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ABSTRACT

Most climate change scenarios predict a significant increase in the frequency of high intensity rainfall events especially in the dry areas, which will
increase runoff and soil erosion. Understanding the factors that control soil erosion is crucial to recommending appropriate measures to protect
soils and reduce their vulnerability. The objective of this research was to investigate the effect of rainfall intensity, slope, land use and antecedent
soil moisture on soil erosion and runoff. Twelve sites from Al-Muwaqqar watershed, Jordan, were selected to represent six slope angles— 1%, 2%,
3%, 5%, 7% and 9%. Two sites, one cultivated with barley and one as rangeland, were selected within each slope. Erosion was measured under
three rainfall intensities— 3, 5 and 10 mmh™ l;kand three different antecedent soil moisture contents— dry, wet and very wetg using yotating disk
rainfall simulator. Regression equations indicated that rainfall intensity was the mostimportant factor affecting soil erosion and that erosion could
occur at a relatively small intensity on wet soils as a result of subsequent rainfall events. Soil erosion on cultivated land was primarily affected by
moisture content, while on uncultivated land, it was mostly affected by slope steepness. Rainfall intensity, slope and antecedent moisture explained
84-89% and 59-66% of the variation in runoff and soil loss, respectively. The results indicated the significant influence of cultivating the land on

soil erosion. Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

Erosion poses a serious problem affecting the productivity
of agricultural land (De Luis et al., 2010). The lack of infor-
mation on the factors influencing erosion in the dry regions
hinders the formulation of proper soil conservation plans.
Rainfall in these regions is sporadic and varies spatially
and temporally. Short but intensive thunderstorms of highly
erosive rainfall usually take place early in the rainy season
and at the end of the season. Although rainfall amounts are
not considered high, soils in the arid areas suffer from high
erosion rates because of intensive rain, steep slopes, sparse
or absent vegetation cover (due to low rainfall and frequent
drought), the presence of a strong surface crust and the tradi-
tional land management practices (Cerda, 1999; Giménez-
Morera et al., 2010; Abu Hammad & Tumeizi, 2012).

If no proper measures are taken to protect the soil, inten-
sive agriculture to meet the increasing demand on food will
accelerate soil erosion in these regions. Therefore, conserva-
tion measures are necessary to limit soil and water losses.
Knowledge of the relationships between the factors contrib-
uting to erosion processes enables planners to suggest practi-
cal measures to reduce soil loss (Bisaro et al., 2013).

Among the factors that influence soil erosion and runoff are
rainfall intensity, antecedent soil moisture content, slope
steepness and land use/land cover. Rainfall intensity has been

* Correspondence to: F. M. Ziadat, International Center for Agricultural Re-
search in the Dry Areas (ICARDA), P.O. Box 950764, Amman 11195, Jordan.
E-mail: f.ziadat@cgiar.org

Copyright © 2013 John Wiley & Sons, Ltd.
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found to be among the most important factor related to runoff
and erosion (Greer, 1971; Cerda, 2002; Serrano-Muela et al.,
2013). Rainfall intensity of more than 0-8in.h™', representing
only 37% of the total rainfall, produces about 75% of the total
soil loss (Greer, 1971). Research in an arid environment has
indicated that a rainfall intensity of 1-2 mmh ™' results in run-
off, while an intensity of more than 2mmh ™' produces floods
(Salameh et al., 1991). Ali et al. (2010) estimated the rainfall
intensity threshold for runoff generation at about 4 mmh™ in
the arid areas of Syria.

The effect of antecedent soil water content on soil erosion is
still a matter of debate, as opposing effects have been reported
on aggregate breakdown and seal formation (Vermang et al.,
2009). However, a significant effect of antecedent soil mois-
ture on runoff generation has been reported. Wet soils double
the runoff coefficient and shorten the time to runoff, compared
with the same soils when dry (Li ef al., 2011). Greater soil
erosion was observed during the wet season in Spain (Cerda,
2002). However, an opposite response due to a hydrophobic
behavior of soil was reported by Martinez-Murillo and Ruiz-
Sinoga (2007) and Gabarrén-Galeote et al. (2012).

