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Abstract Soil erosion is a growing problem in southern

Greece and particularly in the island of Crete, the biggest

Greek island with great agricultural activity. Soil erosion

not only decreases agricultural productivity, but also

reduces the water availability. In the current study, an

effort to predict potential annual soil loss has been con-

ducted. For the prediction, the Revised Universal Soil

Loss Equation (RUSLE) has been adopted in a Geo-

graphical Information System framework. The RUSLE

factors were calculated (in the form of raster layers) for

the nine major watersheds which cover the northern part

of the Chania Prefecture. The R-factor was calculated

from monthly and annual precipitation data. The K-factor

was estimated using soil maps available from the Soil

Geographical Data Base of Europe at a scale of

1:1,000,000. The LS-factor was calculated from a 30-m

digital elevation model. The C-factor was calculated using

Remote Sensing techniques. The P-factor in absence of

data was set to 1. The results show that an extended part

of the area is undergoing severe erosion. The mean annual

soil loss is predicted up to *200 (t/ha year-1) for some

watersheds showing extended erosion and demanding the

attention of local administrators.

Keywords Soil erosion � RUSLE � GIS �
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Introduction

Soil erosion is a natural process in which earth materials

are entrained and transported across a given surface. It is

regarded as the major and most widespread kind of soil

degradation and as such, affects significantly the sustain-

able agricultural land use. Soil can be eroded mainly by

wind and water. High winds can blow away loose soils

from flat or hilly terrain, while erosion due to the energy of

water occurs when water falls toward the earth and flows

over the surface.

Other problems caused by soil erosion include loss of

soil nutrients, declining crop yields, reduction in soil pro-

ductivity (Renard et al. 1997). Moreover, soil moved by

erosion carries nutrients, pesticides and other harmful farm

chemicals into rivers, streams, and ground water resources

(Nyakatawa et al. 2001) and as a result, protecting soils

from erosion is important to sustain human life. Finally,

soil erosion causes air pollution through emissions of

radioactive gases such as carbon dioxide (CO2), methane

(CH4), and nitrous oxide (N2O) (Lal 2001; Boyle 2002).

Accelerated soil erosion is a serious problem worldwide,

with inestimable economic and environmental impacts

because of its extent, magnitude, rate, and complex pro-

cesses (Lal 1994). Numerous human-induced activities,

such as mining, construction, and agricultural activities,

disturb land surfaces, resulting in erosion. Soil erosion

from cultivated areas is typically higher than that from

uncultivated areas (Brown 1984). Soil erosion can pose a

great concern to the environment because cultivated areas

can act as a pathway for transporting nutrients, especially

phosphorus attached to sediment particles of river systems

(Ouyang and Bartholic 1997).

The Council of Europe provides an overview of the

extent of soil degradation in Europe (as a technical report)
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using revised GLASOD data (Oldeman et al. 1991; Van

Lynden 1995). The most dominant effect is the loss of

topsoil, which in many cases is potentially very damaging.

The most important physical factors in the process of soil

erosion are climate, topography, and soil characteristics.

Southern Europe and particularly the Mediterranean region

is extremely prone to erosion as it suffers from long dry

periods followed by heavy erosive rainfall, falling on steep

slopes with fragile soils, resulting in considerable amounts

of erosion (Onori et al. 2006).

In some parts of the Mediterranean region, erosion has

reached a stage of irreversibility while in some places there

is no more soil left. With a slow rate of soil formation, any

soil loss of more than 1 t/ha year-1 can be considered as

irreversible within a time span of 50–100 years. Losses of

20 to 40 t/ha in individual storms (that may happen once

every two or three years) are measured regularly in Europe

with losses of more than 100 t/ha measured in extreme

events (Morgan 1992). In Greece, soil erosion affects

3.5 million hectares and thereby experiencing a situation

amounting to 26.5% of the country’s total land area

(Mitsios et al. 1995).

Various approaches and equations for risk assessment or

predictive evaluation on soil erosion by water are available

in international literature. Wischmeier and Smith (1965,

1978) by collecting soil erosion data of 8,000 communities

of 36 regions in 21 states in USA, analyzed and assessed

various dominating factors of soil erosion, and introduced

the universal soil loss equation (USLE) to assess soil ero-

sion by water. Basically, USLE predicts the long-term

average annual rate of erosion on a field slope based on

rainfall pattern, soil type, topography, crop system, and

management practices (soil erosion factors). For the past

15 years, more comprehensive research on soil erosion by

water has been conducted. By including additional data and

incorporating recent research results, the USLE method-

ology is improved and a revised version of this model

(RUSLE) further enhanced its capability to predict water

erosion by integrating new information made available

through research of the past 40 years (Renard and Frei-

mund 1994; Renard et al. 1997; Yoder and Lown 1995).

