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Abstract Understanding the occurrence of erosion pro-
cesses at large scales is very difficult without studying
them at small scales. In this study, soil erosion parame-
ters were investigated at micro-scale and macro-scale in
forests in northern Iran. Surface erosion and some veg-
etation attributes were measured at the watershed scale
in 30 parcels of land which were separated into 15 fire-
affected (burned) forests and 15 original (unburned)
forests adjacent to the burned sites. The soil erodibility
factor and splash erosion were also determined at the
micro-plot scale within each burned and unburned site.

Furthermore, soil sampling and infiltration studies were
carried out at 80 other sites, as well as the 30 burned and
unburned sites, (a total of 110 points) to create a map of
the soil erodibility factor at the regional scale. Maps of
topography, rainfall, and cover-management were also
determined for the study area. The maps of erosion risk
and erosion risk potential were finally prepared for the
study area using the Revised Universal Soil Loss
Equation (RUSLE) procedure. Results indicated that
destruction of the protective cover of forested areas by
fire had significant effects on splash erosion and the soil
erodibility factor at the micro-plot scale and also on
surface erosion, erosion risk, and erosion risk potential
at the watershed scale. Moreover, the results showed
that correlation coefficients between different variables
at the micro-plot and watershed scales were positive and
significant. Finally, assessment and monitoring of the
erosion maps at the regional scale showed that the
central and western parts of the study area were more
susceptible to erosion compared with the western re-
gions due to more intense crop-management, greater
soil erodibility, and more rainfall. The relationships
between erosion parameters and the most important
vegetation attributes were also used to provide models
with equations that were specific to the study region.
The results of this paper can be useful for better under-
standing erosion processes at the micro-scale and
macro-scale in any region having similar vegetation
attributes to the forests of northern Iran.
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Introduction

The frequency and extent of fire occurrence have in-
creased dramatically in the forests of northern Iran (near
the southwestern regions of the Caspian Sea) in recent
decades (Heydaripour 2013). The increase in fire risk in
this region is generating considerable concern about a
range of associated environmental problems, including
flash flooding, declining water quality, debris flows, and
landslides (Norouzi and Ramezanpour 2012). The de-
struction of the protective cover of forests by fire can
cause a significant decrease in soil cohesion and perme-
ability (Brath et al. 2006; Eisenbies et al. 2007),
resulting in enhanced erosion rates and surface runoff
(Benavides-Solorio and MacDonald 2001; Larsen et al.
2009; Pierson et al. 2008; Providali et al. 2002;
Robichaud 2000). Fire significantly changes vegetation
attributes and soil quality and, therefore, can have a
great impact on soil erosion processes, especially in
mountainous areas with unstable and loose geologic
materials (Moffet et al. 2007). Therefore, precise iden-
tification of the erosion-prone areas can help (e.g.,
Aiello et al. 2015; Asadi et al. 2011; Chen et al. 2011;
Prasannakumar et al. 2011; Vrieling et al. 2008) over-
come erosion problems caused by fire. Many investiga-
tions have been conducted using different variables and
analytical methods with this aim (e.g., Bargiel et al.
2013; Begueria 2006; Conoscenti et al. 2008; Mosbahi
et al. 2013; Mueller et al. 2005; Tang et al. 2015; Xu
et al. 2013).

Erosion processes are controlled by several variables
including, rainfall intensity, landscape characteristics,
soil particle features, ground cover, and land use. The
process of soil loss by water begins with the separation
and transport of soil particles by the force of impact of
raindrops at the small scale. However, splash erosion is
generally supposed to be only the first phase in the soil
loss process. In the second phase, which is named
surface erosion, a thin sheet of earth may be removed
from the topsoil. In the next step, rill erosion, surface
streams start to concentrate on steep land. In the final
stages, gully and channel erosions occur when the pow-
er of runoff increases within rills. Therefore, to reduce
soil loss by water, it is necessary to measure erosion at
various scales ranging from the micro-scale to the
macro-scale (Vrieling 2006). Scale is perhaps the most
important issue in soil erosion studies because variables
affecting soil loss are dependent on scale. In addition,
knowing the scale at which soil loss takes place is

essential for erosion model development. Furthermore,
the scale can influence the strategies and procedures
used in soil conservation decisions (Cotler and Ortega-
Larrocea 2006).

There are many works in the literature which are
related to soil loss studies at small scales. However,
the validity of expanding the results of these studies to
broader scales is uncertain (Khalili Moghadam et al.
2015). Thus, it is important to assess erosion processes
at a variety of scales from small to large scale (Zhao
et al. 2013). Soil erosion studies at small scales such as a
micro-plot or plot scale may use the direct measurement
of rain splash erosion rate generated by a rainfall simu-
lator (Khalili Moghadam et al. 2015) or the direct mon-
itoring of erosion rates by pins and bars (Stoffel et al.
2013). Rain splash erosion is associated with the soil
erodibility factor (Rezaie Pasha et al. 2012).

There are several empirically based methods in sci-
ence for estimating erosion risk at the landscape scale
(Renschler and Harbor 2002). Such empirical models
predict soil loss by incorporating a pre-determined series
of variables, measured using common methods. The
most commonly used empirical model for estimating
sheet and rill soil erosion by rain is the Universal Soil
Loss Equation (USLE) and its revised version, the
Revised Universal Soil Loss Equation (RUSLE)
(Eisazadeh et al. 2012). Both the USLE and RUSLE
calculate the average yearly soil loss anticipated on a
hillside using six factors. These include rainfall (R), soil
erodibility (K), slope length (L), slope steepness (S),
crop management (C), and erosion control practices
(P). In both models, the R-factor is computed on the
basis of precipitation power, the K-factor is a function of
soil characteristics, the LS-factor shows the topographic
characteristics, the C-factor is a function of ground
cover, and the P-factor relates to any erosion manage-
ment practice. However, major modifications to the
exact algorithms used to compute the factor were made
in the RUSLE (Renard et al. 1991).

