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Abstract Soil erosion by water is a significant problem in arid and semi-arid areas of
large parts of Iran. Water erosion is one of the most effective phenomena that leads to
decreasing soil productivity and pollution of water resources; especially, in the Mazayjan
watershed in the southwest of Fars Province gully erosion contributes to the sediment
dynamics in a significant way. Consequently, the intention of this research is to identify the
different types of soil erosion processes acting in the area and to assess the process
dynamics in an integrative way. Therefore, we applied GIS and satellite image analysis
techniques to derive input information for the numeric models. For sheet and rill erosion
the Unit Stream Power-based Erosion Deposition Model (USPED) was utilized. The spatial
distribution of gully erosion was assessed using a statistical approach, which used three
variables (stream power index, slope, and flow accumulation) to predict the spatial dis-
tribution of gullies in the study area. The eroded gully volumes were estimated for a 7-year
period by fieldwork and Google Earth high-resolution images. Finally the gully retreat
rates were integrated into the USPED model. The results show that the integration of the
SPI approach to quantify gully erosion with the USPED model is a suitable method to
qualitatively and quantitatively assess water erosion processes. The application of GIS and
stochastic model approaches to spatialize the USPED model input yields valuable results
for the prediction of soil erosion in the Mazayjan catchment. The results of this research
help to develop an appropriate management of soil and water resources in the southwestern
parts of Iran.
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1 Introduction

Soil erosion is a severe problem, especially in semi-arid and sub-humid, low- and mid-
latitude areas (Lal 2001). In particular, water erosion is one of the most important factors in
land degradation in large parts of Iran destroying fertile soils and agricultural land. Nearly
35 Mha of the Iranian territory is affected by different types of water erosion (FAO 1994),
e.g., rill, sheet, and gully erosion.

Water erosion is a major problem because of its socioeconomic impact and the re-
duction in the agriculture productivity by soil loss, leaching of organic matter, and soil
nutrients as well as by reducing water availability and water retention (Morgan 1995;
Kirkby 2001; Poesen et al. 1996). Quantitative estimates of soil erosion by water are a key
component of land-use management plans, which are designed to protect and recover soils
(Bonilla et al. 2010). Additionally, the severity and spatial distribution of soil erosion are
important factors to soil conservation planning and watershed management (Kumar and
Nair 2006; Popp et al. 2000).

The impact of soil erosion and related sediments decreases dramatically water quality
and reservoir capacity (Tangestani 2006; Kefi et al. 2011); especially, gully erosion is an
important sediment source (see Poesen et al. 1996; Valentin et al. 2005; Sidorchuk et al.
2003) and hence a major threat for agricultural areas. Large parts of the southern Fars
Province in Iran are affected by these soil erosion and degradation processes. The latter are
related to population growth and related effects such as overgrazing, expanding agricul-
tural land, and deforestation.

In the last decades several models were applied to assess soil erosion phenomena in Iran
in a quantitative and qualitative way. Empirical models such as the Erosion Potential
Method (EPM, Flanagan and Nearing 1995; Bagherzadeh and Mansouri Daneshvar 2010;
Barmaki et al. 2011; Bozorgzadeh and Kaman 2012; Tangestani and Moore 2001), the
Modified Pacific Southwest Interagency Committee Model (MPSIAC, Pacific Southwest
Interagency Committee 1968; Ahmadi 1995; Ilanloo 2012; Mahmoodabadi and Refahi
2005; Meamarian and Esmaeilzadeh 2003; Najm et al. 2011), or the most commonly used
Universal Soil Loss Equation (USLE, Wischmeier and Smith 1978; Bagherzadeh 2012;
Najmoddini 2003) and its reviewed version (RUSLE, Renard et al. 1997; Arekhi et al.
2012; Asadi et al. 2011; Eisazadeh et al. 2012; Roshani et al. 2013; Vaezi and Sadeghi
2011) were applied in Iran. Moreover, numerical physically based methods, such as WEPP
(Water Erosion Prediction Project, Ahmadi et al. 2011; Cochrane and Flanagan 2003;
Landi et al. 2011; Nearing et al. 1989), ANSWERS (Beasley et al. 1980), or EUROSEM
(European Soil Erosion Model, Morgan et al. 1998), require very detailed input data
(Rusco et al. 2008), which for the southwestern parts of Iran are hardly to achieve.
However, to the knowledge of the authors so far soil erosion processes were not assessed in
an integrative way including gully erosion in Iran. Even though recently some models
using stochastic approaches to assess gully erosion were tested elsewhere (Conoscenti et al.
2014, 2013; Zakerinejad and Mirker 2014), a quantitative assessment of gully erosion
phenomena do not exist on meso-scale catchments in Iran.
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The Mazayjan watershed, Zarindasht, Iran, is a highly susceptible area for soil erosion
and desertification because of its specific environmental and socioeconomic settings. The
area is characterized by susceptible litho/pedological units, an arid climate with sporadic
but intense precipitation events, as well as deforestation processes. Overgrazing and im-
proper cultivation are additional causes of degradation and a common phenomenon in the
study area. In recent years especially range land was converted to cultivated areas, even
though range land generally shows a low potential to agriculture land, thus causing strong
degradation and abandonment of land after a few years. Moreover, as stated by Masoudi
and Zakerinejad (2010) the amount of livestock is more than two times higher than the
grazing capacity. Finally, future climate change effects with predicted higher precipitation
amounts may increase land degradation and soil erosion processes (Alcamo et al. 2007).
Consequently, water erosion is a severe problem in this area and causes the migration of
many inhabitants in recent years. Particularly, gully erosion processes and related forms
and features are very common in this region. Hence, this study is aimed at identifying and
quantifying the major erosion process dynamics including gully erosion. Therefore, we
applied an integrated approach combining the empirical-conceptual USPED model (Mi-
tasova et al. 1996) and the SPI index together with data mining, remote sensing, and GIS
methods.