Moreover, the combined use of GIS and erosion models,

such as USLE/RUSLE, has been proved to be an effective

approach for estimating the magnitude and spatial distribu-

tion of erosion (Cox and Madramootoo 1998; Erdogan et al.

2007; Fernandez et al. 2003; Fu et al. 2006; Gong 2001;

Lewis et al. 2005; Lim et al. 2005; Millward and Mersey

1999; Mitasova et al. 1996; Molnar and Julien 1998; Wu and

Dong 2001; Wu and Wang 2007; Yitayew et al. 1999).

The goal of this research was the implementation of the

RUSLE model in nine water basins of the northwestern

Crete Island to estimate the soil loss in a Mediterranean

region which is particularly prone to erosion processes. The

applicability and the efficiency of the GIS and remote

sensing methods for soil loss estimation are also presented.

Study site

Crete is considered a semi-arid region. The average annual

precipitation is estimated to be 900 mm (Chartzoulakis

et al. 2001). The study area is situated at latitudes between

35.32 and 35.54 and longitudes between 23.60 and 24.16

decimal degrees, in the western Crete Island and specifi-

cally in the northern part of Chania Prefecture. It comprises

nine watersheds; the Magagistra, Kastelli, Milias, Tiflos,

Arapi, Tavronitis, Keritis, Therissos, and Kalami water-

sheds from west to east as shown in Fig. 1. Some general

geometrical characteristics of the studied watersheds are

also given in Table 1.

The climate is sub-humid Mediterranean with humid and

relatively cold winters and dry and warm summers. The

annual rainfall for the broader area has been estimated to be

665 mm. It is estimated that from the total yearly precipi-

tation on the plains about 65% is lost to evapotranspiration,

21% run off to sea and only 14% goes to recharging the

groundwater (Chartzoulakis et al. 2001). The drought per-

iod extends over more than 6 months (May to October) with

evaporation values ranging from 140 mm to more than

310 mm in the peak month (Tsagarakis et al. 2004).

Regarding the geological setting, the water basins lie in

an area which is mainly composed of Quaternary deposits

that form depositional plains oriented southwards, while

Miocene to Pliocene sediments are widespread all over the

study area. Dissected hills of phyllites and quartzites, a Late

Carboniferous to Late Triassic package of sedimentary

rocks composed mostly of quartz-rich siliciclastic sedi-

ments, with minor limestone, gypsum, and volcanic rocks

(Krahl et al. 1983) are observed mainly in the central part of

the study area. Late Triasic carbonates (Tripolis nappe) and

Triassic to Early Cretaceous carbonates of the Trypalion

nappe are also exposed in several parts of the study area.

The geological formations are classified into four hydro-

lithological units: high permeability rocks which comprise

the karstic limestones of Tripolis and Trypalion nappes,

medium permeability rocks which consist of the Quaternary

deposits as well as the Miocene to Pliocene conglomerates

and marly limestones, low permeability rocks which con-

sists of the Pliocene to Miocene marles and impervious

rocks which consist of the phyllites–quartzites unit.

Finally, the land use of the study area is mainly agricul-

tural (up to 80%), pasture coverage is up to 10% while the

natural vegetation coverage represents less than the 10%.

All the aforementioned conditions constitute the study

area particularly sensitive to extended soil washout in case

of intense rainfall events.
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Materials and methods

Soil erosion prediction by RUSLE

Revised Universal Soil Loss Equation (RUSLE, Renard

et al. 1997) is an empirically based model founded on the

Universal Soil Loss Equation, USLE (Wischmeier and

Smith 1978). RUSLE model enables prediction of an

average annual rate of soil erosion for a site of interest for

any number of scenarios involving cropping systems,

management techniques, and erosion control practices. In

the application of RUSLE on GIS environment, soil loss is

estimated within the raster/grid GIS. Raster models are

cell-based representations of map features, which offer

analytical capabilities for continuous data and allow fast

processing of map layer overlay operations (Fernandez

et al. 2003).

Five major factors (rainfall pattern, soil type, topogra-

phy, crop system, and management practices) are used in

USLE/RUSLE for computing the expected average annual

erosion through the following equation (Renard et al.

1997):

A ¼ R � K � L � S � C � P ð1Þ

where A is the computed spatial average soil loss and

temporal average soil loss per unit area (t/ha year-1), R the

rainfall-runoff erosivity factor [MJ mm/(ha h year-1)], K

the soil erodibility factor [t ha h/(ha MJ mm)], L the slope-

length factor, S the slope steepness factor, C the cover

Fig. 1 Location maps of the

studied watersheds

Table 1 Morphological characteristics of the studied watersheds

Watersheds Minimum

elevation

Maximum

elevation

Area

(km2)

Perimeter

(km)

Magagistra 20 923 22.53 24.07

Kastelli 20 1,061 31.70 32.86

Milias 20 816 15.35 23.94

Tiflos 20 1,163 76.07 48.36

Arapi 17 940 41.51 42.04

Tavronitis 0 1,295 130.86 63.51

Keritis 0 2,106 180.62 72.79

Therissos 11 2,078 57.46 47.70

Kalami 4 2,191 129.62 52.44
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management factor, and P the conservation support prac-

tice factor. L, S, C, and P are all dimensionless.