Although the RUSLE is an empirical model, erosion
studies at a large scale such as a watershed or regional
scale may also be performed with the combination of
remote sensing (RS), geographical information systems
(GIS), and RUSLE techniques (Prasannakumar et al.
2011). Remote sensing provides information sampled
in a uniform way from wide areas with a systematic
repeat times and is consequently able to significantly
assist large scale soil loss evaluation (Alexakis et al.
2013; Kumar et al. 2014; Rahman et al. 2009; Vrieling
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2006). For these reasons, the combined application of
RS, GIS, and RUSLEmethods make soil loss prediction
possible at a reasonable expense and greater accuracy
than using RUSLE alone. This is especially true at the
watershed scale, which corresponds more to the require-
ments of management of soil and water resources than
micro-scale studies (Prasannakumar et al. 2011). In
recent years, digital mapping techniques have been con-
sidered an efficient approach to study different soil
properties at large scales (Brevik et al. 2016). Mapping
soil properties by digital techniques includes the acqui-
sition of soil sampling and observation of associated
pedological factors which are able to indicate how the
soil developed (McBratney et al. 2003). The synchroni-
zation of this information collected by new procedures
can be a convenient and low-cost alternative to tradi-
tional costly techniques (Taghizadeh-Mehrjardi et al.
2014). Methods used in digital mapping include logistic
regression (Jafari et al. 2012), artificial neural networks
(McBratney et al. 2003), machine learning systems
(Lacoste et al. 2011), and regression tree analysis
(Taghizadeh-Mehrjardi et al. 2014). Digital mapping
of the soil erodibility factor using regression tree analy-
sis can be a reliable approach to large scale erosion
assessment.

Various natural physical features or landforms (lithol-
ogy and morphology) covered with a variety of plant
species may have different soil characteristics. In addi-
tion, the active erosion processes working on each spe-
cific landform may be different from other landforms.
Therefore, land use/cover and geomorphology affect the
rate of soil loss caused by the erosive forces of precip-
itation and surface overland flow (Cotler and Ortega-
Larrocea 2006; Khalili Moghadam et al. 2015). The use
of land cover and landforms as separate factors will
increase the ability to better differentiate soil genesis
and development characteristics in the natural environ-
ment (Cotler and Ortega-Larrocea 2006). Hence, the
proper separation of land units having uniform and
homogenous properties can have an important role in
land degradation studies. Geo-pedological methods,
which are based on landscape analysis, are considered
to be a reliable and efficient technique for identifying
different land units (subland units) with reasonable ho-
mogeneity (Anjos et al. 1998; Zink 1989). Such ap-
proaches can be very useful in land degradation studies,
especially when investigating soil loss caused by de-
struction of vegetation cover by fire and changes in
landforms.

Complete information about erosion processes at
different scales within fire-affected regions and their
surrounding environment, which are considered areas
susceptible to the land degradation, could greatly im-
prove judgments about erosion risk. In addition,
assessing soil erosion risk in fire-affected regions at
different scales could be critical for soil conservation
plans on a broader scale (Heydaripour 2013). Hence, the
main objective of this study was the measurement of soil
erosion at micro-scale and macro-scale using laboratory
experiments, field work, and remote sensing methods
within a critical region of fire-affected forests on the
southwestern coast of the Caspian Sea in the Guilan
province of northern Iran.

Materials and methods

Study area description

The study area is located in the south western coastal
zone of the Caspian Sea in northern Iran, with latitude
between 38° 19′ and 38° 23′ N and longitude between
48° 43′ and 48° 50′ E (Fig. 1). The region belongs to the
Kanroud forests of Astara district with an area of
21.54 km2. The climate is classified as temperate humid
Mediterranean based on the Emberger climatic classifi-
cation system. The mean annual temperature and pre-
cipitation are 13.1 °C and 914 mm, respectively. The
soil moisture and temperature regimes are Udic and
Mesic, respectively.

Identification of the study sites

Figure 2 shows the methodology followed in this re-
search as a flowchart. First, the map of the subland units
of the Kanroud region was extracted from available
literature (Abbasian 2012) as a raster image. This map
was produced using geopedological methods (Anjos
et al. 1998; Zink 1989). The approach used had a
hierarchical structure involving field visits, interpreta-
tion of aerial photographs, satellite images, and any
schematic maps, including geology, topography, soil,
and land cover (vegetation) maps to separate the area
into land units. In the method, all of the landforms in the
study area were identified and separated by field visits
and interpretation of aerial photographs and satellite
imagery. The landform information was stored as a data
layer in the Aeronautical Reconnaissance Coverage
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Geographic Information System (ArcGIS) environment
(ESRI 2006). Similarly, the lithologic (geology) units
and soil classes were extracted from available maps and
were stored in the ArcGIS environment as the second
and third data layers, respectively. The soils were

classified according to Soil Taxonomy (Soil Survey
Staff 2014) and the World Reference Base for Soil
Resources (World Soil Resources Reports 2014). Soil
limitations were determined based on the Iranian Land
Classification Guide (Mahler 1979). The information on