2 Study area

The Mazayjan study area (Fig. 1) is located in the Zagros Mountains of Fars Province
around 32 km southwest of Zarindasht city, southwest of Iran (54°34’ to 54°44’E and
27°59 to 28°5'N).

The landforms of the Zagros Mountains in southwest Iran reflect recent fault tectonics
(Dehbozorgi et al. 2010) stretching from northwest to southwest of Iran. The study area
covers ca. 966 km? and is drained by the Mazayjan River toward the east. The elevation
ranges from 671 m to a maximum altitude of 1969 m. The average elevation of the area is
1063 m. Mean annual precipitation is around 243 mm showing a high inter-annual vari-
ability with very dry summer months (June—October) followed by short periods of heavy
rainfall from December till March coming along with severe erosion and flooding events.
The precipitation intensity is 23.5 and 56.1 mm h™!, for a 2- and 25-year return period,
respectively. In this arid environment, the hottest month is August and the coldest is
February, with mean monthly maximum and minimum temperatures of 31 and 18 °C,
respectively. Land use is dominated (Tab. 1) by barren land (52,782 ha), poor land
(40,127 ha) and very poor range land (1758 ha), as well as agricultural areas (1168 ha),
and marsh land (531 ha); especially, the barren land is characterized by very scarce
vegetation of shrub and grass type and mainly concentrated in the more humid drainage
lines of the pediments (see Fig. 2). Thus, vegetation might also influence the development
of micro-rills. However, due to the scale of the study these processes are not taken into
account.

The Mazayjan watershed is dominated by a syncline structure covered by substrates and
sediments of Quaternary alluvial deposits. These deposits are eroded and transported from
the mountains toward the plain in the central part of the basin. The lower Mazayjan
catchment is characterized by large pediments with rills and gullies, especially located in
areas with fluvio-eolian Quaternary deposits. Generally, the Mazayjan watershed is built up
by conglomerates of the Plio-Pleistocence Bakhtiyari formation, Aghajari marls, Mishan
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Fig. 1 Study area: Fars Province in Southern Iran (a). Mazayjan watershed and the locations of soil
samples (¢) and meteorological stations used for R-factor calculation (b). Enlarged area shown in Figs. 5,
13, and 14 (d)

Fig. 2 Pediment area with very
poor vegetation
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carbonates, and Gachsaran Anhydrite, Marl, and salt formations. The chemical properties
of these deposits favor water erosion and affect also the quality of ground water. The soils
of the study area are mainly Aridisols and Entisols according to soil taxonomy, and the soil
moisture and temperature regimes are Aridic and Hyper Thermic. Generally the soils are
not covered by stone pavements. Only in the immediate vicinity of drainage systems
a higher skeleton content at the surface can be observed.

Agriculture production and animal husbandry are the main incomes in this area. The
dominant agricultural products of the area are wheat, cotton, and barely. However, due to
low and further decreasing productivity of soils, after some years the fields are abandoned
and thus prone to erosion processes. In recent years, groundwater level decreased because
of droughts and overexploitation of wells, especially for irrigation purposes.

The study area is affected by different types of water (rill, inter-rill, gully erosion) and
wind erosion, especially in the eastern parts of the watershed. A major problem in this area
is the large salt diaper in the southeast of the study area heavily affecting the water quality.
According to the dry climate and shortage of water, the poor vegetation is sparsely dis-
tributed and also overgrazing is considered as an important cause of land degradation in
this area.

3 Materials and methods

In this study the Unit Stream Power Erosion Deposition Model (USPED, Mitasova et al.
1996) was used to assess the spatial distribution of erosion and deposition processes. The
parameters of this model are similar to the RUSLE model except of the topography factor
that is computed by combining slope, aspect, flow direction, and flow accumulation. The
USPED model predicts the spatial distribution of erosion in a steady overland flow with
uniform rainfall excess conditions (Mitasova et al.1996; Mitas and Mitasova 1998; Mi-
tasova and Mitas 2001).

The USPED model is based on the assumption that soil erosion depends on the de-
tachment capacity and the sediment transport capacity of surface runoff. However, the
USPED models do not consider the sediment yields from gullies, stream banks, and stream
bed erosion (Grove and Rackham 2001). In the USPED model erosion and deposition (ED)
are computed as the change in sediment flow in the direction of flow (Leh et al. 2011):

ED =d(T cos a)/dx + d(T sin a)/dy (1)

where a is the aspect of the terrain surface, dx, dy is the grid resolution, and T is the
sediment flow at transport capacity. ED can be positive, indicating soil deposition, or
negative, indicating soil erosion. Transport capacity is expressed as;

T = RKCPA"(sin b)" (2)

where R is a rainfall-runoff erosivity factor, K is a soil erodibility factor, C is a cover
management factor, P is a support practice factor, b is the slope, A is the upslope con-
tributing area, and m and n are constants. For prevailing rill erosion m = 1.6, n = 1.3,
while for prevailing sheet erosion, m = n = 1. The USPED model was applied using Arc
map 10, SAGA 2.1.0 (System for Automated Geoscientific Analysis, Conrad 2007), and
ENVI 3.4 software following Mitas and Mitasova (1998).
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3.1 USPED parameters
3.1.1 Rainfall erosivity factor (R)

The annual rainfall erosivity (R-factor, Renard et al. 1997) is defined as the integral
measure of the amount and intensities of individual rain storms over the year that cause soil
erosion (Wischmeier and Smith 1978; Mitasova et al. 1996). The R-factor in RUSLE and
USPED models is calculated from the rainfall pattern or from the long-term continuous 30-
min rainfall intensity (Karami et al. 2012) according to Eq. 3. The Erosivity Index (EI30),
for each storm, is calculated as product of rainfall intensity of a maximum 30-min pre-
cipitation and the kinetic energy, as following:

1N
R==>"EI 3
N& 0 (3)

R, erosivity factor in the observed years (MJ/mm ha h years); E, total storm kinetic energy
(MJ ha™b); Iy, intensity of the maximum 30-min rainfall intensity (mm h™'); N, number
of observed years (Table 1).