Data

The overall methodology involved use of RUSLE in a GIS

environment. Individual GIS files were created for each

factor in the RUSLE and combined by cell-grid modeling

to predict soil loss in a spatial domain.

The following paragraphs describe the estimation of the

R, K, C and LS factors from precipitation data, available

geological and soil maps, digital processing of satellite

images, and digital elevation model (DEM), respectively.

The P factor is the ratio of soil loss with a specific

support practice to the corresponding loss with upslope–

downslope tillage. These practices principally affect ero-

sion by modifying the flow pattern, grade, or direction of

surface runoff and by reducing the amount and rate of

runoff (Renard and Foster 1983). Current agricultural

practices observed in the northern part of Chania Prefecture

consist of upslope–downslope tillage without any signifi-

cant contouring or terracing. In order to remove/avoid the

P factor from the soil loss estimation, P equal to 1 was

assumed.

Rainfall erosivity factor (R)

Rainfall erosivity is defined as the aggressiveness of the

rain to cause erosion (Lal 1990). The most common rainfall

erosivity index is the R factor of USLE (Wischmeier and

Smith 1965, 1978) and RUSLE (Renard et al. 1996). The R

factor is considered to be the most highly correlated index

to soil loss at many sites throughout the world (Aronica and

Ferro 1997; Bergsma 1980; Bolinne et al. 1980; Ferro et al.

1991; Hussein 1986; Lo et al. 1985; Mikhailova et al. 1997;

Renard and Freimund 1994; Stocking and Elwell 1973;

Wischmeier 1959; Wischmeier and Smith 1978; Yu and

Rosewell 1996a, b). The R factor for any given period is

obtained by summing for each rainstorm—the product of

total storm energy (E) and the maximum 30-min intensity

(I30). Since pluviograph and detailed rainstorm data are

rarely available at standard meteorological stations, mean

annual (Banasik and Gôrski 1994; Renard and Freimund

1994; Yu and Rosewell 1996c) and monthly rainfall

amount (Ferro et al. 1991) have often been used to estimate

the R factor for the USLE.

In an effort to estimate the R factor using monthly and

annual rainfall data, Renard and Freimund (1994) proposed

the use of both mean annual rainfall depth P and the pre-

viously introduced by Arnoldus (1980) modified Fournier

index, F, which is defined as:

F ¼
X12

i¼1

p2
i

P
ð2Þ

where pi, is the mean rainfall amount in mm for month i.

According to Arnoldus (1980) the F index is a good

approximation of R to which it is linearly correlated.

Moreover, by using mean annual rainfall data for different

European regions (Bergsma 1980; Bolinne et al. 1980;

Gabriels et al. 1986). Bagarello (1994) showed that the F

index is strongly linearly correlated to the mean annual

rainfall even in the case of seasonal variations in

precipitation.

The FF index which is well correlated with the rainfall

erosivity (Ferro et al. 1991) was adopted to take into

account the actual monthly rainfall distribution during each

year (Fa,j) for a period of N years:

FF ¼
XN

j¼1

Fa;j

N
¼ 1

N

XN

j¼1

X12

i¼1

p2
i;j

Pj
ð3Þ

where pij is the rainfall depth in month/(mm) of the year j

and P is the rainfall total for the same year.

Thus, the analysis of the erosivity factor using the

aforementioned FF index was carried out using data from

35 monthly recording rain-gauges. During the analysis,

the R was found to be linearly and better correlated to FF

than P. This is in a good agreement with the results of

Aronica and Ferro (1997). For regions, such as western

Crete, where intensity indices (Ferro et al. 1991) are

required for soil erosion studies, FF is a better estimator

of the R factor as it takes into account the rainfall sea-

sonal distribution, while P is a robust estimator in regions

where high rainfall erosivity corresponds to high annual

rainfall.

Table 2 lists the individual data sets and indicates the

name of the station, longitude/latitude and elevation of the

station, the length of records in years, the network where

the station belongs and some calculated parameters which

will be commented in later section. The spatial distribution

of the rain-gauge stations is shown in Fig. 2. For our

research, data obtained from three different agencies: the

Department of Hydrology of the Ministry of Agriculture

and Development Organization of Western Crete (DHMA),

the National Agricultural Research Foundation located in

Chania in Crete Island (NAGREF), and the Institute of

Geology and Mineral Exploration (IGME) (Branch of

Crete).