The effect of slope steepness on soil loss is complex
(Abrahams et al., 1996). Soil loss generally increases as the
slope becomes steeper. The increase in soil loss is much more
rapid than runoff (Wischmeier & Smith, 1978). Erosion is
believed to increase as a power function of the slope (Mah
et al., 1992; Fu et al., 2011). Slope percentage accounts for
90% of the variation in the amount of soil detached and
transported (Quansah, 1981). However, the effect of slope
percentage on soil loss is believed to be influenced by an
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interaction with soil properties and surface conditions
(Singer & Blackard, 1982; Mah et al., 1992). The rate of
increase in soil loss as slope increased is different for differ-
ent soils (Singer & Blackard, 1982). Other factors, such as
rock fragment cover, soil surface conditions, crusts and
litter indicated profound effects on runoff and soil erosion
(Martinez-Murillo & Ruiz-Sinoga, 2007; Martinez-Murillo
& Ruiz-Sinoga, 2010; Ruiz Sinoga et al., 2010; Gabarrén-
Galeote et al., 2012).

The type of land use and land cover influence soil erosion.
Soil erodibility was greater under agricultural land use
compared with scrubland, with the difference becoming
greater under arid environment, where aggregate stability
of agricultural land is low (Cerda, 2000). This means that
cultivating the land under certain conditions might contrib-
ute to increasing soil erosion and runoff. Organic matter
content controls the aggregate stability, and therefore,
cultivating the land resulted in degradation of soil structure.
Furthermore, the aggregate stability is expected to be
reduced with decreasing rainfall as a result of climate change
(Cerda, 2000). The presence of vegetation enhanced infiltra-
tion and reduced surface runoff and erosion (Cerda, 1999),
and therefore, cultivating the land without providing
protection measures might result in accelerated soil and
water losses.

Runoff studies in the dry region are limited because they
depend on natural rain and variability in intensity, drop size,
drop energy, and spatial and temporal distribution. Rainfall
simulation allows for the rapid and reproducible collection
of data in laboratory and field experiments (Esteves et al.,
2000). To obtain accurate runoff estimates using rainfall
simulators, uniform rainfall with the correct reproduction
of natural rainfall drop sizes and energies must be mimicked
(Pérez-Latorre et al., 2010).

Cultivated land

To obtain drops of the right size, while maintaining high
velocities, high discharge nozzles are required (Mutchler &
Hermsmeier, 1965). However, the original intensities pro-
duced by these nozzles range from 600 to 1200 mmh~".
These application intensities were reduced to 1-5% of their
original values by the intermittent application of a spray
using a rotating disk with a radial slot cut placed below the
nozzle (Morin et al., 1967). The trails showed that the
rainfall simulator is capable of reflecting the soil and water
loss that occurs under similar conditions of natural rainfall
(Young & Burwell, 1972). Using small plots under rainfall
simulators is another consideration. However, recent re-
searches reported that smaller plots can be used to reproduce
the results from large-scale plots under rainfall simulations
(Schindewolf & Schmidt, 2012). Rainfall simulations are
useful to understand the temporal and spatial variability of
the soil erosion processes, but mostly provide qualitative in-
formation that allows comparing different conditions of soil,
rainfall and environments (Martinez-Murillo et al., 2013).

The objective of this research was to study the effect of
different rainfall intensities, slope, land use and antecedent
soil moisture content on erosion and runoff using a rainfall
simulator in an arid environment.

MATERIALS AND METHODS

The research was conducted in the Al-Muwaqqar watershed

located 30 km southeast of Amman (Figure 1). The approxi- F1

mate area of the watershed is 70 km?. The watershed is located
in an area representative of the arid—semiarid Mediterranean
climate in Jordan. This area covers 13% of the total area of
the country. Annual rainfall is 100-200 mm, which falls
between November and April. Storm events of high intensity
usually occur during the rainy season, resulting in high soil

Figure 1. An overview and location of the study area within Jordan. This figure is available in colour online at wileyonlinelibrary.com/journal/ldr.

Copyright © 2013 John Wiley & Sons, Ltd.
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FACTORS AFFECTING SOIL EROSION IN AN ARID ENVIRONMENT 3

loss. Generally, the area is characterized by very sparse
vegetation cover, and soils with a high silt content in the
surface layers, low organic content, strong surface crust and
weak aggregation. Sheet and rill erosion are dominant over
other types of erosion (Taimeh, 1989).