However, the calculation of the R-factor is often difficult due to a lack of high-
resolution time series (Wordofa 2011). For these reasons in many studies the annual and
monthly data were used to estimate R-factor (Elsenbeer et al. 1993; Renard and Freimund
1994; Maerker et al. 2008; Karami et al. 2012).

In this study the monthly perception (January—December) was provided by the Iranian
Meteorological Service for the period 1985-2006 for eight climatic stations placed around
the study area (Fig. 1). Table 2 shows the climate stations that we used for the R-factor
calculation. Before using the data sets, they were preprocessed to omit errors. We filled
data gaps using regression relations between data of complete and incomplete stations.

To calculate the R-Factor for example the Fournier’s index (Arnoldus 1980; Yuksel
et al. 2008) was widely applied using mean annual perception and monthly perception
according to (Eq. 4, Hu et al. 2000).

5 (52)
F=— = 4)
N \=P

pi, monthly rainfall depth (mm); p, mean annual rain fall depth (mm) for rainfall stations in
the same period.

However, since most of Iranian watersheds (Moussavi et al. 2012), especially in the Fars
Province, are lacking sufficient high-resolution rainfall data, we tested several methods to
calculate the R-factor based on monthly and annually precipitation. The calculated values
finally were validated with iso-erodent maps for Iran (Sadeghi et al. 2011). Table 3 shows

Table 1 Land use/land cover

(LULC) of Mazayjan watershed LULC Area (ha) Area (%)
Poor range land 40,127 41.54
Very poor range land 1758 1.82
Agricultural crop 1168 1.21
Barren land 52,782 54.86
Residential area 212 0.22
Marsh land 531 0.55
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Table 2 Calculated R-factor values of the rainfall stations for meteorological stations

Station Longitude Latitude Elevation Mean annual
(decimal degree) (decimal degree) (m) rainfall (mm)
Darb ghale 54.23 28.55 1430 344.0
Ghozan 54.27 28.49 1300 347.6
Hajiabad 54.25 28.22 1060 248.3
Brak 53.09 28.39 870 354.0
Farag 55.12 28.22 890 213.5
Khasoe 54.23 28.33 1070 241.5
Layzgan 54.58 28.41 2000 492.9
Larstan 54.19 27.38 860 270.3
Avaz 54.00 27.46 860 236.1
Table 3 Commonly applied equations to estimate erosivity factor in study area
Equation Parameters Author(s) Cv SD R?
12, 159 p;; total Ferro et al. 045 448.80 0.84
R =10524 (Z ,7,’) precipitation (1991)
i=1 .
(mm) of the
generic month
i of the year j. P;
total precipitation
(mm) of the
year j
Y = 50.0427X — 47.683 X = maximum Sadeghifard 030 172.10 0.75
daily et al.
precipitation (2004)
(mm)
R = 0.0483 P! ! Pa denotes annual ~ Renard and  0.51 241.70 0.81
P, < 850 mm rainfall amount Freimund
R = 587.8 — 1.249 Pa + 0.004105 P2 (mm). (1994)
P, > 850
R = 0.264MFI'° Modified Fournier ~ Renard and 043  90.50 0.31
Freimund
(1994)
R = (0.07397 x F 1.847)/17.2 F; Fournier index Renard and  0.39 768.23 0.48
F <55 Freimund
R = ((95.77 — (0.681 x F)) + (0.477 x F*))/17.2 (1994)

F=>55

the utilized equations as well as a comparative statistics with R?, coefficient of variation
(CV), and standard deviation (SD). Subsequently, we calculated the R-factor for all sta-
tions and generated R-factor layers for the whole area using a spatial regression between
R-factor and elevation as shown in Fig. 2 (Arekhi et al. 2012; Asadi et al. 2011; Arekhi and

Niazi 2010).

3.1.2 Crop and management factor (C)

The C-factor represents the effects of (1) plants above the soil surface, (2) the below-
ground biomass, (3) residuals of crops on the surface, and (4) special effects of former
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Table 4 C-factor values used in

the USPED model LULC C-factor Reference
Poor range land 0.25 Feiznia and Ahzan (2004)
Very poor range land 0.33 Feiznia and Ahzan (2004)
Agricultural crop 0.43 Adediji et al. (2010)
Barren land 0.60 BCEOM (1998)
Residential area 0.00001 Adediji et al. (2010)
Marsh land 0.01 BCEOM (1998)

Table 5 Accuracy of land use/land cover (LULC) from Landsat image 2006 in Mazayjan watershed

Land use Users accuracy Producers accuracy Kappa coefficient
Poor range land 0.79 0.73 0.62