The data sets obtained from the aforementioned data

centers exhibit variable quality status. In order to exclude

the most obvious errors from the precipitation data set in

the study area, a quality control procedure was applied to

all the monthly observations prior to their spatial analysis.
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For this purpose, a simple range test and a spatial con-

sistency test was applied to the data set. Daily reports

queried by the quality testing were then simply dropped

and no attempt was made to estimate appropriate

replacements.

The rejection rate after the application of quality control

was less than 0.5% for the data sets. Thus, there is no

significant reduction in the data amount.

R-factor estimation

Based on the suggested methodology as reported earlier

and using Eq. (3), the modified Fournier index (MFI) was

estimated for all the rainfall gauges (Table 2, column 7). In

order to estimate the most appropriate R-factor using the

calculated MFI, the following two R–MFI relationships as

suggested by the Ferro et al. (1999) and Renard and

Table 2 Characteristics of the Western Crete rain-gauge stations used to derive the rainfall erosivity factor. MFI is the estimated modified

Fournier index while the R-factor for the areas of Sicily and Morocco were also estimated in order to use the average of these values

Stations Longitude

easting

Latitude

northing

Elevation

(m)

Length of

records

(years)

Network MFI R-factor

(Sicily)

R-factor

(Morocco)

Mean

R-factor

Askifou 516465.65 3905923.29 740 41 DHMA 317.72 4897.14 2548.48 3722.81

Vamos 517954.87 3918865.16 2 41 DHMA 127.82 1183.16 650.29 916.72

Chania 502820.04 3928089.54 62 52 DHMA 85.36 630.28 354.91 492.60

Kalybes 514922.29 3922556.43 24 27 DHMA 105.49 876.86 487.53 682.20

Mouri 510690.04 3899677.78 24 38 DHMA 150.45 1525.77 830.44 1178.10

PalaiaRoumata 480121.54 3917019.91 316 40 DHMA 200.75 2392.75 1279.97 1836.36

Palaioxora 470981.57 3898560.27 48 26 DHMA 90.98 696.11 390.49 543.30

Prasses 485373.58 3914557.69 520 10 DHMA 276.55 3943.73 2069.48 3006.61

Souda 510371.53 3933640.69 152 41 DHMA 88.63 668.36 375.50 521.93

Tavronitis 483599.79 3931737.57 15 35 NAGREF 98.56 788.75 440.33 614.54

ChaniaAgrokipio 504069.39 3927521.88 8 35 NAGREF 101.93 831.13 463.06 647.09

Drapanias 472990.90 3927381.61 29 19 NAGREF 109.32 927.06 514.34 720.70

Alikianos 491672.03 3923277.05 19 NAGREF 120.69 1081.77 596.62 839.20

Kandanos 476234.23 3908988.73 158 19 NAGREF 150.18 1521.53 828.22 1174.87

Koundoura 467145.75 3899182.45 59 9 NAGREF 72.49 488.44 277.75 383.10

Fragkokastello 520980.75 3892981.03 5 NAGREF 102.80 842.24 469.01 655.63

Falasarna 461634.71 3925886.21 12 NAGREF 94.88 743.26 415.89 579.58

Zymbragou 477729.91 3921328.00 235 19 NAGREF 155.51 1606.48 872.63 1239.56

Armenoi 514221.50 3920407.00 50 12 NAGREF 121.53 1093.62 602.90 848.26

Patsianos 521045.19 3895375.00 5 NAGREF 148.77 1499.21 816.53 1157.87

Anopolis 506878.00 3897748.00 600 12 IGME 135.78 1300.10 711.98 1006.04

Askyfou 516943.00 3905950.00 700 21 IGME 317.83 4899.77 2549.79 3724.78

Alikampos 519154.00 3911481.00 330 12 IGME 188.21 2163.75 1161.96 1662.85

Rodopou 477398.00 3934154.00 230 9 IGME 138.01 1333.60 729.61 1031.61

Epanoxori 484531.00 3908658.00 600 11 IGME 181.66 2047.41 1101.82 1574.61

Rogdia 467152.00 3915404.00 580 8 IGME 172.91 1895.65 1023.17 1459.41

Floria 475561.00 3914830.00 600 8 IGME 238.76 3136.05 1660.22 2398.14

Omalos 491146.00 3910915.00 1050 7 IGME 257.70 3532.60 1861.61 2697.10

Sirikari 466975.00 3919688.00 450 8 IGME 210.64 2579.21 1375.73 1977.47

Koystogerako 485010.00 3903952.00 530 12 IGME 164.36 1751.49 948.24 1349.87

Xasi (Boutas) 467500.00 3904906.00 370 14 IGME 122.97 1113.84 613.62 863.73

Prasses 486150.00 3914812.00 520 12 IGME 274.79 3904.66 2049.77 2977.21

Therissos 498286.00 3917629.00 580 21 IGME 194.51 2277.78 1220.78 1749.28

Melidoni 510334.00 3915922.00 400 21 IGME 198.40 2349.18 1257.55 1803.37

Kampoi 506136.00 3919063.00 560 12 IGME 211.71 2599.53 1386.16 1992.84

DHMA Department of Hydrology of the Ministry of Agriculture and Development Organization of Western Crete min, value; 383.10; NAGREF
National Agricultural Research Foundation mean, value; 1429.41; IGME Institute of Geology and Mineral Exploration min, max, value; 3724.78
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Freimund (1994) for the regions of Sicily-Italy and the