Soils for the rainfall simulator analysis were selected from
12 sites representing dominant slopes, land cover and soil
types. Slope angles of 1%, 2%, 3%, 5%, 7% and 9% were
selected. Soils were taken from two sites for each slope,
one from uncultivated (natural rangeland) and one from
cultivated (barley) land (Figure 1). These represent the
dominant two land uses in the study area. The soils were
taken during the dry season. The uncultivated soils represent
the natural rangelands without any tillage operations, while
cultivated land was tilled and already sown with barley
before the commence of the rainy season. Undisturbed soils
were settled in the test trays (25x25cm) in the field. The
trays were equipped with a triangular-shaped runoff collec-
tor. The end of the collector was connected to a flexible hose
leading to a collection bottle. Soils were laid over a perfo-
rated piece of metal to allow for the free drainage of water.

A rotating disk rainfall simulator was used to simulate
rainstorms. Soils were subjected to rainfall intensities of 3,
5 and 10mmh~'. These intensities represent the dominant
minimum and maximum rain intensities in that region
(Taimeh, 1989). Distilled water was used (EC =0-05dS m~1).
The actual simulated rainfall intensities deviated from the
pre-selected intensities as follows: 8-2 to 12-2 designed as
10mmh™'; 3-9 to 6-6 designed as Smmh~'; and 2-4 to
4-3 designed as 3mmh~"'.

The three intensities were applied to all soils in three runs,
representing three different antecedent soil moisture
contents. These runs were as follows:

1. Dry run, applied to soil at air dry moisture status, for
60 min.

2. Wet run, applied 24 h after the dry run, for 30 min.

3. Very wet run, applied 30 min after the wet run, for
30 min.

The experiment was arranged in a factorial design, with
three factors (slope, rainfall intensity and antecedent soil
moisture levels) and three replicates. Soil moisture content
was measured before each run by a gravimetric method

(Gardner, 1986) using a small soil sample taken with a metal
core (1cm diameter). Rainfall intensity was measured in
each run by metal cans (7-5cm diameter) placed around
the trays. Distribution uniformity of simulated rainfall was
evaluated several times, using a duration of 30 min, with
cans spaced 5 cm apart. Distribution uniformity of the simu-
lated storms, measured at the location of the test trays, was
84% (based on nine measurements for the three intensities).
Many researchers have reported a comparable uniformity
and consider it to be acceptable (Morin et al., 1967; Mah
et al., 1992). Runoff volume was collected and measured
every 10 min after runoff was observed. Each runoff volume
was used to determine sediment concentration by drying the
soil at 105 °C. The data were analyzed to calculate the effect
of individual factors on soil erosion and runoff as well as the
interaction using analysis of variance. The runoff volume
and sediment concentration at 10 min intervals were plotted
against time to examine the rate of changes in these
parameters.

RESULTS AND DISCUSSION

Analysis of the data from both cultivated and uncultivated
soils indicated the significant effect of slope, rainfall
intensity and antecedent soil moisture content on soil loss,
sediment concentration, runoff coefficient and time to
runoff. The results also indicated significant interaction
between these factors on soil erosion. Therefore, the discus-
sion will focus on the effect of each factor separately and the
relative effect of all factors.

Effect of Slope and Soil Properties

Topography is a key factor in controlling soil processes and
characteristics under various conditions (Asadi et al., 2012).
Soil loss generally increased as slope steepness increased on
both cultivated and uncultivated soils. However, the effect

of slope was more obvious on uncultivated soils (Table I). T1

This is attributed to low soil surface roughness for the
uncultivated (natural) land. Cultivated soils are usually sub-
ject to annual disturbance by tillage and farming operations;
therefore, they have high surface roughness.