Fig. 1 Location of the study area and subland units on a Google Earth map
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land cover and topography was also inserted into the
data set. Finally, a map of land units was produced by
combining different data layers in the ArcGIS environ-
ment. The land use for the whole study area was forest,
and consequently, the land cover did not have a great
influence on the land separation method. Therefore,
only one land unit with forest land use was identified
in the study area. This was then divided into five
subland units to separate landforms and the soil main
groups (Fig. 3 and Table 1). Over the years, many fires
have occurred in the Kanroud region and therefore, this
region is known as a critical area. After careful field
visits to some fire-affected (burned) forests in the region,
three burned sites were selected per subland unit (15
sites in total). Some properties of the burned sites are
presented in Table 2. In this table, the intensity of fire
was determined using the method proposed by
Robichaud (2000). Table 2 also shows the interval of
time between the occurrence of fire and commencement
of experiments on 1 April 2015 (basis time) for each

site. Adjacent to the fire-affected forests, some unburned
forests were selected as control site. The burned and
unburned (control) sites had similar conditions in terms
of topography, vegetation, and factors influencing soil
properties. Figure 4 shows a burned site and its adjacent
unburned site in one of the forests of the study area.

A parcel/large plot with specific shape and size was
delimited within each burned and unburned site using
existing natural features in the forest such as ridges,
valleys, and roads. The boundaries of 30 parcels were
determined by surveying equipment which included a
laser meter, tape measure, range pole, level rod, theod-
olite, and clinometer. The area of each parcel within the
limits of burned and unburned sites is given in Table 3.
The 30 parcels were more than 1000 m2, and therefore,
the studies could be performed at the watershed scale.
Parcels located in subland units 1.1.1, 2.1.1, 1.1.2, 2.12,
and 2.1.3 were entitled A, B, C, D, and E, respectively
(Fig. 3). The letters O and F, which accompany the
letters A, B, C, D, and E, in each parcel name are related

Fig. 2 Flowchart showing the methodology followed in the study
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to whether the site was fire-affected (F) or in its original
condition (O) being a control site (Table 3).

Forest biometry

In each parcel, all living tall and small tree species that
had a diameter at breast height of >7.5 cm (the counting
limit) were measured using the 100% inventory or full
callipering method. In this method, the diameter at
breast height of each tree that was more than the
counting limit was measured in diameter classes of
1 cm. The number of trees per hectare was measured
by calculating the number of trees in each parcel and
dividing this by the parcel area. The percentage of tree
canopy cover was determined using the measurement of
canopy area by inventory of two small and large diam-
eters of canopy. The diameter at breast height of trees
was determined by means of a caliper. The full height of
trees was determined using a Suunto clinometer (PM5/
360PC) and an ultrasonic Vertex III hypsometer. The
thickness of surface litter (dead leaves) was randomly
measured at several points within each parcel
(Namiranian 2007; Zobeiry 2005 and 2007). The mea-
surements for each parameter were reported as an aver-
age of that parameter for each parcel (Table 3). The
average age of trees in each parcel (Table 3) was deter-
mined using several methods: (a) consulting experts in
silviculture and forestry and local residents; (b) available
literature about the dates various species were planted in

Guilan province (Gorji Bahri et al. 2012; Mosayeb
Neghad et al. 2007; Sadegh 2011); (c) examining rela-
tionships between age, height, and diameter of special
tree species (Mirabdollahi Shamsi et al. 2013); (d)
counting the growth rings when a fallen trunk of a tree
was found in the area (Mohammadi et al. 2012); and (e)
dendrochronological analysis of selected trees in each
parcel using an increment borer. To keep tree damage to
a minimum, this method was only used for a small
number of trees (Devall et al. 1995; Banj Shafiei et al.
2009).

Erosion measurement at the watershed scale

The surface erosion in each parcel was identified and
measured using a visual index method. Soil accumula-
tion around plants, stones, fences, and barriers was
carefully investigated (Sadeghi 1995). The height of soil
loss (in mm) was measured near plants, stones, fences,
barriers, and roots of trees at several random points
within each parcel. Finally, the surface erosion was
reported as an average for each parcel in millimeters
per hectare. According to the available literature and the
aerial photographs, all parcels, burned and unburned,
were forested in the past years and surface erosion
(mm ha−1 year−1) was determined using the average
age of trees in each parcel. The total mass of surface
erosion (t ha−1 year−1) was measured for each site using
soil surface bulk density (Sadeghi et al. 2006).

Fig. 3 Map of subland units in the study area along with zones disturbed by fire
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Experimental design and sample collection

To study the effects of fire on soil erosion parameters, 30
sites were chosen of two types, 15 fire-affected and 15
controls that had not been burned. There were three
replicates for each type of site and relevant experiments
were conducted on each repeat. This resulted in soil bulk
density, permeability of the soil profile, and splash ero-
sion being measured at a total of 90 points, and 90 soil
samples were collected for laboratory analyses. In addi-
tion, soil sampling and infiltration studies were carried

out at 80 other sites, in addition to the 30 burned and
unburned sites (110 points in total), to provide a map for
the soil erodibility factor at the regional scale (Fig. 5).
Before performing the experiments and sampling, any
litter and ash were carefully removed from the soil
surface by brushing based on the precedent set in similar
studies carried out in forests (Zavala et al. 2010). Topsoil
samples were taken at a depth of 0–15 cm using a
cylinder and the air-dried <2 mm fraction used for
physico-chemical laboratory analysis.

Field experiments and laboratory analysis

Topsoil bulk density was measured in the field using the
cylinder technique (Blake and Hartge 1986). Soil per-
meability was evaluated in the field according to the
final infiltration rate by measuring one-dimensional wa-
ter flow into the soil per unit time using a double-ring
infiltrometer (Bauwer 1986). The soil structure code and
profile permeability class to estimate the soil erodibility
factor (K-factor) were extracted from the National Soils
Handbook, No. 430 (USDA 1983). In the laboratory,
particle size distribution of the soils was determined by
sieving and sedimentation (Gee and Bauder 1986) and
the organic matter content was calculated using the
Walkley-Black method (Nelson and Sommers 1996).
Soil splash erosion was measured in the laboratory using
a multiple splash set (MSS) apparatus (Fig. 6).

