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Abstract

Water erosion and especially gully erosion is one of the most effective phenomena that leads
to decreasing soil productivity and pollution of water resources in many part of the world.
Gully erosion as one of the most intensive land degradation processes especially in large parts
of Iran, is the main threat for agriculture and range land. According to previous research
lithology, vegetation density, topography as well as land use and land cover changes are
effective drivers for soil loss in general and gully erosion in particular. In the first part of this
thesis the susceptibility of the Mazayjan basin (MZJ) in the Southwest of Iran, where gully
erosion is the main environmental threat, has been assessed. Therefore, a detailed terrain
analysis and a stochastic modeling approach using mechanical statistics have been used.
Among the terrain indices utilized in the prediction, the most important ones are: convergence
index, plan curvature and slope. Gully erosion is the predominant type of water erosion and
contributes to the sediment dynamics in a significant way in this catchment. Hence, in the
second part of this thesis, GIS and satellite image analysis techniques were applied to derive
input information for the numeric models to estimate the rate of soil erosion and deposition in
the MZJ basin. Since the different types of water erosion such as rill, sheet and gully erosion
are quite common in the MZJ basin, the Unit Stream Power-based Erosion Deposition
(USPED) Model was integrated with a combined Stream Power Index (SPI) and Flow
Accumulation (FA) approach. According to the integrated final map of erosion and deposition
processes modeled with USPED including the gully erosion processes derived by SPI, 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.

Tectonic activities in this study area that is part of the Zagros Mountains (ZM) significantly
contributed to the formation of the existing drainage systems and hence, to landscape
evolution. Neo-tectonics (Upper Quaternary) in form of earthquakes and associated uplifting,
fracturing and faulting are still active in large parts of this area. In the third part of this study,
we focused especially on the assessment of the vulnerability of the geologic formations to
gullying and the effects of neo-tectonic processes inducing gully erosion using different data
sources (ASTER GDEM., topography map information and aerial photographs) and
resolutions (30 m, 10 m and 5 m) of digital elevation models (DEMs). An investigation on the
location of gully features like headcuts and stream profile knickpoints reveals that the areas
highly sensitive to gullying are related to stream sections showing uplifting and faulting. The
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TecDEM software was used to identify knickpoints showing that abrupt changes in the river
profiles are located in the central part (colluvial/alluvial deposits) of the catchment. Hence,
the location of knickpoints indicates tectonic activity in turn changing the drainage network
along the longitudinal profile. The results illustrate that severe gully erosion is related to these
tectonic processes, especially in the Southwest of the MZJ basin.

In the last part of this thesis, the spatial distribution of gully susceptibilities was modeled with
a GIS-based statistical mechanics approach. Therefore, we used bands ratios from ASTER
multispectral images taking into account the lithologic characteristics of the study area most
likely influencing the spatial distribution of gully erosion. The results show that the
multispectral analysis of the ASTER data yield valuable results in terms of mineral
differentiation in the ZM area and hence, can be utilized as a useful tool for lithological
mapping. In this study we used a statistical mechanics approach to assess the relation between
existing gully locations and the combinations of predictor variables consisting in topographic
indices and ASTER band rations. The spatial prediction shows that gullies have a high
probability in areas with high amounts of salt, gypsum and silty deposits especially in the
plain part of the study area. The proposed methodology allows conducting a proper gully
erosion assessment in order to identify the priority areas for soil conservation and land use

management in the Southwestern parts of Iran.



Zusammenfassung

Bodenerosion und besonders Gully-Erosion sind zwei der hauptverantwortlichen
Erscheinungen auf der Erde, die zu einer Abnahme der Produktivitat von Bdden und zur
Verunreinigung von Wasserressourcen fiihren. Gully-Erosion gehort zu den intensivsten
Prozessen der Land-Degradation, besonders in grolen Teilen Irans, die ackerbauliche
Nutzung und Weideland bedrohen. VVorangegangenen Studien zufolge z&hlen das anstehende
Gestein, die Vegetationsdichte, die Topographie und die Landnutzung und ihre Verdnderung
zu den Hauptursachen fiir Bodenerosion und Gully-Erosion im Speziellen.

Im ersten Teil der Arbeit wird die Anfalligkeit des Mazayjan-Beckens (MZJ) im Siidwesten
Irans hinsichtlich der Gully-Erosion ermittelt. Hierfir wurden eine detaillierte digitale
Gelandeanalyse sowie eine stochastische Modellierung basierend auf den Prinzipien der
mechanischen Statistik durchgefihrt. Zu den Gelédndeparametern mit dem grofiten Einfluss
zahlen der Konvergenz Index, die Horizontalwélbung sowie die Hangneigung. Gully-Erosion
ist die einflussreichste Form der Wasser-Erosion und tragt signifikant zur Sedimentdynamik
im Einzugsgebiet bei.

Aus diesem Grund wurden im zweiten Teil dieser Arbeit Geographische Informationssysteme
und Fernerkundungsdaten eingesetzt, um Eingabedaten fir die numerischen Modelle zu
generieren, welche Erosions- und Ablagerungsraten im MJZ-Becken ermitteln. Da
verschiedene Mechanismen wie Graben-, Sheet- und Gully-Erosion im Untersuchungsgebiet
vorkommen, wurde das Unit Stream Power-based Erosion Deposition-Modell (USPED) in
Kombination mit dem Stream Power Index (SPI) und der Flow Accumulation (FA)
ausgewdhlt. Den Berechnungen zufolge, bei welchen die USPED angewandt und Gully-
Erosion durch den SPI ermittelt wurde, sind rund 17,5 % der Flachen im Untersuchungsgebiet
stabil oder von sehr geringen Erosions- und Ablagerungsraten betroffen. 28,2 % hingegen
unterliegen sehr hoher Erosion und 19,2 % sind von Ablagerungsprozessen betroffen.
Tektonische Aktivitat im Untersuchungsgebiet, welches Teil der Zargos-Berge (ZM) ist, trug
in der Vergangenheit signifikant zur Ausbildung der Abflussbedingungen bei und dadurch zur
Entwicklung der Landschaft. Jingere tektonische Prozesse (Oberes Quartdr) in Form von
Erdbeben und damit verbundenen Hebungsprozessen, Briichen und Verwerfungen sind in
grolRen Teilen des Untersuchungsgebiets noch aktiv.

Im dritten Teil dieser Arbeit liegt der Schwerpunkt auf der Ermittlung der Anfalligkeit
geologischer Formationen hinsichtlich der Gully-Erosion, welche auch durch die jlingeren

tektonischen  Aktivitdten verursacht wurden. Dies erfolgte anhand von Digitalen
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Oberflachenmodellen (DEMs) unterschiedlicher Herkunft (ASTER-Daten, Topographische
Karten und Luftbilder) und rdumlicher Auflésung (30 m, 10 m und 5 m). Weitere
Untersuchungen zum Vorkommen von Gullysystemen und tektonischen Aktivitaten, wie
beispielsweise die Analyse von FlulReinzugsgebietsmorphologien sowie der Analyse der
Longitudinalprofile der Vorfluter, zeigen dass die Gebiete, welche besonders anféllig
gegeniiber Gully-Erosion sind, durch Hebungen und Verwerfungen geprégt sind. Die
Software TecDEM wurde verwendet, um abrupte Verédnderungen im Flussprofil im mittleren
Bereich des Einzugsgebiets (alluviale Ablagerungen) zu ermitteln. Folglich deutet das
Vorhandensein von “Knickpoints* tektonische Aktivitdten an, welche wiederum die
Erosionsprozesse entlang des Flussprofils verandern. Die Ergebnisse zeigen, dass starke
Gully-Erosion in Zusammenhang mit diesen tektonischen Aktivitaten steht, insbesondere im
Stidwesten des MZJ-Beckens.

Im letzten Teil dieser Arbeit wurde die Anfélligkeit fir Gully-Erosion in einem GIS-basierten
stochastischen Modell, dem “Maximum Entropy Modell“ regionalisiert. Dies erfolgte unter
der Verwendung von multispektralen ASTER-Daten, aus welchen die geologischen Faktoren,
welche hauptverantwortlich fur die rdumliche Verteilung von Gully-Erosion sind, durch
Band-Ratios abgeleitet wurden. Eine multispektrale Analyse von ASTER-Daten liefert
wertvolle Ergebnisse (ber die mineralische Ausdifferenzierung im ZM-Gebiet, welche
raumlich hoéher aufgeldste Informationen liefert als die herkdmmlichen geologischen Karten
des Gebiets.

In dieser Studie wurde das Verhdltnis zwischen vorhandener Gully-Erosion und der
Kombination von Predictor-Variablen, bestehend aus topographischen Indizes und ASTER-
Band-Ratios, untersucht. Die rdumliche Vorhersage zeigt, dass Gully-Erosion tiberwiegend in
colluvialen/ alluvionalen Gebieten mit hohen Anteilen von Salz, Gips und/ oder schluffiger
Textur auftritt und besonders in den Ebenen im stdlichen Untersuchungsgebiet vorkommen.
Die vorgestellte Methode ermdglicht eine wirkungsvolle Abschatzung der Gully-Erosion,

welchen den Bodenschutz und das Land-Management im Stidwesten Irans unterstitzen kann.
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1 Introduction

Soil erosion processes are the main cause of land degradation especially in arid and semi-arid
areas. It is the most severe limitation for a sustainable development in many part of the world
(Brunner et al., 2002; Valentin et al., 2005; Wang et al., 2013; Nasri et al., 2013). Moreover,
soil loss effects greatly the hydrological soil behavior and therefore runoff dynamics in river
catchments. Soil erosion consists of the process of detachment, transportation and deposition
of soil materials by wind or water through the erosive forces of raindrops and surface flow
(Foster et al., 1972; Ventura et al., 2002; La 2003; Shi et al., 2012). Soil erosion is often more
severe in developing countries and the most severe limitation for a sustainable development in
many parts of the world, especially in areas with arid and semi-arid climate due to a lack of
financial resources to cope with and mitigate the effects of soil erosion (Tamene & Vlek
2008). In fact the loss of soil productivity is closely related to the reduction of soil fertility
(Masoudi & Zakerinejad 2011; Kairis et al., 2013; Mahamane 2015; lonita et al., 2015)
particularly in the south and southwest of Iran.

Soil erosion causes the decreasing of soil quality, reducing soil nutrients especially in the top
soil and is a major restriction in producing enough food to feed the world ™ s growing
population (Lal 1998; La 2003; Pimentel 2006). In the last decades human activities in large
parts of the world modified the ecosystem with changing land use/land cover (LULC), hence
causing decreases of soil biodiversity and productivity. Over use of the natural resources such
as deforestation, overgrazing and other practices have speeded up the intensity of soil erosion
and deposition in many areas of the world (Starkel 2005; Dotterweich et al., 2012). The
impact of soil erosion and related sediments decrease dramatically water quality and reservoir
capacity (Tangestani 2006; Kefi et al., 2011). Therefore, the assessment of soil loss is
urgently needed especially in areas affected by intensive water erosion processes and fragile,
susceptible ecosystems. In fact monitoring of soil erosion can be a useful tool to estimate the
severity of soil erosion and consequently helps land use planner to evaluate the life
expectancy of dams and reservoirs. Gully erosion is the most intensive type of water erosion
and hence, it is an important sediment source (see Poesen et al., 1996; Sidorchuk et al., 2003;
Valentin et al. 2005). Thus, it is a major threat also for agricultural areas. Therefore, the
assessment of soil loss considering gully erosion processes in their temporal and spatial
distribution is one of the major objectives for water managers, farmers, and landuse planner

(Karaburun 2010; Ehiorobo & Audu 2011). Hence, a research focus lies in the development



and implementation of strategies to reduce the effect of soil erosion in different environmental
conditions (Colombo et al., 2005).

1.1 Main factors of soil erosion

Although many factors effect soil conditions and in consequence soil erosion processes, the
most important factors which defining the rate and magnitude of soil erosion by water are:
i) rainfall intensity and runoff, ii) percentage and type of vegetation cover, iii) lithology, iv)
terrain morphology, v) soil type, vii) organic matter, viii) tectonic activity, and ix) socio-
economics (Egboka & Nwankwor 1985; Egboka et al., 1990; Boardman et al., 2003;
Karaburun 2010; Bosco et al., 2015; Florecs et al., 2015). Especially runoff flowing on
prone soils with low vegetation cover causes shear stress to the soil surface which, if this
force exceeds a critical threshold, causes the detachment of soil particles (Loch & Silburn
1997; Merritt et al., 2003).

Human pressure can increase the rate of soil erosion, due to over use of agriculture and
range land (overgrazing) especially in the regions with susceptible conditions like in arid
and semi-arid areas. Actually, soils with low amounts of organic matter and high amounts
of silty sandy textures are more prone to raindrop impacts. In other words, soils with high
organic matter and well improved structure have a higher resistance against soil erosion
activities. The role of vegetation is crucial for soil erosion processes in reducing runoff
speed and adding root strength and organic matter to the soil. Instead bare soils or soils with
very poor vegetation are more susceptible to erosion. For example, in arid and semi-arid
areas a low density of vegetation cover and organic matter allow a detachment and down
slope transport of fertile top soil particles. The terrain conditions such as slope gradient and
slope length (LS-factor) for instance were used in many empirical modelling approaches for
evaluating the potential of water erosion (Nazari et al., 2009; Masoudi et al., 2010;
Zakerinejad & Masoudi 2014; Mahamane 2015; Bosco et al., 2015). Moreover, neo-
tectonic activities are also seriously influencing the rate and intensity of water erosion
(Montgomery & Brandon 2002; Blanckenburg et al., 2004). Soil loss by water increases
normally with slope length or upslope catchment area due to the accumulation of runoff.
Therefore, areas with a complex topography and high slope—length gradients show higher

rates of soil erosion.



1.2 Soil erosion under an lranian perspective

Iran is located in the Northern hemisphere, between 25° to 40° N and 44° to 63° E, in the
Middle East, bordered by Armenia, Azerbaijan and Turkmenistan, as well as the Caspian
Sea to the north, Turkey and Iraq to the west, the Persian Gulf and the Gulf of Oman to the
south and Pakistan and Afghanistan to the east (Fig. 1). Iran covers an area of 1.648.000
km?2 and is the second largest country in the Middle East after Saudi Arabia. Iran has two
major mountain ranges;

i) The Zagros Mountains (ZM) are part of an alpine orogenic system and extend into
north-western Iran, towards the Turkish border and towards the Persian Gulf, south
of Iran (Heydari-Guran 2015). The Iranian Zagros belt is part of the larger Alpine-
Himalayan system and occupies an irregular central position within two important
tectonic features resulting from the closure of the Tibetan plateau and the
Mediterranean Sea (Khadivi 2010);

i) The northern part of the Iranian Plateau covers the Alborz and Talesh Mountains.
These massive ranges cover at least 900 km, forming an arc south of the Caspian Sea.
This arc begins at the border with Armenia in the west and ends at the border with
Turkmenistan in the east (Heydari-Guran 2014).

The most deserted areas of Iran extend across the plateau from the north-west, close to Tehran
and Qom provinces. Approximately one-sixth of the total surface of Iran is barren desert or
with very poor vegetation because of complex terrain and arid and semi-arid conditions.
Around 75% of Iran is dominated by an arid and semi-arid climate with annual precipitation
varying from 350 mm to less than 50 mm (Kehl 2009). Iran has a variable climate from north
to south and west to east, varying considerably from region to region. For example in the
northwest, winters are cold and heavy snowfall occurs while spring and fall are relatively mild
and summers are dry and hot. In the south and southwest of Iran such as in the Fars province,
winters are mild and the summers are very hot. Due to lacking precipitation in most parts of
the arid and semi-arid areas of Iran, irrigation agriculture prevails. In general, Iran has an arid
climate with most of the annual rainfall falling during spring and winter seasons while the two
other seasons receive only little or no rainfall. Because of several drought events in the last
decades and overuse of ground water particularly in south and southwest of Iran, many
agriculture areas were abandoned and become barren land. In fact the climate together with
the socio-economic conditions increased the velocity and intensity of desertification in many
parts of the country.



The deserts of Iran are mainly located on the central and eastern half of the Iranian Plateau,
for example the Yazd and Kerman are two most affected provinces from wind erosion and
sand dune movement. In general, the two major deserts in Iran are i) the Dasht-e-Kavir, which
is located in central Iran towards the East and ii) the Kavir-e-Lut, which locates in the
Southeast of Iran.

Because of the very low precipitation in these areas land cover is almost bare soil with very
sparse vegetation. Large parts of central Iran have been affected by wind erosion. In this part
of the country during the recent decades high population growth and drought condition
increased the demand for water and agricultural products enormously. Especially, in the last
decade many parts in south and south west of Iran are strongly affected by droughts and
shortages of rainfall. Demand for fuel wood for cooking and heating in rural area also
increased during the past droughts. Over grazing is also a serious problem leading to land
degradation and desertification.

Soil erosion and especially water erosion is a serious problem that affects many countries in
the world. In Iran aquatic erosion processes are the most important cause of land degradation
(Ahmadi 1995; Masoudi et al., 2010; Nazari 2009; Zakerinejad & Masoudi 2010).

More than 60% of Iran's land surface is located in arid and semi-arid regions, with about 100
million ha at high risk of desertification (Ahmadi 2007; Masoudi 2010; Noormohammadi et
al., 2014). Especially large parts of the Southern Farce province are affected seriously by soil
erosion and degradation processes. The latter are related to population growth, overgrazing,
expanding agricultural land and deforestation.

As already has been mentioned, in this thesis the physiographical settings of Iran within the
arid and semi-arid climatic belt leads to accelerated land degradation progress. The average

! year ! that is the highest rate in the word

rate of soil erosion in Iran is about 33 t ha -
(Ahmadi 1995; Hosseini & Gorbani 2005; Omidvar 2010; Asrari & Masoudi 2011) and many
people are affected from this type of land degradation. The main type of water erosion
especially in large parts of Iran consists of rill, sheet, gully and bank erosion. Compared to
other countries in the Middle East, the present status of desertification in Iran is highly
alarming since about 94% of arable land and rangeland are estimated to be in the process of
degradation (Food and Agriculture Organization; FAO, 1994). This includes large proportions
of the arable land (45%), which has already been affected by different degrees of water
erosion (Masoudi et al., 2010). More than 85% of Iran is covered by arid and semi-arid areas,
with desert land accounting for 34 million ha (FRW; Forest, Range, and Watershed

Management Organization 2004). However, a lack of reliable data in large parts of the arid



and semi —arid areas of Iran makes it difficult to apply conceptual modelling approaches for a
proper water erosion assessment. In the past decades low rainfall, high temperatures and
evaporation rates lead to high water requests for irrigation purposes and dramatic drops in
ground water levels in many parts of Fars province in the southwest of Iran. LULC changes in
vast parts of Iran covered by sensitive geological formations and poor vegetation cover are
some of the main factors responsible for millions of tons of sediment available for erosion and
transport (Soufi 2004; Nazari et al., 2009).

Gully erosion is an important form of soil erosion in arid and semi-arid areas of Iran (Soufi
2004; Shahrivar & Christopher 2012; Masoudi & Zakerinejad 2010). It is the dominant
sediment source in the semi-dry areas delivering sediments into the stream network and
consequently, affects water quality and quantity (Poesen et al., 1996; Sidorchuk et al., 2003).
Gully erosion constitute about 45-90% of the total sediment production of agricultural lands
in many arid and semi-arid areas (Ogbonna & Ijioma 2010). Gully erosion as one of the most
intensive land degradation processes especially in large parts of Iran is the main threat to
agriculture and range land cultivations. Gully erosion causes degradation in arable land by
reducing the ground water table and depleting the available water reserves in susceptible areas
(Poesen et al., 1996; Poesen et al., 2006).

There are many factors influencing on gully erosion processes like the characteristics of the
catchment, soil type, climate condition, vegetation, tectonic and landuse type
(Vandekerckhove et al., 2001; Kheir et al., 2007; Nazari et al., 2009; Zakerinejad & Mérker
2015). The importance of threshold conditions is different in various climates with different
LULC conditions and soil types (Nazari et al., 2009). However, often gullying depends also
on human activities such as improper landuse, overgrazing, deforestation or road
constructions. In the recent decades the negative impact and extent of gully erosion on human
welfare and agricultural land in Iran especially in the south and southwest increased (Soufi
2004). The effect and severity of gully erosion is considered in many desertification
assessment models as the most intensive level of water erosion (Soufi 2004; Amadi 2007,
Masoudi & Zakerinejad 2010). Therefore, the assessment of gully erosion in arid and semi-
arid areas in Iran using numerical or stochastic modelling approaches is very important

especially, for areas with low data quality and quantity.