Regression analysis was used to examine the relationship
between soil erosion measurements and soil properties (soil
texture, organic matter, calcium carbonate, infiltration rate,

Table I. Effect of slope steepness on soil erosion parameters for cultivated and uncultivated soils

Runoff coefficient

Sediment concentration (g LY Soil loss (kg ha 'h 1= Time to start runoff (min)

Slope % Cultivated ~ Uncultivated Cultivated Uncultivated Cultivated  Uncultivated ~ Cultivated ~ Uncultivated
1 021 ¢ 029 d 028 ¢ 0-16 ¢ 103 ¢ 52 f 23b 18 ab
2 0-16 d 0-30d 0-15d 0-30 de 63d 103 e 26 a 18 ab
3 025b 032 ¢ 0-33 be 046 d 131 be 162d 22 be 18 ab
5 026 b 0-35 be 0-35 be 0-68 ¢ 140 be 209 ¢ 20 ¢ 17 be
7 032 a 0-37b 0-50 a 1-09b 181 a 360 b 19d 17 be
9 0-34 a 041 a 0-41 ab 128 a 168 ab 445 a 20 ¢ 17 be

Means followed by the same letter in the same column are not significantly different (a=0-05).

Copyright © 2013 John Wiley & Sons, Ltd. LAND DEGRADATION & DEVELOPMENT, (2013)
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soil erodibility, mean weight diameter, pH and electrical
conductivity). The results indicated very low regression
coefficients (R*><0-10) between soil erosion and soil
properties. This means that the variability in soil erosion
on cultivated soils cannot be explained by the variation in
soil properties alone in this study area. Similar results were
obtained by Singer and, Blackard (1982), who reported that
no physical or chemical property of soil appeared to exhibit
a strong correlation with soil loss for different soils from
the dry regions. Abrahams et al. (1996) indicated similar
results regarding the relationship between slope steepness
and soil loss.

Variation in soil erosion in an arid environment could be
attributed to the interaction between several soil properties.
Soils in this region are characterized by a high tendency to
form a crust on wetting because of low organic matter
percentages and high silt contents. Researchers reported that
differences in runoff volumes among different soils could be
attributed to differences in the rate at which seals are formed,
not to the variation in a single soil property (Ramos &
Martinez-Casasnovas, 2010).

Effect of Rainfall Intensity

Soil loss and all other erosion measurements, including
runoff, increased significantly as rainfall intensity increased

T2 for both cultivated and uncultivated soils (Table II). High

soil losses resulting from a very small increment in rainfall
intensity is indicative of the susceptibility of these soils to
erosion. However, soil erodibility prediction, expressed as
K-values (Ziadat, 1995), did not suggest high susceptibility
to erosion. Many researchers have reported that the mea-
sured K-values for a soil with surface crust are much higher
than predicted K-values (Singer et al.; 1982; Vermang et al.,
2009). Singer et al. (1982) recommended an increase of
20% in the predicted K-value to account for the effect of soil
dispersion in soils that tend to form a crust. Vermang et al.
(2009) suggested that antecedent soil moisture content
should be considered as an additional variable to assess soil
erodibility. Furthermore, double-ring infiltrometers were
used to measure the basic infiltration rate and to estimate
the soil permeability. Cerda (2002) indicated that the
infiltration rates measured using double-ring infiltrometers
were not successfully linked with high erosion rates, and
therefore, the use of these was not recommended in the dry
area of Spain.

Table II. Effect of rainfall intensity on soil erosion parameters for cultivated and uncultivated soils

Data for soils taken from cultivated land showed no runoff
at an intensity of 3 mm h™'. On the other hand, the increase
in soil loss as the intensity increased from 5 to 10 mmh™'
was much lower than the increase that resulted as the
intensity increased from 3 to Smmh~' (48 compared with
173kgha~"h™"). This may be attributed to the effect of the
formation of a surface crust that reduces infiltration and
causes runoff and soil loss at a rainfall intensity of Smmh~".
Researches have reported a reduction in sediment
concentration as a result of crust formation (Bradford
et al., 1987).

Effect of Antecedent Soil Moisture Content

Soil loss from both cultivated and uncultivated soil was
significantly higher in the wet and very wet run compared
with the dry run (Table III). This large difference existed
despite the fact that the wet and very wet runs (30 min) were
shorter than the dry run (60 min). The higher soil loss for the
wet and very wet runs is attributed to the significantly higher
antecedent soil moisture content. The hydraulic gradient
decreases as soil moisture content increases (Bradford
et al., 1987). The reduction in the infiltration rate causes
higher runoff and consequently higher soil loss. This means
that successive rainstorms that occur within a short period
might cause high runoff and soil loss in this arid envi-
ronment. Similar results were reported by Murphree and
Mutchler (1981), who reported an increase in soil loss for
a second series of rainfall application and attributed this to
a higher antecedent soil moisture content. Similarly, Peng
ang Wang (2012) indicated that large runoff and soil loss
could be produced from rainfall events with high antecedent
precipitations.