Very poor range land 0.79 0.81 0.74

Agricultural area 0.89 0.86 0.84

Barren land 0.82 0.79 0.74

Marsh land 0.93 0.94 0.91

Overall accuracy 0.88

agriculture residues on soil erosion (Maerker et al. 2008; Wang et al. 2003). In other words
the C-factor indicates how vegetation and land-use management affect soil erosion. The
C-factor is often estimated as a function of land use and land cover (LULC) (Maerker et al.
2008; Pelacani et al. 2008; Terranova et al. 2009; Renard et al. 1997; Yuksel et al. 2007).
For different land-use/land-cover classes C-factor values can be attributed based on ex-
isting published studies. The C-factor can also be derived using vegetation indices based on
satellite image analysis (Kouli et al. 2009). Table 4 shows the land-use classes and the
attributed C-factor values we assigned (Adediji et al. 2010; BCEOM 1998; Feiznia and
Ahzan 2004). The land-use/land-cover classification was derived using a Landsat ETM
images from March 2006 and a maximum likelihood classification implemented in ENVI
3.4. Subsequently, a majority filter was applied on the classified data in order to reduce
noise and artifact pixels. The final land-use/land-cover map was validated in the field. Error
matrices and Kappa coefficient were calculated as shown in Table 5. The C-factor values
vary from O to 1 (nondimensional), reflecting the effect of cropping and land cover to
protect soil from rainfall and runoff erosion. Values tending to O reduce soil loss.

3.1.3 Soil erodibility factor (K)

The erodibility of a soil is characterized by inherent soil resistance to both detachment and
transport, by raindrop impact and surface flow processes (Bryan 2000; Lal 2001; Onori
et al. 2006). The soil erodibility factor or K-factor (in t h MJ - mm’l) accounts for the
influence of soil properties on soil loss during storm events on upland areas (Onori et al.
2006). The soil erodibility factor is usually derived using nomographs and/or formulae and
is determined by soil texture, soil organic content, soil structure, and infiltration capacity
(Wischmeier and Smith 1978). In this study, the K-factor was estimated according to
Renard et al. (1997):
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1 logD, + 1.659\2
K= 7.594{0.0034+0.0405 exp((—a%) )} (5)

K, soil erodibility factor (t ha='MJ~! mm’l); Dg, geometric mean particle diameter (mm);
fi» primary particle size fraction; m; = arithmetic mean of the particle size limits of that
size.

To calculate the mean particle diameter, we used the percentage of clay, silt, and loam
(Tables 6, 7, 8).

In this research 52 soil samples (Fig. 1) were collected and analyzed for soil texture
using a standard analytical method (Gee and Bauder 1986). Soil samples were selected
using a catena-based sampling design (Conacher and Dalrymple 1977). Soil texture and
organic matter (OM) prevalently affect the soil water content and hence the amount of
runoff (Saxton and Rawls. 2006). Moreover also electric conductivity (EC) and sodium
absorption rates (SAR) are analyzed. High EC and SAR values facilitate soil erosion and
favor especially piping processes (Faulkner et al. 2004).

3.1.3.1 Spatial Prediction of K-factor using stochastic modeling The spatial distribution
of K-factor was estimated using a stochastic gradient boosting technique (TreeNet, Salford
Systems) (Elith et al. 2008; Friedman 1999). Predictor variables are based on terrain
parameters and landsat image spectral bands. TreeNet has several advantages since it is
resistant to over-training and outliers (Friedman 2002). Since topography controls both
hydrological and soil processes (Amundsen et al. 1994; Sariyildiz et al. 2005; Seibert et al.
2007), the topography data can be utilized to predict soil types or soil properties (Behrens
et al. 2005). In this model, different topographic indices (Tab. 6) were extracted from a
DEM with 5-m resolution. Laboratory-estimated K-factor values are used as the dependent
variable.

The DEM is based on 19 stereo aerial photographs from 1994 of 1:20.000 scale pro-
vided by the Iranian Cartographic Centre. With the software AGISOFT we generated the

Table 6 Topographic indices
used for environmental predictors
in TreeNet model

Topographic indices

Method

Watershed sub bins
Wetness index

Stream power

Slope

LS-factor

Profile curvature

Plan curvature

Catchment area

Curvature classification
Curvature

Convergence index
Channel network base level
Channel network

Aspect

Altitude above channel network

Elevation

Olaya and Conrad (2009)
Olaya and Conrad (2009)
Olaya and Conrad (2009)
Zevenberg and Thorn (1987)
Olaya and Conrad (2009)
Olaya and Conrad (2009)
Zevenberg and Thorn (1987)
Olaya and Conrad (2009)
Dikau (1989)

Zevenberg and Thorn (1987)
Kothe and Lehmeier (1993)
Olaya and Conrad (2009)
Olaya and Conrad (2009)
Zevenbergen and Thorne (1987)
Olaya and Conrad (2009)
Preprocessed in ArcGIS9.2
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Table 7 Frequency ratio values of gully areas and soil erosion/deposition classes in study area

Soli Erosion/ Area (ha) Erosion and deposition Gully erosion  Gully erosion  Frequency
Deposition areas (%) (P) points* points % (G) ratio G/P
Very high erosion 33,113.07 32.26 1020 4.33 0.12
High erosion 4893.74  7.06 1000 4.24 0.83
Medium erosion 7363.81 7.62 2000 8.49 1.11
Low erosion 6190.18  6.40 1890 8.03 1.25
Very low erosion 11,898.44 10.31 3450 14.66 1.19
Stable 11,898.44  3.77 6380 27.11 7.18
Very low deposition 3645.74  7.75 2440 10.36 1.80
Low deposition 5562.88  2.33 1500 6.37 2.72
Medium deposition 2617.74  2.70 1750 7.43 2.74
High deposition 1668.31 1.72 1020 4.33 2.51
Very high deposition 17,422.24  18.02 1080 4.58 0.25

* Each point corresponds to one pixel or 25 m* gully areas (5*5 m?)