Morocco, respectively were used,

R ¼ 0:6120 �MFI1:56 Sicily-Italyð Þ ð4Þ

R ¼ 0:264 �MFI1:50 Moroccoð Þ ð5Þ

The R factor for each of the relationships (4) and (5) was

estimated, and the mean value of the resulted R factor was

finally adopted as is shown in Table 2 (column 10).

In order to verify the reliability of the estimations, the

calculated rainfall erosivity factors were interpolated with

geostatistical as well as deterministic techniques. After

applying and testing several geospatial prediction tech-

niques the Ordinary Kriging interpolator was chosen for

interpolating the point information (R factor). Compared

with the remaining interpolation methods, it gave the best

cross validation results and root mean squared (RMS)

errors.

Table 3 presents the cross validation results of the

estimated R factor. Cross-validation uses all of the data to

estimate the trend. Then it omits each data location, one at

a time, and predicts the associated data value. The pre-

dicted and actual values at the location of the omitted point

are compared. For all points, cross-validation compares the

measured and predicted values. For the standardized error

estimation, the measured values are subtracted from the

predicted values and then divided by the estimated standard

errors. Generally, the best model is the one that has the

mean nearest to zero and the smallest root-mean-squared

prediction error. If the prediction errors are unbiased, the

mean prediction error should be near zero but we should

have always in mind that this value depends on the scale of

the data.

Figure 3 shows the plot of the predicted versus the

measured R factors. Details on the prediction errors, such

as, the mean value (52.48), the root mean square (rms)

(399), the average standard error (308.2), the mean stan-

dardized error (0.072) and the standardized rms (1.3) are

given.

Soil erodibility factor (K)

The K factor is an empirical measure of soil erodibility as

affected by intrinsic soil properties (Fu et al. 2006). The

main soil properties affecting K are soil texture, organic

matter, structure, and permeability of the soil profile.

Soil erodibility (K factor) was estimated with the help of

the soil map provided by the Soil Geographical Data Base

of Europe at a scale of 1:1,000,000 which is available

online on http://eusoils.jrc.it/. This map makes a distinction

among coarse (\18% clay and [65% sand), medium (18–

35% clay and C15% sand, or 18% \ clay and 15–65%

sand), medium fine (\35% clay and\15% sand), fine (35–

60% clay) and very fine (clay [60%) soil texture types.

After comparison between the geological maps of the

Chania Prefecture and the soil types on the available soil

map we proceeded to the in situ check of soil samples for

any geological formation which was included in each one

of the four polygonal areas (i.e. soil types) of the Soil

Geographical Data Base of Europe at Scale 1:1,000,000.

Afterwards, the K factor was calculated by means of the

following formulae which were developed from global data

of measured K values, obtained from 225 soil classes

(Renard et al. 1997):

K¼0:0034þ0:0405� exp �0:5
logDgþ1:659

0:7101

� �2
" #

ð6Þ

Dg ¼ exp
X

fi ln
di þ di�1

2

� �� �
ð7Þ

where Dg is the geometric mean particle size, for each

particle size class (clay, silt, sand), dI is the maximum

diameter (mm), dI-1 is the minimum diameter and fI is the

corresponding mass fraction.

This relation is very useful with soils for which data are

limited and/or the textural composition is given in a par-

ticular classification system.

Slope-length (L) and slope steepness (S) factors

The L and S factors in RUSLE reflect the effect of

topography on erosion. It has been demonstrated that

increases in slope length and slope steepness can produce

higher overland flow velocities and correspondingly higher

erosion (Haan et al. 1994). Moreover, gross soil loss is

considerably more sensitive to changes in slope steepness

than to changes in slope length (McCool et al. 1987). Slope

length has been broadly defined as the distance from the

Fig. 2 Shaded relief map of the western Crete Island showing the

location/spatial distribution of the meteorological (rain-gauges)

stations used in the current research

488 Environ Geol (2009) 57:483–497
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point of origin of overland flow to the point where either

the slope gradient decreases enough where deposition

begins or the flow is concentrated in a defined channel

(Wischmeier and Smith 1978). The specific effects of

topography on soil erosion are estimated by the dimen-

sionless LS factor as the product of the slope length (L) and

slope steepness (S) constituents converging onto a point of

interest, such as a farm field or a cell on a GIS raster grid.