Another factor that may have caused an increase in soil
loss in the wet and very wet run is the formation of a crust
on the surface of the cultivated soil after 60 min of rainfall
during the dry run. The influence of crust formation is evi-
dent from the longer time to start runoff in the dry run that
was about 2.5 times longer than in the wet run (Table III).

The results also indicated a significant increase in soil loss
between the wet and dry runs for both cultivated and
uncultivated soils, and between very wet and wet runs
for uncultivated soils only (Table III). This is because
uncultivated land is not subjected to annual tillage, and the
soil surface is covered with crust. Similar findings were
reported in eastern Spain, where various management

o

Rainfall intensity Runoff Sediment Soil loss* Time to start

Land use (mmh™") coefficient concentration (g LY (kg ha 'h™h runoff (min)
Cultivated land 3 0-00 ¢ 0-00 ¢ Oc Oc
5 0-37b 043 b 173 b 14 a
10 0-40 a 0-57 a 221 a 11b
Uncultivated land 3 0-01 ¢ 0-01 ¢ 8c 39 a
5 049 b 0-68 b 229 b 7b
10 0-52 a 1.30 a 430 a 6c¢c

Means followed by the same letter in the same column are not significantly different (o= 0-05).

Copyright © 2013 John Wiley & Sons, Ltd.
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Table III. Effect of antecedent soil moisture on soil erosion parameters for cultivated ar

ultivated soils

Moisture Runoff Sediment Soil loss* ——  Time to start Antecedent soil
Land use level coefficient concentration (g LY (kg ha 'h™ Y runoff (min) moisture (Pw%)
Cultivated Dry 0-10 ¢ 020 ¢ 67b 37 a 55¢c
land Wet 027 b 034 b 152 a 15b 17-6 b

Very wet 0-40 a 045 a 173 a 12 ¢ 23-0 a
Uncultivated ~ Dry 023 ¢ 052 b 110 ¢ 27 a 57c
land Wet 0-35b 052 b 214 b 14b 158 b

Very wet 045 a 095 a 342 a 11¢ 219 a

Means followed by the same letter in the same column are not significantly different (a=0-05).

practices lead to the problem of crust development (Garcia-
Orenes et al., 2010; Garcia-Orenes et al., 2012). In one
hand, this will increase runoff due to low infiltration rate,
and on the other hand, this will increase detachability and
transportability of soil particles, which results in a marked
increase in soil loss as rain continues to fall on these lands.
In the cultivated soils, the progressive development of crust
reduces the detachability of soil particles, resulting in a non-
significant increase in soil loss in the very wet run compared
with the wet run, although runoff is significantly higher.
Vermang et al. (2009) reported that soil erodibility de-
creased with increasing antecedent soil moisture content,
and Truman et al. (2011) reported an increase in runoff but
a reduction in sediments as a result of increasing antecedent
water content in cultivated soils. Similarly, Defersha an€,
Melesse (2012) reported that sediment concentrations were
higher for an initially air dry surface (24-3 gL~ ") compared
with those from an initially wet surface (18-7gL™h.

Relative Effect of Slope, Rainfall Intensity and Antecedent
Soil Moisture Content on Soil Erosion

Regression analysis was used to examine the relative contri-
bution of slope steepness, rainfall intensity and antecedent
soil moisture content on soil erosion and runoff (Table IV).
The results indicated that slope, rainfall intensity and ante-
cedent soil moisture content have a greater contribution in
explaining the variations in runoff compared with soil loss.
The three factors explained 84-89% of the variations in
runoff, but only 59-66% of the variations in soil loss. This
suggests that other factors are required to explain the varia-
tion in soil loss. It may be postulated that crust formation
is one of these factors because there is significant correlation

between the final infiltration rate (last 10 min of the very wet
run) and some soil properties such as silt content (R =0-72),
organic matter (R=0-48), soil erodibility factor (R=0-58),
mean weight diameter (R=-—0-58) and soil salinity
(R=-0-76).