1.5 Modelling of water erosion

The assessment of erosion processes of a catchment is an essential prerequisite of integrated
watershed management (May & Place 2005; Singh et al., 2008). For assessing the rate of soil
erosion, different approaches can be applied. A distinction can be made between expert-based
and model-based approaches (Van der Knijff et al., 2000). The assessment of water erosion
with a qualitative model (expert basis) like the IMDPA model (Amadi 2007; Masoudi &
Zakerinejad 2010) or the modified MEDALUS (Sepehr et al., 2007) was suggested for the
different climate conditions in Iran. A limitation of these qualitative models is that they often
rely on expert knowledge and subjective decisions in the scoring procedure (Yassoglou et al.,
1998; Zakerinejad & Marker 2015). Many of these qualitative models used to assess
desertification and water erosion neglect gully erosion processes. In the recent decades of soil
erosion research, quantitative models were developed to assess and evaluated soil loss and to
manage the environment. In the last decades computing and processing power increased
allowing a rapid development in the identification and quantification of catchment water
erosion processes (Merritt et al., 2003; May & Place 2005). The application of different soil
erosion models and soil conservation methods are differing in their context, purpose, and
degree of detail and therefore, the most suitable model depend on the proposed use, and the
characteristics of the basin being considered (Rose 2001; Rose et al., 2003; May & Place
2005). The numerical models for the assessment of water erosion consist of physically based
models, stochastic models and empirical models (Fig 1). According to the different models,
users have to select specifically the relevant input data and processing techniques, depending
on their expertise, local conditions and data availability (Conoscenti et al., 2008; Karydas
2013). Generally, the input data for each of these models are the limiting factor, especially, in
the areas with low coverage and/ or availability or difficulty to access the data.
Physically-based (mechanistic or process-based) models which simulate the physical erosion
processes differ from empirically-based models in terms of their degree of complexity (May
& Place 2005; Bras et al., 2003; Conoscenti et al., 2008; Bosco et al., 2015). Physically-
based models, such as the WEPP (Water Erosion Prediction Project; Flanagan & Nearing
1995) model were applied to represent the main processes that control soil loss, such as
interrill and rill erosion (Sharma et al., 1995). Actually physical based models are limited
due to the requested input data. The data required are often related to a cost intensive, time
consuming acquisition and often the needed detail and scale is not available. Consequently,



empirical models can be a useful tool to resolve this problem (Jetten et al., 1999; May &
Place 2005).

However, these physical based models differ considerably in the processes they represent,
their data requests and complexity (Merritt et al., 2003; Bosco et al., 2015). The Universal
Soil Loss Equation (USLE; Wischmeier & Smith 1978) and the RUSLE (Revised USLE;
Renard et al., 1997) are the most used empirical models for the assessment of rill and sheet
erosion, but one of the limitations of these models are, that the most important erosion process
namely gullying is not considered and also sediment deposition processes are not taken into
account (May & Place 2005; Kakembo et al., 2009; Kinnell 2010). The USLE is detachment
limited whereas, e.g. the Unit Stream Power Erosion Deposition Model (USPED, Mitasova et
al., 1996), which is considering transport and deposition processes, is a transport capacity
limited model. This model is based on the assumption that soil erosion depends on the
detachment capacity and the sediment transport capacity of surface runoff (Mitasova et al.,
1996). In may recent studies the USLE and RUSLE have been used for evaluation water
erosion in many different climates. The USPED model just recently becomes more and more
utilized to estimate erosion and deposition (Warren et al., 2005; Alimohammadi et al., 2006;
Leh et al., 2011). However, also the USPED models do not consider the sediment yield from
gullies, stream banks, and stream bed erosion (Grove & Rackham 2001; Zakerinejad &
Méarker 2015).
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Fig. 1 Flowchart of water erosion modelling.

2 Aims and Objectives

2.1 General problem description, research deficit and research framework

Gully erosion as one of the most important types of soil erosion and hence, land degradation
is of significant importance in many parts of the world due to its impacts on the ecosystem
and effects on socio- economic aspects of the respective areas. In many parts of Iran
rangeland and arable areas are highly degraded showing high rates of soil loss (Ahmadi 2007;
Sepehr et al., 2007; Solaimani et al., 2009; Masoudi & Zakerinejad 2010; Falehgari et al.,
2011; Imani et al., 2014). Among different erosion processes or different types of water
erosion gully erosion is the most intensive one. Due to the complexity and scales of gully
erosion processes it is also difficult to assess. Thus, most of the studies focus on rill interrill

erosion processes (sheet erosion) because they are easier to assess and need less data input



and quality. Only recently the interest in gully erosion processes in southern Iran increased
due to the fact that water erosion and especially gully erosion destroy agriculture areas and/or
reduce soil productivity in many catchments especially in the South and Southwest of Iran.
Hence, there is a specific need to assess and evaluate gullying processes and to understand the
important driving forces such as geology, LULC, topography, or neo-tectonic activity. In fact
because of many frequent droughts and high rates of soil loss in Iran, the water and soil
resources are in a critical stage concerning their economic, social and environmental
implications.

There are many factors that influence soil erosion in general and gully process in particular
such as; climate condition (amount frequency, duration, and intensity), LULC change, terrain
parameters, organic matter, lithology and soils properties (Morgan 1986; Hallsworth 1987;
Kheir et al., 2007; Sepehr et al., 2007; Nazari 2009; Zakerinejad & Marker 2015).

The quantitative estimation of soil erosion by water is an important key 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 (Popp et al., 2000; Kumar et al., 2006).
Among different types of water erosion, gully erosion is one of the most predominant
processes and hence, also main sources of sediment in catchments, although gully channels
often occupy less than 5 % of the area of a catchment (lonita et al., 2015), especially in the
south and southwest of Iran. Although there are many models available to evaluate water
erosion processes, only a few studies consider the role of gullying in water erosion
assessment. However, soil erosion assessment in Iran, is mainly based on empirical prediction
models and hence, more research is required to understand the important dynamics and spatial
distribution of gully erosion (Kompani et al., 2011; Soufi 2002; Ahmadi 2007; Nazari et al.,
2009 ). In contrast to several studies using PASIAC, MPASIC, EPM and IMDPA etc. in Iran
only very little research was done on gully erosion, its dynamics and driving factors.
Although there is no documentation of reliable soil erosion rates at a national level, at least for
some reservoir watersheds soil erosion rates were measured using 137Cs and suspended
sediment gauging stations. For these catchments water erosion varies from 7.6 to 32 ton hay’
! (Nazari et al., 2009). However, these catchments are mainly affected by rill and sheet
erosion. Nevertheless some research was carried out on gully processes and stages of gully
development as well as on thresholds for gully initiation (Soufi 2002; Kompani et al., 2011,
Nasri et al., 2013). Anyway, there is no study conducted to examine the environmental
characteristics to predict the susceptible areas for gully erosion. The assessment of neo-



tectonic activity on gully erosion dynamics is not studies at all in the ZM. A common
assessment of the probability of the occurrence of soil erosion processes in a specific area can
be evaluated using the susceptibility concept (see Marker 2001; Agnesi et al., 2011;
Conoscenti et al., 2013a; Conoscenti et al., 2013b). For the assessment of the important
variables driving gully erosion process stochastic modelling approaches can be utilized since
they are an efficient method to cover large areas in terms of costs and time expenses.
According to that point statistic relationships between the spatial distribution of gully
locations and the environmental parameters, which are assumed to represent the controlling
factors of the gully erosion process are a key tool to predict the susceptible areas for gullying.
Recently, some models using stochastic approaches to assess water erosion (gully & landslide
erosion) were tested (Carrara & Guzzetti 1995; Agnesi et al., 2011; Conoscenti et al., 2013a;
Zakerinejad & Mérker 2014; Mahamane 2015). Apart of the stochastic models yielding
information of the susceptible areas and empirical models considering gully erosion processes
especially in the Southwest of Iran are very important to evaluate water erosion and soil loss.
In other words, prediction of the areas with higher susceptibility to gully erosion is crucial and
a key information for land use management. Using practical techniques to control gully
erosion is difficult and expensive especially in developing countries. Therefore, the prediction
of the susceptible areas and the understanding of the important environmental factors driving
the processes of gully erosion are the main focus of this research. Especially the role of
geologic formations and the effects of neo-tectonic processes have not been studied yet in the
ZM and hence, are a mayor objective of this thesis. Tectonic activities cause disturbances on
the ground surface that propagate through the hydrological system triggering also gullying. To
the knowledge of the authors especially the mechanics of stream networks and erosional
process related to neo-tectonics are still poorly studied in the ZM. As already mentioned the
lithological character of the surface substrates is one of the most important variables for soil
erosion processes. Accurate lithological maps with a proper resolution are thus, a prerequisite
for soil erosion and gullying processes assessments. Using multispectral satellite images one
can produce accurate litho-geological maps of the study area. Particularly in the southwest of
Iran in the remote and steep mountain areas fieldwork is difficult due to limited access.
Hence, the use of modern satellite images such as Landsat, ASTER or other images provided
by satellite images (e.g. Quickbird or Rapideye) might be very efficient to evaluate soil loss
and create lithological maps of the area. In fact the existing available lithology maps were
generated by the Iranian National Petroleum Organization (NPO) with a scale of 1:100.000
(Nazari et al., 2009). These maps do not provide the accuracy needed for gully erosion
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assessment. Consequently, a proper and detailed lithology map for large parts of Iran is not

available.

2.2 Main goals of the thesis

The main aims and objectives of this thesis are the quantification and evaluation of soil loss
with particular emphasis on gully erosion processes and features in the Mazayjan catchment
(MZJ) in the southwest of Iran. Especially, the spatial distribution of soil loss due to rill-
interrill and gully erosion is a prerequisite for a proper land management. The general
objectives of this study are mentioned in detail below:

) Investigating the distribution of gully erosion with a quantitative method based
on terrain analysis, lithological information and a mechanical statistics;

i) Assessing soil erosion dynamics with special emphasis on gully erosion applying
an integrated modelling approach;

1)) Studying the effects of lithology and morpho-tectonics on the gully erosion
processes and features of the study area.

The distribution of gully erosion is closely connected to topography parameters, soil types,
lithology, tectonic, climate variability, etc. However, since long-term meteorological
measurements and also other environmental input data for applying physically based models
are not existing or do not have the proper quality we will apply and test empirical modelling
approaches based on simple and available datasets. Hence, in order to achieve the above
mentioned general objectives of the study, the following specific objectives are proposed:

i) to predict the spatial distribution of gully susceptibility using stochastic modeling
(Maxent model);

i) to evaluate functional relationships between topographic indices and mapped

gully locations;

11)] to identify the spatial distribution and intensity of the major erosion process

dynamics including gully erosion;
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iv) to estimate quantitatively the average rate of water erosion using an integrated
empirical modelling approach combining the USPED model with an SPI based

index.

V) to investigate the role of active tectonics on soil erosion and the distribution of
gully erosion features taking into account i) the role of tectonics on drainage
systems and ii) assessing different DEM resolutions (30 m, 10 m and 5 m)
utilized for the stream network and geomorphotectonic analysis;

Vi) to evaluate the application of remote sensing data to map the lithology;

vii)  to predict the susceptible area of gully erosion considering multispectral

parameters.

3 Structure of the thesis

This thesis consists of four peer-reviewed papers addressing the different objectives
mentioned above. After the introduction highlighting i) the role of soil erosion as an important
type of land degradation, ii) the factors driving water erosion and also iii) the quantitative
assessment of water erosion processes in the following chapters we will discuss the general
problems related to soil erosion and gullying in the study area and reveal the importance of

gully erosion.

The following chapter provides an overview of the study area including geology, lithology,
soils, vegetation and tectonic activity.

In chapter 5 we provide for each paper a short summary containing the specific motivation of

the research, the applied methodology and the main results.
The major results of the single studies are discussed in depth in chapter 6. Moreover we sum

up the mayor findings of the stochastic and empirical modelling as well as of the GIS and RS

analysis.

12



The last chapter presents an outlook to future research in the study area and gives a
prospective for the regional and national implications of this work (chapter 5).

4 Study Area

The Mazayjan study area is located in the ZM in the south-west of Fars province around 32
km southwest of Zarindasht city in the Fars Province, SW Iran (54° 34' to 54° 44' E and 27°
59' to 28° 5' N) (Fig 2). The study area covers 900 km? consisting of mountains and hills in
the south and north of the study area and a plain area in the central part extending from west
to east. The area is mostly arid, having a mean annual rainfall of 240 mm and mean monthly
maximum and minimum temperatures of 31 °C and 18 °C, respectively. This area is located
in the ZM, and is characterized by northwest to southwest striking folds. The ZB convergence
movement between Arabia and Eurasia is about 2- 3cm/yr in a N-S direction and is assumed
to be unchanged sincel0 Ma (Khadivi 2010). The study area represents the environmental
diversity of south and south west of Iran in terms of geology, soil, morphotectonics, land
cover and climate. Moreover, it is affected by severe water erosion processes and features.

Gully erosion is the most intensive soil erosion process in this area.
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Fig. 2 Study area: Mazayjan catchment in the Southeast of Iran.

4.1 Rill- Interrill erosion and gully erosion in the Mazayjan basin

Rill-interrill and sheet erosion and gully erosion processes are the most predominant types
of water erosion in the MZJ basin in recent years (Masoudi & Zakerinejad 2010; Masoudi
& Zakerinejad 2011; Zakerinejad & Marker 2014). Actually sheet erosion processes are

more common in the steep areas in the north and south of the study area while gully

features are more frequent in the low sloping parts in the centre of the catchment. Gully

erosion is a major threat for the agriculture and arable land in the southwest of Iran and this
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type of water erosion is the main source of the sediments delivered into the rivers systems.
According to many extensive field surveys, water erosion and especially gully erosion are
the predominant type of land degradation in the MZJ basin. This type of soil loss effected
especially large parts in south and southwest of the catchment. In the agriculture areas gully
erosion is the main reason for the reduction of soil fertility in the recent years. Due to
drought conditions in the last decades, over exploitation of ground water, over grazing and
the general low amount of organic matter soil productivity is significantly reduced.

The agriculture land is the most important resource of the inhabitants of this area. Hence,
the main income of the inhabitant is related to agriculture production. According to two
filed survey in 2012 and 2013 and aerial photos the gully features are mainly located in the
southwest and south of the pediment parts (flat area) of the MZJ catchment with low slopes
(less 10 %)( Fig. 3). Figure 4 shows a sample of the gully erosion feature in the southwest
of the MZJ basin based on SPOT images from 2009 available via GE (Google Earth) . The
low vegetation cover in the area makes it easy to identify the different types of water
erosion showing that the area is seriously affected by water and especially by gully erosion.
The gully areas in the MZJ catchment mostly consist in Quaternary deposits (alluvial
material) that are more susceptible to water and gully erosion (Faiznia 2003). In the
following part of this thesis we will describe shortly the most important characteristics of
the catchment including soils, geology, tectonic processes, topography, climate and

vegetation.

Fig. 3 Gully erosion shown in the centre of the study area.
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Fig. 4 Identified and mapped gully features from Satellite images.

4.2 Soil types in the Mazayjan basin

Soil properties affect the risk of water and wind erosion, because each specific soil has its
own natural erodibility characteristics. Soils with low organic matter are more susceptible to
water erosion. Moreover, silty soils are more susceptible to erosion than coarse sandy or clay
textures. Therefore, the understanding of the soil texture distribution is a prerequisite to help
land use manager to evaluate the soil loss. According to the climate and moisture records of
the area the soil moisture regime is aridic and also the temperature regime is hyper thermic,
the average soil temperature is above 22 ° C (Masoudi & Zakerinejad 2010).

The most dominant physiographic units of the study area consist in mountainous relief, huge
alluvial fans and pediment plains as well as low land areas. Alluvial fans and piedmont plains
are developed on the Quaternary alluvial deposits characterized by more erodible soils
(Faiznia 2007). In this area, the soil types are mostly shallow sandy-clays covering the
mountains and hilly areas. According to field surveys and aerial photos the alluvial fan
deposits are generally found in the south and northeast of the area. The soil originated from
these materials is coarse-grained and usually contains some carbonates and gypsum. In this
research we have collected 52 soil samples from different land units based on a combination
of lithology, land use and slope. Each sample was randomly selected and represents the
topsoil up to 25cm depth (Fig. 2). According to the soil taxonomy classification, most of the
soil samples in this area are Entisols and Aridisols. The soil characteristics such as soil
texture, organic matter, EC were analyzed in the laboratory. Then soil texture was determined
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by separating the relative proportions of sand, clay and silt by the pipette method (see Gee &
Bauder 1986). The soil erodibility was estimated according to the soil textures for the whole

study area (Table 1).

Table 1 K- factor based on soil texture of the MZJ basin
Soil type K factor (ton.ha)(ha.hr/MJ.mm)

Silty loam 0.2902-0.332

Sandy Clay loam 0.190-0.210

Soil texture analyses show that the soils in the flat areas are mainly consisting of silty soil
textures. Comparing the spatial soil texture distribution to the lithology map we find more
susceptible soils with high silt contents located in the Quaternary deposits.

Fig. 5 Field work in 2012 to collecting soil samples.

4.3 Geology of the Mazayjan basin

The lithologic formations are one of the most important parameters influencing soil erosion
due to the nature of the respective weathering products (Noormohammadi et al., 2014).
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According to structure, sedimentary, metamorphism and also deformation, the Iranian plateau
was subdivided into eight continental areas following Stoecklin (1968) (i.e,. Zagros belt (ZB),

Urumieh-Dokhtar, Central part of Iran, Albourz mountain, Kopeh-Dagh, Lut, Sanadaj-Syrjan
and Makran.

In south-west Iran, that is part of the ZM, Oligocene—Miocene marine sedimentary deposits
are well represented (Zabihi et al., 2013). The MZJ basin is located in the ZM showing high
intensive thrust, fault and folding processes. Fault and fold systems in this area cause the
uplift of salt formations, called Hormoz formation, especially in some parts in southwest and
southeast of the study area. These salt domes affect the sedimentation processes and the
ground water quality. The salt plugs are covered by weathered minerals such as clay minerals
and gypsum and halite at the distal part of the dome features. The MZJ basin is located in the
synclinal gap between four anticlines including; Bondasht in the north, MZJ anticline in the
northwest, Koheghach in the west and Kohpahn in the southeast of the study area.

The lithologic formation of each area plays an important role for the amount and type of
sedimentation. Therefore, the assessment of the lithology of this area is a prerequisite to
evaluate water driven erosion processes. Furthermore, the geology in the MZJ basin affects
the quality and quantity of the ground water. The plain areas in the catchment are mostly
covered with Quaternary sediments. According to the seismic data record more than 40
earthquakes from 1961-2011 with magnitudes of 6.2 to 8.5 (Richter scale) were registered
(Iranian of Natural Resources Center; 2006). Therefore, the tectonic activity in this part of
Zagros can be considered very intensive.

The MZJ basin Formation contains a distinctive assemblage of lime-marl, limestone, shale,
marl, sandstone and conglomerates (Fig. 6).

The lithology of this catchment according to the geology map (1:25000) is subdivided into
two main rocks units. The first unit consists in Precambrian rocks which are covered by the
salt plugs and extends to an area of about 109 km?® The second rock unit is represented by
the Phanerozoic rocks which are mainly sedimentary rocks that are formed during
Cretaceous to Quaternary age, covering a total area of 1279 km? The main lithological
formations of Phanerozoic sediments are presented in Tab 2 and can be defined as follows:

i) Alluvial deposits of Quaternary age — 470 km?: Alluvial deposition consisting of rounded
gravels, sand, silt, and clay are responsible for the infilling of the basins and valleys in many
parts of Iran;

ii) Aghajari Formation - Upper Miocene to Pliocene rock) — 219 km?: Aghajari Formation

consists ca. 3000 m of alternating layers of brown to gray calcareous sandstones and red
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marls with gypsum interlayers and red siltstones (Bahrami 2009b). The Aghajari Formation

is present throughout the ZM (Fig 7), but because of its gradual subsidence during

deposition, it is best developed in the Dezful Embayment (about 3000 m) in the north of the

Khozestan province;

iii) Asmari - Oligocene to Lower Miocene — 196 km?: The Asmari Formation is the youngest
and most important lithologic formation of the ZM in the south-west of Iran (Roozbahani
2011). This formation is present throughout the Zagros basin but it is prevalently developed in
the Dezful Embayment in Khoestan province in the southwest of Iran (Bahrami 2009a). This
Formation is divided into three units: the Lower Asmari with an Oligocene age, the Middle
Asmari with an Aquitanian age, and the Upper Asmari with a Burdigalian age. The Asmari
Formation has a good porosity and permeability and hence is forming a hydrocarbon reservoir
containing a major portion of the oil reserves (Bordenave et al., 1990). It is also known as
Upper Fars Group and consists of 2966 m fluctuating layers of brown to gray calcareous
sandstones and red marls with gypsum interlayers and red siltstones (Bahrami 2009b). This
type of formation is more predominate in the north and northwest of the study area. The
Aghajari formation is generally more susceptibility to water erosion.

iv) Bakhtyari Formation (Upper Pliocene to Pleistocene) is the main formation in the

southwest of the study area. This formation was studied and named as Bakhtyari series by G.

E. Pilgrim (1908) and now formally adopted as Bakhtyari Formation in the nomenclature of

the ZM. It is especially found in south and southwest of Iran. The thickness of this

Formation is up to 500 m (Khaksar & Khaksar 2012). The sediments of the Bakhtyari

Formation in this part of basin consist of conglomerates that resulted from sedimentation on

the alluvial fan environment and tectonic activities.
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Fig. 6 Lithological map of study area (1:25000).