Table 8 Categories of soil loss in Mazayjan watershed

Erosion/Deposition (categories) Erosion/Deposition (t ha™! year’l) Area (ha) Total area (%)
Very high erosion <-30 27,241.2 28.2
High erosion —20 to —30 8887.2 9.2
Medium erosion —10 to —20 5989.2 6.2
Low erosion —5to —10 3284.4 34
Very low erosion —1to -5 5699.4 59
Stable —0.1 to 0.1 5989.2 6.2
Very low deposition 0.1to5 5119.8 53
Low deposition 5-10 2898 3.0
Medium deposition 10-20 3477.6 3.6
High deposition 20-30 9466.8 9.8
Very high deposition >30 18,547.2 19.2

DEM using 60 ground control points (GCP) taken in the field with a DGPS. The DEM was
georeferenced using an UTM projection. The DEM was preprocessed with low-pass fil-
tering (3*3 filter) to extract artifacts and errors such as local noise and terraces. Thereafter,
it was hydrologically corrected to eliminate sinks using the algorithm proposed by Plan-
chon and Darboux (2001). Finally, the spatial relations between dependent and indepen-
dent variables revealed by the TreeNet model are used to predict the spatial distribution of
the K-factor (Fig. 3).

To evaluate the performance of the TreeNet model the data were randomly divided into
training (80 %) and a test data subset (20 %). The model results were evaluated using the
receiver operating curve characteristics (ROC) for training and test data. The ROC integral
values range between 0 and 1. A value near to 1 indicates high model accuracy, and values
of 0.5 show a random model. According to Hosmer and Lemeshow (2000) ROC integral or
area under curve (AUC) values exceeding 0.7/0.8/0.9 indicate acceptable/excellent/out-
standing predictions.
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Fig. 3 Flowchart of the applied methodology for the prediction of K-factor used in the USPED model

3.1.4 Support practice factor (P)

The support practice (P) is related to management practices such as contouring and ter-
racing to reduce the soil erosion. In other words, the P-factor describes the impact of
management practices on average annual of soil erosion (Arekhi et al. 2012).

The values range between 0 and 1, and for areas with no support practice, the P-factor
value is set to 1 (Simms et al. 2003). According to our survey in the study area we have
identified no practice management to be considered, and thus, we assumed a P-factor value
of 1 for the entire study area.

3.2 Gully erosion assessment using a steam power index (SPI) threshold

Gully erosion is a very intensive type of water erosion in southwestern Iran. As already
mentioned the USPED model can only assess rill and inter-rill or sheet erosion processes.
However, gully erosion affects large parts of the study area. In order to assess this deep
linear gully erosion features we applied a stream power index (SPI)-based approach with a
flow accumulation threshold. The SPI indicates the erosive power of flowing water over a
specific area (Tagil and Jenness 2008; Kakembo et al. 2009; Moore and Wilson, 1992) and
thus describes the potential energy to entrain sediments (Shruthi et al. 2011). The SPI
(Moore and Wilson 1992) as one of the secondary terrains attributes (Wilson and Gallant
2000) is calculated as follows:

SPI = In(A;  tan f3) (6)

where Ay is specific catchment area and f is slope in degree.

The SPI values highlighted distinct preferential topographic areas for gully formation
(Kakembo et al. 2009). This index has been calculated from the DEM with 5-m resolution
based on the 1994 stereo aerial photographs 1:20.000 scale provided by the Iranian Car-
tographic Centre. Consequently, the DEM was generated before we mapped the gully
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Fig. 4 Gully erosion features
after a precipitation event

features. Actually, in many studies the relations between slope and flow accumulation were
utilized to estimate the thresholds of gully initiation (see, e.g., Kheir et al. 2007; Tagil and
Jenness 2008; Wilson and Gallant 2000). To calibrate the SPI approach we identified
threshold values for SPI around existing gully heads. Therefore, we used high-resolution
satellite images from Google Earth (GE). The available GE images for the Mazayjan
watershed are built on Spot images with a 2.5-meter resolution. We identified 49 gully
head locations based on field survey and using the available GE images. However, the
absence or scarcity of vegetation facilitates the mapping procedure (Figs. 2, 4).

To extract a SPI threshold value for gully erosion we overlay the gully headcut areas
with the SPI raster map (Fig. 5). Although there are different thresholds for gully erosion
initiation, e.g., due to land use, soil character, and hydraulic conductivity, the study area is
very homogenous, and hence, the main controlling factor is the topography. In the study

54°45'30"E

Stream Power Index

. High

0 05 1 2 km

Low

Drainage network

Fig. 5 Stream Power Index for the zoomed area in dark gray: gully areas (enlarged area (d) shown in
Fig. 1)
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area 12 gullies out of 49 were selected to determine the rate and expansion for a 7-year
period. GE provides SPOT images from 2003 to 2009. Based on these images, the ex-
pansion of head cuts was estimated by digitizing the gully area for the two time steps.
During a field survey in 2013 we measure the gully depth and growth areas in order to
validate the GE image analysis. According to the satellite images, aerial photos from 1996,
and field survey the gully features are mainly located in the flat and low sloping areas.
Therefore, we limit our SPI approach to these areas using a low flow accumulation
threshold of 100 ha and a maximum slope of 35°. We converted the eroded gully volumes
to tons per hectare using a soil bulk density value of 1.23 g/cm® (Kompani-Zare et al.
2011). To get the yearly gully erosion rates we divided the value by the duration of our
observation period (7 years). We integrate the gully erosion estimated for the single spatial
units into the USPED model by adding the amount of sediments eroded by gullies to the
sediment flow at sediment transport capacity.