In the current work, the digital elevation model (DEM)

of the study area with a cell size of 20 m was used for the

calculation of the LS factor. There are many formulas

capable of calculating the L and S factors. In the new

array-based framework that has been adopted, the overall

flow path-based iterative slope-length accumulation and

LS factor computation steps were performed inside Arc-

Info Grid using the RUSLE Version 4 (an AML) (Van

Remortel et al. 2001). As a result, each 20 m cell of the

grid surface of each one of the watersheds was assigned

an LS value.

Cover Management factor (C)

The vegetation cover and management factor C represent

the effect of cropping and management practices in agri-

cultural management, and the effect of ground, tree, and

grass covers on reducing soil loss in non-agricultural

Table 3 Cross-validation

results of the estimated R-factor
Stations Estimated

R-factor

Predicted

R-factor

Error

(%)

Standard

error

Standardized

error

Askifou 3722.8 3491.9 6.2 177.4 -1.3

Vamos 916.7 770.1 16.0 326.0 -0.4

Chania 492.6 553.6 12.4 253.2 0.2

Kalybes 682.2 598.7 12.2 291.2 -0.3

Mouri 1178.1 704.8 40.2 324.6 -1.5

PalaiaRoumata 1836.4 1692.1 7.9 310.4 -0.5

Palaioxora 543.3 12.1 97.8 333.1 -1.6

Prasses 3006.6 2592.8 13.8 185.2 -2.2

Souda 521.9 1025.9 96.6 350.2 1.4

Tavronitis 614.5 462.4 24.8 334.7 -0.5

ChaniaAgrokipio 647.1 426.4 34.1 250.9 -0.9

Drapanias 720.7 739.7 2.6 334.5 0.1

Alikianos 839.2 872.8 4.0 333.1 0.1

Kandanos 1174.9 815.5 30.6 324.7 -1.1

Koundoura 383.1 187.7 51.0 336.7 -0.6

Fragkokastello 655.6 681.4 3.9 314.3 0.1

Falasarna 579.6 493.6 14.8 349.0 -0.2

Zymbragou 1239.6 1372.9 10.8 323.8 0.4

Armenoi 848.3 790.7 6.8 272.2 -0.2

Patsianos 1157.9 654.8 43.4 306.2 -1.6

Anopolis 1006.0 2158.6 114.6 330.3 3.5

Askyfou 3724.8 3506.6 5.9 177.0 -1.2

Alikampos 1662.9 1985.0 19.4 331.3 1.0

Rodopou 1031.6 1248.4 21.0 338.1 0.6

Epanoxori 1574.6 2323.9 47.6 314.5 2.4

Rogdia 1459.4 2152.6 47.5 329.4 2.1

Floria 2398.1 2308.3 3.7 318.8 -0.3

Omalos 2697.1 3603.9 33.6 328.8 2.8

Sirikari 1977.5 1752.0 11.4 324.3 -0.7

Koystogerako 1349.9 1734.8 28.5 325.9 1.2

Xasi (Boutas) 863.7 1248.6 44.6 336.6 1.1

Prasses 2977.2 2720.6 8.6 192.0 -1.3

Therissos 1749.3 1808.2 3.4 331.8 0.2

Melidoni 1803.4 1972.2 9.4 319.9 0.5

Kampoi 1992.8 2402.1 20.5 321.6 1.3
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situation. As the vegetation cover increases, the soil loss

decreases. According to Benkobi et al. (1994) and Biese-

mans et al. (2000), the vegetation cover factor together

with slope steepness and length factors is most sensitive to

soil loss. In the USLE, the vegetation cover C factor is

derived based on empirical equations with measurements

of ground cover, aerial cover, and minimum drip height

(Wischmeier and Smith 1978).

The most widely used remote-sensing derived indicator

of vegetation growth is the Normalized Difference Vege-

tation Index, which for Landsat-ETM is given by the

following equation:

NDVI ¼ LTM4 � LTM3

LTM4 þ LTM3

ð8Þ

This index is an indicator of the energy reflected by the

Earth related to various cover type conditions. NDVI val-

ues range between -1.0 and +1.0. When the measured

spectral response of the earth surface is very similar to both

bands, the NDVI values will approach zero. A large dif-

ference between the two bands results in NDVI values at

the extremes of the data range.

Photosynthetically active vegetation presents a high

reflectance in the near IR portion of the spectrum (Band 4,

Fig. 3 Geostatistical analysis

of the resulted parameters

applying cross validation

control on the estimated

R-factor

Fig. 4 Grid surface of the

western Crete Island showing

the spatial distribution of the

calculated R-factor
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Landsat TM), in comparison with the visible portion (red,

Band 3, Landsat TM); therefore, NDVI values for photo-

synthetically active vegetation will be positive. Areas with

or without low vegetative cover (such as bare soil, urban

areas), as well as inactive vegetation (unhealthy plants)

will usually display NDVI values fluctuating between -0.1

and +0.1. Clouds and water bodies will give negative or

zero values.