Table 2 Some properties of the burned sites in the study area

Site Elevation
(m)

Slope (%) Average annual
precipitation (mm)

Average annual
temperature (°C)

Fire type Fire severity Fire area
(m2)

Interval to basis
time (years)

A1 815 36.62 826 12.5 Surface Low 5000 9.17

A2 997 71.75 740 11.75 Surface Low 8000 8.33

A3 603 35.07 938 13.25 Surface Low 6000 5.5

B1 356 23.61 1087 14 Canopy High 50,000 2.58

B2 542 47.10 973 13.75 Trunk High 10,000 5.5

B3 159 36.11 1224 14.75 Surface Low 6000 6.5

C1 105 45.52 1264 15 Canopy High 33,000 1.33

C2 293 66.59 1129 14.5 Canopy High 30,000 2.5

C3 320 23.59 1111 14.5 Trunk Low 7000 6.33

D1 171 44.64 1215 14.75 Canopy High 20,000 5.5

D2 144 30.84 1235 15 Canopy High 21,000 3.58

D3 29 18.69 1323 15.5 Canopy High 15,000 4.92

E1 32 17.54 1321 15.5 Surface Low 9500 9.42

E2 26 27.28 1325 15.75 Surface Low 7500 6.42

E3 8 13.28 1340 15.5 Canopy High 27,500 4.17

Fig. 4 A distant view from one of the burned sites towards its
adjacent unburned site in the study area
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This devise is composed of three different systems,
including rainfall simulator, slope regulator, and soil
sample swirl. The rainfall simulator system includes an
electric pump, telescopic tubes, and control valve sup-
pliers for water flow and a nozzle. The nozzle framework
diameter was designed to be 15 cm to create a complete
overlap with the soil samples inside the sampling cylin-
der. The slope regulator provides the intended slope and
necessary angle for running the experiments. The soil
sample swirl system has its rotation energy supplied by
an electromotor and is designed to cause splashing at a
fixed point. This apparatus also consists of two cylinders,
including a main cylinder with a diameter and height of
30 cm and a core sample cylinder with a diameter and
height of 10 cm. The splash erosion caused by simulated
rainfall on the core sample is collected by the main

cylinder. The main cylinder is divided into two parts: an
upslope section and a downslope section. Hence, the
amount of splash erosion in upslope and downslope
directions can be measured separately. After drying and
weighting of the particles splashed into the upper and
lower parts of the main cylinder, the splash erosion rate
was measured using the following formula (Eq. 1):

St ¼ Suþ Sd
T � A

ð1Þ

where St is the splash erosion rate (gmin−1 m−2), Su is the
soil splashed upslope (g), Sd is the soil splashed down-
slope (g), A is the soil core sample area (m2), and T is the
period of drop (min) (Khalili Moghadam et al. 2015). In
the present investigation, soil splash erosion was calcu-
lated for each sample under two different slopes (5 and

Table 3 Some vegetation attributes and area (size) of parcels at the watershed scale

Parcel
name

Parcel
area (m2)

Number of trees
per hectare (trees)

Height of
trees (m)

Diameter at breast
height of trees (cm)

Canopy cover
of trees (%)

Thickness of
surface litter (cm)

Age of trees
(years)

AO1 3900 402.6 14.5 20.9 68 4.6 90
AF1 3225 179.8 15.8 21.7 51 3.4

AO2 2800 417.9 14.3 21.4 71 4.8 90
AF2 3050 180.3 16.0 22.7 50 2.9

AO3 3500 388.6 14.1 20.6 68 4.8 85
AF3 2555 101.8 16.2 25.3 41 2.4

BO1 3775 360.3 13.1 19.2 63 4.3 80
BF1 4025 19.9 20.0 30.5 15 0.0

BO2 2900 379.3 13.9 20.5 66 4.5 80
BF2 3100 77.4 17.9 26.0 36 2.0

BO3 4225 343.2 12.7 18.5 62 4.0 70
BF3 3750 112.0 14.4 22.0 42 2.7

CO1 9125 321.1 11.2 17.9 60 4.0 60
CF1 7450 28.2 17.2 26.7 15 0.0

CO2 4875 344.6 11.5 18.5 62 4.1 70
CF2 5300 34.0 16.6 27.9 13 0.0

CO3 4850 350.5 12.8 18.9 63 4.3 75
CF3 3125 96.0 16.6 22.9 37 2.0

DO1 6200 282.3 10.8 17.4 58 3.7 60
DF1 6825 74.7 14.3 22.8 34 1.8

DO2 5025 300.5 13.2 19.0 57 3.8 35
DF2 4575 37.2 19.0 28.3 19 1.0

DO3 7625 254.4 9.1 15.8 57 3.5 55
DF3 6650 58.6 12.0 22.6 26 1.2

EO1 4550 219.8 8.6 14.3 54 3.3 50
EF1 5150 217.5 8.8 15.0 51 3.5

EO2 6225 141.4 8.2 12.7 45 3.0 45
EF2 4400 109.1 8.9 14.5 42 2.6

EO3 6750 69.6 6.0 12.3 33 1.5 45
EF3 7075 53.7 8.3 17.2 23 1.2
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40%) for 30 min of rainfall with an intensity of
50 mm h−1. The rainfall intensity of 50 mm h−1 is the

maximum rainfall intensity for the study area that oc-
curred in 60 min with a return period of 10 years. This
maximum rainfall intensity was determined from precip-
itation data for 17 climatological, synoptic, and rainfall
stations located around the study area using the model
(Eq. 2) proposed by Ghahraman and Abkhezr (2004).