The degree of susceptibility of the ZM formations to water erosion in Iran, are ranked
according to Tab 3 (Faiznia 2003). In consequence the Quaternary sediments are the most
susceptible formations to water erosion, while the Asmari-Jahrom Formations are less prone.
Meanwhile Aghajari, Mishan and Gachsaran formations (deposition of the evaporitic and
detritial sediments) known as Fars group are also highly sensitive to water erosion (Bahroudi
& Koyi 2003). Gachsaran Formation (lower Miocene) consists mainly of evaporites, it also
contains marls, limestones and shales (James & Wynd 1965). According to many studies
conducted in Iran the highest amount of sediments which are produced by gully erosion were
observed especially in the Quaternary formations (Sadeghi et al., 2008; Noormohammadi et
al., 2014).
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Table 2 Lithological map of study area in the ZM

Age | Formation Lithology Minerals
Alluvia are composed of poorly sorted and poorly- Silica,Clay
Quaternary rounded fragments to pebbles of purple gray mineras
siltstones. They are cemented in places, mostly by (Kaolinite.),
gypsum. incl. pebbles to cobbles of marl, mudstone or Calcite
shale.
(Upper ' Pebble to boulder conglomerate with subordinate Silica, Calcite
Pliocene to E‘ cross-bedded sandstones and sandy siltstones.
Pleistocene) < Conglomerates are cemented by pedogenic carbonate
M

cement of the caliche (calcrete).

Silica,Glauconite

(Upper s Alternation of sandstones, mudstones to shales, sandy , Clayminerals
Miocene to 2 siltstones. Fine clastics locally show light green color (Kaolinite),
Pliocene) =4 and contain even abundant glauconite. It is composed Gypsum
< of siltstones, silty marls, interbedded with sandstones
and gypsum.
A sequence of bedded limestone, often chalky (lower
(Lower to - part- Guri member (Grm) and (the upper part) The
Middle S dominant part of the member consists mostly of green Silica,Clay
Miocene) é marls, in places slightly gypsiferous, with minerals
intercalations of coquinoid packstones to grainstones
in the lower two-thirds, and with silty sandstone,
sandy mudstone and organodetrital sandstone.
Is composed of chalky-gypsiferous limestones to
c dolostones with horizons of marls and nodular to Calcite, Gypsum
(Lower g crystalline  gypsum, sequence of reddish to Iron, Gypsum,
Miocene) 2 multicolored gypsiferous marls interbedded with thin clay, Calcite
g layers of gypsiferous limestones and gypsum.
Thick nummulitic grainstonesto packstones and fine- Calcite
(Oligocene to grained packstones and grainstones witha distinct
Lower cross-bedding. (Lime stone).
Miocene) =
2
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Table 3 Suscptibilty of lithological formations in the ZM to water erosion (Faiznia 2003)

Formation water erosion susceptibility
scores

Hormoz(Salt Dom) Formation
Tarbour Formation

Sachon Formation
Asemari-Jahrom Formation
Asemari Formation
Gachsaran Formation
Champe-part

Moel-part

Geory-part

Mishan Formation

Agajari Formation
Bakhtiari Formation
Quaternary sediments

~

O© W Wo NN I WE BN

Fig. 7 Sedimentary structures in Aghajari formation (sandstones) of the MZJ.

4.4 Vegetation types of the Mazayjan basin

Vegetation cover influences water erosion processes by intercepting raindrops, increasing
infiltration, providing additional surface roughness and adding organic materials and root
strength to the soil (e.g., Viles 1990; Morgan 1995; Gyssels et al., 2005). In fact vegetation
cover is one of the most important factors in soil erosion and especially for gullying in

many arid and semi-arid areas (Igwe 2012). There are several types of shrubs, grass and

22



trees in the study area that are restricted by soil moisture, EC, salinity and texture of soil.
According to field surveys in 2012 and 2013, main parts of the catchment have no or very
poor vegetation covers. Especially the areas affected by gully erosion features in the
southwest of the MZJ catchment are scarcely vegetated. In fact the shortage of rainfall and
the high temperature during the summer and autumn are the reasons for poor to very poor
vegetation cover especially during the dry seasons (from June until October). In the recent
years, due to overgrazing and over exploitation of the ground water, many parts of the area
were abandoned. In fact the deterioration of vegetation cover is one of the most important
factors for gully initiation in southwest of Iran (Soufi 2002). According to field surveys and
satellite data analysis the vegetation cover is very poor especially in the pediment areas in
the flat parts of the catchment (Masoudi & Zakerinejad 2010; Zakerinejad & Marker 2015).
The main land use in this area consists in rangeland, agriculture, abandonment areas and
wet lands. Agriculture production and animal husbandry are the main incomes. The
dominant agricultural products of the area are wheat, cotton and barely. There are different
types of shrub species like, Salsola sp, Stipa sp. especially found in the plain part of the
catchment. The predominated tree type is Tamarix with a scarce distribution in the west and
the east part of the catchment. Table 4 shows the predominant vegetation types in the study

area.
Table 4 the predominant type of vegetation in the MZJ area
Vegetation type Area(ha)
Salsola arbuscula — Salsola orientalis- Stipa capensis 10322.5
Salsola lanata- Salsola lachnanth 2922.4
Salsola brachiate 2455.2
Convolvulus sp.- Stipa capensis 147.9
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Fig. 8 Poor vegetation with sheet erosion in the east of the study area.

Fig. 9 Agricultural area in the MZJ basin.

4.5 Climate in the Mazayjan basin

The climatic conditions and their hydrological consequences may result in significant
modifications of soil conditions (Varallyay 2010). As already mentioned, Iran's climate varies
from arid and semi-arid to sub-tropical. The study area, as a part of Fars province in the south-
west of Iran shows heavy and aggressive rain fall events. The nature of the rainfall with high
intensities causes significant soil erosion events. The normal annual average of precipitation
in this study area is almost 250 mm showing a high diversity in amount and intensity. The

24



Intensity-Duration-Frequency curve (IDF) illustrated in Fig. 10 shows high intensities for the
area. The 30-min precipitation intensity for a 2 year return period amounts to 23.5 mm h™ and
the 25 years return period yield about 56.1 mm h™. The majority of the rainfall takes place
during winter, especially in the mountain areas with high elevations. The Larstan station is
sited close to the study area and provides the longest time series (Tab 5). The average
temperature at this station varies between 13.1° C in winter and 34.9° C in summer and with
24.1°C annual average. The lowest monthly temperature for this station is 8.9 °C in January
and the highest monthly temperature is 41.8° C in August. Evaporation in the southwest of
Iran in general and in the study area in particular is very high, especially in summer, but
variable within different months. Average evaporation rate is about 1758.5 mm/y (averaged
over 32 years, unpublished data, Iranian Water Organization, 2006).

Generally, the amount of precipitation increases from the flat area in the central part to the
mountain areas in the north and south of the catchment. Precipitation falls mainly in winter
and spring seasons arriving from westerly Mediterranean directions. In this study 9 climate
stations nearby the study area have been chosen to calculate the monthly and daily
precipitation (Table 5).

Table 5 Meteorological stations in the southwest of Fars Province used for this study

Station Longitude Latitude Mean annual Mean
[Decimal [Decimal Elevation [m] evaporation(mm) annual rainfall
Degree] Degree] (mm)
Darb ghale 54,23 28,55 1430 2696.8 344.0
Ghozan 54,27 28,49 1300 3129.78 347.6
Hajiabad 54,25 28,22 1060 2788.98 248.3
Brak 53,09 28,39 870 2519.18 354.0
Farag 55,12 28,22 890 2696.8 2135
Khasoe 54,23 28,33 1070 2547.58 2415
Layzgan 54,58 28,41 2000 No data 492.9
Larstan 54,19 27,38 860 2670.7 270.3
Avaz 54,00 27,46 860 2060.2 236.1

According to the Ombrothermic curve (Fig 11) only from December till mid of April there
is @ humid climate related to the coldest month of year.
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Fig. 10 Intensity-Duration-Frequency curve (IDF) for the study area.
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Fig. 11 Ombrotermic curve of the studied sites- monthly precipitation and temperature.

Figure 11 shows the Ombrothermic curve (monthly precipitation and temperature) for the
study area with a high inter-annual variability and very dry summer months (June to
October). According to this graph a dry period persists during most of the spring time and

the summer month.
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4.6 Climate change scenarios for the study area

The climate change effects might be one of the most important challenges that many parts of
the world, with significant impact on the hydrologic and geomorphologic (Imeson & Emmer,
1992; Wei et al., 2009) especially areas with high susceptibility to erosion processes will be
facing. In many researches the relationships between climate and soil erosion have been
investigated (Kirkby and Cox, 1995; Imeson & Lavee 1998; Marker et al., 2007; Mahamane
2015). About 75 % of the total land surface of Iran is dominated by arid and semi-arid climate
condition with annual precipitation rates of 350 mm to less than 50 mm (Kehl 2009). The soil
erosion intensity actually arises both from human effects on ecosystems and also from climate
conditions. On the other hand, the character of climate change effects such as the increase of
precipitation amount and/ or intensity or drought conditions might affect also soil stability and
vulnerability in different climate zones. It was shown by Dastorani & Poormohammadi (2012)
that mostly the northern and southern coast’s are the regions that will have the highest
increase in precipitation using the IPCC scenarios A2 and B2 in 2010-2039. Increasing
precipitation results generally in an increased flooding and soil erosion risk. Prediction of
climate change effects might help the landuse planners to consider more effective
management strategies and hence protection of soil resources in future. In the current study
the Long Ashton Research Station Weather Generator (LARS-WG) was utilized as weather
generator (Qian et al.,, 2005; Karimi et al., 2015) and was applied to downscale daily
precipitation and daily maximum (Tmax) and minimum (Tqin) temperatures in Larestan (near
to our study area) in the Fars province. The data is used to predict future changes of
precipitation and temperature. According to the result for this station precipitation will
decrease in the period February to May and October to December while temperature will
increase during the entire period (2010-2039) under both A2 and B2 scenarios (Fig 12).
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Fig. 12 Tmin (a) Tmax (b) Precipitation (c) using LARS-WG model from 1980-2005.

4.7 Tectonic activity in the Mazayjan basin

In the Pliocene and Quaternary periods the orogeny has altered the Iranian platform
morphology and developed the Alborz, Zagros, Makran and Kope-dagh mountain ranges
(Khaksar & Khaksar 2012). The width of the orogeny is controlled by the balance between
erosion flux and accretion flux (Khadivi 2010). Tectonic is a highly important factor
controlling landform development and evolution in the study area. Moreover, tectonic
considerably affects fluvial systems in the central of the ZM (Dehbozorgi et al., 2010). The
Zagros fold structure is over thrust along and interrupted by the Zandan thrust about 75 km
east of the Bandar Abbas province in the south of Iran. It exhibits a variety of active
depositional environments (Bosak et al., 1998; Zabihi et al., 2013). Active tectonic in the
area involves the formation of landforms and drainage networks. Actually, the tectonic
activity in this area has an important role on the evolution and intensity of soil erosion.
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These aspects may be highlighted by the evaluation of knickpoints along the drainage
network and hence, gives information about uplift processes and in consequence also on the

occurrence of gully features.

4.8 The topography of the Mazayjan basin

Topography has an important role on the soil evolution in different climates. The
topography of our study area is undulating, with a variation of mountainous, pediment and
plain landscapes. The flat area or pediment area with lower slopes less than 5 % are mainly
covered by alluvial deposits. This part of the catchment shows more gully features and most
of the agriculture activity is located in this part of the area. The elevation in the study area
varieties between 604 m to 1989 m. The highest elevations can be found in the north and
south of the study area. In the west and southeast of the catchment there are two
Precambrian salt Doms that are the main source of salt accumulations in the flat areas. Due
to the complex topography of the study area the access for soil sampling and ground control
is often very difficult. The central pediment parts reflect a syncline structure filled with
Quaternary alluvial deposits. The ephemeral MZJ river that is flowing from the west to east
of the study area is the main drainage of the catchment.
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5 Research Summaries

5.1 Prediction of gully erosion susceptibilities using detailed terrain analysis and
Maximum Entropy modeling: A case study in the Mazayjan plain, southwest Iran

Motivation: Soil erosion is a serious environmental problem in the recent decades in many
parts of the world and especially in Iran, reducing soil productivity and as a consequence
leads to land degradation and desertification. Gully erosion as a process of soil loss often has
been neglected in many modelling approaches of water erosion over the past decades. Gully
erosion is spatially and temporally very heterogeneous and hence it is difficult to measure
and monitor the processes quantitatively, especially in remote areas (Vazquez & Zinck 1994;
Poesen et al., 1996; Marker et al., 2001; Sidorchuk et al., 2003). Consequently, the
prediction of gully development using numerical models is difficult, time consuming and
expensive since the different input parameters involved in the prediction are not so easy to
determine (Jacob et al., 2012). Even though several studies have already been carried out on
the morpho-genesis of gully erosion in Iran (Soufi 2004; Nazari et al., 2009; Shahrivar et al.,
2012) only a few studies exist that assess the spatial distribution of gully erosion on larger
areas considering the relevant environmental driving factors. However, there are many
causes for gullying such as; climate conditions, topography, lithology, soils and LULC etc.
(Poesen et al., 2003; Ahmadi 2007; Zakerinejad & Marker 2015). The susceptibility to gully
erosion is mainly a function of erodibility of outcropping materials, vegetation coverage,
rainfall characteristics and topographic information (Conscenti et al. 2008a; Frankl et al.,
2013). Therefore, this study is concentrating on the MZJ plain of Southern Iran and aims at
investigating the distribution of gully erosion with a quantitative method based on terrain
analysis and mechanical statistics. Moreover, we want to identify the most important
environmental indices triggering gully erosion in the study area and finally we derive a map
of the spatial distribution of gully erosion susceptibilities.

Method: In this research terrain analysis (TA) and data mining techniques were applied to
predict the susceptible areas to gully erosion. Field surveys in 2012/13, Satellite images
(2012) and aerial photographs (scale1:20000) taken in 2006 helped us to identify gully
features in order to map the gully areas in the MZJ basin. Since soil erosion processes are
mainly triggered by topography we used some specific topography indices such as; wetness
index, stream power (SPI), slope, LS-factor, profile curvature, plan curvature, catchment
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area, curvature, convergence index, channel network, channel network base level, altitude
above channel network and aspect.

The topographic indices were extracted from a digital elevation model (DEM) with 10 m
resolution based on a topographic map (1:25000) using the counter lines and elevation points
and the topo to raster module in ARCMap 10.2. In this research the topographic indices were
utilized as independent variables. As dependent variable the extent of the mapped gully
systems transformed in point data were used. We applied a stochastic classification method,
namely the Maximum entropy distribution model (Maxent) (Phillips et al., 2006) (Fig 13).
The Maxent model was trained using 90% of the mapped point type gully extent data as
target or dependent variable and the raster type topographic indices describing the
environmental characteristics of the area as independent variables. The resulting model was

subsequently validated using randomly selected 10% of the mapped gully data.

Target variable: " Predictor Variables:
Gully features (GE images & field Terrain indices. ‘
survey) ‘

Datamining;:

Maxent model J

Model:
Explains target variable
by combinations of’
cnvironmental [calurcs

Spatial prediction of
gully erosion

B

Fig. 13 Stochastic Modelling Approach in the study area.

Result & Conclusions: The result of the applied model shows that the susceptible areas are
mostly located in the south and south west of the catchment. The internal validation via the
AUC graph for the training and testing data with values of 0.95, 0.94 respectively indicates
outstanding results in terms of model performance. The most important variable is the
convergence index calculated following Kothe & Lehmeir (1993) with 38.7%. This index is
a proxy for the accumulation or distribution of water. The second most important index is
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plan curvature with 36.4 % contribution. This index indicates the accumulation or
distribution of surface runoff. It was calculated using the algorithm of Zevenbergen &
Thorn (1987). Slope and aspect with 7% and 4.6% respectively were less important. The
model was subsequently applied to the whole data set in order to predict the gully
susceptibility for the entire study area. In fact the mountain areas with no or very low soil
depth, rock outcrops and steep slopes show very low susceptibilities while the more
susceptible areas are found in the pediment or alluvial flat parts of the catchment. If we
only relate to the susceptible areas 79.95%, 17.74% and 2.8% respectively are in the slight,
moderate and high gully erosion susceptibility classes. Fig 14 shows severe, intensive gully
erosion in the plain area in the south west of the MZJ basin with very low vegetation cover.
The integration of GIS with statistical analyses yields valuable information on areas
susceptible to gully erosion. However, the source data must be prepared carefully to avoid
any artifacts or errors in the digital elevation model and should reflect the spatial scale of

the investigated features. If so, the approach is a valuable tool for landuse manager.

Fig. 14 Severe gully erosion in Southwest of the MZJ basin.
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5.2 An integrated assessment of soil erosion dynamics with special emphasis on

gully erosion in the Mazayjan basin, southwestern Iran

Motivation: Water erosion is a serious problem threading the sustainability of arable land and
water resources especially in the Southwest of Iran. A large part of Iran (1.6 million km?) is
prone to both wind and water driven soil erosion processes. Gullies, rill-interrill and sheet
erosion features are the predominate types of water erosion. In the last decades several models
were applied to assess soil erosion phenomena in Iran in a quantitative and qualitative way
concentrating on rill and sheet erosion (Tangestani & Moore 2001; Meamarian &
Esmaeilzadeh 2003 Masoudi et al., 2006; Tangestani 2006). However, the quantitative and
qualitative assessment of gully features has been widely neglected and thus, the estimation of
erosion and quantification of sediment production is always limited (Kumar et al., 2013). This
study is aimed at identifying and quantifying the main erosion process dynamics including
gully erosion in southwest of Iran as a part of ZM.

Method: In this research GIS and satellite image analysis techniques were used to derive
input information for the numeric models. For sheet and rill erosion the Unit Stream Power-
based Erosion Deposition Model (USPED; Mitasova et al., 1996) was utilized. The spatial
distribution of gully erosion was assessed using a statistical approach, based on three
variables (stream power index, slope, and flow accumulation) to predict the spatial
distribution of gullies in the study area. The eroded gully volumes were estimated for a 7-year
period by fieldwork and GE high-resolution images. Figure 15 shows the methodology and
input layers data for the USPED and SPI index to evaluate the severity of soil loss in the MZJ
basin.
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Fig. 15 Flow chart of methodology of soil erosion modeling using USPED & SPI index.

Result & Conclusions: 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 the combined final map
of erosion deposition processes modeled with USPED and including the gully erosion
processes derived by SPI 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 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 (Hosseini & 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). The simplicity of the methodology, the availability
of low cost and easy access data as well as concentrated filed work activities, made this model
relatively applicable for areas that are affected by rill-interrill and gully erosion, especially in

southwestern Iran.
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5.3 Morphotectonic analysis of the Zagros Mountains using high resolution DEM to
assess gully erosion processes: A case study in the Fars province, Southwest of Iran

Motivation: Soil erosion is a serious type of land degradation in many parts of Iran,
particularly in the south and south west of Iran. Gully erosion as one type of soil loss is
among the most hazardous natural disasters (Boardman et al. 2003; Poesen et al. 2006;
Marzolff et al., 2011). In the ZM the main factors influencing soil erosion processes include
geology, tectonics, climate, topography and land cover. In this part of Iran especially the
role of active tectonics is crucial for the evolution of landforms and stream networks. In
other words the tectonic activity in the ZM seems to have an important effect on the
evolution and intensity of soil erosion processes. Therefore, the main objective of this study
is to understand the role of tectonic activity on gully erosion processes and stream network
evolution. The specific objectives of this study are threefold:

i) Assessment of tectonic effects on the drainage systems in the study area ii) Comparing
different DEM resolutions and their effects (30 m, 10 m, and 5 m) on the morphotectonic
analysis iii) Understanding the relationship between the faults, gully processes and
knickpoints in the study area.

Method: In this study three DEMs namely; the ASTER GDEM (30 m), a DEM based on
topographic maps 1:25.000 with 10 m resolution (Iranian Cartographic Centre, 1994), and a
DEM with 5 m resolution based on stereo aerial photos were used to analysis neotectonics
and gully features. To generate the DEM with the 5 m resolution stereo aerial photographs
at 1:20.000 scale (Iranian National Survey Mapping 2006) having 60 % overlap were used.
In this research the Agisoft PhotoScan software (http://www.agisoft.com) was utilized to
generate the 5 m DEM. Subsequently basin asymmetry and Hypsometric Integral (HI), the
morphology of the stream longitudinal profiles and knickpoints analyses were carried out
using the TecDEM software (Shahzad & Gloaguen, 2011) (Fig. 16).

35



DEM preprocessing

Extraction of flow direction (Eilisiiais

map

DEM with 5 m, 10 m and
30 m resolution

sinks)
Extraction of contributing Extraction of drainge [Flentlﬁcatlon Of.
" > o —>  knickpoints of main
tributaries
Basin hypsometry Extraction of sub-basin Caleulating concavity
’ and steepness indices
[
Basin Asymmetry

GIS analysis to compare
the tectonic fault systems
with gully locations

A

Previous tectonic and fault
map

Digitized Gully features
(Satellite images)

Fig. 16 Flow chart showing the applied analysis steps to assess the relation between tectonic and gully erosion

processes.

Result & Conclusions: The basin asymmetry for the eight 4™ order sub-catchments and one
5" order catchments were calculated. Strong tectonic activity can be supposed especially in
the southern and western parts of the catchment with high asymmetry values. The basin
asymmetries also yield information about the prevailing direction of tilting. In this study the
tilting directions point towards the south in the western, central and southern parts and into
northern directions in the east and central western parts of the of the study area. This is in line
with the geological surveys conducted in the area and reported in the geological maps. The HI
for the south and south western parts of the catchment is almost 0.60 indicating an active
phase of soil erosion while in the North the values are lower than 0.30 pointing to a
monadnock phase in landscape evolution.

