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11 Abstract: Accurate assessment of soil loss is essentiaufstagable agricultural production,
12 management and conservation planning, especiallyraductive rain-fed agro-ecosystems
13 and protected areas. The European Union considdr&s a non-renewable resource and
14 identifies that soil degradation has strong impactsoil and water resources. In this work the
15 Revised Universal Soil Loss Equation model was iagpWithin a geographic information
16 system in the Estafia catchment (Spanish Pre-Pyweasaepresentative of a Mediterranean
17 agro-ecosystem to elaborate a map of soil erodidmga spatial resolution (5 x 5 m of cell
18 size). The soil erodibility factoK() is calculated from three different approacheswvaluate
19 the importance of spatial variations in soil tegtufield infiltration measurement&{) and
20 amount of coarse fragments. The average valuetioiaed soil loss for the whole study area
21 is 2.3 Mg hd yr' and the highest rates are estimated in cropsépsireas (5.8 Mg Hayr)
22 and trails (18.7 Mg hayr?Y). Cultivated soils with high soil erosion ratesgfrer than 8 Mg
23 ha' yr') represent 20% of the cultivated area. The avevafiee of soil loss in areas with
24  human disturbances (4.21 Mghwr?) is 4.4 times higher than that estimated for aveitis
25 natural vegetation (0.96 Mg hayr?). Field validation with**’Cs shows that the estimated
26 value of soil loss in barley fields with theK:srocksfactor improves the model predictions
27 in comparison with those obtained with tKeextureand K-Kss factors. The RUSLE model
28 predicts a decrease in soil erosion in fields inoagance with the increase of the age of
29 abandonment. Predicted values of soil erosion asaksnored soil organic matter and stoniness
30 in old abandoned fields agree with those in aréamtral forest and indicate the recovery of
31 the original conditions of the soil. Statisticaladysis highlights that th€ factor contributes
32 most of the variability of the values of predictgall erosion, th&k andLS factors contribute
33 in a similar way and thP factor contributes least to the variability oflsaiosion. Cultivated
34 soils developed over clay materials in high slopeaa are the most susceptible to soil
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degradation processes in comparison with soils Idped over limestones in gentle and
medium slope areas. The recovery of terraces @pdtelds and conservation of crop residues
are proposed as soil conservation practices toceethe magnitude of soil loss in the study

area.

Key words: Soil erosion; soil erodibility; RUSLE**'Cs; land uses; Mediterranean agro-

ecosystems

INTRODUCTION

Soil erosion is one of the main threats in prodctroplands (de Paz et al., 2006pez-
Bermudez, 1990) and a limiting factor for the sustaitigbof semiarid and sub-humid agro-
ecosystems in Spain and other Mediterranean cesnthat are subject to strong human
pressure (Navas et al., 2005). Mediterranean agweystems are complex landscape units
characterized by croplands intersected with patdiesatural vegetation, intense land use
changes during the last decades including landdadranent, deforestation, overgrazing and
extensive agriculture that promote land degradaftibmornes, 2007). Mediterranean soll
surface characteristics present high spatial hgéereity (Corbane et al., 2008) and generally
poor conditions (Navas et al., 2007). Values ohfall erosivity and soil erodibility vary
significantly within the year in Mediterranean aeaspecially at the end of the summer when
extreme storm events happen and in winter due dofréeze-thaw cycles that affect soil
structure (Lépez-Vicente et al., 2008). Mediteraméandscapes are erosion-sensitive areas
with high and very high rates (> 25 Mghsr?) of soil erosion in croplands (Sadiki et al.,
2007), irreversible in rills and gullies (> 30 Mghyr™) (Desir and Marin, 2007) and low and
medium rates in areas with natural vegetation (dugtzal., 2004). Hence, the consideration
of spatial variations in soil parameters is neagssa improve soil erosion predictions at
catchment scale (Nisar Ahamed et al., 2000).

Climate change is increasing both the frequenchezvy rainfall events in Mediterranean
areas (e.g. Tapiador et al., 2007) and of extreaily dainfall in spite of decrease in total
amount in Spain and other Mediterranean countidpe(t et al., 2002). The significant
increase in the severity of drought identified fra®b1 to 2000 in northeast Spain (Vicente-
Serrano and Cuadrat-Prats, 2007) had critical cpesees in vegetation growing and its
protection role on soil surface against water ey rainfall splash and runoff. Moreover,
desertification enlargement is a serious and ailplessnminent scenario in Mediterranean
landscapes (Kéfi et al., 2007).
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Solil loss results in substantial on-site and df-grosion problems that have strong impacts
on areas of common interest, such as food safesg @f fertile soil), water resources, human
health, climate change and biodiversity protectibmtackle this problem the United Nations
celebrated the Convention to Combat Desertificafit®D, 2007) and the European Union
(EU) recently presented the soil protection and radimgy framework (COM, 2006) and
directive (EPC, 2004). Therefore, the accurate ssssent of runoff volume and spatially
distributed mapping of soil erodibility and erosisnrequired to understand and quantify the
consequences of land use changes, and of intenesbdal, national and European policy
makers to preserve soil and water resources, edlyeid soil erosion-sensitive areas such as
the Mediterranean agricultural systems.