R10
60 ¼ e0:291 Rð Þ0:694 ð2Þ

where R is the mean maximum daily rainfall (mm).

Erosion estimation

The RUSLE model (Eq. 3) was used to estimate the soil
erosion in burned and control sites.

A ¼ R� K � LS� C� P ð3Þ
where A is the soil loss per unit of area per unit of time
(t ha−1 year−1) caused by sheet and rill erosion, R is the
rainfall erosivity factor (MJ mm h−1 ha−1 year−1), K is
the soil erodibility factor (t h MJ−1 mm−1), LS is the
slope length and steepness factor (dimensionless), C is
the cover-management factor (dimensionless), and P is
the support practice factor (dimensionless).

The K-factor was calculated using the model (Eq. 4)
proposed by Wischmeier and Smith (1978).

100K ¼ 2:1� 10−4 �M1:14 � 12−OMð Þ þ 3:25

� S−2ð Þ þ 2:5� P−3ð Þ ð4Þ

Fig. 5 The location of soil sampling points (110) and infiltration studies at the regional scale

Fig. 6 Setup of the multiple splash set (MSS)
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where K is the soil erodibility factor with US customary
units (100 acre ft.-tonf in)−1, M is [(100 −% clay) × (%
very fine sand + % silt)], OM is the organic matter (%),
S is the soil structure code, and P is the profile perme-
ability class. To convert the K-factor units from US
customary units into SI units, all the K-factor values
were divided by 7.593. The K-factor map (Fig. 7) with a
grid resolution of 90 by 90 m for the study area was
prepared, according to classification and regression tree
analysis (Breiman et al. 1984) through K-factor data
related to 110 points (Fig. 5) using Cubist software
(Quinlan 2001).

The R-factor map (Fig. 8) with a grid resolution of 90
by 90 m was calculated based on ordinary kriging
method in the ArcGIS environment. The map was pre-
pared using the modified Fournier index (Eq. 5) and
precipitation data provided from 17 climatological, syn-
optic, and rainfall stations located around the study area
using models (Eqs. 6 and 7) defined by Renard and
Freimund (1994).

F ¼

X12
i¼1

pi
2

X12
i¼1

p

ð5Þ

R ¼ 0:07397F1:847

17:2
;when F < 55mm ð6Þ

R ¼ 95:77−6:081F þ 0:4770F2

17:2
;whenF ≥55mm ð7Þ

where F is the modified Fournier index, R is the rainfall
erosivity factor, Pi is the monthly precipitation (mm),
and P is the yearly precipitation (mm).

The LS-factor map (Fig. 9) was determined by a
model (Eq. 8) presented by Moore and Wilson (1992).

LS ¼ 1:4
As

22:13

� �0:4 SinB
0:0896

� �1:3
ð8Þ

where LS is the slope length and steepness factor, As is
the unit contributing area (m) and B is the slope (de-
grees). A digital elevation model (DEM) with a grid
resolution of 90 by 90 m (National Cartographic
Center 2010) was used to determine the LS-factor. The
maps of slope, flow direction, and flow accumulation
were prepared in the ArcGIS environment using its
spatial analyst function to derive the As and B values.

Fig. 7 Spatial distribution of the soil erodibility factor (K-factor) over the study area
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Band four (Red) and band five (NIR) of Landsat 8
images from 2015 were used to calculate the normal-
ized difference vegetation index (NDVI) for the study
area using ERDAS Imagine (LEICA Geosystems
2003) with the formula (Eq. 9) expressed by
Karaburun (2010):

NDVI ¼ NIR−Red
NIRþ Red

ð9Þ

As forest observations and field experiments were
conducted in the spring and summer, Landsat 8 images
from these seasons were used to calculate NDVI.
Finally, after testing some different C-factor models
presented in the scientific literature (de Jong et al.
1998; Van der Knijff et al. 1999), the formula (Eq. 10)
reported by Lin et al. (2002) was chosen to determine
the C-factor map (Fig. 10) with a grid resolution of 90
by 90 m using ERDAS Imagine.

Fig. 8 Spatial distribution of the rainfall erosivity factor (R-factor) over the study area

Fig. 9 Spatial distribution of the slope length and steepness factor (LS-factor) over the study area
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C ¼ 1−NDVI
2

� �1þNDVI

ð10Þ

The study area was located in a forest region, and
hence, there were no protective operations such as con-
tour cultivation, strip cropping, and terracing.
Consequently, the support practice factor (P-factor) was
considered one for the whole study area. The map of
erosion risk (Fig. 11) was finally prepared for the study
area by combining (multiplying) all factors
(K × R × LS × C × P) in the ArcGIS environment using
the RUSLE procedure. Also, to study the role of the
complete destruction of forest cover in increasing erosion
risk in the study area, a map was created by eliminating
the C-factor and combining other remaining factors
(K × R × LS × P) (Fig. 12). All the maps were created
in a coordinate system ofWGS_1984_UTM_Zone_39N.

Statistical analysis

A split-plot spatial design with 30 burned and unburned
(control) sites as the treatments was selected to analyze
the extracted data. Statistical Package for the Social
Sciences (SPSS) software (SPSS 1999) was used to
perform the statistical analysis. The analysis of variance
(ANOVA) tests were carried out using the general linear

model (GLM) method under the repeated measures
define factors (RMDF) procedure to confirm whether
there were significant variations in erosion parameters
among the five subland units (between subjects) and
also within burned and control sites (within subjects).
Mean comparisons were performed for burned and con-
trol sites in each unique subland unit using the paired-
samples T test at the 0.05 probability level. Step-wise
regression was used to recognize the most sensitive
factors for estimating the erosion parameters using mul-
tiple linear regression (MLR).