For the south and south western parts of the catchment a HI value of almost 0.60 indicates an
active phase of soil erosion while in the north the values are lower than 0.30 pointing to a
monadnock phase in landscape evolution. Longitudinal profiles of the 7 tributaries of the MZJ
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catchment were extracted with concavity and steepness indices. However, the analysis
showed that the DEM with 10 m resolution derived from the topography map (1:25000) and
the 30 m ASTER GDEM do not have a proper quality due to artifacts and errors and hence,
tectonic processes cannot be assessed adequately. Comparing the fault lines and gully
locations in the catchment it was shown that more knickpoints are approximately near to fault
lines in the southwest and north-east of the catchment. Since the climatic conditions do not
changed much and also the geology of the valley bottom areas is quite homogeneous it seems
that the tectonic processes control the watershed dynamic in terms of knickpoint development
and migration. The results indicate that the erosion processes may also be amplified by the
tectonic activity of the study area.

5.4 Assessment of gully erosion using multispectral remote sensing, GIS and stochastic
modeling in the Southwest of the Zagros Mountains- Iran

Motivation: The process of gully erosion as important type of water erosion is among others
also highly depending on the lithology of area. Actually the recognition and analysis of the
factors leading to gully erosion is crucial for the assessment of soil loss and gully erosion
process (Ogbonna 2012). However, areas with susceptible lithology are more prone to sheet
wash and gully processes while formations with components of resistant material generally
show lower susceptibilities to erosion processes. Access to geologic information with an
accurate resolution can be quite difficult in many parts of the world. Therefore, remotely
sensed data with respective spectral, spatial and temporal resolution might be a useful way to
get proper geological information for large areas. The overall object of this research was to
generate a lithology map from multispectral ASTER data and to improve the understanding
of the links between geology, substrates and gully extension in the MZJ basin in southwest
of Iran as a part of the ZM. Therefore, the purpose of this study in particular is:

i) The assessment of band ratios of ASTER multispectral data to differentiate specific
sedimentary rock units or lithologies according to their spectral reflectance, and hence, to
improve the existing geological map of the study area.

ii) The analysis of potential areas for gully erosion in relation to the lithology.

Method: In this study, we used data collected by field survey, aerial photos, and ASTER
(advanced space borne thermal emission and reflection radiometer) multispectral images.

Moreover, we assessed the information with a GIS-based model and a machine learning
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algorithm based on a stochastic modeling (MaxEnt model) approach, to examining factors
most likely influencing the spatial distribution of gully erosion in this arid catchment area. In
this research a band ratio stacking using the band ratios 4/9; 4/6; and 9/8 is assessed to

differentiate between different lithological units in the study area (Fig 17).
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Fig.17 The flow chart for the applied methodology in the MZJ basin.

Result & Conclusions: The result of the unsupervised classification of the lithological units
was attributed to different sedimentary rocks in the first step and validated with the field data.
Based on the geological map, the following band ratios were attributed to specific lithological
units. The first ratio of bands 4/6 describes best the Agha-Jahri formation appearing in dark
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color due to high concentration of Glauconite mineral whereas the presence of Gypsum and
Kaolinite minerals in the Mischan formation produces a grey to light grey color. Gypsum
deposits at the distal part of the Salt plug zone are also discriminated. Band ratio 4/9
characterizes especially Precambrian rocks because of their high contents in pyrite and iron
minerals. Band ratio 9/8 identifies carbonatic rocks with brighter color than other rock types.
The rocks units (Asmari and Gachsaran formations) are shown with white to light grey color
in the scene, indicating their high carbonate content whereas weathered minerals like Gypsum
and kaolinite occur with dark grey to black color especially in alluvial deposits (Black color).
For the stochastic modelling approach we used as dependent variables the gully features and
as independent variables the bands ratios of the ASTER data. We validated the performance
of the Maxent model using AUC diagrams. The results show AUC values of 0.98 and 0.90
respectively for learning and testing data and hence an outstanding model performance.

Based on the MEM, the susceptible areas to gully erosion have been predicted in the entire of
the study area. It was shown that most of the gully features are concentrating on the alluvial
deposits characterized by highly erodible, non cemented sediments and high EC and salt
contents especially in the west and east of the catchment.

6 Discussion and conclusions

In this thesis different approaches have been applied to assess and predict gully erosion
features in the MZJ catchment in the ZM in southwest of Iran. Particularly, in the related
publications the use of satellite data, GIS applications and stochastic modelling approaches
were highlighted that increase the amount and accuracy of the input data. Although the
applied methodology have many advantages and easily might be adapted and applied in other
regions with different environmental conditions, still there are some limitations that are

discussed in this part of the thesis.

GIS and data mining techniques like the Maxent model were applied in this study to predict
the spatial distribution of probabilities for gully erosion related to terrain and geological
parameters. The first part of this research was aimed at the analysis of the functional
relationships between a set of terrain parameters (topographic indices) and gully erosion
processes using the Maxent model and subsequently to predict the susceptible areas of the
study basin. In fact, the information about the spatial distribution of susceptible areas to
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gullying processes is useful and an effective way to recognize the prone areas. However, since
gully erosion may occur in different evolution stages and dominated by different controlling
factors, it can be considered as the most complicated linear erosion process (Sidorchuk 2005).
Therefore, the evaluation of this type of soil erosion and of its main driving factors are crucial
for a better understanding and hence, assessment of the processes. In many studies of gully
erosion around the world, but especially in Iran, the applied models focused especially on the
analysis of the gully morphologies and the stages of gully development while no research
focused on the modelling of the spatial susceptibility distribution using e.g. data mining.
Moreover, also the role of neo-tectonic as a driving factor for gullying was completely
neglected. As already mentioned we firstly focused on the topographic indices because these
layers reproduce the geographic variability of the main factors potentially controlling the
spatial distribution of gullying (Vandekerckhove et al., 2001; Koco 2006; Kheir et al., 2007;
Nazari et al., 2010).

The applied model showed an accurate prediction of the susceptible areas to gully process in
the entire area of the MZJ catchment. Using the present gully locations as the dependent
variable is one of the advantages of the MEM model that, to the knowledge of the author, was
applied for the first time in Iran for soil erosion assessment modelling. Most of the models
used in soil erosion or mass movement assessments need also absence data like the no-gully
or no-landslide data (e.g. Sidorchuk et al., 2003; Marker et al., 2011; Safaei et al., 2012;
Agnesi et al., 2011). Sometimes this absence data is difficult to obtain or one just not know if
an area that today has no sign of gullying may not be affected in future. Moreover, generally
high densities of vegetation make it difficult to recognize gully areas or landslides especially
if satellite images or aerial photos are utilized.

As already mentioned the MEM model is able to identify the importance of the single
variables contributing to the entire model of gully susceptibility. The predictor variable
extracted from a DEM with 10 m resolution based on a topographic map (1:25000) was
evaluated to understand the important factors that determine the susceptible areas prone to
gully erosion processes. The most effective parameters in this study were aspect, plan
curvature, slope and convergence index. According to the indices curvature and catchment
area especially concave morphologies and medium sized contributing areas were depicted.
The latter ones cause enough runoff that concentrates (concave curvatures) and at a certain
flow length becomes turbulent and start eroding the substrates. Based on these results a
suitable management of the prone areas is feasible since the model shows the spatial
distribution of the susceptible areas to gullying processes. For example, the prediction showed
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highly susceptible areas particular in the south and southwest of the MZJ catchment. Actually,
the mountain areas show only low values of probability because of their steep slopes and very
shallow soils. The gully probability prediction map enables landuse managers for gully
prevention and control in the MZJ basin. Moreover, the validation of the model shows
outstanding overall model performances for the prediction of the susceptible areas given by
high AUC values. Although this model is very effective to predict the susceptible areas,
however, the accuracy of the DEM as primary source for the extraction of terrain attributes is
crucial. In other words, the model is very sensitive to errors or artifacts in the digital elevation
model. In our study we used filter methods to avoid terrace effects due to interpolation of
contour lines especially in the flat areas.

In order to implement a sustainable management of the fragile areas like the MZJ basin in
southwest of Iran, the rate and severity of soil loss should be known. Therefore, GIS
techniques were utilized. In the second part of this study we focussed on the integration of
rill-interrill erosion and deep linear erosion processes like gullying. For the rill-interrill
assessment we applied the USPED model and for the gullying we used an SPI based
approach. In many previous studies in Iran qualitative models were used for the assessment
of water erosion (Ahmadi 2007; Masoudi et al. 2006; Masoudi & Zakerinejad 2010; Amiri
2010; Amini et al., 2010; Yousefi et at., 2014) but gully erosion was completely neglected.
The USPED model (R, K, C, P and topographic factor) was applied to get the erosion and
deposition rates in t ha™ yr™ for each grid cell. As mentioned one of the main problems in
many empirical modelling approaches is the negligence of gully erosion process. However,
gullying is the main source of sediments in many catchments in arid and semi-arid areas in
Iran. Therefore, the USPED model was used to evaluate the area with sheet and rill erosion. In
fact, comparing the results of the model with the gully feature map we show that the model is
not able to identify the potential areas of gully erosion. According to the results of the USPED
model, the lower erosion and deposition classes are located in the areas with high gully
features especially in the low sloping areas in the south and southwestern parts of the MZJ
catchment. Hence, the SPI has been applied to identify gully erosion as the main source of
sediment in our study area.

The Soil erodibility (K-factor) that was generated using a boosted regression tree approach,
the TreenNet model, showing a variation between 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 that are
more prone to water erosion. Comparing the different rock types of the area using the ASTER
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multispectral data in the last part of this thesis we have figured out that the most sensitive
areas are located within the Quaternary formations and alluvial deposits. The Crop and
management factor (C) was generated using the Landsat ETM, 2007 data and field survey to
identify the different vegetation types. The respective identified land use classes where then
attributed with C factor values derived from the literature. The maximum C-values coincide
with the barren areas in the ridge positions in the north and southwest of the watershed, while
the lowest values are related to the areas with better vegetation cover condition in the east of
the catchment. The high value of rainfall erodibility is related to the mountain areas with high
elevations in the north and south west of the study area. The areas with low elevations are
located in the plain parts in the center of the MZJ basin. The obtained values range from 212.6
to 424.6 MJ mm/ ha y. The average values for the MZJ watershed amount to 265.2 MJ mm/ha
year™. The final map of the soil loss combining the USPED (for rill and sheet) and the SPI
approaches (for gully erosion) for the entire study area shows high soil loss classes specially
in the flat areas due to gully erosion. According to these results the potential areas for gully
erosion process were integrated using the SPI index in the model. The high deposition areas
are mainly located in the central part and along the drainage networks because of lower
transport capacities when water flow is low. The location of the low soil loss classes are
mainly related to the area with low soil erodibilty and denser vegetation cover while the
barren land areas are very sensitive to soil loss, especially in the west and southwest where
abandoned land prevails. According to the filed survey these areas were overexploited for
agricultural activity while after some years soil productivity decreases and gullying may take
place.

These abandoned, barren land areas are more prone to soil loss process induced by wind and
water. Therefore, in the affected areas priority should be given to increase the vegetation
cover in order to decrease runoff velocities and protect soils from wind and water detachment.
However, many uncertainties in empirical soil erosion modelling approaches are due to the
quality and accuracy of the input data and especially the DEM resolution. The proposed
model considering rill, sheet and gully erosion is very simple and needs only a few
requirements as input for the model. Therefore, it can be applied also at larger scales like all
the entire ZM or at the national scale. The results of this methodology could be useful for land
use planner to get a better understanding of the soil loss and in consequence to develop an
appropriate land use planning and management strategy in these areas.

Many studies investigated the interactions between erosion, morphometry and tectonic
activity (Tibaldi & Leon, 2000; Montgomery & Brandon 2002; Blanckenburg et al., 2004;
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Norton et al.,, 2008; Andermann & Gloaguen 2009) but still there is a research gap
concerning the assessment of the role of tectonics on the spatial distribution of the gully
erosion, especially in the ZM in southwest of Iran with intensive tectonic activities.

In fact the mechanics of gully erosion and their relation to tectonic processes are still poorly
studied in the ZM. In this study we used a high resolution DEM (5m) based on aerial photos
(1:20.000) to conduct a morphotectonic analysis with emphasis on the plain areas with

predominant gully processes.

As already illustrated, we recognized the susceptible areas for gully formation in the area with
low slopes in the central part of the MZJ catchment. An investigation of the location of gully
features like headcuts and stream profile knickpoints shows that the sensitive areas to gullying
are related to areas with up-lifting and faulting. Moreover the result from the basin
hypsometry and asymmetry analysis indicates an active phase of soil erosion especially in the
south and south-western parts of the catchment. Although we have applied three different
sources of DEMs (ASTER GDEM, topographic map, and aerial photos) only the highest
resolution allowed a detailed assessment of the stream longitudinal profiles in the plain areas,
while the other sources of DEMs had too much noise and/or artifacts. According to the
findings of the morphotectonic analysis, active tectonics is an important factor for gully
evolution. Knickpoint analysis is a useful tool to interpret the uplift processes changing the
longitudinal stream profiles. In fact knickpoints are clearly related to areas with high gully
density. The analysis indicates strong effects of tectonic activity on gully erosion processes
especially in the west and southwest of the study area.

In the last part of this study the mineral differentiation analysis using ASTER multispectral
data yield a useful map to derive a first detailed overview of the lithology of the MZJ
catchment in southwest of Iran. The results reveal the potential of multispectral satellite data
analysis to get detailed lithological data particular in remote areas with difficult accessibility
for field survey. In this study the results obtained from different band ratios displayed a good
relation between the predicted susceptible gully areas and the mineral differentiation map.
According to these finding, the band ratio 9/8, with the value range between 0.80 and 1.10, is
less important for the gully prediction model while the values higher and less than this range
are the most important once for the prediction of the prone areas. Band 8 is also a very strong
predictor variable especially if values of more than 160 are reached.

The general results obtained from the terrain analysis, the multispectral lithology assessment
and the tectonic analysis allowed a detailed investigation and evaluation of gully erosion
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processes in the MZJ basin. We identified the important environmental factors triggering
gully erosion processes. The general findings of this study indicate simple ways to identify the
degree of gully erosion susceptibility according to main variables describing the terrain, the
lithology and the tectonic activity. The use of remote sensing data such as ASTER and
Landsat ETM data can provide valuable input information required for soil erosion modelling
with GIS. Furthermore, the predicted map of water erosion based on the integrated USPED/
SPI model allows a detailed assessment of the prone areas for an appropriate prevention of
land degradation. In this study we applied stochastic models to generate detailed maps for K-
factor (TreeNet) or susceptible areas for gully erosion (MaxEnt). The application of data
mining methods in this research is a key tool to evaluate the vulnerability of soils to water
erosion on catchment scale. Gully features in particular, wherever they occur are
environmental disasters that are related to enormous losses of arable lands, infrastructures and
private properties. The investigation may also lead to some specific actions such as: i) rising
public awareness concerning the rate of soil loss and land degradation in the study area, ii)
proper farming techniques regarding the types of crop and irrigation systems adapted to the
shortage of water, iii) the use of the available material to prevent gully headcut retreat, iv)
encouraging the inhabitants to improve the agroforestry system with cultivation of native tree
or shrubs or planting deep-rooted perennial pastures, trees, or v) an appropriate mixture of
both that tolerate also drought conditions. Although in the recent years the local organizations
in this area helped the local population to use native shrubs and trees species to combat
desertification (Fig. 18) still more attention and financial contribution is needed from the
government to speed up the implementation of these plans. Improved land use, forest, soil and
conservation practices should be adopted by the local population and related organizations.

7 Outlook

The presented methodology may be also useful for a proper LULC management and landuse
planning in different desertification prone areas to evaluate gully erosion process. Prevention
measures like the impediment of the processes or mechanisms that result into or advance to
gully erosion should be considered by all stakeholders in environmental management and
planning especially in susceptible areas such as the MZJ catchment in the southwest of Iran.

Although the government of Iran tries to combat soil erosion with different strategies many
LULC changes in recent years and additionally climate change effects, increase the
susceptible areas that need more attention and priority. Gully erosion processes destroy arable
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land and reduce soil productivity and thus, are a serious threat especially in agriculture based
countries like Iran (Zakerinejad & Marker 2014; Imani et al. 2014). Moreover, soil loss and
its effects on the water quality and dam reservoirs require an appropriate management and
landuse taking into account different socio-economic and climate change scenarios in the
susceptible areas.

Although ASTER GDEM (30 m) and DEMs extracted from the topography map (10 m) have
a higher resolution than e.g. SRTM 90m, they are not suitable for these analyses. However,
the results of this thesis indicate that higher quality DEMs derived from aerial photos or high
resolution satellite images are needed in order to improve the results of soil erosion
modelling.

Even though this study emphasizes on gully erosion processes, in future, research should also
include different other types of water and wind erosion. The conditions and rates of land
degradation and soil erosion are one of the most common questions that land use planner are
facing in future. Therefore, applying different LULC and climate change scenarios might be a
useful way to estimate the rate and condition of soil loss in future. In fact recognized trends of
LULC changes can be studied in detail by proper scenarios of future LULC and climate
change and thus, is an important way to an appropriate soil erosion conservation planning.
Finally, considering other socio-economic effects like over grazing, or subsidies etc., that
might accelerate the progress of gully and soil erosion are also very important drivers that
could be considered in further research.

Fig. 18 Cultivation of shrubs by the natural resources cooperation and local residents.
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Gully erosion is one of the most severe environmental problems in
large areas of Iran. Land degradation and accelerated desertification are
the consequence in susceptible areas. Gully erosion normally takes place
when surface runoff is concentrated and thus, detach and transfer soil
particles down the slopes into the drainage network. In traditional soil
erosion studies these processes often have been neglected. In this study
we investigate the spatial distribution of gully erosion processes with a
quantitative method since in many national assessment approaches just
qualitative models were applied. For this study we utilized a detailed ter-
rain analysis and a stochastic modeling approach using mechanical statis-
tics. Moreover we predict the potential spatial distribution of gullies in
the Mazayejan plain of Fars province in southwestern Iran where gully
erosion is the main environmental threat. Our methodological approach
consists in the following steps: i) mapping of gully erosion phenomena in
a test area based on Google Earth images; ii) development of a digital
elevation model (DEM) with 10 meter resolution, iii) detailed terrain
analysis deriving more than 20 terrain indices, iv) application of the Max-
ent model for the test area using the gully erosion forms as dependent
variable and topographic indices as predictor variable and finally v) pre-
diction of the spatial distribution of gully erosion potential for the entire
study area. Model performance was evaluated by the Receiver Operating
Characteristic (ROC). The results obtained show that the Maxent model
perform very well and thus, it is suitable for the predictionpf the gully
erosion potential in the area. Among the terrain indices utilized in the
prediction the most important ones are: convergence index, plan curva-
ture, and slope. The proposed methodology allows conducting a proper
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conservation and land use management.
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INTRODUCTION

Gully erosion has been defined as a steep-side channel
caused by erosion due to the intermittent flow of water
and often recurs in narrow channels and removes the soil
from this narrow area to considerable depths (Poesen,
1996; Poesen & aliz, 2003). It is a serious problem in many
parts of the world because of specific climatic, lithologic,
soil, land use and land cover conditions that favor gully
erosion processes (Torkashvand, 2008). Gully erosion take
place when excessive surface run off flows with high veloc-
ity and thus, detach and transfer soil particles down slope
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(Ehiorobo & Audu, 2012). Hence, gullying is an important
type of water driven erosion processes that cause land
degradation and instabilities in natural and agricultural
landscapes (Nekooeimehr & Emami, 2007). Moreover,
gully erosion has also a great impact on the drainage dy-
namics of soils and, hence, influence soil moisture condi-
tions and ground water dynamics, especially in arid and
semi arid regions (Avni, 2005; Nyssen & a/zz, 2004). Sever-
al studies on gully erosion in Southern Iran show that this
phenomenon and the related processes are leading to ac-
celerated desertification in the susceptible areas (Isaie &
Soufi, 2007; Soufi, 2008; Sadeghi & Noormohamadi, 2011;
Shahrivar & aliz, 2012).

This study was carried out in the Fars province in
Southwestern Iran (fig. 1). Gully erosion is very frequent
and is threatening large areas and seriously damage agri-
cultural land. However due to onsite damages such as soil
loss, decreasing soil fertility and water holding capacity
and off site damages like siltation of reservoirs, gully ero-
sion has attracted more and more attention in the recent
years in Iran (Soliemanpour & a/zz, 2010).

Gully erosion is generally considered as an indicator
for desertification (Shruthi & aliz, 2011), therefore this
phenomena is often used by different qualitative desertifi-
cation assessment methodologies as indicator for water
erosion (FAO-UNEP,1984; Nikegbal & Farajzadeh, 2007;
Sepehr & aliz, 2007; Khosravi, 2005; Fozoni, 2007). Ap-
proaches like the Iranian Model of Desertification Po-
tential Assessment (IMDPA) (Ahmadi, 2004) have been
applied in many studies in the Southern parts of Iran.
IMDPA considers nine criteria to assess desertification,
namely: climate, geology, geomorphology, soil, vegetation
cover, agriculture, water, erosion (including wind and wa-
ter erosion), socio-economics, and technology of urban de-
velopment. Proxies for these criteria are normally used to
identify areas with a higher degree of degradation suscep-
tibility or hazard and thus of a certain desertification status
that is described relatively e.g. in four classes: slight, mod-
erate, severe, and very severe. However, these qualitative
models often rely on expert knowledge and subjective de-
cisions in the scoring procedure. Moreover the qualitative
assessment methods are only rarely based on detailed spa-
tially distributed information.