Empirical models are easy to use and low time-camsg and perform equally well as the
more complex distributed models (Jetten et al.,320Mapping soil erosion with empirical
models at continuous temporal scale and GIS teaksi@llow identifying areas with high
erosion rates (Bartsch et al., 2002). The empifRldELE model predicts the average annual
long-term rates of soil loss at plot and catchnseate (Renard et al., 1991). This model is the
most worldwide accepted empirical model and wagiaflg designed for cultivated areas
(Renard et al., 1997). The RUSLE model has beed isdifferent environments and under
different land uses and spatial scales (e.g. Lewial., 2005; Lufafa et al., 2003) and in
Mediterranean agro-ecosystems in France (Morschehl.e 2004), Spain (Tejada and
Gonzalez, 2006; Boellstorff and Benito, 2005) atadlyl (Pelacani et al., 2008; Onori et al.,
2006). Calibration of the RUSLE factors to Mediterean conditions was done in Greece
(Arhonditsis et al., 2002) and Palestine (Hammaal.e2004) and validation of the estimated
rates with observed values of soil loss was dorataral conditions and rainfall simulations
at plot scale (Spaeth Jr. et al., 2003). Howewsw, Wworks of validation of the RUSLE model
has been done in a spatially distributed way in éenean catchments.

This work aims to estimate soil erodibility and €om rates in the Estafia catchment (Spanish
Pre-Pyrenees) as representative of the complextdtemiiean agro-ecosystems. To assess the
importance of infiltration properties and coarsagfnents on soil erosion the soil erodibility
(K) factor is estimated following three different apgches. The accuracy of the different
approaches is evaluated with quantified rates ibfess with**’Cs at several control points in
crops of barley. In order to analyze the effecthafnan disturbances and physiographic
properties on soil erosion the annual values oflipted soil erosion are calculated for the
different land uses paying special attention irptands and abandoned fields. This work is of

interest to assess the accuracy of three diffeapptoaches of soil erodibility as well as to
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identify the main land uses causing erosion in Hs¢afia catchment and to propose soil
conservation practices that could be used in oMediterranean agricultural systems to

promote best management practices (BMPs).

MATERIALSAND METHODS
Study area

The Estafia catchment is a medium-scale endorhaersha@d (246 ha) that is located in the
External Ranges of the Central Spanish Pre-Pyresmegslevation ranges between 676 and
896 m a.s.l. (Fig. 1). This catchment includesdHresh-water lakes (total area of 17 ha) that
are under regional protection since 1997 and arkidied in the European NATURA 2000
network as Site of Community Importance (SCI). Shely area developed on Mesozoic and
Neogene materials that are composed by gypsifenaulks, dolimites, limestones, ophites and
sparse saline deposits. Karstic processes paréafiiain the evolution of the landscape of the
Estafia catchment with seventeen dolines (Lopezrtkcet al., 2009). Five of these dolines
reach the regional water table and explain thegmes of lakes.

This area has a continental Mediterranean climate two humid periods, one in spring
(April and May) and a second in autumn (Septeminer @ctober) and a dry summer with
frequent rainfall events of high intensity (Lopeicdhte et al., 2008). The average value of
annual precipitation is 619, 536 and 446 mm at Weather stations of Benabarre,
Camporrélls and Canelles, respectively, for theoped997-2006 (Fig. 1). These weather
stations are located north-western, south-westand, south-eastern of the study area at a
distance of about 10 km. In spite of the shortatise between the weather stations the
differences in the annual precipitation are ex@diby their geographical situation, between
the semiarid areas of the Ebro valley to the samit the humid areas of the Pyrenees to the
north.

The map of land use and land coveILC) of the study area presents sixteen different land
uses (Fig. 1) (Lopez-Vicente, 2008) and shows Hpeet of the typical Mediterranean agro-
ecosystem where natural and anthropogenic areasheterogeneously distributed with
frequent changes in land uses from divides to shmgeom and with a wide range of
extension from very small to large size polygonsopS of winter barley is the main land use
(29% of the total surface) as well as dense (183d)@en (18%) Mediterranean forest and
dense (10%) and sparse (5%) scrublands whereaghttieland uses occupies less than 5% of

the total surface and are spread around the stady Blowever, sparse scrublands are more
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frequent in southern-orientated slopes (86% ofl typ@rse scrublands) and oak forests are
more frequent in northern orientated slopes (73%otdl oak forests). Abandoned fields
appear in steep slopes where many cropping tereaeesimbledown. Areas with outcrops of
massive gypsum have been excluded in the studgibémsion because the RUSLE model
does not simulate erosion processes in rocks. WedHnd uses and tillage practices in the
Estafia catchment are representative of rain-fedcudyral areas in Mediterranean

mountainous agro-ecosystems.