4 Results and discussions
4.1 USPED-factors

According to the USPED model algorithm the input data (R, K, C, P and topographic
factor) were multiplied with the Raster Calculator in ArcGIS 10.0 to get the erosion/
deposition rates in t ha~' yr~' for each grid cell.

According to Table 3, the best equation to calculate the R-factor is the one developed by
Sadeghifard et al. (2004) for the arid climate in south of Iran. Consequently, we applied
this equation to estimate the erosivity factor for the Mazayjan watershed. Since the rela-
tionship between elevation and average annual precipitation shows a high correlation
(R* = 0.89), we used elevation to regionalize the R-factor for the Mazayjan watershed
(R2 = 0.75) (Fig. 6). The obtained values (Fig. 7) range from 212.6 to 424.6 MJ mm/
ha year'. The average values for the Mazayjan watershed amount to 265.2 MJ mm/
ha year™'. The spatial distribution of R-factor values for the Mazayjan watershed is pre-
sented in Fig. 7. In particular, high precipitation values occur along the ridges of this basin.

According to the soil laboratory analysis soil texture is dominated by silt loam and
sandy loam and thus is highly susceptible to soil erosion. The amount of organic matter in
all samples was <2 %. Soil organic matter reduces the erodibility of soil. In many arid and
semiarid areas soil organic matter is low due to scarce vegetation, and hence, soil is more
susceptible to erosion. Particularly in the southwest of Iran, due to arid climate and lack of
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Fig. 6 Relationship between R-factor and elevation
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g. 8 ROC diagram and AUC values for K-factor. Left: train data set; right: test data set

organic matter wind erosion affects large areas. Moreover, the laboratory analysis shows
that the EC and SAR values of soil samples indicate high sodium contents that amplify
gully erosion and the degradation of rangeland (Shahrivar et al. 2012; Masoudi et al. 2006).
The stochastic modeling of the K-factor values based on the soil samples (dependent
variable) and on terrain parameters and Landsat spectral bands (independent variables) was
validated internally using the ROC integral (area under curve, AUC) for training and
testing data. According to Hosmer and Lemeshow (2000) the K-factor model shows an
acceptable performance with AUC integrals of 0.77 and 0.70 for training and testing data
set, respectively (Fig. 8). Figure 9 shows the variable importance. The most important
factors are slope and vertical distance to channel network. Finally we applied the TreeNet
model to predict the spatial distribution of the K-factor as shown in Fig. 10. High K-factor
values are related to the plain areas with flat slope (<2 %) and to the vicinity of the channel
network in the central part of watershed.

@ Springer



Nat Hazards
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Fig. 10 K-factor layer of Mazayjan watershed

Soil erodibility values vary from 0.11 t ha MJ~! mm ™" in the northern and northeastern
part of the study area with more sandy loam and sandy clay soils, to 0.32 t ha MJ~' mm™'
in the southwestern and southeastern part of the area with silty loam soils. The total mean
is 0.11 t ha MJ~' mm ™' with a standard deviation of 0.02 t ha MJ™' mm™". According to
the K-factor map low K-factor values coincide with the Asmari-Jahrom (AS-Ja) and the
Tarbur formation that are relatively resistant to water erosion (Feiznia 2000). The high
values of K-factor are more related to Quaternary formations and alluvial deposition.

We derived C-factor values using the land-use map. The classification result based on
Landsat images was validated using field data. In this research some accuracy estimating
indexes are shown, such as overall accuracy, user’s accuracy, producer’s accuracy and
kappa coefficient (Table 5). Accuracy analysis was completed by means of a confusion or
error matrix. This method relates the numbers of classified pixel in the assigned classifi-
cation to the ground truth data (Congalton and Green 1999). In addition, the Kappa
coefficient accuracy for all classes was higher than 0.60. Finally, this index is used to
calculate the classification. High values of the Kappa coefficient indicate higher reliability
of the classification results. The overall accuracy of the supervised classification of LULC
is 88 %. According to Table 4 C-factor values were attributed to the singles LULC classes.
Values range from O to 1 with bare rocks and no vegetation having values of 1. In the
Mazayjan watershed the vegetation is poor due to the arid climate and over grazing;
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Fig. 11 C-factor layer of Mazayjan watershed

especially, the southwest of the study area is characterized by no vegetation at all or scarce
shrubs. The major LULC in this area is poor and very poor vegetation with C-factor values
of 0.23. The rest of the study area is covered with agriculture land use having C-factor
values of 0.43. Figure 11 shows the maximum amount of C-factor values coinciding with
barren areas in ridge positions in the north and southwest of the watershed, whereas the
lowest values are related to the areas with scarce vegetation. The artificial and rural area
was masked in the C-factor map. The mean C-factor value is 0.15 with a standard deviation
of 0.12.

4.2 Distribution of Gully erosion processes

In this study the gully head cut locations were identified using GE image interpretation. We
set up a regression model between headcut location and SPI values using a set of 12
mapped gully headcut locations. Subsequently, the gully erosion rates were estimated by
mapping the growth rates of the 12 gullies over a 7-year time period. As already pointed
out by other studies there is a strong relationship between catchment area and slope and
turbulent concentrated runoff forming longitudinal deep incisions (Kakembo et al. 2009;
Nazari Samani et al. 2009; Poesen et al. 1996; Vandekerckhove et al. 2001). As illustrated
in Fig. 12 the regression between the volume of soil losses for each gully location and SPI
values shows a very good fit (R* = 0.84). Consequently, we can use a threshold value of
SPI to identify potential gully initiation points. Extreme high values of SPI are related to
the stream network in the flat areas.