Results and discussion

The result of ANOVA showed that the soil erodibility
factor and splash erosion (for 5 and 40% slopes) were
significantly different (p < 0.01) between subland units
at the micro-plot scale (Table 4). In contrast, there was
no significant difference (at p = 0.05) in surface erosion,
erosion risk, and erosion risk potential between subland
units at the watershed scale (Table 5). However, all
erosion parameters at the micro-plot and watershed
scales showed a significant difference (p < 0.01) within
subland units between burned and control sites (Tables 4
and 5).

Fig. 10 Spatial distribution of the cover-management factor (C-factor) over the study area
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Comparison of the average values showed that
splash erosion for 5% slopes was significantly
(p < 0.05) greater at burned rather than control sites in
all (A–E) subland units at the micro-plot scale. In addi-
tion, splash erosion for 40% slopes as well as the soil
erodibility factor in four subland units (A–D) in burned
areas was significantly greater (p < 0.05) than at the

unburned sites at the micro-plot scale. The results also
showed that an increase in slope inclination from 5 to
40% greatly enhanced the rate of splash erosion in all
treatments. The lowest and highest values of splash
e r o s i o n f o r 5% s l o p e s w e r e 2 . 9 5 a n d
4.36 g min−1 m−2, respectively; while these values for
40% slopes were 32.51 and 43.98 g min−1 m−2,

Fig. 11 Spatial distribution of erosion risk over the study area

Fig. 12 Spatial distribution of erosion risk potential over the study area
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respectively (Table 6). These results are supported by
the findings of similar investigations. Baharlooi et al.
(2015) similarly reported that increasing slope inclina-
tion from 5° to 25° in fire-affected areas increased
splash erosion by 15%. Yusefi et al. (2014) found that
an increase in slope from 5 to 15% in deforested areas
significantly enhanced splash erosion, and Gharemani
et al. (2011) showed that an increase in the gradient of
terrain features and a decrease in ground cover en-
hanced splash erosion in forests.

It has been shown that soil organic matter content has
a high correlation with the soil erodibility factor
(Wischmeier and Smith 1978). The soil organic matter
content in areas with dense vegetation cover such as
forests is naturally high. The high organic matter in soil
helps bind soil particles and micro-aggregates into larg-
er, stable aggregates. Soil organic matter also creates a
hydrophobic coating around the aggregates, and this
coating prevents or decreases the percolation of water
into the aggregates. This may improve aggregate stabil-
ity against internal stresses caused by rapid water uptake
(wetting) and reduce aggregate breakdown and slaking
(Quirk and Murray 1991). Consequently, in the present
study, it is hypothesized that a decrease in soil organic
matter content in fire-affected areas probably enhanced

the soil erodibilty factor and splash erosion at the micro-
plot scale.

The destruction of forest cover by fire may lead to
greater rates of erosion compared with original forest
at the watershed scale (Cotler and Ortega-Larrocea
2006). In the present study, the comparison of average
values of surface erosion, erosion risk, and erosion
risk potential at the watershed scale showed that all of
the erosion parameters, except erosion risk in subland
unit B, did not show a significant difference in any of
the subland units within the burned and control treat-
ments. However, the values of erosion parameters in
burned treatments were more than unburned treat-
ments for most of the sites at the watershed scale.
Comparing the values obtained for erosion risk and
erosion risk potential also revealed that with removal
of the cover-management factor, the rate of erosion
increased markedly (Table 7).

The process of soil erosion was evaluated at the
micro-plot and watershed scales by development of a
correlation matrix (Table 8) between variables related to
two scales for the 30 studied sites. This two-scale soil
erosion evaluation showed that there were significant
(p < 0.01) positive correlations between the splash ero-
sion (for 5 and 40% slopes) and the soil erodibility factor

Table 4 Analysis of variance of erosion parameters at the micro-plot scale

Source Degrees of freedom Mean squares (MS)

Splash erosion for 5% slopes Splash erosion for 40% slopes Soil erodibility factor

Between subjects 4 0.320** 22.975** 9.592 × 10–5**

Within subjects 1 4.144** 226.930** 0.001**

Total 5 4.464 249.905 1.096 × 10−3

*Significant at 0.05 probability level

**Significant at 0.01 probability level

Table 5 Analysis of variance of erosion parameters at the watershed scale

Source Degrees of freedom Mean squares (MS)

Surface erosion Erosion risk Erosion risk potential

Between subjects 4 295.722 n.s 385.253 n.s 4757.199 n.s

Within subjects 1 1657.336** 1882.426** 5579.033**

Total 5 1917.058 2267.679 10,336.232

n.s not significant

*Significant at 0.05 probability level

**Significant at 0.01 probability level
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at the micro-plot scale and surface erosion, erosion risk,
and erosion risk potential at the watershed scale. These
positive correlations between variables from two scales
of observation confirmed that erosion which begins at
the micro-scale leads to soil loss at the macro-scale.
Moreover, the correlation matrix shows that there were
correlations between some vegetation attributes and
erosion parameters at the micro-plot and watershed
scales (Table 8). Therefore, as fire in forests changes
vegetation attributes, there can probably be adverse
effects on soil properties that enhance erosion rates
(Cotler and Ortega-Larrocea 2006). Many studies have
also confirmed the high correlation between vegetation
cover and soil erosion (Battany and Grismer 2000;
Wainwright et al. 2000; Vrieling et al. 2008).