Estimation of Soil Loss: The RUSLE empirical model
The RUSLE equation (Renard et al., 1997) predintsual soil loss4; Mg ha' yr') as the
product of the factors of rainfall and runoff erdsi (R; MJ mm ha h* yr?), soil erodibility
(K; Mg h MJ* mm™), slope steep and lengthS — ), cover managemer&,(— ) and support
practices P, —):

A=RK LSCP @)

Rainfall and runoff erosivity factor (R)

The R factor assesses the effect of the rainfall impacttthe soil surface as well as the
magnitude of runoff and mathematically is definedtlae sum of the storm erosivity index
(Elsg; MJ mm h& h?) of the total number of erosive storm events foe whole year
according to the equations:

=233 EN | @

j=1 k=1

Ely =(E)(15) = [gerﬂvrj' » ©)

e = 0291- 0.72exp(-005,)] 4)
whereE (MJ ha') is the total storm energyso (mm HY) is the maximum intensity in 30
minutes,j is the number of erosive events for theumber of years is the temporal interval
and m is the number of temporal intervals established dach storm event. The kinetic
energy of a storm for eaghperiod,e (MJ ha' mm?), is estimated following the approach of
Brown and Foster (1987) whe®V, (mm) is the volume of rainfall registered duririge t
period and, (mm hY) is the rainfall intensity for the period. Whem = 1 the calculate®

value is the rainfall erosivity for one specificaye
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Soil erodibility factor (K)

Soil erodibility is a complex property and is thotigf as the ease with which the soll is
detached by splash during rainfall or by runoffooth. TheK factor is a lumped parameter
that represents an integrated average annual véline soil profile reaction to the processes
of soil detachment and transport by raindrop imaa surface flow, localized deposition
due to topography and tillage-induced roughness, m@mnwater infiltration into the soil
profile (Renard et al., 1997). This factor is assesas a function of the soil organic content
(SOCor OM, %), the product of the percentages of modifiéid(2:100 um) and sand (100-
2000um) (M, —), classes of aggregates structsy@id soil permeabilityp):

« | 210" A2-OM)M ™* + 325(s-2) + 25(p-3)

0.1317 5
10C ®)

The RUSLE model established four different soilusture classes and six permeability
classes (Table 1). The latest property can be astiinfrom the different classes of saill
texture and from field estimation of the saturaigdraulic conductivity s, mm day?).

Surface rock fragments reduce significantly thasipldetachment rates in a manner similar to
the crop residues that protect the soil surfacenfraindrop impact. However, in coarse
textured soils surface and subsurface rock fragsaffect infiltration and thus runoff by
reducing the soil void space and soil hydraulicdrarivity and increasing the soil erodibility,
especially in Mediterranean soils where stone pavdsare frequent (Poesen et al., 1998)
and significantly modified soil properties (Sotadadavas, 2004). In a previous study, Lopez-
Vicente et al. (2006a) observed an increase irKtfector in a set of old abandoned fields in
the Estafia catchment due to the high content ofseofragments in comparison with
estimations without accounting the effect of rocks.

Although the percentage of coarse fragments vailesg the soil in the same area, rocks
appear in the soil profile as a frame, especiallynterrill areas, where runoff cannot move
them. Moreover, rock fragments larger than 2 mmewexcluded wherK values were
estimated in Eq. (5). To account the effect of soak soil erodibility the RUSLE model
includes the following approach:

Kb/Kfs :(1_R/v) (6)
whereK;, (mm day') is the modified saturated hydraulic conductivitiger accounting the
effect of rock fragments, andy (%) is the weight percentage of coarse fragmentshis
work, the soil erodibility factor is estimated frotexture classification K-texturg and
infiltration measurements withouK{K:) and with K-Ks-rockg corrections due to soil
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stoniness. Finally, maps of the soil erodibilitg @qual to zero in urban areas and those with
boulder grounds due to the absence of soil.

Topographic factor (LS)

The LS factor describes the combined effect of slope tlerend steepness and can be
considered as a measurement of the sediment tndresggacity by runoff. In this work, the
LS factor has been calculated following the approatiMoore and Burch (Moore and
Wilson, 1992) as a function of the net contributaaga As;, m) and the slope angle;(
radians). This approach is easy to run within a gpplication and has been satisfactorily
used in other Mediterranean areas such as in rastthepain (Martinez-Casasnovas and
Sanchez-Bosch, 2000) and in south Italy (Di Stefetra., 2000):

p . q
LS = A sina, @
22.13) | 0.0896
wherep andq are two empirical exponents which values weregagsl by Moore and Wilson
(1992) app = 0.4 andy = 1.3.