In the study area gully erosion threads the agricultural land and infrastructures like
roads. The SPI threshold characterizing gully erosion ranges between 100 and 1700 in
different parts of this catchment. SPI values higher than 1700 indicate stream network,
while values of less than 100 display areas not affected by gullying. In fact using this
threshold, we are also able to compare potential and actual gully erosion (Kakembo et al.
2009). Figure 5 shows that the susceptible zones are prevalently in the low sloping and
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Fig. 13 Predicted soil erosion and deposition for the Mazayjan [t ha~' year™'] derived with the USPED
model for enlarged area (d) shown in Fig. 1)

pediment areas. However, the USPED model simulates for these areas low soil loss or
instead deposition (Fig. 13).

4.3 Comparison of the USPED model and the gully erosion approach

We compared the model results of the USPED erosion/deposition values with the gully
sample points creating a Frequency ratio. As illustrated in Figs. 13 and 14, the gully
features are frequent in bare soil in pediment and glacis areas. However, the steeper areas
around the Mazayjan plain show no predominant gully erosion phenomena due to shallow
soils and small specific catchment areas. Table 7 shows the frequency ratio for gully points
and the respective soil categories. According to this table the frequency ratio for two
classes of very high erosion and deposition is 0.12 and 0.25, respectively, while the low
and very low erosion are higher than 1. The frequency ratio clearly demonstrates that gully
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Fig. 14 Spatial distribution of soil erosion and deposition in the Mazayjan watershed [t ha™"' year™'],
based on the integrated USPED/SPI approach for the enlarged area (d) as shown in Fig. 1

erosion is completely underestimated by the USPED model. This was already documented
for RULSE-type models (Biesemans et al. 2000; Le Roux et al. 2008).

4.4 Integrated assessment of erosion processes in the Mazayjan basin

In order to get the total amount of soil eroded, transported, and deposited by sheet (rill/
inter-rill erosion) and gully erosion processes we utilized the USPED model adding the
volumetric contribution of the deep linear gully erosion processes estimated with the SPI
approach as layer in the calculation of the transport capacity.

According to field work and aerial photo interpretation gullies generated by overland
flow occur in abandoned land, rangeland and agricultural areas.

4.5 Soil erosion/deposition potentials

According to Fig. 13 and Table 7 more than 50 % of the area is affected by high to very
high erosion and deposition process intensities. The stable areas and low erosion and
deposition zones cover about 21 % of the area. However, some of the mapped and pre-
dicted gully processes are located in the stable and low intensity soil erosion classes. The
extreme values are characterized by steep slopes in ridge positions in the northern and
western parts of the basin.

Figure 14 shows the final map combining the USPED (for rill and sheet) with the SPI
and flow accumulation approaches (for gully erosion) for the entire study area. This map
shows that the flat areas are highly susceptible to gully erosion, while the USPED model
shows low sheet erosion susceptibility for these areas (Fig. 13). In other words large parts
of the flat areas are very prone to gully erosion.
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Table 8 illustrates the soil erosion and deposition values classified in 11 classes for the
integrated model as follows: Stable areas range between —0.1 and 0.1 t/ha year, values <—
0.1 t/ha year characterize erosion, and values with more than 0.1 t/ha year describe de-
position/sedimentation processes (De Rosa 2005). Consequently, areas with a higher soil
loss rate with respect to the tolerable one of 10 t/ha year (see, e.g., Ahmadi 1995; Pradhan
et al. 2012; Le Roux et al. 2008) fall into the moderate and high soil loss classes.

According to the combined final map of erosion deposition processes modeled with
USPED and including the gully erosion processes derived by SPI (Fig. 14) round about
17.5 % of area is stable or characterized by very low erosion or deposition classes. Very
high erosion values cover 28.2 % of the area, whereas 19.2 % of the area is related to
deposition processes. The spatial variation of erosion/deposition processes show more
intensive processes in the north, northwest, and east part of the study area that are generally
associated with the steeper relief of the mountain ranges (Table 9). Area with high de-
position is mainly located in the central part and along the drainage networks because of
low transport capacities. However, the plain areas are characterized by high SPI values due
to large specific catchment areas and hence are more susceptible to gully erosion. Areas of
low erosion and deposition tend to coincide with flat areas showing low soil erodibility and
better vegetation cover.

The integrated USPED/SPI approach shows that more than 43 % of the area is affected
by soil erosion with more than 10 t ha~' year™'. Moreover, the average value of erosion
with 37.6 t ha™' year is higher than the annual average of soil erosion (33 t ha~' year ")
for Iran (Hoseini and Gorbani, 2005; Omidvar 2010). Furthermore, the average predicted
soil loss rate for the study area is four times higher than the mean global soil loss
(Omidvar, 2010). However, the integrative soil erosion maps (Fig. 14) show similar values
reported by other studies using the PASAC and EPM model in southwest of Iran
(Nikeghbal and Rafati 2009; Tangestani 2006).

