 20 t ha−1 yr−1 in others. The 
spatial distribution of soil erosion in the Zar-Abad catchment, 
located in the southern Alborz mountains, showed high 
soil erosion, particularly in rangelands and on steep slopes. 
Therefore, the steep slopes of the Alborz rangelands have a 
high potential for soil erosion. This aligns with studies such as 
that by Doulabian et al. (2021), who noted that the highest soil 
erosion is expected in the western and northern regions of 
Iran. Similarly, Mohammadi et al. (2021) stated that the average 
annual soil erosion in Iran is 16.5 t ha−1, with the highest soil 
loss values occurring in the north, west, and southwest parts 
of Iran, and on the steep slopes of the Alborz and Zagros 
mountains. Ebrahimi et al. (2021) explained that annual soil 

Table 3. Results of the one-way ANOVA using the post hoc Scheffe test comparing the SQI between different land uses

 * The p-value is statistically significant (F = 4.7, p = 0.02).

Land use (i)                                     Land use (j) p- value

Irrigated farming
Rangeland 0.02*

Rainfed farming 0.43

Rangeland Rainfed farming 0.31

Fig. 5. The SQI values calculated for different land uses in the study area. Error bars represent standard errors. Letters 
(a, b, c) above the bars indicate statistically significant differences between groups
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loss from hillsides and terraces (up to 55 t ha−1 year−1) is 
greater than that from plain lowlands (up to 3 t ha−1 year−1) 
in northeastern Iran.
	 Soil erosion decreases from the upstream to downstream 
sections of the Zar-Abad catchment. The upstream areas of 
the study catchment are very sensitive to soil erosion due 
to steep slopes, high rainfall erosivity, high soil erodibility, 
and low vegetation cover. Downstream areas of the study 
catchment experience less soil erosion due to improved 
vegetation cover (irrigated farming) and less steep slopes. 
Currently, rangelands make up the dominant land use in 
the upstream parts of the study catchment, which show 
the highest rates of soil erosion on steep slopes and in 
areas without vegetation cover. These results are similar to 
the findings of Derakhshan-Babaei et al. (2021) in the Kan 
catchment, north of Tehran, Iran. In that study, erosion rates 
were high in the upstream regions with steep slopes and 
scarce vegetation. Furthermore, erosion rates in rangelands 
were higher than those estimated for rainfed and irrigated 
(orchard) farming lands. Rangelands with poor vegetation 
cover experience increased erosion rates, while orchards 

with more vegetation and more organic matter (organic 
manures are added to the soils) exhibit lower erosion rates. 
According to Guerra et al. (2016), vegetation cover can 
regulate soil loss. In the upstream sections of the study 
area, rainfall quickly turns into surface runoff due to steep 
gradients, which reduce infiltration. The erosive energy of 
the resulting flows is increased by the lack of surface cover.
	 Soil quality in the study area improved from the 
upstream to the downstream parts of the catchment. This 
is because, in addition to the soil’s physical and chemical 
properties, the upstream area has a steep slope and ridge 
topography, whereas the downstream portion has gentler 
slopes and valley formations. A similar pattern was reported 
by Derakhshan-Babaei et al. (2021). Further downstream 
in the Zar-Abad catchment, rainfed and irrigated farming 
(orchards) are dominant, and here, soil quality is higher. 
Similar results have been reported by Rahmanipour et al. 
(2014) and Fang et al. (2024). Furthermore, Ma et al. (2024) 
demonstrated that cultivation and soil erosion play a 
significant role in the degradation of soil quality.