This is the reason why gully erosion phenomena often
have been neglected because of the spatial and temporal
heterogeneity of the related processes and the difficulties
to measure and monitor the processes quantitatively, es-
pecially in remote areas (Gomez & aliz, 2003; Sidorchuk
& alii, 2003; Poesen & alii, 1996; Mirker, 2001; Vazquez
Selem & Zinck 1994). Consequently, the prediction of
gully development using numerical models is difficult,
time consuming and expensive since the different input
parameters involved in the prediction are not so easy to
determine (Ehiorobo & Audu, 2012). However, soil ero-
sion assessment in Iran is mainly based on empirical pre-
diction models and hence, more research is required to
understand the role and spatio-temporal distribution of
gully erosion in Iran (Nazari Samani & a/77, 2010; Bayra-
min & aliz, 2003).

o7

Even though recently several studies have already been
carried out on the morpho-genesis of gully erosion (Shah-
rivar & aliz, 2012; Soliemanpour & aliz, 2010; Soufi, 2004;
Nazari Samani & aliz, 2009) few studies exist that assess
the spatial distribution of gully erosion on larger areas con-
sidering the relevant environmental driving factors. Albeit,
digital elevation models and terrain analysis were already
applied in Erosion Risk Assessments (see Pallaris, 2009,
Suriyaprasit, 2008) there are only very few studies combin-
ing stochastic models and terrain analysis (e.g. Kheir & alz,
2007; Angileriz, 2012; Hughes & Prosser, 2012, Conforti &
aliz, 2010, Gutiérrez & aliz, 2009a, 2009b).

Therefore, this study in the Mazayejan plain of South-
ern Iran aims at investigating the distribution of gully ero-
sion with a quantitative method based on terrain analysis
and mechanical statistics. Moreover, we want to identify
the most important environmental indices triggering gully
erosion in the study area and finally derive a map of the
spatial distribution of gully erosion susceptibility.

STUDY AREA

The study area is located in the Fars province, south-
west of Iran, (54° 34’ to 54° 44’ E and 27° 59’ to 28° 5’
N) (fig. 1). The area covers ca. 20.000 ha and is drained
by the Mazayejan river. According to the national topog-
raphy map (1:25.000; Iranian Cartographic Center,1994)
the elevation is ranging from 693 m a.s.l. to a2 maximum
altitude of 1.371 m a.s.l.. The annual average rainfall is
around 243 mm with a high inter-annual variability char-
acterized by very dry summer months (June to Septem-
ber) followed by short period of heavy rainfall from De-
cember till March which often provokes severe erosion
and flooding events. The 30-min precipitation intensity
for a 2 year re-turn period amounts to 23.5 mm h”'. The
25 years return period is about 56.1 mm h'.
Particularly gully erosion processes and forms are very
common in the area. In this arid environment, the
hottest month is August and the coldest is February,
with  mean monthly maximum and minimum
temperatures of 31 °C and 18 °C, respectively. The
above cited climate data was calculated using the fol-
lowing meteorological stations (tab. 1). The precipitation
data was spatialized using an elevation based co-kriging
(Rossiter, 2012)

TABLE 1 - Calculated R factor values of selected meteorological stations

Station Longitude Latitude Elevation Meanannual
rainfall (mm)
Darb ghale 54 23 28 55 1430 344
Ghozan 54 27 28 49 1300 347.6
Hajiabad 54 25 28 22 1060 2483
Brak 53 09 28 39 870 354
Farag 55 12 28 22 890 2135
Khasoe 54 23 28 33 1070 2415
Layzgan 54 58 28 41 2000 492.9
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FIG. 1 - Study area: Mazayejan Plain

in Fars province Southwestern Iran.
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The Mazayejan plain has a variety of different land-
scapes due to its diversity in morphology, soils, geology
and vegetation characteristics. The substrates and sedi-
ments are of quaternary origin and underwent climatic
changes. The area is dominated by pediments and field
observations showed gullies that are especially located in
areas with fluvio-aeolian Quaternary deposits. Approxi-
mately 5% of the study area has slopes exceeding 20%
and 60 % of the area has slopes with less that 2% inclina-
tion. The average elevation of the area is 733 m a.s.l..

The Mazayejan alluvial plain is characterized by Aghajari
marls, Bakhtiyari conglomerates, Mishan carbonates, silici-
clastic facies deposited in a carbonatic rimmed shelf and
Gachsaran Anhydrite, Marl, and Salt formations (Lasemi &
aliz, 2001; Hasbekarji, 2006). The chemical properties in
these deposits are very sensitive to water erosion and are al-
so affecting the quality of ground water. Generally, the
groundwater is of bad quality with high chloride and sodi-
um contents. The area is drained by the Mazayejan River
which is an ephemeral drainage system flowing towards the
East. According to Soil Taxonomy the soils of the study
area are mainly Aridisols and Entisols. Due to water
shortage and arjd climate the main land use is pasture, rain
fed cultivations and irrigated

agriculture. Main crops produced are winter wheat, cotton
and barley. Animal husbandry often leads to overgrazing
and consequently, to the destruction of the vegetation cover
favoring rill-interrill and gully erosion phenomena. Large
part of the population is working in the agricultural sector.

MATERIAL AND METHODS

Gully erosion involves a complex set of factors, causing
a variety of damages to the environment and destroys the
soil cover. It is closely related to many environmental factors
but especially to topographic characteristics and features
especially when substrates and climate are very homo-
geneous. We extracted these topographic characteristics
from a digital elevation model (DEM) with 10 m resolu-
tion. This DEM is based on an interpolation of contour
lines of a 1:25000 topographic map (Iranian Cartographic
Center, 1994) using a thin plate spline algorithm proposed
by Hutchinson (1991). The DEM was preprocessed with
low pass filtering to extract artefacts and errors like local
noise and terraces (Marker & Hedary Guran 2009; Vor-
pahl & aliz, 2012) using ARCGIS 9.3 (ESRI, 2010). Subse-
quently, the DEM was hydrologically corrected eliminat-
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ing sinks using the algorithm proposed by Planchon and
Darboux (2001).

Digital terrain analysis is a process to quantitatively de-
scribe the terrain using a DEM. We can differentiate be-
tween morphometric parameter describing i) the morpholo-
gy of the surface, ii) hydrological parameters to describe
runoff generation and potential flow pattern, iii) transport
and deposition of sediments and iv) climatic parameters
(Hengl & aliz, 2003). A DEM consists of a spatially regis-
tered set of elevation points that collectively describe a topo-
graphic surface (Montgomery & Dietrich, 1994). This in
turn has an important role for the runoff and the concentra-
tion of water on the soil surface. We performed a detailed
Terrain Analysis on the DEM using SAGA2.0.3 (System for
Automated Geo-scientific Analyses, Conrad, 2006). For the
further stochastic analysis we selected especially those topo-
graphic indices that describe the erosive power of runoff,
flow velocity and transport capacity and thus, have an im-
portant effect on erosion and especially on gully erosion.

STOCHASTIC MODELING OF GULLY EROSION

In this study we applied the Maximum entropy distribu-
tion or Maxent Model (Phillips & /7, 2006). Maxent is a
type of machine based learning algorithm based on mechan-
ical statistics. Here we use version 3.3.3k (http://www.cs.
princeton.edu/~schapire/maxent/) to assess the environ-
mental relations responsible for the spatial distribution of
gully erosion features. The model requires presence only da-
ta and a set of environmental variables that are spatially con-
tinuously distributed. In this case the probability distribu-
tion of gullies is estimated using the presence of gully fea-
tures and environmental predictor variables (continuous or
categorical) that are delineated form the DEM (Kumar &
Stohlgren, 2009). The advantage of the use of presence-only
information lays in the fact that the absence of a feature or
species at a certain location is difficult to proof or may not
be evident (Phillips & alzz, 2004; Elith & alzz, 2006; Phillips
& aliz, 2006; Howard, 2012). In this study we used mapped
gullies to train the model and to decipher susceptible areas
for gully erosion. The model assigns an a priori probability
in absence of problem specific information (Phillips & alz,
2006). Maxent calculates the spatial distribution of proba-
bilities for a specific process, in this case gullies. Probabili-
ties are ranging between 0 which means no susceptibility or
probability for gullying and 1 standing for a very high sus-
ceptibility or probability for the occurrence of a gully. The
model was trained and tested using a sample of 65.536
points showing gully erosion phenomena. Here we use 90 %
(Npain = 58982) of the data to train the model and 10% of
the data to test the model (N, = 6554).

MAPPING SPATIAL DISTRIBUTION OF GULLY
FEATURES

In order to train the Maxent model we mapped the gully
systems in our study area. In the past gullies have been
mapped through conventional field surveying, which is ex-
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pensive for large areas and time consuming (Johansen & alzz,
2012). For this study we utilized a satellite image from
Google Earth (GE). GE provides free access to very high
resolution satellite images (Potere, 2008; Angileri, 2012). In
this case the GE images available for the Mazayejan plain are
based on Spot images with a 2.5 meter resolution. The avail-
ability of very high resolution satellite imagery is providing
new solutions for a quick appraisal of gully networks over
large areas (Mclnnes & aliz, 2011). Shruthi & alzz (2011)
showed that object-oriented image analysis based gully map-
ping is quicker and more objective than traditional methods.
Thus, satellite image with high resolution are required to
cover vast areas for the assessment of gully erosion. Due to
the fact that the study area is characterized by an arid climate
with poor vegetation cover it is unproblematic to distinguish
and map gully features and forms based on GE satellite im-
ages with high accuracy. In contrast, Mclnnes & a/iz (2011)
describe the limits of the methodology especially in forested
catchments in combination with small gully systems.

Based on our knowledge of the study area and using
the images provided by GE we identified and mapped gul-
lies as polygons which are later on transformed into points.
Although it is sometimes difficult to distinguish gullies
from streams due to the common ephemeral character of
the drainage system we followed the general definition of
gullies that are related to streams or drainage lines of third
or greater order (Mclnnes, 2011; Peasley & Taylor, 2009).
With regard to this definition of gullies we utilized a
stream network layer of the basin to facilitate the identifi-
cation and mapping of gullies and to distinguish between
gullies and streams. We mapped several areas distributed
randomly over the whole basin to cover the entire hetero-
geneity of environmental situations present within the basin.
In the next step we converted this layer from GE-KML
format to a shape file format (see fig. 2).

ENVIRONMENT LAYERS

For this study we derived a set of topographic indices
(tab. 2) that included: elevation, slope, aspect, analytical hill

TABLE 2 - Topographic Indices used as environmental predictors in the
Maxent model

Method

Olaya & Conrad, 2008
Olaya & Conrad, 2008
Olaya &Conrad, 2008
Zevenbergen & Thorn,1987
Olaya & Conrad, 2008
Olaya & Conrad, 2008
Zevenbergen & Thorn,1987
Olaya & Conrad, 2008
Dikau,1988

Zevenbergen & Thorn,1987
Kothe & Lehmeir, 1993
Olaya & Conrad, 2008
Olaya & Conrad, 2008

Topographic indices

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 Zevenbergen & Thorn,1987
Altitude above channel network Olaya & Conrad, 2008
Elevation Preprocessed in ArcGIS9.2
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shading, plan- and profile curvature, curvature classifica-
tion, convergence index, altitude above channel network,
catchment area, stream power index, length-slope factor
(LS-factor), topographic wetness index. These indices
were used to predict gully erosion by means of the Max-
ent method. Tab. 2 shows these indices and the respec-
tive method applied for their delineation from the DEM.
We used SAGA 2.0.3 software to derive the topographic
indices at a 10 m resolution. The layers were post-pro-
cessed and transformed into ascii raster data with the
same spatial reference (W(GS84, Zone 40) and resolution
(10 m). Tab. 3 reports the statistics of the single environ-
mental layers.

MODEL VALIDATION

To evaluate the performance of the model and its pre-
dictions we divided the data randomly into a training-
and a test subset, thus creating quasi-independent data
for model testing (Fielding & Bell, 1997). In this study
the Maxent model was applied to a 10% random test
dataset (N, = 6554) selected from the entire data set of
gully points (N, = 65.536). Model results were evaluated
using the receiver operating characteristic (ROC) curve
for training and test data. In an ROC curve the true posi-
tive rate (sensitivity) is plotted over the false positive rate
(1-specificity) for all possible cut-off points (Sweets,
1988). Each point on the ROC plot represents a sensitivi-
ty/ specificity pair corresponding to a particular decision
threshold. A perfect discrimination between positives
and negatives has an ROC plot that passes through the
upper left corner (100 % sensitivity, 100 % specificity), so
that the area under curve, AUC, is 1 (cf. Marker & aliz,
2012). Therefore, the closer the ROC plot to the upper
left corner, the higher the overall accuracy of the test.
According to Hosmer and Lemeshow (2000), AUC val-
ues exceeding 0.7/0.8/0.9 indicate acceptable/excel-
lent/outstanding predictions.

! N
¥ . @ gully points
I 680-700 900-1000 . . 0 3 6 12 Kilometers
[ 700-800 1000-1100 Mazayejan River o n o fn nnf
[ 800-900 [ 1100-1200
RESULTS

Spatial distribution of mapped gullies

According to the digitized gully distribution mapped
using GE and own field observations the gullies normally
form in rangeland and agriculture areas, with U shaped
cross sections and a digitate form. The average gully depth
at 50% of its length is 1,5 m and the top width is 9,6 m.
The medium heights of the head cuts are around 0.80 m
(Soufi, 2004). Moreover the clay content in top soil (up to
20 cm) is higher than in the sub-subsoil layer in the gullied
area indicating high surface run off potential and thus in-
tense erosion processes (Soufi; 2004).

As illustrated in fig. 2 the gully density is generally
higher in the southwest of the study area because of the
very low vegetation cover and silty loam to loamy soil sur-
face texture.

The EC and SAR of this area is very high indicating
high Sodium contents that amplifies gully erosion and the
degradation of rangeland (Shahrivar & a/zz, 2012; Masoudi
& Zakerinejad 2010, Faulkner & a/iz, 2003). Moreover, there
are several problems related to socioeconomic impacts
such as i) overgrazing, ii) land use changes from rangeland
to dry land, and iii) overexploitation of ground water for
irrigation that promote and favor gully formation.

MODEL PERFORMANCE

The Maxent model was trained using 90% of the map-
ped point type gully data (N, = 58982) as target or de-
pendent variable and the raster type environmental layers
derived from the DEM as independent variable. The re-
sulting model is then validated using the randomly select-
ed 10% of mapped gully data (N, = 6554). Figure 3
shows the ROC graph and integral (area under curve,
AUQC) for training data with AUC values of 0.95. The vali-
dation test data yield AUC values of 0.941. According to
Hosmer & Lemeshow (2000) these values indicate an out-
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standing performance for both train and test dataset.
Hence, the models can be considered as highly robust in
terms of sensitivity and specificity.

VARIABLE IMPORTANCE

According to the model performance we can point out
the relevance of the topography for the modeled gully sus-
ceptibility. Stochastic approaches like statistical mechanics
provide a powerful tool to study the relations between gul-
ly location and environmental characteristics that in this
case consist exclusively of topographic indices.

As shown by various authors (see Vandekerckhove ez
a, 2001; Nazari Samani & aliz, 2010; Kheir & aliz, 2007;
Fligel & aliz, 2003; Marker & aliz, 2012) in areas with
comparatively homogeneous substrates, soils and land use,
the spatial distribution of gully areas is mainly depending
on topographic constraints expressed here as topographic
indices. Among these topographic indices especially curva-
tures, slope and catchment area show a high variable im-

portance. The entire distribution of variable importance is
reported in fig. 4.

Relative values are scaled to the most important one.
These variables have specific value ranges illustrated in
tab. 3. The most important index is the convergence index
calculated following Kothe & Lehmeir (1993) with 38.7 %.
The convergence index is a proxy for the accumulation or
distribution of water, thus, for concentrated and turbulent
runoff and hence for erosion and sediment transport (Vi-
giak & aliz, 2009). The second important index is plan cur-
vature with 36.4% contribution. It was calculated using
the algorithm of Zevenbergen & Thorn (1987). Especially
in plain type landforms with low slope gradients the plan
curvature, like the convergence index, indicates the accu-
mulation or distribution of surface runoff (e.g. Angileri,
2012; Capra & Scicolone, 2002). Finally, slope and aspect
with 7% and 4.6% respectively were the most important
indices after convergence and plan curvature index. Gen-
erally slope determines the velocity of runoff and thus is
directly linked to soil erosion. The aspect gives important
information on microclimate and on evaporation and soil

Variable importance’
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the environment layers.
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TABLE 3 - value range and standard deviation for topographic indices in

the study area

Topographic indices Interval Std. dev. 725
Watershed sub bins 1/8039 2269.40
Wetness index 5.44/14.68 257
Stream power 0.1/132255.12 64965.53
Slope 0/31.42 4.2
LS-factor 0/79.84 29.16
Profile curvature -0.0068/0.0063 0
Plan curvature -0.00621/0.00681  0.001
Catchment area 100/19699814 9691480
Curvature classification 0/8 730
Curvature -0.0105/0.0105 0.01
Convergence index -27.29/27.277 13.44
Channel network base level 689.98/118.94 144.65
Channel network -1/694 322.19
Aspect 0/360 102.38 735
Altitude above channel network ~ 0/91.65 31.21

moisture (Wilson & Gallant, 2000). Also very important
is the catchment area (5.4 %) characterizing the discharge
volumes (Hengl & Reuter, 2009).

SPATIAL PREDICTION

Figure 5 illustrates the spatial distribution of gully sus-
ceptibility. During a field stage in March 2012 the map
was validated in the field showing very high correspon-
dence between observed and modeled gully areas (fig. 6).
The model was subsequently applied to the whole data set
in order to predict the gully locations for the entire study

area. We classified the resulting map of gully erosion
probabilities in four susceptibility classes: i) no gully ero-
sion (0-10% probability); ii) slight gully erosion (10-15%
probability), iii) moderate gully erosion (15-30%
probability) and iv) high gully erosion probability
(30-100%). If we relate the susceptibilities only to the
gullied areas we have 79.95% with slight gully
susceptibility, 17.74 % with moderate gully susceptibility,
and 2.8% of the gullied area is belonging to the high
gully susceptibility class. As the map of predicted gully
erosion susceptibilities shows (fig. 5) the south and south
west of the Mazayejan plain is gen-erally more sensitive to
gully erosion. This area is charac-terized by less
vegetation cover and thus more or higher run off than in
the other areas.

DISCUSSION & CONCLUSIONS

Gully erosion is an important sediment source (Poesen
& aliz, 1996) and is causing serious land degradation
(Valentin & a/zz, 2005). Thus, gully erosion is a major haz-
ard especially for agricultural areas in the South of Farce
province. Consequently, the knowledge of the spatial dis-
tribution of gully susceptibilities is a valuable and useful
prerequisite to identify hazardous areas and to develop ef-
fective measures to cope with and eventually prevent soil
loss due to gully erosion processes. In this study we show
that terrain analysis and stochastic modelling are powerful
tools for the spatial prediction of gully erosion susceptibil-
ities. The topographic indices derived from high resolution
DEM allow to characterize the topographic constraints for
the development of gully erosion. Different authors showed
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FIG. 6 - Photo of Gully head cut sections in Southwest of Mazayejan plain.

that the location of gullies is strongly associated with topo-
graphy, and especially with the upslope contributing area
and slope degree: e.g. Koco (2006) analysed old perma-
nent gullies in the Bardejov basin in Slovenia, or Poesen &
aliz (2003) studied gullies in the Belgian Loess Belt.

In Iran Nazari Samani & a/zz (2010) illustrates the im-
portance of topographic indices such as contribution area,
slope or curvatures for gully erosion in Hableh Rood Basin.
However, most studies conducted on gully erosion in Iran
analyze single gullies in terms of morphology and stages of
gully development (Nazari Samani & aliz, 2009; Ahmadi &
alii, 2007; Sadeghi & Noormohamadi, 2011; Shahrivar &
alii, 2012) but there are no studies that stochastically pre-
dict the spatial distribution of gully susceptibilities. Beside
the prediction of the areas susceptible to gully erosion, the
model provides also information on the most important
environmental layers triggering gully erosion processes in
the Mazayejan plain. As expected, the most important to-
pographic indices like curvatures, slope and catchment
area depict concave morphologies and medium sized con-
tributing areas. The latter ones produce enough runoff
that concentrates (concave curvatures) and at a certain
point become turbulent and start eroding the substrates.
In our study area we found a threshold in the contribut-
ing (or upslope catchment area) of about 10 ha for the lo-
cation of the gull head cut points. Thus higher suscepti-
bilities in the upper parts of the drainage network gener-
ally indicate the point where the runoff becomes turbu-
lent under the given climatic conditions and hence often
head cuts are formed. This was also revealed by the field
work and mapping campaign conducted in the Mazaye-
jan plain. Moreover, the very good model performance
with AUC values of 0.95 for training and 0,94 for the test
data set suggests that gully erosion in the Mazayejan
plain seem to be only dependent on the topography. This
means that land use and vegetation as well as substrates
are very homogeneous. This is confirmed by fieldwork
showing a very homogeneous distribution of surface tex-
ture. Moreover, the land use is also not varying very much.
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The Mazayejan plain is mainly characterized by range land
and rain fed agriculture.