The computed standardized regression equations (Steel
et al., 1996) indicated that rainfall intensity generally had
the highest contribution to soil loss and runoff for both
cultivated and uncultivated soils (Table IV). Many researchers
have reported that rainfall intensity is a very important factor
affecting soil erosion (Quansah, 1981; Martinez-Murillo
et al., 2013). The large increase in soil loss as a result of the
small increase in rainfall intensity, particularly in this arid
environment, was discussed earlier.

The relative contribution of slope and antecedent
moisture on soil loss and runoff was interchangeable between
cultivated and uncultivated soils. The contribution of the three
factors to soil loss and runoff for cultivated soil can be
arranged, according to the standardized regression coeffi-
cients, in the following order: rainfall intensity > antecedent
moisture > slope steepness. For uncultivated soil, it was rain-
fall intensity > slope > antecedent moisture for soil loss and
rainfall intensity > slope for runoff.

Slope contribution was higher to soil loss and runoff in
uncultivated than in cultivated soils. Soil erosion on the
crusted surface of uncultivated soil seems to be largely
affected by slope, while in cultivated soils, it seems to
depend on other factors, such as antecedent soil moisture
content. Surface condition, mainly surface roughness
induced by cultivation, changes rapidly as more rain falls.
Aggregate stability in this area is low; therefore, the soil
aggregates collapse quickly, forming surface sealing, which

Table IV. The computed equations to predict some erosion variables for cultivated and uncultivated (natural) soils

Land use

Erosion variable Q

Cultivated land Soil loss™ (kgha™'h™")
Runoff volume (mL)

Uncultivated land Soil loss (kg ha 'h™")

Computed equations® R?
10 (—16-62+0:36 I +0228" +11-12 ASMC? ) 0-66
062 1" +0-33S+0-38 ASMC®
—233-88+94-65 I°° +4.27 §'2 +4.19 ASMC®° 0-84
0-80 I°°+0-27S+0-31 ASMC®
10 (—=9-12+40-94 1" +0-49 S'* +0-01 ASMC'?) 0-59
0-60 I'"''+0-43S +0-24 ASMCP
—512-38+212-69 I°*+ 16198 S°! 0-89

Runoff volume (mL)

093 1°4+0-15 S°

1, rainfall intensity (mm hfl); S, slope steepness (%); ASMC, antecedent soil moisture content (Pw%); all equations are significant (a=0-05).

"Standardized regression equations.

Copyright © 2013 John Wiley & Sons, Ltd.
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6 F. M. ZIADAT, A. Y. TAIMEH

reduces the infiltration rate, increases particle detachment
and increases runoff.

Soil Erosion from Cultivated and Uncultivated Soils

Soil loss and runoff were higher for uncultivated soils
compared with cultivated soils (Tables I-III). The higher
runoff from uncultivated soils compared with cultivated
soils was mainly due to the soil surface condition. The soil
surface of the uncultivated soil was very compacted and
smooth (lower porosity and roughness), which reduces
the infiltration rate and facilitates runoff. On the other
hand, the soil surface of the cultivated soil, especially
before rainfall, has higher porosity and higher surface
random roughness than the uncultivated soil. This may be
responsible for the higher infiltration and higher water
retention capacity, thus less runoff. However, after 60 min
of rainfall application on cultivated soils, the surface crust
started to develop, causing higher runoff in the subsequent

runs. Garcia-Orenes et al. (2009) indicated that because of
high rates of soil and water losses on cultivated land,
management practices were not sustainable, while Cerda
and, Doerr (2007) concluded that the ground cover is a very
important determinant of soil erodibility. Barbera e al.
(2012) indicated that land cultivation induce a long-term
degradation of the soil that results in an increase in soil
losses and higher runoff rates. Soil erodibility was greater
under agricultural land use compared with scrubland, with
greater differences in the arid sites (Cerda, 2000). Many
researches demonstrated how agriculture and various
management practices, directly or indirectly, might
contribute to more degraded soils and consequently high
erosion rates (Wang et al., 2011; Yimer & Abdelkadir,
2011; Kocyigit & Demirci, 2012; Stavi et al., 2012).
More explanation of the high erosion rate on cultivated
land, especially as more rain is falling on the surface,
will follow in subsequent sections.
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Figure 2. Runoff rate (mmhfl) measured each 10 min under a rainfall intensity of 10 mm h™'. This figure is available in colour online at wileyonlinelibrary.
com/journal/ldr.
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Rate of Change in Runoff and Soil Loss