A scene of Landsat ETM images acquired on 30 June

2000 with a spatial resolution of 30 m was used. These

images consisted of band 1: 0.45–0.53 mm, band 2: 0.52–

0.60 mm, band 3: 0.63–0.69 mm, band 4: 0.76–0.90 mm,

band 5: 1.55–1.75 mm, and band 7: 2.08–2.35 mm. The

snow area of the image was masked and the NDVI image

was then produced. After the production of the NDVI

image, the following formula was used to generate a C

factor surface from NDVI values (Van der Knijff et al.

1999, 2000; Van Leeuwen and Sammons 2004):

C ¼ e �a NDVIð Þ= b�NDVIð Þð Þð Þ ð9Þ

where a and b are unitless parameters that determine the

shape of the curve relating to NDVI and the C factor.

Van der Knijff et al. (1999, 2000) found that this scaling

approach gave better results than assuming a linear rela-

tionship. Finally, the values of 2 and 1 was selected for the

parameters a and b, respectively, since the resulted values

were in a good agreement with the values mentioned in the

related literature and had the best correlation with the

Table 4 Statistical data of the R-factor for each watershed

Watersheds Number of

pixels

Min

R-factor

Max

R-factor

Mean

R-factor

Keritis 448,016 712.0 2887.2 1799.6

Tavronitis 326,720 580.0 2958.7 1769.4

Kastelli 79,254 745.0 2038.0 1391.5

Tiflos 190,159 697.5 2452.7 1575.1

Arapi 103,766 692.8 2446.7 1569.8

Therissos 143,660 522.0 1930.9 1226.4

Magagistra 56,305 767.6 1844.8 1306.2

Milias 38,370 702.9 2066.1 1384.5

Kalami 32,4023 676.3 2163.2 1419.8

Fig. 5 The Soil Erodibility

Factor (K) map of the study area

Table 5 Statistical data of the LS-factor for each watershed in the

study area

Watersheds Min Max Mean Std

Milias nz 45 5.58 5.35

Arapi nz 66 6.28 6.84

Magagistra nz 71 6.55 7.47

Therissos nz 78 6.74 8.29

Kalami nz 118 7.63 9.54

Tiflos nz 84 8.16 7.81

Kastelli nz 110 8.97 8.84

Keritis nz 113 9.14 10.25

Tavronitis nz 98 9.78 9.11

nz near zero
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Corine Land Cover map 2000 (CLC2000 100 m, version 1)

of the European Environment Agency (�EEA, Copenha-

gen, 2000; http://www.eea.europa.eu). This map has a

resolution of 100 m and uses 18 land use categories for the

study area from a total of 44 land uses of level 3. As the C

factor ranges between 0 and 1, a value of 0 was assigned to

a few pixels with negative values and a value of 1 to pixels

with value greater than 1.

Results and discussion

Rainfall erosivity factor

By using the values of the R factor estimated for each

investigated rain-gauge (35 meteo-stations in western

Crete) and a kriging interpolation method, the isoerosivity

map of the study area is produced as is shown in Fig. 4.

Fig. 6 The LS maps for the nine watersheds
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The mean values of the R factor range from

1226.4 MJ mm/ha year-1 for the Therisso watershed to

1799.6 MJ mm /ha year-1 for Keritis watershed. The cal-

culated R factors were subdivided into five classes showing

high erosivity (3020–3687 MJ mm /ha year-1) in the

broader area of White Mountains. Medium to high ero-

sivity (2353–3019 MJ mm /ha year-1) in the southern part

of Keritis and Tavronitis watersheds is observed which is

in agreement with the results of Kouli et al. (2007). As the

topography changes going from steep (mountainous areas)

to flat relief (coastal areas) the erosivity decreases normally

from 2,352 to 348 MJ mm/ha year-1. Moreover, some

statistical information for the investigated watersheds are

given in Table 4 concerning the number of pixels and the

minimum, maximum, and average R factor value for each

one of the nine watersheds of the northwestern Crete

Island.

Soil erodibility factor

The K factor for each sample was calculated considering

mean values of grain size. Soil erodibility values range

Fig. 7 The NDVI thematic map

resulted from the Landsat-ETM

satellite image of the study

area showing a range from

-0.32 to 0.85

Fig. 8 The cover management

factor distribution which

derived from the NDVI image

(Fig. 7)
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from 0.02 t ha MJ-1 mm-1 in large areas in the western

part of the study area (sandy soils) to 0.03, 0.035 and

0.04 t ha MJ-1 mm-1 for the loamy and silt loamy soils,

in the southern and central parts of the study area,

respectively (Fig. 5). The highest values of the soil erod-

ibility factor are spatially well correlated with the areas

which expose quaternary and neogene sediments.