Cover management factor (C)
The C factor reflects the effect of cropping and manageinpractices on erosion rates. The
soil loss ratio $LR) is an estimate of the ratio of soil loss unddualcconditions to losses
experienced under reference conditions (cleardtilentinuous-fallow). An individuabLR
value is thus calculated for each time perioak:

SLR = PLU, CC, SR SC SM, (8)
where the sub-factors for each time peiiade the prior landRLU;), the canopy covedG),
the surface roughnesSR), the surface covelSG), and the antecedent soil moistugi).
EachSLR value is then weighted by the fraction of rainfafid runoff erosivity Elsq, %)
associated with the corresponding time period, thede weighted values are combined into
an overallC factor value as:

C= 1 ZH:EISOi SLR 9)

Ely 1=

whereElszq (%) is sum ofElsp percentages for the entire time perinds the total number of
time periodsi. The values ofC factor ranges from O (total control of the ero$itm 1 (no
effectiveness of cover-management practices). Thetmms for the sub-factors are the

following:
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PLUI = Cf Cb exp- |_(Cur Bur)+ (Cus Bus/CfCuf )] (10)

CC =1-F, exp- 01H) (11)

SR =exd- 066(R, - 024)] (12)
024)""

SG =exg-bS,| —— 13

G GX{ b ( R, j } (13)

where C; is a surface-soil-consolidation factdf, represents the relative effectiveness of
subsurface residue in consolidati@, (Ib acré' i) is mass density of live and dead roots
found in the upper inch of the sdB,s is mass density of incorporated surface residuéen
upper inch of the soil (Ib acfein™), cy represents the impact of soil consolidation on the
effectiveness of incorporated residue apdandc,s are calibration coefficients indicating the
impacts of subsurface residu€s.(%) is fraction of land surface covered by candpyft) is
distance that raindrops fall after striking the @y R, (in) is surface roughness at initial
conditions and just before tillage practiceésis an empirical coefficient that indicates the
effectiveness of surface cover in reducing soiseEno andS, (%) is percentage of land area
covered by surface cover. Equations (10), (11), &t2) (13) were empirically formulated by
using English units for their inputs. Antecedent! snoisture is an inherent component of
continuous-tilled fallow plots, and these effecte aeflected in the soil erodibility factor.

Hence, no adjustment is made for changes in sastore to calculate th€ factor.

Support practices factor (P)
The P factor is the ratio of soil loss with a specifigpport practice on croplands to the
corresponding loss with upslope and downslopeggllésSupport practices in the study area
include contouring K, sub-factor), stripcropping and buffer stripB, (sub-factor) and
terracing P; sub-factor). Th& factor is calculated as the product of these sghsfs:

P=B FP (14)
The P, sub-factor measures the effectiveness of oriethtateows and ridges determined by
the tillage marks to modify the flow pattern, reshgcthe detachment and transport capacity
by runoff. ThePs sub-factor describes how stripcropping and bigteps, composed by grass
and shrub species reduce soil erosion and trapmsets. TheP; sub-factor measures the
effectiveness of terraces reducing sheet andraBlien on the terrace interval by breaking the
slope into shorter slope lengths. TResub-factor is only effective in gentle areas vetblope

value less than 0.9%. These sub-factors have béariatad from table values included in the
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guide of the RUSLE model (Renard et al., 1997) atingrto the current tillage practices
(moldboard plow and cultivator), the map of landsiand after identifying and measuring the

length of the terraces in the study area.

Validation with **'Cs

Application of**’Cs technique has provided actual data of averapgoildoss and deposition
for the last four decades. This technique has bpplied in several areas as representative of
Mediterranean landscapes, such as in Spain (Na@85; Quine et al.,, 1994) and Italy
(Stefano et al., 2005) and used as an excelledtttotest the accuracy of the spatially
distributed predictions of the RUSLE model (Hao &t 2001). *Cs is an artificial
radionuclide that is strongly fixed to the finedtians of the soil. Gamma emissions'dtCs

(in Bq kg* air-dry soil) were measured using a high resofytiow background, low energy,
coaxial gamma-ray detector of hyperpure germanivoupled to an amplifier and
multichannel analyser. Counting time was 30,000nd the analytical precision of the
measurements was approximately £10% (Navas e2@05). For this research, erosion rates
have been calculated by using falld¢fCs in eleven soil samples following the approach of
Soto and Navas (2004) adapted to Mediterraneanceaditions. The selected soil samples
are located in nine different fields of barley apresentative of the different physiographic

conditions of the study area (Fig. 1).