According to the proposed methodology we were able
to analyse the spatial distribution of gully susceptibilities
especially in areas with lacking ground data. Following our
methodology we identified and spatially predict gully sus-
ceptibilities using GE images and DEM derived informa-
tion as well as a mechanical statistics approach. With the
obtained results a proper management of susceptible area
is feasible since we know the triggering mechanisms and
the spatial distribution of susceptible areas.
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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.

D4 Michael Maerker
mmaerker @unifi.it; michael.maerker @ geographie.uni-tuebingen.de

Reza Zakerinejad

reza.zakerinejad @student.uni-tuebingen.de

Institute of Geography, Eberhard-Karls-University of Tiibingen, Riimelinstrafe 19-23,
72070 Tiibingen, Germany

Faculty of Desert Studies, Semnan University, Semnan, Iran

Dipartimento Scienze della Terra, Universita degli studi di Firenze, Piazzale delle Cascine 4,
50144 Florence, Italy

68 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11069-015-1700-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11069-015-1700-3&amp;domain=pdf

S26 Nat Hazards (2015) 79:525-S50

Keywords Soil erosion - Gully erosion - GIS - Data mining - Stream power index (SPI) -
USPED

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 cosa)/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 =10.524 (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 0.30 172.10 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 Myt 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\°
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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DEM (Digital Elevation Satellite Images (Landsat Soil samples of field work
Meodel) 10 m ETM, 2006) { SoilTexture)
Remove sinks & artefacts, low Atmospheric & B“‘F‘:‘P‘tic | (.'n:ghl;:n ‘J:‘}i;.;;mr
pass filtering (with SAGA 2.1) | correction (with Envi 4.3) (Renard ct al. 1996)
: s o ; 5 Target variable: Soil
Predictor variables: Topographic index & Multispeciral Landsat images erodibility factor (K-factor)
Prediction of soil crodibility | Boosted regression (TreeNet Modl)
(K-factor) L

Regionalization

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

Stream Power Index

.ll‘h
0 05 1 2 km
T T
 Lew
Drainage metwork

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

o 500
= y=0.1555x+ 45.31
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Fig. 6 Relationship between R-factor and elevation
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Fig. 7 R-factor layer of Mazayjan watershed
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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.
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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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Abstract

Tectonic activities in the Zagros Mountain significantly contributed to the formation of the
existing drainage systems and hence, to landscape evolution in the Fars province in the
Southwestern Iran. Soil erosion and severe gullying recently affect large parts of the
southwestern parts of the country. Neotectonics (Upper Quaternary) in form of earthquakes
and associated uplifting, fracturing and faulting are still active in large parts of the Zagros
range. In this paper we focus especially on the assessment of the vulnerability of geologic
formations to gullying induced by the effects of neotectonic processes. Recent tectonics cause
disturbances on the ground surface that propagate through the hydrological system triggering
also gullying. This research investigates the morphotectonics of the Mazayjan basin, which is
part of the Zagros Mountains in the Southwest of Iran, using terrain and stream profile
analysis. To the knowledge of the authors the mechanics of stream networks and erosional
process related to neo-tectonics are still poorly studied in the Zagros Mountains. The tectonic
features extracted from a geological map and validated with filed survey in the study area. An
investigation on the location of gully features like head cuts and stream profile knickpoints
reveals that the highly sensitive areas to gullying are related to areas with uplifting and
faulting. In this study we utilized the TecDEM software to identify knickpoints showing that
the abrupt change in the river profiles are located in the central part (Alluvial deposition) of

the catchment. Hence, the location of knickpoints indicates tectonic activity in turn changing
1
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the drainage network in the longitudinal profile. We illustrate that severe gully erosion is
strongly related to these tectonic processes, especially in the Southwest of the Mazayjan
catchment.

Keywords: Morphotectonic analysis, TecDEM, Zagros Mountain, GIS, Gully erosion

1. Introduction

The Zagros Mountain (ZM) belt extends about 1500 km from the Taurus Mountain southeast
of Turkey, through southwestern Iran, stretching till the strait of Harmoz [6]. The Zagros
morphogenesis is the morphotectonic expression of the Alpine-Himalayan subduction cycle
and hence, the collision of the Arabian and Iranian plates [51]. The landscapes in these areas
result from the complex combination of the effects of active tectonics like faulting and
erosional as well as depositional processes. The main structural architecture of the Zagros is
defined by the so called Zagros fold belt, which attains an average elevation of over 3000 m
a.s.l. [11, 51].

The morphogenesis of the ZM took place during the last 4-5 Ma with the opening of the Red
Sea [16] and related uplift processes in turn followed by soil erosion, transport and deposition
processes and the resulting forms and features. However, analysis of satellite images implies
the prevalence of North-South striking faults in the ZM [11, 22]. The strong connection
between slope morphology and erosion rates was revealed by geomorphologists already in the
late 18" century [18, 37]. Especially tectonic geomorphology explores the balance of erosion
and uplift [54]. However, only few researches have presented quantitative data related to the
assessment of such relations over spatial and temporal scales relevant to the evolution of
tectonically active landscapes [37] and only little research was carried out concerning the role
of neotectonics on gully formation in general but especially in southern Iran.

In the Zagros belt the main factors influencing soil erosion processes include geology,
tectonics, climate, topography and land cover. Active tectonics in these areas is involved in
the formation of landforms and drainage networks. Climatic factors influence the weathering
processes and the water availability for erosion and sediment transport [64]. Actually, the
tectonic activity in this area seems to have an important role in the evolution and intensity of

soil erosion processes.
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Digital Elevation Models (DEMs) are especially useful to analyze active regional tectonics
from topography [9, 71]. Nevertheless, some parts of the study area have already been studied
in terms of the general distribution of soil erosion processes using DEMs [34, 73].

Gully erosion is a very intensive form of soil erosion affecting soil fertility, degrading
agricultural areas and rangelands and also threatens infrastructures such as roads. Moreover,
soil erosion processes cause also the migration of the inhabitants of the affected areas. This
type of erosion represents an important sediment source and is an indicator of environmental
change [32, 48, 58]. Many researchers have shown that gully formation and expansion is
related to climatic change, topographic factors, anthropogenic and hydrogeotechnical
characteristics [13, 19, 74]. In some studies active tectonics were identified as the main factor
of the geologic formation and expansion of gully systems [17, 41]. Still, to the knowledge of
the authors there are no studies on the effects of tectonic activities on the process of drainage
network evolution in southern Iran. Hence, morphotectonic analysis and also studies assessing
the role of tectonics on gully erosion processes are lacking. Thus, this study aims at
investigating the effects of neotectonics on gully erosion processes and dynamics.

Reliable estimates of fault slip-rates are keys to understand the distribution of gully erosion
events and changing drainage morphology in active mountain ranges [14, 15]. Consequently,
the specific objectives of this study are threefold in terms of:

i) an evaluation of the role of tectonics on drainage systems.

ii) an assessment of different DEM resolutions (30 m, 10 m, and 5 m) utilized for the stream
network and geomorphotectonic analysis.

iii) an evaluation of the role of active tectonics on the spatial distribution of gully erosion
derived satellite images and aerial photos of the study area.

2. Study area

The study area is part of the Zagros folded zone and is situated in the Southwest of the Fars
province, Iran. Different tectonic phases and neotectonic activities are intensively affecting
this area. The region shows a complicated structure with numerous active tectonics and
deformation processes causing several large and intensive earthquakes in recent years. The
Zagros fold is a zone of active convergence between the Arabian and Eurasian plates [46, 51].
Hence, the landforms of the ZM reflect recent fault tectonics [11] stretching from the
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Northwest to the Southwest of the Iran. The Southwestern parts of the Zagros belt are subject
to active faulting and are about 100 km wider than the northwestern part of this fold belt [5].
In the Fars province, there are several right lateral faults that expand North-South following
the overall trend of the Zagros fault-and-fold belt [5]. Regional uplift represented by geo-
flexures indicates that the Zagros fold rose at a minimum rate of 1 mm/yr since the early
Pliocene [16]. Our study area, the Mazayjan (MZJ) basin , is located in the 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; Fig 1).

The study area covers ca 900 km? and is drained by the MZJ seasonal River that is the main
ephemeral river flowing from the West to the East of the basin.

The elevation is ranging from 671 m to a maximum altitude of 1969 m a.s.l.. The study area is
characterized by large alluvial fans in the southeastern part of the catchment. Moreover, a
large Precambrian salt dome dominates the landscape in the southwest and southeast of the
basin. According to the geology the largest part of the landscape is relatively young showing
active geomorphic features. The field survey in 2013/14 and an aerial photo interpretation
indicates immature topography in large part of this basin characterized by dynamic soil
erosion and deposition processes. The geology of the study area (Iranian National Survey
Mapping; 1:25000) is mostly belonging to Quaternary depositions (Qt) in the plain areas of
the central and northern parts. In the Southwest of the catchment the Bakhtiari formation (BK)
mainly consisting of Pliocene-Conglomerates is dominating the morphology. The Asmari
(As) formation with predominant limestone layers prevails in the western and northern parts
of the catchment. Upper Cretaceous succession was described in the Fars province as Tarbur
Formation by Wynd [72] which is composed by rudist limestone [2]. It occurs in a narrow
strip in the West of the study area. The Gachsaran Formation (Gs) is composed of chalky-
gypsiferous limestones to dolomites intersected by horizons of marls and nodular to
crystalline gypsum. The Gs formation is divided into Champeh (Cpm) and Mole (MIm)
members. These areas are more stable compared to the Agha-Jari formation (Aj). The latter
formation is composed of sandstone especially in the north of the catchment. Moreover, the
Ghachsaran (Grm) and the Guri (Grm)-Formations show riff sandstone morphologies whereas
the Hormoz formation (Salt plug) is characterized by salt domes and is widespread in the
catchment (Figl).
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Fig. 1. Study area: Geological settings of the MZJ catchment based on the geological map (1:25.000)

3. Materials and methods

In this study the analysis of neotectonics is mainly based on digital elevation models (DEM).
DEMs constitute an important spatial information source for different branches of earth
sciences [56]. DEMs are useful tools to analyse landscapes, thus, representing an active field
of research in geomorphological applications [25] DEMs can also be assessed to reveal active

regional tectonics from topography [9, 71].
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The preprocessing of a DEM for the extraction of topography parameters like slope, aspect
and curvature etc. is fundamental to guarantee a certain DEM quality to conduct the
neotectonic analysis. DEM preprocessing eliminates artifact and blunders or gross errors and
also reduces noise due to acquisition techniques or data fusion problems [67, 70]. In the
following the data preprocessing and DEM analysis utilized are described in detail. Moreover,
we conducted also fieldwork and aerial photo interpretation (API) to calibrate and validate the

DEM assessment.

3.1 DEM sources

Digital terrain analysis (DTA) is a process to describe the terrain in a quantitative form. DEM
derivatives are grouped in morphometric parameters describing; terrain units in terms of
hydrological processes, climatic processes, geological settings and geomorphological
processes [23, 36]. In fact a digital elevation model consists of finite points that collectively
describe a topographic surface [57; http://www.tecdem.org]. The quality of a DEM is very
important as it directly affects the quality of spatial modeling [23, 33]. In this study three
different DEM sources and resolutions were used:
1) The Advanced Space borne Thermal Emission and Reflection Radiometer
(ASTER) DEM with 30 m resolution, also known as ASTER GDEM.
2) A contour line based DEM (10 m resolution) generated from the official
topographic map (Iranian survey map organization 2006; 1:25.000 scale) using the
Spatial Analyst tools (Topo to raster function) in Arc map 10.2.
3) A stereo aerial photograph based DEM with 5 m resolution. The DEM was
generated using Agisoft PhotoScan software (Agisoft) and scanned 1:20.000 scale
aerial photographs. This software is an advanced image-based 3D modeling

solution aimed at creating high quality 3D content from images or aerial photos.
3.1.1 DEM generation from stereo aerial photographs
To generate the high resolution DEM we utilized stereo aerial photographs at 1:20.000 scale
(Iranian National Survey Mapping) having 60 % overlap. We processed the images with

Agisoft PhotoScan software (http://www.agisoft.com). Agisoft PhotoScan is commercial
software capable to generate completely automated alignments and 3D contents from
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overlapping. To calibrate and validate the model we collected ground control points (GCPs)
from satellite images of Google Earth. In this study the aerial photos coverage consists of 19
photos and 42 ground control points from satellite images based on SPOT 5 data—with 2.5 m
ground resolution.

Fig. 2: DEM of the study area derived with Structure from Motion Technology and stereo aerial photographs

3.2 Geomorphometric analysis

Morphometry is described as the quantitative measurement of a landscape shape allowing the
comparison of landforms [26, 52] Especially, geomorphometric indices permit a proper
assessment of fluvial systems in different regions of the world and in a variety of tectonic
settings [4, 27]. Actually, morphotectonics describe the interface of geomorphology and
tectonics or in other words the study of landforms indicating recent tectonic movements [20].
Hence, anomalies in landform distribution, stream direction, the form of channels and stream
profiles can be detected [7, 20]. In fact in many parts of Zagros a change in stream direction
or in slope gradient may be induced by by an ongoing tectonic activity [46, 49]

The latter plays an important role on the severity and intensity of soil erosion and deposition
processes [45]. There are different methods to evaluate the role of tectonics and lithology on
topography and drainage systems e.g. by stream longitudinal profiles or the analysis of basin
asymmetry and basin hypsometry. In fact, drainage networks or rivers are very sensitive to
tectonic activity, especially to uplift and tilting [65]. Consequently, there are distinct
relationships between topography, shape and denudation rates [28]. The active faults may

change the pattern of drainage networks. This can be assessed by field observations or with
7
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using satellite or aerial photos. The delineated indices are useful tools for assessing the
catchment evolution and also to detect contemporary tectonics in the catchment.

For the extraction of these indices we used TecDEM (http://www.tecdem.org), a toolbox
implemented in MATLAB [55, 57].

3.2.1 Asymmetry factor (AF)

Drainage basin tilting is significant to evaluate the basin asymmetry, which is an important
indicator of tectonic activities at the scale of a drainage basin [3, 26]. AF values under the
effects of active tectonics or strong lithologic control are significantly greater or smaller than
50 [26]. AF values close to 50 shows little or no tilting perpendicular to the direction of the

trunk channel. AF is defined as:

AF =100 (A / A) Equation (1)

Where, A is the area of the basin to the right of the trunk stream while facing downstream
and A: is the total area of the drainage basin. In this study we used the asymmetry
classification according to Equation 2 following [44]:

AF =100 x (A / A)-50 | Equation (2)

The AF is divided into four classes: AF< 5 (symmetric basins), AF= 5-10 (gently asymmetric
basins), AF= 10- 15 (moderately asymmetric basins), and AF>15 (strongly asymmetric
basins).

3.2.2 Basin Hypsometry Analysis

Hypsometric analysis is useful to understand the geomorphometric stage of a river basin and
to assess factors forcing the basin evolution [35] and is an index that is independent of the
basin area [25]. The basin hypsometry represents the relative surface of a watershed below or
above a given elevation [43].
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This index reflects the interaction between tectonics, soil erosion, climatic conditions and
lithology of a basin [24, 68]. The area under the hypsometric curve (Hypsometric integral)
(HI) [35] indicates the erosion process dynamics in a watershed [59]. Actually, the shape of
the hypsometry curve shows the evolutionary stage of a basin. As illustrated in Figure 3 the
curves with convex shape are related to young basin morphologies while basins with concave

curved shapes are more mature basins [1, 35, 62]
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Fig. 3: Three types of hypsometric curves — young, mature and old stages — showing toe, head and body [after
62].

The MZJ basin as part of the ZM is expected to have a quite young morphology characterized
by high erosion rates due to general uplift processes. In this study a simple and more common
equation for the HI among the different methods [3, 26, 59] has been used according to

Equation 3

Hypsometric Integral (H1): EleV mean - EleV min / EIeV max - EI&V min Equation (3)

Where, HI is the elevation—relief ratio equivalent; Elev mean IS the average elevation of the
catchment; Elev nin and Elevimax are the minimum and maximum elevations within the
catchment and the average elevation is gained from 50 points of elevation taken randomly
taken from the DEM [3].
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The hypsometry and the HI are used in classical conceptual geomorphometric models of
landscape evolution as follows: i) for HI above 0.60 the area is considered young; ii) for HI
ranging between 0.35 - 0.60 the area is in a steady state balance or mature phase and iii) HI
below 0.35 characterizes a Monadnock phase in landscape evolution [35, 57, 62]. The HI does
not have a direct relation with relative active tectonics [3]. In this study the hypsometric
curves for each of the 8 sub-catchments were extracted and the stream order after Strahler
[62] was determined (Fig. 5). We utilized the 4™ order streams extracted from the DEM,
which are corresponding to Strahler orders 3 and 4 in the topography map. 4™ order streams
are a compromise between the too dense lower order network and too big higher stream
orders. Figure 3 shows the different stages of river evolution according to the concavity and
the convexity index.

The skew and kurtosis values are used to compare the erosion phases in the different parts of
the study area. Skew represents the asymmetry of the normal distribution in respect to the
mean. The skew is 0, when the variable distribution is symmetrical. A positively skewed
distribution has scores clustered to the left, with the tail extending to the right. A negatively
skewed distribution has scores clustered to the right, with the tail extending to the left. A
positive value of the skewed distribution indicates an arithmetic mean elevation above the
median value while the negative skewness shows a higher value of median than mean.Positive
kurtosis is indicated by a peak while negative values are characterized by a flat distribution.
Both skewness and kurtosis are 0 in a normal distribution. Kurtosis values are used as a
measure of flatness of the distribution. Heavier tailed distributions have larger kurtosis
measures. The normal distribution has a kurtosis of 3 (peakness > 3 or flatness < 3) [43]. The
hypsometric skewness demonstrates the amount of headward erosion in the upper reach of a
basin and a large value of kurtosis signifies erosion on both upper and lower reaches of a
basin [21, 31].

3.2.3 Stream longitudinal profiles analysis

For this process the DEMs with 30 m (ASTER GDEM), 10 m (extracted from topography
map) and 5 m (extracted from aerial photos) were used. Stream longitudinal profiles are
useful tools to evaluate the change of stream topography. These profiles show the elevation
over the downstream distance [50]. In this study we calculated with TecDEM the longitudinal

profiles or channel slopes and the related catchment areas from the DEMs. Moreover, we

10
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determined the concavity (¢) and the steepness indices (ks). The relation between steepness
and concavity index is expressed by Eq. 4:

S=ksA® Equation (4)

Where S is channel slope, A is the upstream drainage area, € is the concavity and ks is the
steepness. Stream longitudinal profiles of 8 channels in the MZJ basin were extracted by
TecDEM. For this analysis, the DEM was hydrologically corrected to eliminating sinks using
the algorithm proposed by Planchon and Darboux (2001) [47]. In the next step the DEMs
were imported to the TecDEM toolbox running with MATLAB 2012. We generated the
stream network and the tectonic process following Shahzad & Gloaguen [57] [see also: 17,
57].

The concavity of the longitudinal profile of rivers is a general landscape feature [60]. The
local slope of a river is mainly depending on its discharge, width and substrates grain size
distribution [12]. Some studies show that & is relatively sensitive to tectonics or climate
conditions, and that ks is correlating with the rate of rock uplift [61; 69]. For this analysis the
longitudinal profiles and catchment areas were generated from the three DEMs (30 m, 10 m
and 5m resolution).

In the last step we use a semi-automatic approach in TecDEM to identify the knickpoints
along the longitudinal profiles of the 8 selected tributaries extracted from the DEM. The
TecDEM automatically calculates the concavity and steepness factor for each of the detected
knickpoints. Knickpoints reflect different environments and processes along the stream or
river network and are often caused by previous erosion or variances in lithology or tectonic
activity. The rate of knickpoint migration is often used as an alternative measure for the
required time to return to a new balance after tectonic changes [30] with the related erosion
transport and deposition processes [54] Although the rate of knickpoint migration is
depending on the lithology and the climate generally knickpoint migration rates vary between
0.001 and 0.1 my™* [e.g. 66].

3.3 The role of active tectonics on gully erosion
Gully erosion is one of the dominant types of water erosion primarily in arid and semi- arid

areas in large parts of Iran, but especially in the southwest of Iran [38, 63, 73]. Gully erosion
11
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is an important source of sediments that are effectively conducted to the channel network.
Gully systems destroy vast agricultural areas in southwestern Iran. Particularly in the MZJ
basin gully erosion processes are the predominant type of water erosion especially in the plain
areas in the south and southwest of the catchment [74]. Although there are a lot of factors
driving gully erosion such as land use change, climate change, high soil erodibility and
specific topographic conditions, the role of tectonics, even though an obvious driver in the
geomorphology of the ZM, have widely been neglected. In the MZJ basin uplift processes
may be responsible for the changing base levels of the mayor tributaries. Hence, we assessed
the spatial distribution of gully erosion features in relation to uplift and fault processes
especially in the alluvial flat areas of the basin. The spatial distribution of gully systems in the
MZJ basin was mapped according to SPOT 5 satellite data with 2.5 m resolution, aerial
geomorphometric (1.20.000; Iranian National Survey Mapping 2006) and a field survey in
2013/14. Finally, we overlay the spatial distribution of gully locations with the results of the
tectonic analysis in terms of knickpoint locations and potential fault lines to reveal spatial

correlations.
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Fig. 4: Flow chart showing the applied analysis steps to assess the relation between tectonics and gully erosion

processes

12

106



4. Results

We calculated the basin asymmetry for the eight 4™ order subcatchments and one 5™ order
catchment as shown in Figure 5. The calculated AF values indicate a moderate to strong
asymmetry of the subbasin as shown in Table 1 and Figure 5. The values of AF vary from
10.34 for the 5™ order basin (subbasin 9) over 10.43 a moderately or gently asymmetric 4™
order basin in the Northeast (subbasins 8) to 19.60 indicating a strong asymmetry in the West
(subbasin 1). Strong asymmetries are also reported for subcatchments 5, 6 and 7.
Consequently, strong tectonic activity can be supposed especially in the Southern and western
parts of the catchment. The basin asymmetries also yield information about the prevailing
direction of tilting. As shown in Figure 5 the tilting directions point towards the south in the
Western, central and southern parts and into northern directions in the East and central
western parts of the of the study area. This is in line with the geological surveys conducted in
the area and reported in the geological maps.