Table 9 Error matrix showing predicted erosion and observed erosion on pixel basis

Classes Slight and Moderate Severe and very Row  Omission Commission
low erosion erosion [no. severe erosion total  error* error®*
[no. of pixel] of pixel] [no. of pixel]

Stable, low, and 34 14 5 53 35.84 % 16.98 %

very low erosion/
deposition classes

Moderate erosion/ 5 32 10 47 34.42 % 29.78 %
deposition classes

High and very high 4 6 41 51 19.60 % 29.40 %
erosion/

deposition classes
Overall Accuracy 0.70 - - - — _

Predicted erosion intensity is compared with values based on field survey and qualitative IMDPA model;
Masoudi and Zakerinejad (2011)

* Omission error: Sample points for each pixel that has not been correctly classified and has been
Omitted from the category for each class
** Commission error: Sample points that have been inaccurately commissioned into a different category
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The Mazayjan basin area is characterized by surrounding high mountain ranges with
steep slopes and thus shows intensive erosion processes. In fact steeper slopes increase
runoff velocity, detachment, and transport of sediments (Kefi et al. 2011; Wordofa
2011). Therefore, in the affected areas priority should be given to increase vegetation
cover to decrease runoff velocities and protect soils. The deposition areas mainly con-
centrate close to or along the stream networks. These areas are characterized by high
erodibilities of the substrates and turbulent runoff with the consequent evolution of gully
networks.

4.6 Validation of the integrated USPED/SPI approach

The validation of soil loss predictions with numerical models is often difficult due to a

lack of measured data to compare to (Gobin et al. 2004; Tangestani 2006). In some
research the USLE-based erosion models are validated using landslide initiation points
(Pradhan et al. 2012), ephemeral gully headcut locations (Suriyaprasit 2008), or simple
field survey or qualitative models (Tangestani 2006; Kefi et al. 2011); especially, the
assessment of soil loss through ground survey particularly in areas with complex terrain or
restricted accessibility due to property rights is limited (Jianping et al. 2012).

The accuracy of numerous empirical soil modeling studies is difficult to validate in
many basins of Iran due to the lack of gauging stations (Safamanesh 2004). Therefore, in
this research the validation of the final integrated soil erosion/deposition map was per-
formed using a combined approach based on aerial photos interpretation, field survey, and
satellite image interpretation utilizing freely available high-resolution satellite images from
GE. Additionally, we compared also to a qualitative model applied in the area (Masoudi
and Zakerinejad 2011).

In this study we validate the soil loss of the prediction model with the field ob-
servation map of water erosion (see Masoudi and Zakerinejad 2011). The validation is
illustrated as error matrix (Table 9). The error matrix contains a simple pixel-to-pixel
comparison between predicted and observed soil loss. The error matrix in Table 9
shows omission, commission error, and overall accuracy for each class. According to
this table the omission error is higher for the stable and low soil erosion classes than
for severe and very severe soil erosion classes. The overall accuracy of the water
erosion prediction map compared to the field observations is 77 %. Generally, the result
of this validation procedure shows a high accuracy of the estimated soil loss by our
integrated model. However, especially in flat parts of the study area the DEM is
characterized by some noise and artifacts that affected the USPED modeling and also
the SPI calculation. However, the validation procedure shows that our approach gives a
proper picture of the spatial distribution of sheet erosion, gullying, and deposition
processes. Moreover, also the process intensities are simulated adequately as shown in
(Fig. 14).

5 Conclusions
During recent years, the role of water erosion as one of the land degradation factors in arid

and semi-arid areas of large parts of Iran has increased (Ahmadi 2006; Hoseini and
Gorbani 2005; Masoudi et al. 2006). In our study we applied a combined approach using
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the USPED model, the SPI, and a flow accumulation index in the southwest of Iran to
characterize areal rill/inter-rill (sheet) erosion processes, gully erosion processes, and de-
position processes. To the knowledge of the authors, this is the first attempt integrating
different erosion processes and deposition dynamics in Iran.

The parameters utilized in this integrated model consist of (1) the erosivity factor (R-
factor) calculated from monthly rain fall data, (2) the erodibility factor (K-factor) derived
by data mining techniques, (3) the land-use factor (C-factor) delineated from Landsat ETM
land-use classification, (4) the topography factor derived from a DEM with 10-m resolu-
tion, and finally (5) the SPI and flow accumulation to identify gullied areas. The results of
this research show the spatial distribution of soil erosion and deposition processes. Thus,
the integrated model is a useful tool to indentify susceptible areas for erosion and depo-
sition processes. Hence, the obtained results consent a better land management and land-
use planning in order to control soil loss.

In many previous studies in Iran qualitative models like IMDPA or MPSIAC were used
for the assessment of water erosion processes as one important indicator of desertification
(Ahmadi 2006; Masoudi et al. 2006; Masoudi and Zakerinejad 2010). Consequently, the
proposed methodology provides spatially distributed information about process intensities
and thus outperforms the qualitative models, especially in regard to land-use planning
purposes. The application of a threshold value of SPI together with an estimate of gully
volume using GE images is a simple but powerful tool to predict gully locations and gully
erosion intensities.

In the study area soil loss is concentrated especially in the abandoned agricultural areas.
The protection of bare soil to reduce soil loss should be ensured by appropriate cultivations
(Lesschen et al. 2007). According to the results a large part of severe erosion occurs in the
steep areas in the north and northwest of the study area. Main gully erosion activity is
concentrating in the low sloping pediment and alluvial areas. Agricultural cultivations may
change the land cover, leading to poorer vegetation cover or bare land, especially after
harvest and thus increase erosion processes and land degradation. Also overgrazing even
though not directly considered in the modeling procedure, but via the C-factor, and im-
proper cultivation are two main causes of degradation processes in southwest of Iran and
especially in Fars Province. In fact socioeconomic factors have an important role on land
degradation and soil loss in this area; therefore, it is suggested to assess these factors in
more detail maybe with questionnaires about land-use practices and livestock farming on
farmers level.
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