Results at the regional scale showed that from the
mountainous regions (west) to the flat regions (east) of
the study area and approaching the Caspian Sea (Fig. 1
and Table 1), vegetation density decreased, while fine
soil particles (soil silt and clay content) increased.
Towards the eastern parts of the study area, human
activities and grazing increased and, hence, disturbance
of vegetation cover was enhanced, especially close to
the residential areas. Consequently, points located in
western parts of the study area had denser vegetation
cover compared with points in eastern and central parts.
Increase in soil organic matter content and decrease in
soil fine fractions had a significant role in enhancing the
detachability of particles and the soil erodibility factor
(Wang et al. 2013).

Table 6 Comparison of the average values of erosion parameters at the micro-plot scale

Site Splash erosion for 5% slopes
(g min−1 m−2)

Splash erosion for 40% slopes
(g min−1 m−2)

Soil erodibility factor
(t h MJ−1 mm−1)

AO 2.95 (0.10)a 32.51 (1.26)a 0.024 (0.002)a

AF 3.76 (0.19)b 39.35 (1.25)b 0.032 (0.002)b

BO 3.16 (0.11)a 34.95 (1.55)a 0.026 (0.001)a

BF 4.22 (0.17)b 42.43 (1.71)b 0.040 (0.004)b

CO 3.30 (0.10)a 35.97 (0.91)a 0.028 (0.001)a

CF 4.26 (0.10)b 42.85 (0.63)b 0.042 (0.001)b

DO 3.63 (0.25)a 38.69 (1.47)a 0.031 (0.001)a

DF 4.36 (0.08)b 43.98 (1.09)b 0.045 (0.003)b

EO 3.68 (0.23)a 38.90 (1.27)a 0.030 (0.002)a

EF 3.83 (0.22)b 39.91 (0.78)a 0.030 (0.002)a

Properties having different letters are significantly different at the 0.05 probability level. Numbers in parentheses are standard deviations

Table 7 Comparison of the average values of erosion parameters at the watershed scale

Site Surface erosion (t ha−1 year−1) Erosion risk (t ha−1 year−1) Erosion risk potential (t ha−1 year−1)

AO 3.02 (0.94)a 5.11 (1.55)a 3.02 (0.94)a

AF 10.53 (5.67)a 13.17 (6.43)a 10.53 (5.67)a

BO 4.02 (0.23)a 6.52 (0.41)a 4.02 (0.23)a

BF 21.44 (11.30)a 24.80 (11.7)a 21.44 (11.30)b

CO 8.36 (5.43)a 11.73 (7.32)a 8.36 (5.43)a

CF 40.16 (28.60)a 45.78 (32.03)a 40.16 (28.60)a

DO 6.90 (2.33)a 9.63 (3.48)a 6.90 (2.33)a

DF 23.74 (13.73)a 27.67 (15.46)a 23.74 (13.73)a

EO 7.43 (5.30)a 9.24 (6.71)a 7.43 (5.30)a

EF 8.20 (6.15)a 10.01 (7.36)a 8.20 (6.15)a

Properties having different letters are significantly different at the 0.05 probability level. Numbers in parentheses are standard deviations
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Areas having rocky outcrops were abundant in the
western part (mountainous regions) of the study area
(Table 1). The soil erodibility factor in these areas was
zero due to lack of soil (Asadi et al. 2011). Evaluation of
the spatial distribution of the soil erodibility factor at the
regional scale showed that from the western to the
eastern regions of the study area, the soil erodibility
factor increased from 0.024 to 0.035 t h MJ−1 mm−1

(Fig. 7). Results also showed that precipitation in-
creased, and elevation and steepness decreased due to
decreasing altitude (height above sea level) from west to
east and approaching sea level (Table 2). Increase in
precipitation will enhance the rainfall erosivity factor
(Renard et al. 1991). Studying the spatial distribution of
the rainfall erosivity factor at the regional scale revealed
that fromwestern to eastern regions of the study area the
rainfall erosivity factor increased from 113 to
609 MJ mm h−1 ha−1 year−1 (Fig. 8). The slope length
and steepness factor at the regional scale was between 0
(in the east) and 23.01 (in the west). Therefore, the slope
length and steepness factor decreases from the moun-
tainous regions to the flat regions of the study area
(Fig. 9). Decrease in vegetation cover density will in-
crease the cover-management factor (Lin et al. 2002).
Spatial distribution of the cover-management factor
showed that its values ranged between 0.08 (high crop
cover) and 0.43 (almost bare soil) over the study area. In
general, the values of the cover-management factor in

central and eastern parts of the study area were less than
in western parts (Fig. 10). Increase in the soil erodibility,
rainfall erosivity, and cover-management factors can
enhance the erosion risk in an area (Aiello et al. 2015).
The map of the erosion risk (Fig. 11) showed that the
estimated erosion values ranged between 0.00035 and
139.63 t ha−1 year−1. In addition, spatial distribution of
the erosion risk over the study area illustrated that the
central and western sections of the study area were more
susceptible to erosion compared with the western re-
gions because of larger values for the crop-management,
soil erodibility, and rainfall factors. Despite higher
values for the slope length and steepness factor in west-
ern parts, this factor did not increase the erosion risk in
these regions by itself because of the lower values of
other factors. Furthermore, the map of erosion risk po-
tential (Fig. 12) revealed that elimination of the cover-
management factor increased soil erosion by
620.38 t ha−1 year−1, and therefore, the important role
of the vegetation cover in reducing soil loss over the
study area is apparent from this map.