Runoff volume and sediment concentrations were measured
every 10 min during the three runs to assess the change in
runoff and soil loss rates over time (Figures 2 and 3). Slope
or rainfall intensity has negligible effect on the rate of
increase in runoff volume with time. The most important
differences in the rate of increment of runoff were found
between uncultivated and cultivated soils, and between
different antecedent soil moisture levels (Figure 2).

The rate of runoff for uncultivated soils increased during
the three runs until it reached relatively stable values at the
end of the very wet run. This suggests that the infiltration
rate in the uncultivated soils may reach a steady-state rate
after this period. This again may be attributed to the rather
stable soil surface of the uncultivated soils. Because changes
in the soil surface condition, as a result of rainfall appli-
cation, are minor, hydraulic gradient could be the primary

factor in controlling the infiltration rate. This was not the
case for the cultivated soils where the rate of runoff in-
creased continuously during the dry, wet and very wet runs
and never reached constant values similar to those obtained
with the uncultivated soils.

The rate of increase in soil loss was, to a large extent, sim-
ilar to the runoff rate during the dry and wet runs (Figure 3).
The rate of soil loss for the uncultivated soils reached a
maximum value during the wet run and then started to
decrease during the very wet run on low slopes (<3%) while
it continued to increase for steeper slopes (=5%). This may
be attributed to two factors. First, rainfall application on the
soil surface during the dry and wet runs had eroded most of
the detachable particles and thus had resulted in less
sediment concentration. The reduction in sediment con-
centration in the very wet run was also associated with a
reduction in the runoff rate. The other factor is that water
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Figure 3. Soil loss rate (mg m °min"') measured each 10min under a rainfall intensity of 10 mmh™". This figure is available in colour online at
wileyonlinelibrary.com/journal/ldr.
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accumulation at the soil surface due to the low infiltration
rate during the very wet run provided protection against
raindrop impact and therefore reduced particle detachment.
This effect is more obvious on low slopes compared with
steeper slopes because of higher runoff at the latter and
therefore less water accumulation at the soil surface. The
rate of soil loss for the cultivated soils increased during the
wet and very wet runs compared with the dry run. This is
because the surface crust had developed on the cultivated
soils during the dry and the wet runs. Therefore, the initial
soil loss for cultivated land might be lower than uncultivated
land, but after the crust formation started, the soil loss from
cultivated land is increased. The dynamic changes in soil
aggregate stability at various soil moisture contents and
the impact on soil erosion and runoff could also explain
these results (Cerda, 1996; Cerda, 1998; Mataix-Solera
etal., 2011).

CONCLUSIONS

This research indicated that simple explanation of the
erosion processes in the dry region is not possible because
of the high variability of factors contributing to runoff and
soil losses. The investigations indicated variable effects of
rainfall intensity, slope, antecedent soil moisture, land use
and length of rainfall event. Rainfall intensity was the most
important factor affecting soil erosion under simulated
rainfall. Erosion started at a low intensity and increased
substantially as a result of small increment in rainfall intensity.
Soil erosion is influenced by the formation of surface crust in
this arid region. Soil erosion during the wet and very wet runs
increased as the antecedent soil moisture content increased.

Soil and water losses from uncultivated land were higher
than from cultivated land at the beginning of the rainfall
events. This is due to the initially higher porosity and
surface roughness of the cultivated soils. However, the rate
of soil loss increased for the cultivated land during the very
wet run because of the progressive crust formation and the
changes in soil surface roughness. The results indicated that
successive rainfall events within a short period, even with
low rainfall intensity, enhance the formation of a surface
crust and therefore generate high runoff and soil loss,
especially on cultivated land. Therefore, protecting the soil
surface from rain drop impacts to avoid crust formation,
especially on steep slopes, is a key to soil conservation in
these arid soils.
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