LS factor

The Kalami watershed shows the greatest LS factor among

the nine studied watersheds (Table 5). The topographic

factor ranges from 0 in the flat zones to 118 at the steep

slopes in the southern part of the basin. Although Kalami

basin is characterized by the greatest elevation drop of

2,187 m and consequently the greatest LS factor, the great

values are present in a limited part of the basin (Fig. 6). On

the other hand, Tavronitis, Keritis and Kastelli watersheds

show LS factor equal to 98, 113 and 110, respectively, but

the mean values are far greater than that of Kalami basin

(Fig. 6). This fact implies that extended areas of steep

slopes are prone to severe erosion. On the other hand,

Milias watershed is characterized by relatively small LS

factor values and this is consistent with the low elevation

values (20 to 816 m) and the smallest extent of the

watershed (Fig. 6). The fact that despite its relatively low

elevation the Kastelli basin (20 to 1,061 m) has high

maximum and mean LS factor values of 110 and 8.97 is

noteworthy.

Cover management factor

The NDVI thematic map resulted from the Landsat-

ETM satellite image of the study area showing a

range from -0.32 to 0.85 (Fig. 7). The Corine Land

Cover vector map was overlain to the pixel by pixel

estimated cover management factor grid (Fig. 8) and the

mean C value for every Corine class was calculated

(Table 6). As a result, the mean C values range inside

the watersheds from 0.13 for the forest class to 0.785

for the bare rocks class (Table 6). The C values for

forest are near 0 and for the bare rocks tending to 1

which looks realistic. The predicted C values of the

arable classes depend on crop type and management

practices.

The approach followed here was based on the available

data. To improve the results, satellite images with better

geometric and spectral characteristics can provide detailed

information, as well as field measurements can be proved

efficient to relate biophysical properties (like the C factor)

to remotely-sensed data. (Fig. 9)

Soil loss

Soil loss values were computed by overlaying four grid

surfaces of the nine catchments: the grid surface repre-

senting the R factor values, the grid surface representing

the K factor values, the grid surface representing the C

factor values, and the grid surface representing the LS

factor values.

Soil loss values (Table 7) range between 0 and 1982

t/ha year-1 for the Magagistra watershed, with a mean value

of 85,513 t/ha year-1, between 0 and 3975 t/ha year-1

with a mean value of 107.625 t/ha year-1 for the Kastelli

watershed, between 0 and 1,150 t/ha year-1 for Milias basin

with a mean value of 77.174 t/ha year-1, between 0 and

3901 t/ha year-1 for the Tiflos basin (mean value equal to

82.666 t/ha year-1), between 0 and 2366 t/ha year-1 for the

Arapi watershed (mean value equal to 83.725 t/ha year-1),

between 0 and 3733 t/ha year-1 for the Tavronitis basin

with a mean value of 125.69 t/ha year-1, between 0 and

4254 t/ha year-1 for the Keritis watershed (mean value

equal to 193.527 t/ha year-1) and between 0 and

4156 t/ha year-1 for the Kalami watershed with a mean

value of 205.467 t/ha year-1. The highest soil loss values

are spatially correlated with the steepest slopes.

Conclusions

The RUSLE model was applied to estimate soil loss in the

nine major watersheds of the northwestern part of Crete

Island. Detailed data for the computation of the R-, K- and

Table 6 The average C factor values for the several land uses of the

study area

Land use Mean

Broad-leaved forest 0.130266

Fruit trees and berry plantations 0.178411

Mixed forest 0.182351

Vineyards 0.294141

Olive groves 0.304188

Land principally occupied by agriculture 0.307676

Coniferous forest 0.338087

Transitional woodland—shrub 0.375549

Sclerophyllous vegetation 0.412805

Complex cultivation patterns 0.428191

Non-irrigated arable land 0.496456

Moors and heathland 0.500111

Pastures 0.543197

Natural grasslands 0.545464

Construction sites 0.548493

Beaches, dunes, sands 0.575484

Sparsely vegetated areas 0.644916

Bare rocks 0.785093
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C- factors were not available; therefore these parameters

were estimated either by means of general or approxima-

tion formulae or by processing available satellite images

(i.e. for the extraction of the cover management, C factor).

Moreover, the estimation of LS factor was performed with

the use of a GIS automated technique to generate slope

length and slope steepness.

The results of the application of the RUSLE model seem

to be consistent with those obtained for other Mediterra-

nean watersheds of similar characteristics.

However, we must note the complete lack of data for the

estimation of P factor, which was set to 1. The current

study shows that even if some uncertainties are present, the

RUSLE model can be efficiently applied at the basin scale

with quite modest data requirements in a typical Mediter-

ranean environment such as the investigated river basins.

Further analysis of the P factor could improve the results.

However, the obtained results are still very important as

they quantify the soil loss and point the water basins which

are exposed to great danger of soil erosion, a serious

Fig. 9 Soil loss maps for each

watershed (from west to east),

after the application of the

RUSLE equation
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problem in the island of Crete, the biggest Greek island

with great agricultural activity.
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