Fig. 5. Maps of average soil erosion (t ha-1 yr-1), average soil quality, and average soil retention 
(t ha−1 yr−1) in the study area

Table 4. Correlation between soil quality (SQ), soil retention (SR), and soil erosion (SE)

** p < 0.01, *p < 0.05

Index SQ SR SE

SQ 1

SR 0.86** 1

SE -0.45** -0.35* 1
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	 Soil quality differed across the three land use types: 
irrigated farming lands, rangeland, and rainfed farming 
lands. Soil quality was statistically significantly different 
between irrigated farming and rangelands. However, there 
was no significant difference between irrigated and rainfed 
farming lands. Davari et al. (2020) previously reported that 
soil quality differs between irrigated farming and dry 
farmlands. In our study area, soil quality in irrigated farming 
is higher than in rainfed and rangeland areas, and the 
former areas have better soil quality than the latter. Higher 
soil quality in orchards and irrigated farming likely reflects 
various factors, including crop residues and the addition 
of inorganic or organic fertilisers. This result contrasts with 
Nabiollahi et al. (2018), who reported high soil quality in 
rangelands of western Iran compared to croplands due to 
various controls on soil erodibility, such as lithology, relief, 
and vegetation cover.
	 The soil retention service increased from the upstream 
to the downstream portion of the study catchment. This 
area has lower rainfall erosivity, lower soil erodibility, 
and less steep slopes. Less steep slopes and improved 
vegetation cover in the downstream areas encourage 
higher infiltration, thus reducing runoff and erosion. Xiao 
et al. (2017) previously reported that high vegetation 
cover is associated with high soil conservation values. 
The SQI exhibited a strong correlation with soil retention. 
Soil quality and soil retention exhibited strong negative 
correlations with soil erosion. Over time, the relationships 
between soil attributes pertaining to soil quality indicators 
and regulating services have attracted increasing attention. 
For example, Van Eekeren et al. (2010) reported a significant 
relationship between soil physical and biological attributes 
and the provision of ecosystem services. Black et al. (2010) 
reported the important role of soil carbon in the delivery of 
ecosystem services by soils.
	 Due to erosion, soil nutrients, organic matter, and 
microorganisms are mobilised and, depending on the 
hillslope gradient, are deposited on the foot slope or toe 
slope. This typically improves soil quality in low-altitude 
land, although it depends on the sediment delivery ratio 
of the catchment in question. Our work herein did not 
consider the potential control exerted by the sediment 
delivery ratio. In addition, where resources permit, soil 
quality should be investigated for discrete soil horizons by 

sampling soil at different depths, as erosion and weathering 
processes can affect the soil properties associated with soil 
quality (Nosrati and Collins, 2019).
	 A methodological limitation of our study relates to 
the use of NDVI for parameterising the C-factor in RUSLE. 
While NDVI is one of the most widely applied proxies of 
vegetation cover due to its simplicity and accessibility 
from multispectral imagery, it is not without shortcomings. 
Panagos et al. (2015) explicitly noted that NDVI was not 
adopted in their European-scale soil erosion assessment 
because of its relatively weak correlation with vegetation 
attributes. This was partly caused by soil background 
reflectance and variations in vegetation vitality (de Asis and 
Omasa, 2007; Vrieling, 2006). These issues may introduce 
uncertainty in C-factor estimation, particularly in sparsely 
vegetated or heterogeneous landscapes. Nevertheless, 
despite these limitations, NDVI-based approaches remain 
commonly used in RUSLE applications (e.g., Ayalew et 
al., 2020). This is because they provide spatially explicit 
estimates of vegetation cover, which are often the only 
practical option in data-scarce environments. Future 
studies could benefit from integrating multi-date imagery, 
soil-adjusted vegetation indices (e.g., SAVI) or field-based 
measurements to improve the reliability of C-factor 
estimates.

CONCLUSION

	 In this study, the (SQI) was applied to represent the effect 
of soil erosion on soil retention as a regulating ecosystem 
service. A strong negative correlation was observed 
between soil erosion, SQI, and soil retention. These results 
demonstrate that establishing appropriate management 
systems in an area exposed to soil erosion can contribute 
to a reduction in soil erosion, the maintenance of soil 
quality, and an increase in soil retention. Importantly, not all 
of these responses will occur quickly. This means that soil 
loss and associated reductions in regulating services pose 
a serious threat to soil regeneration, global food security, 
and human survival. Further research into, development of, 
and validation of SQIs are required to identify and quantify 
the impact of soil erosion on various essential ecosystem 
services.
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