Database collection

Rainfall erosivity has been calculated from valoéprecipitation at the weather station of
Canelles for the period 1997-2006 due to the higgrporal resolution of its record (each 15
minutes) in comparison with the weather stationsCaimporrélls and Benabarre (daily
values). A total of 228 soil samples were colleatea regular net of 100 x 100 m (Fig. 1).
Samples were air-dried, ground, homogenized andared, to pass through a 2 mm sieve
and percentages of coarse fragments, clay, silsand and soil organic content (SOC) were
estimated. The corresponding maps of percentageasée fragments, silt, sand and organic
matter for the whole study area were obtained layiapinterpolation from data at sampling
points. Two types of structure of soil aggregateewidentified for the different soil types
described at the study area by Machin et al. (2608)the corresponding map was used to

calculate the sub-factor of soil structure. Lépeaeevite (2008) measured the saturated
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hydraulic conductivity for each soil type obtaininglues that range from 9.9 to 2252.5 mm
day* for Haplic Gypsisols and Haplic Leptosols, resjvedy.

The parameters of net contributing area and slopepsess of théS factor have been
calculated from the enhanced digital elevation nhoflehe Estafia catchment (Lopez-Vicente
et al., 2009) and using a combined flow accumutaadgorithm that has proven to better
describe the spatial distribution of accumulatedase flow in comparison with simple and
multiple flow algorithms (LOopez-Vicente et al., BM). In this work, the threshold value of
the combined algorithm has been associated todhmibing of the gullies to obtain a more
accurate description of the hydrological processes.

The C factor for barley fields was calculated from BEeRvalues for periods of fifteen days
estimated by Lopez-Vicente et al. (2008) for adel set of fields in the study area whereas
an annual constant value &f was calculated for the other land uses from tafalleies
included in the guide of the RUSLE model (Renardlgt1997) and in Table 2. In this work,
the parameter of rainfall interception by canopy  — 1) has been added for a better
assessment of the canopy cover sub-factor followireg approach of Morgan (2001) and
values included in Table 2. Rainfall interceptiandefined as the amount of rainfall that
remains in the branches and leaves of the canodycemp residues and returns to the
atmosphere by evaporation.

RESULTSAND DISCUSSION

Values of rainfall erosivity and maximum intensignge between 2 and 1216.3 MJ mrit ha
h™* and between 1.6 and 69.8 mih, hespectively, with mean values of 81.3 MJ mrit ha
and 15.2 mm h. The mean value of thR factor is 1000.3 MJ mm Hah® yr', with a
minimum of 215 MJ mm h&h? yr! in 2004 and a maximum of 1969.2 MJ mm* e yr*

in 1998. The three estimated maps of soil erodybpitesent similar mean values that range
between 0.009 and 0.011 Mg h Minm™ for K-Kss and K-texture respectively, though
maximum values and areas with low values vary Bmamtly betweenK-texture and the
other two approaches (Fig. 2). The maximum valusoilf erodibility is equal foK-K;s and
K-Kts-rocksand is 39% higher than that obtained vidtttexture In the three maps those areas
associated to soil samples with loam and sandy ltextures and blocky and massive
structure present high values of soil erodibilithesreas soils with silty clay loam texture and
medium or coarse granular structure present loweglSoil erodibility maps calculated from
infiltration values present a higher spatial vaitigband complexity that is related to the
different soil types. Coarse fragments reduce thawirated hydraulic conductivity in a

10
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percentage of 30.7% that is similar to the meamcegeage of coarse fragments in the soil
profile for the study area. However, the effecttiiése changes in the values of the class
permeability sub-factor of the Eq. (5) is limited ttuose areas with high values of coarse
fragments obtaining a mean value KfKrocks that is only 6.1% higher than the value
calculated folK-Ks. Maps ofK-Kts andK-Kss-rockspresent a value of zero in areas with high
values of soil organic content (SOC), saturatedrdmyiic conductivity and percentage of
coarse fragments.

The map of thd.S factor has a mean value of 5.1 and a maximum & @ig. 2.d). Steep
areas and those located in gullies present highegabf thel S factor, whereas flat areas

(a, =0) that represent a percentage of 0.14% of the stvely, have a value of zero. Th®

factor presents low values at headwater due tdelyerole of the map of flow accumulation
in these areas, whereas in the rest of the flow-pia¢ LS factor is more sensitive to the
parameter of slope steepness. The map o€Ctfector has a mean value of 0.072 and is very
sensitive to the different land uses (Fig. 2.e)e Highest values (low soil protection) are
associated to paths and crops and the lowest ($aghprotection) to dense scrublands,
poplars, pine woodlands and pastures.