To develop model equations for estimating erosion
parameters in the study area, multiple linear regression
between the erosion parameters and the main vegetation
variables was investigated using a step-wise approach.
Table 9 shows 10 models for estimating erosion param-
eters at the micro-plot and watershed scales using veg-
etation attributes as the independent variables. Results

Table 8 Pearson’s correlation coefficients among different variables at the micro-plot and watershed scales

No He Di Ca TL Sp5 Sp40 K SE ER ERP

No 1

He −0.211 n.s 1

Di −0.380* 0.951** 1

Ca 0.951** −0.305 n.s −0.505** 1

TL 0.941** −0.312 n.s −0.513** 0.993** 1

Sp5 −0.953** 0.294 n.s 0.467** −0.928** −0.919** 1

Sp40 −0.929** 0.264 n.s 0.434* −0.901** −0.886** 0.982** 1

K −0.844** 0.510** 0.644** −0.866** −0.861** 0.928** 0.911** 1

SE −0.629** 0.533** 0.661** −0.767** −0.774** 0.668** 0.651** 0.733** 1

ER −0.606** 0.536** 0.658** −0.744** −0.751** 0.649** 0.633** 0.720** 0.999** 1

ERP −0.353 n.s 0.477** 0.541** −0.476** −0.475** 0.428* 0.426* 0.531** 0.879** 0.901** 1

No number of trees per hectare, He height of trees, Di diameter at breast height of trees, Ca canopy cover of trees, TL thickness of surface
litter, Sp5 splash erosion for 5% slopes, Sp40 splash erosion for 40% slopes, K soil erodibility factor, SE surface erosion, ER erosion risk,
ERP erosion risk potential, n.s not significant

*Significant at 0.05 probability level

**Significant at 0.01 probability level
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showed that among the main variables related to vege-
tation, only the number of trees per hectare and diameter
at breast height of trees had significant effect on the
splash erosion for 5% slopes. Therefore, the number of
trees per hectare and diameter at breast height of trees
were selected as themost important variables to estimate
splash erosion for 5% slopes in the study area. In addi-
tion, among the main variables related to vegetation,
only the number of trees per hectare had a significant
effect on splash erosion for 40% slopes. Moreover,
among the main variables related to vegetation, only
the canopy cover and height of trees had significant
effects on the soil erodibility factor. Furthermore,
among the main variables related to vegetation, only
the thickness of surface litter and diameter at breast
height of trees had a significant effect on surface
erosion and erosion risk. Similarly, Sadeghi et al.
(2006) observed strong correlations between canopy
cover and surface litter and some erosion parameters in
forests. Durán and Rodríguez (2008) also proposed that
the canopy cover of plant is the best parameter for
estimating the soil loss rate in woodlands and
rangelands.

Conclusions

The assessment of soil erosion at 30 burned and
unburned sites in the Kanroud forests of northern

Iran showed that the destruction of forest trees by
fire had significant effects on erosion rates at the
micro-plot and watershed scales. Evaluating erosion
at both scales by developing a correlation matrix
revealed that there were significant correlations be-
tween parameters related to soil erosion at the two
scales. This confirmed that the erosion process which
may start with splash erosion at the micro-scale fi-
nally leads to soil loss at the macro-scale. In addition,
it became clear that some vegetation attributes were
the most important variables for estimating erosion
parameters in the study area. Consequently, the re-
sults of this research and new equations developed in
this paper may facilitate better soil erosion assess-
ment in the forests of northern Iran. The evaluation of
soil loss by mapping the erosion risk at the regional
scale is also an important pre-requisite for effective
management of the environment and development of
policies to address the environmental problems
caused by soil erosion. Mapping of the erosion risk
potential is also a good way of showing the impor-
tance of the cover-management factor in reducing
soil loss from forests. Therefore, the protection of
forests from fire, monitoring/restricting the activities
of forest dwellers and ranchers, preventing the indis-
criminate and widespread exploitation of forest re-
sources, and preventing the establishment and devel-
opment of forest roads will certainly help to reduce
the erosion risk in forests.

Table 9 Results of step-wise multiple linear regression for estimating erosion parameters

No. Model Linear regression equation Standard error R2 F (sig)

1 1 Sp5 = −0.003No + 4.392 0.14797 0.909 279.485**

2 2 Sp5 = −0.003No + 0.013Di + 4.100 0.13967 0.922 159.057**

3 1 Sp40 = −0.025No + 43.977 1.38711 0.862 175.339**

4 1 K = 0.0001Ca + 0.049 0.000 0.750 84.031**

5 2 K = 0.0001Ca + 0.001He + 0.040 0.000 0.816 60.021**

6 1 SE = −7.701TL + 35.173 9.41744 0.599 41.912**

7 2 SE = −5.873TL + 1.124Di + 6.989 8.38350 0.694 30.610**

8 1 ER = −8.266TL + 39.759 10.8690 0.564 36.252**

9 2 ER = −6.173TL + 1.287Di + 7.489 9.6994 0.665 26.841**

10 1 ERP = 5.588Di − 31.087 41.20552 0.292 11.566**

Sp5 splash erosion for 5% slopes (g min−1 m−2 ), Sp40 splash erosion for 40% slopes (g min−1 m−2 ), K soil erodibility factor
(t h MJ−1 mm−1 ), SE surface erosion (t ha−1 year−1 ), ER erosion risk (t ha−1 year−1 ), ERP erosion risk potential (t ha−1 year−1 ), No
number of trees per hectare (tree), Di diameter at breast height of trees (cm), Ca canopy cover of trees (%), He height of trees (m), TL
thickness of litter (cm)

**Significant at 0.01 probability level
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