Tab. 1: Asymmetry factor (AF) of sub-basin in the study area

Basin Area(ha) AF Class of AF

No.

1 20.54 19.6 strongly asymmetric

2 31.26 11.90 moderately asymmetric
3 21.09 10.91 moderately asymmetric
4 23.93 12.50 moderately asymmetric
5 26.54 18.01 strongly asymmetric

6 19.49 15.46 strongly asymmetric

7 53.7 17.96 strongly asymmetric

8 18.2 10.43 moderately asymmetric
9 49.10 10.34 moderately asymmetric

13
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Fig. 5: Tilt direction according to the basin asymmetry analysis for 4"/5" order streams and the related
asymmetry factors. Black outline indicates the MZJ catchment used for specific stream longitudinal profile

analysis.

Apart of the basin asymmetry, we calculated also the basin hypsometric indices as illustrated
in Table 2 and Figure 6. The HI for the south and south western parts of the catchment is
almost 0.60 indicating an active phase of soil erosion while in the North the values are lower
than 0.30 pointing to a Monadnock phase in landscape evolution (see Tab. 2). In this study the
skewness varied from 0.47 to 2.48 while the kurtosis varied from 3.00 to 12.32. The higher
values are related to the sub-catchments in the South and southwestern parts of the study area
while the low values occur in the northern parts. However, kurtosis and skewness indicate
subcatchments with prevailing erosion processes in both upper and lower parts of the
subcatchments. Figure 6 and Table 2 show the hypsometric indices for all sub-catchments
indicating a general differentiation between North, South and Southwest of the catchment. For
example in the basin No. 3, in the Southwest of the study area, the hypsometric graph shows a
convex shape (young stage) while the sub-basin No. 6 and 8 in the North and West of this
catchment shows a concave shape (mature stage). The kurtosis values indicate generally
strong erosion process dynamics in all sub-catchments but especially in sub-catchment 1 and
7. Values of the skewness index are ranging between 0.61 and 2.48. This parameter shows
positive value in the entire study area. The highest value of this index is shown for the sub-
catchments 1 and 7 and the lowest value for the sub-catchment 2 (Fig. 6 and Tab. 2). In other
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words the value of this index show high tectonic activity especially in the Southern and

southwestern parts of the study area.

Tab. 2: Hypsometric parameters for the sub-catchments of the study area (4" order catchments)

Basin No. Hi Skewness Kurtosis Profile shape
1 0.59 2.32 10.58 Convex

2 0.12 0.99 3.00 Concave

3 0.05 1.39 4.77 Concave

4 0.59 0.61 3.51 Convex

5 0.59 0.61 3.51 Convex

6 0.66 1.29 5.36 Concave

7 0.78 2.48 12.32 Convex

8 0.16 0.94 3.45 Concave

stream network 0 375 75 15 km
; 2 S T N IS S |
E Mazayjan basin

Fig. 6: Hypsometry index (H1) for the eight 4™ order basins and one 5th order basin (No.9). Black outline is

indicating the MZbasin used for the detailed analysis stream longitudnal profiles

The hypsometric curves of the eight 4™ order basin, illustrated in Figure 7, indicate juvenile
evolutionary stages of the basins No 1, No. 5 and No. 7. The basins of tributaries No. 2, No. 4
and No. 6 are seem to be in stage between juvenile and mature (see Fig 7). Tributaries No. 3

and No. 8 show a mature to Monadnock stage of evolution.
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Fig. 7: Hypsometric curves for the 4™ order catchments (H = maximum elevation difference of the basin; h =
height of a given point in the basin; A = total area of the basin; a = surface area within basin above h).

However, especially the juvenile 4™ order subcatchment No. 5 is related to the occurrence of
gully systems that are further spreading into the 5" order catchment No.9. Hence, in the
following we concentrate especially on these high dynamic young subcatchments No. 9 and
No. 5. We analyze the longitudinal profiles in detail and particularly assess the knickpoints

along these longitudinal profiles.
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Fig. 8: Analyzed 4" order streams (No. I-VI11) and the related knickpoints (green dots). Black lines illustrate
fault systems. Black dots show the existing gully systems.

Even though, there are many other parameters like topography and soil characteristics
triggering gully erosion processes in the MZJ basin [34, 74] it seems that there is a close
relation to the fault systems and hence tectonic processes especially in the west and southwest
of the Mazayjan basin. In order to assess this relation we investigate in detail the longitudinal
profiles of seven tributaries within the MZJ catchment as illustrated in Figure 8. Particularly
we focus on the tributaries draining the gully areas. The investigated tributaries are reported
with roman numbers in Figure 8.

Figure 8 shows the location of the digitized gully systems and the fault locations derived from
the geological map. According to the field survey, aerial photography and satellite images, the
MZJ basin is heavily affected by gully erosion especially in the South, southwest and in some
part of the Northern study area. However, Figure 8 reveals that gully erosion features are
located in the direct vicinity of the fault lines and mainly within the lower parts of the MZJ
catchment in alluvial Quaternary deposits.

Longitudinal profiles of the 7 tributaries of the MZJ catchment were extracted with concavity
and steepness indices (Fig 9/10). The concavity and steepness indices for each segment of the
profiles are illustrated in log area - log slope plots. In this study we utilized a normalized
steepness (¢ = 0.45) as suggested by Schoenbohm et al. (2004) [53] to compare the concavity

indices.
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However, the analysis showed that the DEM with 10 m resolution from the topographical map
(1:25000) and the 30 m ASTER GDEM do not have a proper quality due to artifacts and
errors and hence, tectonic processes cannot be assessed adequately. Especially, the flat valley
bottom areas are not represented well with these DEMs due to terrace effects (contour line
interpolation) or noise (ASTER GDEM). Consequently, the extraction of stream profiles and
knickpoints was only conducted with the 5m stereo-aerial photography based DEM. Fig. 9 is

showing the effects of the low quality DEMs on the longitudinal profile analysis.
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Fig 9: Example of the low quality DEM effects on the stream profile analysis (Left: 30m ASTER GDEM Right:
10m topographic map based DEM; upper part: Longitudinal profile and cumulative catchment area, Bottom: Log

area- log slope data),

Figure 10 shows different profiles and knickpoints position for the 7 selected tributaries in the
MZJ catchment study area. According to these diagrams we identified different trends of
concavity and convexity in elevation- distance profile (top) as well as the concave trends in
the log area - log slope graph (bottom). According to Figure 10 for example in longitudinal
profile No. 111 there is a concave and convex trend. The convex section starts around 3.5 km
below the initiation of the stream. Therefore, we compared this profile with the tectonic map
of the study area showing uplift in this section. Since the geology and tectonics are very

important as indicator for the knickpoint location and migration. The geological map (1:
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25.000) was overlapped to reveal if knickpoints are related to changes in the lithology or
related to faulting effects. Generally, the geologic map indicates homogenous alluvial
sediments in the plain areas predominantly characterized by gully erosion features. Figure 8
reveals that knickpoints are identified for all seven profiles. Profiles Nos. IV and VII are
characterized by two knickpoints. The knickpoints of the profile Il and IV are directly related
to gully areas. Moreover, the geological map shows that these areas are quite homogeneous
and belonging to alluvial deposits. Hence knickpoints seem to be influenced by tectonics and
not by lithology. The other catchments also show knickpoints related to fault lines such as I,
V and VII but these are not clearly related to gully systems and characterized by other
formations. Profile No. | and VI show no clear connection to fault lines. However, the
knickpoints are closely related to fault lines and hence it seems that the knickpoints did not
retreat much except profile No Il where a head ward movement seem to be very likely.

Tab. 3 Steepness and concavity

Stream No. Concavity (0) Steepness (Ks)
| 0.42 14.75
I 0.69 18.16
1l 1.18 22.77
v 2.52 13.83
\% 1.10 7.64
VI 3.01 32.09
VII 0.41 27.31
Mean 1.48+0.40 18.207+1. 8

Table 3 shows the concavity (0) and steepness indices for the selected stream profiles.
Generally, concavity is relatively sensitive to tectonics or climate conditions, and steepness
(ks) is correlating with the rate of rock uplift (61; 69). Since the climate throughout the MZJ
catchment is quite homogeneous the concavity index mainly points to tectonic activity. The
highest concavity values are 3.01 for stream profile No.VI and 2.52 for stream profile No VI.
Both catchments are characterized by gully systems in the lower parts and two mayor fault
lines, while the lowest concavity values are reported with 0.42 for stream profile No. |
draining the salt dome and 0.41 for catchment No VII draining the northeastern parts of the
MZJ basin.

The highest values for the steepness index are 32.09 at profile No V and 7.64 respectively for
profile No. VI (Tab. 3). The steepness is higher than 14 in all profiles except profile No V.
According to these result most drainage systems in the MZJ catchment indicate high uplift

19

113



rates. However, the high steepness and concavity values in the South, Southwest and central

part of the MZJ basin point to higher tectonic deformations in this part of the study area.

While the Eastern tributaries Nos. | and VII show less tectonic influence.

Since the climatic conditions are almost similar throughout the MZJ catchment the differences

can be attributed to lithological or tectonic factors.
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Fig. 10: Stream profile analysis (Top: Longitudinal profile and cumulative catchment area, Bottom: Log area-

log slope data) and knick points as red points.
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5. Discussion

In this investigation we tested different DEMSs in order to assess the morphotectonics of the
MZJ catchment. We have shown that DEMs with errors and artefacts or low spatial resolution
like the ASTER GDEM or the one created from the 1: 25000 scale contour lines are not
suitable for our analysis. Especially in the low land areas these DEMs are not sensitive
enough to get proper results to prove tectonic activities related to small changes in elevation.
Particularly the ASER GDEM showed a lot of noise and terrace effects on the entire selected
tributaries streams. It seems that the artefacts are due to interpolation errors and/ or the
sensing techniques. Especially the optical sensors like ASTER produce noise effects due to
the fact that the vegetation like bushed and shrubs are included in the DEM. Hence, we
utilized in the further analysis only the highest resolution DEM with 5 m based on aerial
photographs. Even though it is also based on optical data the spatial resolution is higher and
hence vegetation effects are more restricted and thus, less influencing.
The analysis of basin asymmetry and hypsometry that was performed on a wider area of the
ZM around the MZJ basin illustrates the prevailing direction of tilting. As shown in Figure 5
the tilting directions point towards the South in the Western, central and southern parts and
into northern directions in the East and central western parts of the of the study area. This is in
line with the geological surveys conducted in the area and reported in the geological maps and
hence reveal the high tectonic activity in the entire area. The basin hypsometry analysis
indicate an active phase of soil erosion especially in the South and South western parts of the
catchment while in the north the values point to a Monadnock phase in landscape evolution.
The kurtosis values specify generally strong erosion process dynamics in all sub-catchments
but especially in sub-catchment 1 and 7. Generally kurtosis and skewness indicate high
tectonic activity especially in the southern and southwestern parts of the larger Zagros
Mountain study area.
However, having a look at the smaller 4™ order tributaries of the MZJ basin, mainly
consisting of catchments No 5 and 9, it was shown that the active and dynamic process in the
MZJ basin have affected the stream network and also the sub-catchment areas. Especially we
reveal the role of active tectonics on the spatial distribution of gully systems for longitudinal
profiles No Il and 1V. Comparing the fault lines and gullies location in the catchment it was
shown that more knickpoints are approximately near to fault lines in the Southwest and
North-east of the catchment. Since the climatic conditions do not changed much and also the
22

116



geology of the valley bottom areas are quite homogeneous it seems that the tectonic processes
control the watershed dynamic in terms of knickpoint development and migration. The
convexity and concavity of the hypsometric curves can be used as a powerful tool for the
assessment of the erosional phase of each sub-catchment. With the steepness and concavity
index we identified areas with high erosion dynamics. The hypsometry curve index seems to
be a useful tool to determine active tectonic dynamics especially in the West and South of the
study area.

Tectonic activities may be driver or amplifier of processes like land sliding, and gully erosion
[8, 10]. Although many researchers around the world and specifically in Iran have focused on
the role of anthropogenic and climatic effects on soil erosion and especially gully erosion [6,
34, 38, 39, 40] there are only a few or no investigations revealing the role of tectonics as a
driver for gully erosion. In recent years especially soil erosion processes are intensified due to
various reasons causing severe problems for inhabitants coming along with serious damages
to agriculture and range land particularly in the South and Southwest of Iran. As we show, the
erosion processes may also be amplified by the high tectonic activity in these areas. Since
knickpoint migrations seem to be very slow the activities can be considered as neotectonic

origin.

6. Conclusions

In this study a morphotectonic analysis of the MZJ basin in southwestern Iran was carried out
using a high resolution DEM (5 m) based on stereo aerial photography. The lower resolution
DEMs such as ASTER GDEM (30 m) and the one based on the topographic map 1:25.000
(10m) do not show a proper quality to perform small scale tectonic analysis. Consequently,
the best results of the morphotectonic analysis were achieved by the 5m stereo aerial
photograph DEM. The analysis was finally carried out based on automated tools and software
like TecDEM, Agisoft and GIS analysis.

The obtained results on the basin asymmetry and hypsometry, the morphology of the stream
longitudinal profiles and the field survey suggest that active tectonics is an important factor
for gully evolution. Fault lines and knickpoints are clearly related to areas with high gully
density. Especially the lower alluvial flood plains seem to be affected as shown for the profile
No Il and 1V. However, due to the fact that these areas are characterized by very small
elevation differences only the highest DEM resolution of 5m was able to detect these features.
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Our study illustrates that there is a clear spatial correlation between tectonic activity in terms
of fault lines and knickpoints and gully erosion features. As we show, the erosion processes
may also be also amplified by the high tectonic activity in these areas. Since knickpoints

migrations seem to be very slow the activities can be considered as neotectonic origin.
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Abstract: Soil erosion in arid and semi-arid areas in Iran is a major environmental

threat. Soil erosion in form of gullies is very common especially in the South and

Southwest of Iran. According to previous research in the area the influence of lithology,

vegetation density, climate change as well as land use and land cover change are

effective drivers for soil loss in general and gully erosion in particular. The overall

objective of this research is to assess the relation between substrates, lithology and gully

spatial distribution in the Mazayejan (MZJ) basin in southwest of Iran as a part of the

Zagros Mountains (ZM). In this study, data was collected by field survey, aerial photo

interpretation, and ASTER (Advanced Space borne Thermal Emission and Reflection

Radiometer) multispectral image analysis. The spatial gully susceptibility modeling was

performed with a GIS-based statistical mechanics model (Maxent) taking into account

the factors most likely influencing the spatial distribution of gully erosion like proper

bands ratios from the ASTER images. The results show that the multispectral analysis

of the ASTER data yield valuable results in terms of mineral differentiation in the

Zagros Mountain area and hence, can be utilized as a useful tool for lithological

mapping. Using a statistical mechanics approach we assessed the relation between

existing gully locations and the combinations of predictor variables consisting in

topographic indices and ASTER band rations. The spatial prediction show that gullies

have a high probability in areas with high amounts of salt, gypsum and marl especially

in the plain part of the study area. The model performance showed a very high accuracy
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both for train and test data. The spatial prediction shows a concentration of gully
erosion in the areas of eolic sediments on top of alluvial substrates.

Keywords: Gully erosion, ASTER data, GIS, lithology
1. Introduction

Gully erosion is one of the most serious types of soil erosion and land degradation in
agriculture and range land especially in the south and southwest of Iran (Wasson et al., 2002;
Masoudi & Zakerinejad 2010; Shahrivar et al., 2012; Zakerinejad & Maerker 2014). This type
of water erosion is aggravated by climate and socioeconomic changes. The diversity and the
impact of various factors driving the formation and development of gully erosion show a high
variety and thus the understanding of the most important drivers on gully initiation and further
extent is an important need for land use management and soil erosion protection.

Many researchers studied the factors and mechanism that are affecting gully events and
process in many parts of the world especially in arid and semi-arid areas (Ghodosi 2006;
Kheir et al. 2007; Sharivar 2009; Samani et al. 2010; Zakerinejad & Maerker 2015). This type
of water erosion usually is caused by several factors acting at the same time or sequentially to
degrade the soil in susceptible regions. Especially areas with low vegetation and a high
amount of silty soils are affected. Most gullies occur in not consolidated materials such as
colluvial or alluvial, deeply weathered substrates (Conoscenti et al. 2008; Frankl et al. 2012)
or eolic deposits like loess formations. Moreover, soils prone to piping and tunneling such as
dispersive soils (Shahrivar et al. 2012; Valentin et al. 2005, Faulkner et al. 2003) often show
gully erosion features.

Some factors such as erodibility of geological formations, terrain parameters (egg. SPI, flow
accumulation, transport capacity), Neo-tectonic effects and land use/ land cover changes, as
well as climate change, are considered the main drivers for gulling in many arid and semi-arid
areas but in particularly in large parts of Iran (Onwuemesi 1990; Obiefuna & Adamu 2011;
Zakerinejad & Marker 2014; Zakerinejad & Maerker 2015). In this area gully erosion is more
developed in the pediment and flat areas and low angled slopes because they receive high
volumes of runoff from upslope and often they are digging into already deposited
unconsolidated material (Ahmadi 2007).

Moreover, chemical aspects such as critical values of Na" have negative impacts on aggregate
stability. Hence, high amounts of the Sodium Absorption Ratio (SAR), electric conductivity
(EC) influence gully erosion processes especially in soils of arid and semi-arid environments in
Iran (Kemper & Koch 1966; Servati 2008; Shahrivar et al. 2012).
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However, a comprehensive study of the role of lithologic and substrate thresholds influencing
gully initiation are important to understand the spatial distribution of gully features. In this
study, we will focus on the influence of the lithology and surface- substrate on gully erosion
in the MZJ catchment in the southwest of Iran using a stochastic modeling approach taking
into account ASTER spectral bands and band ratios as proxies for the lithological conditions.
However, the role of the lithology on gullying, can only be assessed with a detailed
lithological map representing an essential background information for land use planner and
hence, a proper management of the susceptible area.

Available geological and lithological maps were generated by the Iranian National Petroleum
Organization (INPO) with a scale of 1:100.000 in 1954 and were mainly developed to identify
different formations containing oil resources (Samani et al., 2009). These maps are generated
with large scales and thus, not very accurate in the details in many part of Iran. Nevertheless,
there has not been generated a more detailed geological map since then. Therefore, we
utilized remote sensing data to get detailed information about the lithology and especially
more precise information for the gully erosion assessment. In this study we used ASTER
spectral bands to derive detailed information on the litho-geological settings as many
applications in arid and semi-arid area have shown (Omran et al. 2012; Matar & Bamousa
2013).

The study area conditions represent a good starting point to examine the suitability of
different ASTER band ratios to map each rock unit. ASTER data are frequently used to assist
in geologic mapping (see: Omran et al. 2012; Wynn et al. 2011; Matar & Bamousa 2013 &
Bachofer et al. 2015). Consequently, the present study aims at proposing suitable ASTER
band ratios appropriate to differentiate between different rock units in order to evaluate the
correlations between gully locations and mineral contents. A further objective of the study is
to estimate the potential areas for gully erosion processes, forms and features in relation to the
lithology and mineral components using a statistical mechanics model that allows for a spatial

prediction of the gully erosion susceptibility in the entire Mazayjan (MZ2J) catchment.

2. Study Area

The study area is located in the MZJ catchment of Fars province, Southwestern Iran (54°34' to
54°44'E and 27°59' to 28°5'N; Figure 1). The area is located in the Zagros Mountains (ZM)

close to Zarindasht city. The ZM belt extends for 1500 km from the Torus mountain southeast
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Turkey, through southwest Iran, ending near the strait of Harmoz at the mouth of Persian
Gulf.