The map ofP factor has a mean value of 0.76 and minimum ofifdlgarley fields and 1.0 in
the rest of the study area (Fig. 2.f). Stripcrogpis the most effective support practice and
explain the lowest values of tiiefactor in the steep small fields of the study af@antouring
effectiveness is sensitive to slope steepness bmingeffective in a percentage of 2.4% of the
area of the fields and explains the values ofRHactor of the fields that surround the lakes.
From a total of 32 terraced fields in the studyaaie2 ha) thé>; sub-factor only reduces the
predicted rates of soil loss in three pixels (7% wmith values of 0.55, 0.69 and 0.8 and a
mean value for the total surface of barley fielti6.8994.

Potential annual soil los®\{, Mg ha' yr') is estimated from the product of tReK andLS
factors and represents the scenario of a totaldagkgetation and support practices. Potential
and actual maps of soil loss are calculated wighntlore complex approach of tkeKsrocks
factor. The mean value &Y, for the Estaiia catchment is 54.1 Mg'he* being lower than
the mean value of 95.1 Mg hayr? calculated by Onori et al. (2006) in the Comunelli
catchment (Sicily, ltaly) with the RUSLE model anichifar to that of 55.4 Mg ha yr?
estimated by Sadiki et al. (2004) in the Rif moumgacf Morocco with the USLE model. The
average soil erosion rate estimated with the RUSIdBehfor the study area is 2.3 Mgtha

11
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yr (Fig. 3). This lower rate by comparing with thegutal erosion highlights the key role of
vegetation cover and conservation practices ingiedusoil erosion rates.

Tolerable soil lossT Mg ha’ yr?) is defined as the maximum rate of soil erosicat tran
occur and still permit crop productivity to be saised economically after considering rates of
soil formation. Values off range from 2.2 to 11.2 Mg Hayr® according to the RUSLE
model for soils in the USA. In Spain, De la Hori®92) calculated a mean valueTobf 6

Mg ha' yr at the province of Toledo (Central Spain) that wsed by Boellstorff and Benito
(2005) to compare the estimated rates of soil enogiith RUSLE in the same area and used
in this work to evaluate the predicted rates of kms. A maximum of 40 Mg Rayr? is
considered as the limit between very high and ersible stages of soil loss. The histogram
of the map of predicted soil loss shows that 88%hefsoil surface at the Estafia catchment
has low and medium rates of erosion and only 1.8%he surface high, very high and
irreversible rates (Fig. 3). Flat areas and thosihK factor value is zero present no erosion
and only represent 0.4% of the total study area.

Validation with **'Cs of estimated soil erosion in barley fields WRJSLE with the three
different approaches for estimating tkefactor shows that estimation of soil losses wité t
K-Kts-rocksfactor lightly improves the model predictions iongparison with the predictions
obtained with theK-textureandK-Kys factors (Table 3). The estimated rates of soilieros
with the three different approaches are lower thenmeasured rate witfi’'Cs. This situation
can be explained by the low values of precipitatiecorded at the Canelles weather station
during the period 1997-2006 (mean annual preciprtaif 446 mm) in comparison with the
mean annual precipitation during the last four desalmean annual precipitation during the
reference period of 1961-1990 of 520 mm). Furtheend is necessary to consider that
predicted values are modelled for a raster cel afeb x 5 meters whereas control points are
representative of punctual measurements.

Trails present the highest average value of sail (@9 Mg h# yr?) that is explained by the
high value of theC factor (Table 4). Total erosion for this land ugeresents 14% of the total
erosion predicted for the Estafia catchment thowsgiotal surface is only 2% of the total area.
Therefore, paths and trails are small-scale antlyepio disturbances that strongly contribute
to soil degradation. These results agree with tlobsained by several authors in other areas
in the world (e.g. Ricker et al., 2008; Rijsdijkast, 2007).

The mean value of erosion for barley fields in staegas is 5.8 Mg RFayr™ that is almost
equal to the tolerable value of erosion propose®éya Horra (1992). Total soil loss in these

fields represents 44% of total erosion in the Estafiehment and only 18% of the surface of
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the study area. Furthermore, the average valueibfoss in steep fields is 56% higher than
the average rate estimated for fields in gentlasaréhese land uses with tolerable and very
high rates of erosion also have areas with veryrbtes, even no erosion.

Open Mediterranean forest, barley fields in geatieas and disperse scrubland present low
average values (1 — 4 Mg har™) of soil erosion whereas the rest of land usesveag low
rates of soil loss (less than 1 Mg*hgr') (Table 4). The average soil erosion rate for the
areas with anthropogenic land uses (4.21 My yd) is 4.4 times higher than that estimated
for the areas with natural vegetation (0.96 Mg he'). These results agree with those
calculated by Sadiki et al. (2007) witA’Cs in Morocco where cereal crops have average
values of soil loss much higher than those on dangband fallow land.

Within the areas of natural vegetation, the average of soil erosion in scrublands is lower
than the average value in Mediterranean forest. ellhesults agree with those obtained by
Casermeiro et al. (2004) in Central Spain and byaSand Walling (1992) in north-eastern
Spain and highlight the more effective role of $twuo avoid soil erosion and promote
sediment accumulation. In areas of anthropogenicl lases there is a decrease in the
estimated value of soil loss in relation to the ag@abandonment of fields (Table 4) and an
increase in the percentage of soil organic con(8@C) from 2.7 to 3.9% and of coarse
fragments from 23 to 36%. These results are assdci@t complex processes of natural
vegetation re-growth and exportation of fine p&scoof the soil profile, especially in top soil
layers. Values of soil loss, SOC and percentageafse fragments in old abandoned fields
are almost equal to those obtained in dense Mealitean forest. Hence, soil quality in old
abandoned fields has achieved the standards ofahatils in the Estafia catchment. These
results disagree with those calculated by Navaal.e{1997) in Central Pyrenees where
abandoned fields have higher values of soil loas thhose in fields in use and highlight the
complexity and spatial heterogeneity of the proegsef soil erosion and recovery in
Mediterranean abandoned farmlands.

Cultivated soils present higher rates of soil emgthan those soils in scrublands and oak and
Mediterranean forest for the different parent materand slope steepness conditions in the
study area (Fig. 4). Cultivated soils developedralay materials in high slope areas present
the highest soil erosion rates and are the moseptible to suffer intense soil erosion (higher
than 8 Mg h# yr?). Soils developed over limestones in forestedsavéith low and medium
slope present the lowest values of soil erosicss(than 1 Mg hayr?).

Statistical analysis of each factor at samplinghfgoshows that the cover-management factor

(C) contributes most of the variability of the valuafspredicted soil erosion, th€ andLS
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factors contribute a similar amount and théactor contributes least to the variability Af
TheR factor is not considered in the analysis becafi$ts gonstant value for the study area.
The high number of inputs to calculate t@efactor and of land uses in Mediterranean
landscapes suggests the necessity of field measatemof these parameters, especially in
areas with natural vegetation where @éactor has very low values. On the other hand, the
addition of an antecedent soil moisture sub-fatighe soil erodibility factor may improve its
quality predictions due to the seasonal variabibfythis soil property in Mediterranean
environments (Lopez-Vicente et al., 2008) and ritpartance in soil saturation and runoff
processes (Terzoudi et al., 2007). To promote swikErstrategies we propose to delay the
plowing practices just before seeding to extend gh&tection role by the crop residues
accounted in the& factor. We also propose to recover tumbledown mirap terraces that
appear in the steep slopes of the study area tedase the effect of the factor to reduce the
magnitude of overland flow and to increase the &#Hiency of soil eroded particles by
vegetation. These practices can be applied in ditegliterranean agro-ecosystems to avoid

soil erosion and thus to promote sustainable aliwi@l practices.

CONCLUSIONS

The application of the RUSLE model with a high retiolu database of its input values
allows detailed mapping of spatially distributed| svosion rates at the Estafia catchment.
The more complex approach of tKesoil erodibility factor calculated from field irtiiation
measurements and accounting the effect of coasggnints improves estimations of soil
erosion rates in barley fields and fits best whk guantified values of soil loss witA'Cs.
Hence, the consideration of these soil propersedfiinterest for a better application of the
RUSLE model in Mediterranean environments where estpavements are frequents and
modify the saturated hydraulic conductivity of gaal.

Although soil erosion does not appear to be a problor most of the study area high and
very high values of soil loss are estimated fompsrin steep areas and developed over clay
materials. The average value of soil loss in areiis lmuman disturbances (cultivated and
abandoned fields and paths) is more than four timgdser than that estimated for areas with
natural vegetation. The RUSLE model predicts a dseréa the values of soil erosion in
fields in accordance with the increase of the agabandonment. Predicted values of soil
erosion and measured of soil organic content (S&@d)stoniness in old abandoned fields are
comparable with those in areas of natural forest suggest a recovery of the original soil

conditions.
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The C factor explains most of the variability of the gicted values of soil erosion and its
more detailed estimation may be done in forthconnesgarch to improve quality predictions
of soil loss. Conservation policies should be dithed in areas with clay materials in steep
cultivated and not cultivated slopes to avoid aeveersible state of soil degradation. The
delay of plowing practices and the recovery of tledbwn cropping terraces are suggested as
sustainable agricultural practices to reduce sosien in Mediterranean agro-ecosystems.
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TABLE 1. Classes of soil permeability and structure aceydp the different types of texture, infiltration

properties and type of aggregates.