This area is characterized by an arid climate with almost 230 mm average annual precipitation
and a mean annual temperature of 16.5°C. However, field survey reveals that pediment and
alluvial areas mapped as Quaternary deposits in the central part of the catchment, based on the
1:25,000 geological maps show significant more mapped gully systems. These gully systems
in turn provide high amounts of sediments, which are transported into river systems or
deposited in reservoirs and check dams within the catchment. The study area is characterized
by very scarce vegetation. Lowest elevation is 690 m and the highest peaks of the ZM of the
study area are 1969m. Most of the gully features occur on the pediment areas with low slope

and alluvial sediments (Zakerinejad & Maerker 2014).
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Figure 1 Study area: MZJ catchment and its lithological map (1:25.000)

3.1.Satellite Data

The multispectral Advanced Space borne Thermal Emission and Reflection Radiometer
(ASTER) or ASTER sensor is a joined collaboration between NASA and Japan’s Ministry of
Economy. The sensor carried by the TERRA satellite launched in December 1999 1999
(Fujisada 1995; Matar & Bamousa 2013) has 14 bands that covers a vast spectral range, with
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three bands in the Visible and one band in the Near Infra-Red with 15 m resolution (VNIR)
and six bands in the Short Wave Infrared with 30 m resolution (SWIR) as well as four
Thermal Infra-Red (TIR) bands with 90 m resolution (Fujisada 1995). The ASTER data of our
study area was acquired on 28- 02-2006. Each scene covers about 60 km x 60 km. In general,
the Short Wave Infrared bands were used for the discrimination of minerals or rock types
(Yamaguchi et al., 1998). Firstly, the acquired data with compacted bands were separated and
then processed conducting radiometric and geometric corrections (Bachofer et al. 2015). The
scene used in this research is an ASTL1B-14 bands—from 2007. The data was projected in
UTM zone 40 (WGS 84) and orthorectified using a DEM. The scene covers an area of 60 by
60 km (3600km?) and hence covers the MZJ completely. The proposed procedure for mineral
enhancement of the study area using ASTER data mainly relies on the SWIR bands 4, 5, 6, 7,
8 and 9. The spectral ranges of the 30 m resolution SWIR bands are: 1.600-1.700 um (band
4), 2.145-2.185 pum (band 5), 2.185-2.225 um (band 6), 2.235-2.285 um (band 7), 2.295-
2.365 um (band 8) and 2.36-2.43 um (band 9).

3.2. Lithologyof the Mazayjan River catchment

The geology of Harmoz is discussed by many authors such as Hull and Warman (1970), Gill
and Ala (1972), Falcon (1974), Kashfi (1980), Bahroudi and Koyi (2004), Edgell (1996) and
Bosak et al. (1998). The study area includes many rock types which can be subdivided
according to their age into Precambrian rocks and Phanerozoic rocks. In this chapter the
geology of the basin is summarized in respect to the occurring rock types and it’s forming
minerals.

Lithologically, the study area is subdivided into two main rocks units (Figure 1). The first unit
consists in Precambrian rocks which are covered by the salt plugs or glacier salts with an area
about 109 km?. The plug is composed mostly of brownish gray to purple gray, sometimes pale
red, purple or reddish brown siltstones. The past reductive environment helped to form
minerals like pyrite. The Halite commonly occurs at plug margins. Crystalline gypsum occurs
most often in brecciated forms with fragments of shales, light-colored limestones and grayish
brown siltstones. Dark gypsum with organic admixture and local intercalations of iron
compounds are common. Mineralogical, the slat plugs are covered by weathered minerals
such as clay minerals, ferriginated minerals and some relicts from gypsum and halite at the
distal part of the dome features.
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The second rock units represent the Phanerozoic rocks which are mainly sedimentary rocks
that are formed from Cretaceous to Quaternary age with a total area of ca. 1300 km?. The
main lithological formations from Phanerozoic rocks are outcropping with predominant
occurrence in the study area; the oldest rocks represent Oligocene to Lower Miocene age
named as Asmari Formation. It covered about 200 km?of the study area. They consist of
dolomitic, in places even of dolostones and sandstones at the basal parts while the upper parts
are composed of limestone that differentiated from nummuliticgrain stones to fine-grained
pack stones. The Gachsaran Formation range from Lower Miocene to Pliocene. This
formation is composed of the evaporitic Guri Member, the carbonate Champeh Member and
the clastic-evaporitic Mol Member. Mishan Formation rocks (Lower to Middle Miocene)
consists of bedded limestones, often chalky with an argillaceous admixture at the basal parts,
while the upper parts are composed of mostly green marls, in places slightly gypsiferous with
silty sandstone, sandy mudstone and sandstone inter beds.

The Upper Miocene to Pliocene rocks represents the Agha-Jari Formation. These rocks
consist of an alternation of sandstones, mudstones to shales and sandy siltstones. The
youngest formation represents the Bakhtyari Formation (Upper Pliocene to Pleistocene). This
formation consists of pebble to boulder conglomerate with subordinate cross-bedded
sandstones and sandy siltstones. Quaternary deposits have a large areal distribution of about
470 km®. Quaternary sediments are represented mostly by complex alluvial systems which
formed by coarse-grained - boulder conglomerates to gravels, often cross bedded with minor
sandy interbeds. There are a higher proportion of soft shales to marls, gypsum and anhydrite
where the weathered materials are derived from Miocene- Pliocene rocks. These sediments

are enriched with gypsum, clay minerals (Kaolinite) and salt minerals (halite).

3.3. Rock differentiation using remotely sensed data

The analysis depends mainly on the discrimination between the existing rocks types using
their mineralogical composition as illustrated in the processing workflow (Figure 2). The
highly concentrated minerals within the rocks types are used to discriminate them. Band
rationing has been widely used for lithological mapping due to its proven ability to produce
distinct differences corresponding to the occurrence of the minerals given by certain band
ratios. The majority of fractional values are between zero and two or three. Thus for visibility
reasons the ratios are often rescaled to produce ratio images with higher contrast. Which band
ratio is particularly suitable for enhancing a certain rock type or mineral depends on the
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dominance of the mineral in the reflected data. Spectral signatures give useful hints to decide
about the bands used for rationing. Combinations of three band ratio images can be visualized
as color composites. Features or minerals show up in distinct colors in these stacked ratio
images. The question concerning which band ratios or band ratio stackings enhances the
visibility of a particular rock type is analyzed and discussed extensively in the next section.

The selected minerals are chosen based on the previous mineralogical studies of this area and
field visits. We decided to use the calcite mineral to distinguish Oligocene—Lower Miocene
carbonate rocks (Asmari and Gachsaran formations), Hematite and Pyrite minerals to
characterize Precambrian rocks (Salt Plug) and Glauconite, Gypsum and Kaolinite to
discriminate between Upper Miocene to Pliocene rock sandstone rocks (Agha-Jahri
formation) and Middle Miocene rock (Mischan formation). The selected band ratios depend
on their ability to identify the spatial signature of minerals characterizing the rock unit. The
reflectance spectra of minerals are well known and catalogued, e.g. USGS Digital Spectral
Library (Clark et al., 2007). The fact that rocks are a complex mixture of materials limits the
direct utilization of these spectra in remote sensing analysis. The use of the spectra is further
reduces by the fairly broad band width and the low number of spectral bands of ASTER. The
challenge for the Remote Sensing approach is to analyze the reflectance of the mineral mix
recorded by the ASTER bands (Omran et al. 2012).

To increase the degree of automation within the mapping process we employed image
classification methods. An unsupervised classification is used to show the different
sedimentary classes in stacked layers even though the results are not always optimal.
However, applying this classification in specific cases where no data or only inaccurate data
are available it might be a very useful procedure to identify different lithology components.
Actually, due to a lack of ground truth information in the study area we applied an
unsupervised classification to get a first idea of the spatial distribution of the lithological
units. Moreover, there are similarities of the mineral compositions between different rock
formation as Agha-Jahri sandstone formation and Bakhtyari conglomerate formation making
it difficult to distinguish between them. Therefore, the analysis of the study area includes six
sedimentary rock units. Namely: these are the Asmari, Agha-Jahri, Mischan, Gachsaran
formations, Slat Plugs and quaternary rocks. Spectral indices derived from the ASTER VNIR
and SWIR bands could help to figure out different mineral compositions and also to
emphasize the spectral differences of target objects (Bachofer et al. 2015). In this study a band
ratio stacking with the following ratios 4/9-4/6-9/8 is used for differentiation between the six
sedimentary rock units. For a better understanding of this stacking the band ratio images are
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discussed in the context of the spectral signature of the dominant minerals. In consequence,
the band ratios with SWIR bands have been used for the prediction of the susceptible area to

gullying according to the respective lithology information (Figure 2).

ASTER data
Phanerozoic Rocks Precambrian Rocks
Data mining: | | _
Maxent model
Band Ratios

oo

B

Figure 2 Flow chart of the applied methodology
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3.4. Stochastic modeling of gully erosion

In this investigation the Maximum entropy model or short Maxent Model (MEM) (Phillips et
al., 2006) was applied to predict the spatial distribution of gully susceptibilities and to reveal
the most influencing triggering factors. Generally, data mining techniques are powerful and
useful methods to identify susceptible areas prone to gully erosion using different
environmental layers. Here we use version 3.3.3k
(http://www.cs.princeton.edu/~schapire/maxent/) to assess the environmental relations
responsible for the spatial distribution of gully erosion features. The model requires presence
only data and a set of environmental variables that are spatially continuously distributed
(Zakerinejad & Maerker 2014). In this case the probability distribution of gullies are
estimated using the presence of gully features and environmental predictor variables
(continuous or categorical) that are delineated form ASTER spectral information (single
bands and ASTER band ratios). MEM was successfully applied in environmental studies
dealing with presence only data (Elith et al. 2006; Howard 2012; Vorpahl et al. 2012;
Hosseini et al. 2013; Zakerinejad & Maerker 2014). In recent studies the method was used to
predict the spatial distribution of soil erodibility, landslides and gullies using terrain
parameters as independent variables (; Maerker et al. 2014; Zakerinejad & Maerker 2015;
Mahamane 2015).

Essentially, in this study the MEM approach was used to classify gully erosion processes and
also to define the relationship between spatial data sets of driving factors (independent
variable) such as lithology/ substrate proxies and gully features (dependent variable). We
selected the six spectral bands of the SWIR system and band ratios of SWIR (Figure 2) as the
most important input features for the analysis. Finally, MEM vyield also information on the
impact of each predicator variable for the final model. Moreover, we analysed partial
dependency plots as univariate response curves for each continuous predictor variable as a
basis for interpreting the effect of predictors. MEM was trained and tested using a sample of
80% and 20% of localities (cases) respectively showing gully erosion phenomena. The gully
features samples were collected from the aerial photos (2003), Google earth GE image
(SPOT, 5m) and field survey at different locations of the study area in 2012.

3.5. Environment layers (independent variables)

For this study we set the ASTER SWIR bands (4-9) and band ratios (4/6; 4/9; 9/8) as
environment layers (predictor variables) in the MEM approach (see also 45). The layers were
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post processed and transformed into ascii raster data with the same spatial reference (WGS84,
Zone 40) and resolution (30 m) using SAGA 2.0.3 software.

3.6. Model Validation

It has been evaluate the performance of the model using the receiver operator characteristic
(ROC) curve for training and test data. Values near to 1 indicate that the model prediction is
perfect, while values near or below 0.5 indicate random prediction (Phillips & alii 2004). In
an ROC curve the true positive rate (sensitivity) is plotted over the false positive rate (1-
specificity) for all possible cut-off points (Swets et al. 2000).According to Hosmer and
Lemeshow (Hosmer), AUC values exceeding 0.7/0.8/0.9 indicate
acceptable/excellent/outstanding predictions. The contribution of the most important variables
for the model is illustrated in the variable importance graph. Moreover, a Jackknife graph is
exploring the variables which had the greatest contribution to the generation of the
distribution model and its importance when used alone (Phillips et al. 2006; Elith et al. 2011).
Finally we also show the most important variables plotted as susceptibility/probability over
the variable parameter range. Hence, identifying the relevant parts of the specific spectra
contributing mainly to the model.

4. Results andDiscussion

In the following, It will discuss the results obtained from the different analysis. First we
highlight the results of the assessment of the geological map to derive the proper band ratios
able to describe the lithological units characterized by a specific mineral composition.
Subsequently, the obtained band ratios describing the lithological units are used in an
unsupervised classification to get a better spatial resolution of the geological units. Finally we
describe the results of the MEM approach utilized for the assessment of the relations between
gully locations and spectral band or band ratios.
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4.1. Spectral band ratios and related Lithology

Based on the geological map the following band ratios were attributed to specific lithological
units. The first ratio of bands 4/6 (Figure 3) describes best the Agha-Jahri formation appearing
in dark color due to high concentration of Glauconite mineral (Bosak et al. 1998), whereas the
presence of Gypsum and Kaolinite minerals in the Mischan formation produce a grey to light
grey color (Figure 3). Gypsum deposits at the distal part of the Salt plug zone are also
discriminated. The evaporation of sea water resulted in the most important deposits of rock
gypsum of the world. Band ratio 4/9 characterize especially, Precambrian rocks because of
their high contents in pyrite and iron minerals (Hematite) (Bosak et al. 1998). The rock unit
appears darker than other rocks (Figure 4). Band ratio 9/8 identifies carbonate rocks with
brighter color (white color) than other rock types. The rocks units (Asmari, Gachsaran
Formation) are shown with white to light grey color in the scene, indicating their high
carbonate content whereas weathered minerals like Gypsum and kaolinite occur with dark
grey to black color especially in alluvial deposits (Black color) (Figure 5).
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Figure 5 Ratio of Band 9 /8 of the MZJ catchment.

4.2. Unsupervised classification of lithological units

In experiments with different band ratio stackings, it was found that the color composite (4/9
R-4/6 G and 9/8 B) reveals subtle differences between Asmari, Agha-Jahri, Mischan
formations and Slat Plug with Quaternary rocks (Figure 6). Furthermore, it was shown that
the Asmari Formation appears in pale blue colors, Agha-JahriFormation in dark blue to purple
color, Mischan Formation in dark yellow, Gachsaran Formation in white color, Precambrian
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rock appears as blue to greenish blue colors and quaternary deposits in brown to dark brown
color. The unsupervised classification is used as a first approximation of the lithological units
using the stacking layer as shown in figure (Figure 7). The results of this classification cannot
differentiate between the Precambrian rock and the Upper Miocene to Pliocene rocks (Agha-
Jahri Formation) with red color. Additionally the Mischan Formation is not represented well
in this layer with pale blue and yellow color , it seems because of the spatial distribution of
this formation as very narrow strip in the north east and southwest of study area beside of
Gachsaran Formation (Mol member), additionally the similarity of the mineral components
between both of them.
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Figure 6 Stacking (4/9, 4/6, 9/8)-RGB of the MZJ catchment.

Nevertheless, this classification has been distinguished the Asmari Formation with Dark blue
color and the alluvial sediments (Quaternary deposits) into two classes (red and green). The
reddish units are more related to the gypsum and kaolinite minerals which are represented the
main minerals components in the Agha-Jahri and Precambrian rocks. While the green color
belongs to the areas with low amounts of salt and gypsum deposition especially at the flat area
regarding to field work observations. Comparing field data from the gully locations and the
result of this map show that many gullies features were found in susceptible lithologies with

high kaolinite, gypsum and salt concentrations. These components were mostly related to the
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Agha-Jahri formation and Salt Plugs Precambrian rocks (Figure 7). However, a proper
supervised classification was not possible due to a lack of field survey and the low quality of

available geology maps.
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Figure 7 Unsupervised classification of the MZJ catchment.
4.3. Maxent modeling

In this research the Maxent model was selected to assess the relation between gully locations
and ASTER spectral bands and/or band ratios. Moreover the generated model was used to
predict the susceptible areas for gully erosion in the MZJ catchment. The model predicts
spatially distributed probabilities or susceptibilities to gully erosion processes according to the
lithology of the study area (Figure 8). Although, gully processes and resulting forms and
features are affected by many different factors such as topography, climate condition,
tectonics, etc. (Kheir et al., 2007; Sharivar 2009; Zakerinejad & Maerker 2014) in this study
we focused on the role of the lithology to reveal its effects on this type of water erosion.
Moreover, climate and vegetation are almost homogenous for the whole study area. Since the
modeling approach (Maxent) handles presence only data just the digitized locations of
existing gully features are needed as dependent or target variable.
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To evaluate the performance of the applied model and its predictions, we divided the data
randomly into training and a test subset, hence creating quasi-independent data for model
testing (Fielding & Bell, 1997). In this research the model was applied to a 20% test data set
selected randomly from the entire data set of gully points. The remaining 80% of the data
were used as train dataset. Model results were evaluated using the ROC curves both for train
and test data. According to Figure 9 the AUC values for train and test data are 0.97 and 0.96
respectively, indicating an outstanding model performance (Hosmer & Lemeshow 2000) with
a high low sensitivity (true positive rate) and specificity (false positive rate). The most
important variables indicating gully erosion are shown in Table 1. The variables with the
highest contribution to the model are the band ratio 9/8 followed by band ratio 4/6 and band 7.
To get a proper insight into the variables mainly influencing the model results we performed a
Jackknife test shown in Figure 10.According to that figure we can identify the relevance of
the band ratios and single bands for the modeled gully susceptibility. According to this results
the band ratios 9/8 & 4/ 6 are the most effective in the prediction of gully susceptibility area.
The important role of the band ratio 9/8 can be explained by the high content of silica material
in alluvial deposits illustrated by dark grey to black color (Figure 4).

Moreover, we analysed partial dependency plots as univariate response curves by calculating
non-parametric loess regressions from predicted values for single continuous predictor
variable as a basis for interpreting the effect of predictors. Figures 11 show the response
curves for the important variables (band ratio 9/8, band ratio 4/6 and band 7). According to
this figure, the band ratio 9/8 graph, varying from 0.80 to 1.10, therefore the amount more
than these two thresholds are the most important range for the prediction of susceptible area,
and also the values between 0.90 and 0.97 have more effective on the predicted model while
in the band 7 the values more than 200 are more effective on the predicted model.

Table 1 Thevariables important.

Spectral Bands or Band Ratios Percent Contribution Permutation Importance
Band 9/8 54.6 46.4
Band 4/6 17.8 1.8
Band 7 14.4 2.4
Band 8 5.2 6.8
Band 4/9 4.6 14.6
Band 9 1.9 6.6
Band 4 1 3.8
Band 5 0.4 1.8
Band 6 0.2 15.8
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4.4. Prediction of gully erosion susceptibilities

In the following it will be discussed the spatial prediction of Gully sites using the MEM
approach. Figure 8 illustrates the spatial distribution of gully susceptibilities according to the
lithology represented by different spectral bands and/or band ratios. Generally, it is shown
that the mountainous areas are less susceptible to gully erosion processes which are mainly
concentrating in the alluvial and colluvial parts of the catchment and hence, gullies especially
occur in the plain areas in the West and East of the catchment (Figures7 and 8). The locations
of gullies highly correlate with the red signature especially in the plain/ alluvial areas also
revealed by GE image interpretation and a field survey conducted in March 2012 (Figures
13). According to the predicted probabilities the most susceptible areas for gullying are in the
southwestern, western and in the eastern parts of the study area. These areas are characterized
by alluvial Quaternary sediments. Moreover, in these areas high amounts of salt, marl and
gypsum are found and thus, they are more susceptible to concentrated water erosion
processes. Particularly, EC and SAR values of soil samples of the susceptible part of the area
are very high indicating high Sodium contents amplifying gully erosion as shown by various
authors in the past (Faulkner & alii 2003; Masoudi & Zakerinejad 2010; Shahrivar & alii
2012). According to many authors gully erosion in alluvial plains is the major land
degradation process especially in arid and semi-arid area (Pickup 1991; Pringle et al. 2006).

5. Conclusion

In this study we assessed the relation between lithology represented by different spectral
bands and band ratios of the ASTER multispectral sensor and gully locations mapped in the
field and by GE image interpretation. Therefore, first the ASTER multispectral bands and
band ratios that describe specific lithology characterized by particular mineral compositions
using the existing geological map has been identified. With the mineral differentiation
analysis, different rock types like sedimentary rocks and Quaternary deposits in the ZM have
been distinguished.

Furthermore It was used the identified bands and band ratios with an unsupervised
classification method in order to get a higher detailed geological differentiation of the area. As
shown especially the flat alluvial and colluvial parts are distinguished in a much higher detail
and hence already reveals a specific relation between gully sites and lithologic characteristics
given by spectral band combinations. In the last step we assessed these relations using a MEM
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approach developing a model that showed a strong influence of the band ratios 9/8 and 4/6 as
well as band 7 with the gully locations. This spectral information indicates high salt and
sodium contents and hence high SAR and EC values making the substrates particularly prone
to gully erosion. The MEM model shows an outstanding performance for train and test data
and hence can be considered as robust prediction tool. Furthermore, a map showing the spatial
distribution of susceptible areas for gully erosion was derived that is matching well with the
mapped gullies by GE image interpretation and field survey.

The result showed that there was matching between the locations of predicated gully area
from Maxent model and the result from mineral differentiation analysis using ASTER data,
mostly of gully features were located on the alluvial deposition with the loosely consolidated
and highly kaolinite, Gypsum and salt minerals content.

In fact the prevention of gully erosion is much easier and low cost than controlling it that with
having the predicted map it's easier to identify the prone area for more protect of soil loss.
Therefore the prevention processes should be taken for all land management especially in the
prone area in this part of ZM in Iran. By considering the mineral differentiation analysis using
ASTER data, terrain parameters, the climate condition and the other related parameters with
using of data mining, it should be to identify the degree of susceptibility area to gully erosion
and inconsequence carry out any preventive program. Regarding to the lack of data in this
study for supervised classification, it should here recommend that for future research, an
extensive field survey to collect the ground data supervised classification of the lithology map

is an essential needed.

Figure 12. Sedimentary structures in Aghajari sandstones (a) and the Quaternary
deposition in south (b) of the MZJ.
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