Permeability class Texture Saturated hydraulic conductivity
(mm hY

1 Sand >61.0

2 Loamy sand, sandy loam 20.3-61.0
3 Loam, silt loam 5.1-20.3

4 Sandy clay loam, clay loam 20-51
5 Silty clay loam, sand clay 1.0-2.0
6 Silty clay, clay <1.0

Structure class

Type of soil aggregate structure

A W N

Very fine granular (< 1 mm)
Fine granular (1 — 2 mm)
Medium or coarse granular (2 — 10 mm)

Blocky, platy or massive (> 10 mm)
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TABLE 2. Summary of values for calculating the cover managa factor for the different land-uses.

Land-use and land-cover type PH (m) CC (%) RI (%)
Anthropogenic Path 0 0 0
Use Winter barley 0-0.4¢;0.10 30.42Y 0-3@ -14®:7.33
Pasture 0.28 100" 8.33%
Olive and almond trees f 27.8° 23.67°
Old abandoned fields g%  80.7") 22.58%
Recent abandoned fields @1 2789 30.4%
Natural Oak forest 260 80.7%" 23.67)
vegetation Dense Mediterranean forest 8% 80.7" 22.5%)
Open Mediterranean forest @2 27.8% 22.589
Dense scrubland @ go. %" 30.8%
Disperse scrubland W 27589 30.8°
Poplar 28 og 23.67°
Bank vegetation @ 100Y 8.33?
Pine woodland 1% 80.%" 2412

PH: Plant height. CC: Canopy cover. RI: Rainfaleiseption. Average annual valué.Crop residues”Renard

et al. (1997)@Ashby (1999)®Eberbach and Pala (2008){PE-GA (2005)®Carreiras et al. (2006§'Staelens

et al. (2006)"Rodriguez-Calcerrada et al. (200PRodriguez and Schnabel (1998)Belmonte and Romero
(1998);““Rambal et al. (2003}-"Nagler et al. (2004§*?Llorens and Domingo (2007).

TABLE 3. Comparison between estimated (RUSLE model) andsuned {*’Cs) values of soil loss in several
control points (n = 11) at barley fields in the &%t catchment.
Method A (Mg ha* yrh

min max mean SD
RUSLE (K-texture) 0.9 154 3.9 45

RUSLE (K-Ks) 06 154 3.9 45
RUSLE (K-Ke-rocks) 0.6 154 4.0 45
1¥cs 09 105 49 34
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TABLE 4. Statistic values of annual soil loss for the d#fet land-uses at the Estafia catchment.

Land-use and land-cover type K (K¢s-rocks) LS C P A Total annual soil loss
(Mg h MJ* mm) ) ¢) ¢) (Mg ha' yr}) (Mg yrY) (% of total)
mean mean mean mean  min max  mean SD
Anthropogenic Paths 0.0088 3.7 0.5027 1 0306.3 18.7 34.4 23856 11.4
Use Barley 0.0107 3.3 0.1841 0.76 0 1837 5.0 7.8 12977 61.9
Pasture 0.0097 3.7 0.0008 0.98 0 03 <01 <01 64 <0.1
Olive and almond trees 0.0076 3.0 0.0422 1 0 951 1. 16 476 0.2
Old abandoned fields 0.0095 6.6 0.0011 1 0 15 0.10.1 366 0.2
Recent abandoned fields 0.0104 4.6 0.0213 1 0 13.4.1 14 4177 2.0
Natural Oak forest 0.0093 3.1 0.0013 1 0 04 <01 <01 913 0.1
vegetation Dense Med. forest 0.0106 6.0 0.0012 1 0 1.5 0.1 0.1 1603 0.8
Open Med. forest 0.0090 6.1 0.0320 1 0 48.6 21 3.1 34434 16.4
Dense scrubland 0.0098 6.0 0.0002 1 0 0.2 <01 .1<0 123 0.1
Disperse scrubland 0.0085 10.6 0.0170 1 0 13.7 1514 7054 3.4
Poplar 0.0145 6.0 0.0005 1 0 0.2 <01 <0.1 7 1< 0.
Bank vegetation 0.0148 2.7 0.0170 1 0 7.2 0.6 0.8 2551 0.6
Pine woodland 0.0094 3.3 0.0006 1 0 0.1 <01 <01 5 <01




675 FIG. 1. Geographic situation of the study area in the imaes of Huesca (Spain). Average values of monthly
676 rainfall at the weather station of Canelles. Magarhpling points and land-uses of the Estafia caahm
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FIG. 2. Maps of the RUSLE factors #ftexture K-Ky, K-K¢-rocks LS, C andP at the Estafia catchment.
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FIG. 3. Map and histogram of predicted soil erosion with RUSLE model at the Estafia catchment.
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683 FIG. 4. Variation of the estimated values of soil losssampling points for barley fields, recently and old
684  abandoned fields, scrublands and oak and Meditearaforest in relation with the three main typesitbblogy

685  and with different ranges of slope and orientatibthe Estafia catchment.
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