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Mediterranean areas are characterized by a stygatgakvariability that makes highly complex thel so
hydrological response. Moreover, Mediterranean aflenhas marked seasons that provokes dramatic
changes on the soil properties determining the ffurmtes, such as soil water content or soil water
repellency (SWR). Thus, soil hydrological and eresiesponse in Mediterranean areas can be highly
time- as well space-dependant. This study shows S#gBect and vegetation as factors of the soil
hydrological and erosive response. Erosion plotsewastalled in the north- and the south-facing
hillslope and rainfall, runoff, sediments and SWBrevmonitored. SWR was restricted to the firstgain
after the summer and was greater on the northgakilislope due to the more continuous vegetation
cover. The more important precipitation parametfuéncing runoff generated was maximum rainfall
intensity in ten minutes 4k,). The relation between,J, and overland flow showed a contrasting seasonal
behavior in the north-facing hillslope and, on toatrary, remained homogeneous throughout theigear
the south-facing hillslope.
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1 Introduction

It has been widely accepted that the infiltratiapacity of soils is higher under dry conditions doi¢he
high matric suction and the action of capillarityrdes (Cerda, 1998; Beven, 2001). This has been
demonstrated by means of experiments and measuretimenontrasted seasonal climates such as the
Mediterranean (Cerda 1996, 1997a, 1999). Howeueis fact has been revoked under certain
circumstances by numerous studies in recent yaggajng that repellent soils can have infiltratiates

in several orders of magnitude lower than theysagposed to have in hydrophilic conditions (De Bano
1971; Doerr et al., 2000; Robichaud, 2000; Jordal.£2011). Soil water repellency (SWR) has reeei

an increasing attention from the scientific comnyim the last decades and has been reported araev
climates and soil types (Doerr et al., 2000; Madtera and Doerr; 200€erda and Doerr, 200Bodi

et al.,, 2011;Jordan et al., 2013; Santos et al., 2013). Thipgny is favoured by low soil moisture
content, although soil drying by itself is not egbuo trigger soil water repellency and the additad
fresh hydrophobic compounds is also needed (DogkiThomas, 2000).

The necessary conditions for SWR appearance makewidespread property under Mediterranean
climate. On one hand, Mediterranean climate is adtarized by a summer three-month-long drought,
between June and September. This prolonged drggeeiduces soil moisture to the point where water
repellency is triggered (Dekker et al., 2001; Ma@olera and Doerr; 2004; Verheijen and Cammeraat,
2007; Martinez-Murillo and Ruiz-Sinoga, 2010; Aled?rats et al., 2013; Martinez-Murillo et al., 2D13
On the other hand, summer drought favours the peesef deciduous and semi-deciduous plant species
(Orshan, 1964, 1972), that shed their leaves innsmproviding hydrophobic compounds to the soil
surface, since leaves of Mediterranean shrubs @@ oil- or wax-rich (Moral Garcia et al., 2005).
Moreover, in Mediterranean areas there is alsgh recurrence of forest fires, that are frequerglgted

to SWR appearance (Ubeda and Mataix-Solera, 2008).

One of the main effects of SWR is enhancing ovelrifiow and soil erosion due to the low infiltration
capacity of repellent soils (Doerr et al., 2000pwéver, there are several problems that make diffto
establish links between SWR and soil erosion (Ritsand Dekker, 1994; Shakesby et al., 2000; Granged
et al., 2011): i) the effect of SWR on soil erosisrhard to isolate from other factors that alsarge
seasonally, such as soil crust formation and lpt@duction; ii) the influence of SWR is determineg

the scale, changing from plot to catchment measemésndue to spaces discontinuities where generated
runoff can reinfiltrate; iii) SWR has a seasonadlity] being more frequent after the drought seabanhit

can also appear during dry spells in the middl¢hef wet season (Crockford et al., 1991; Bodi et al.
2013). Moreover, in Mediterranean areas, there liggh variability of vegetal cover and soil surface
components in short spaces (Cerda, 192001; Puigdefabregas, 2005). One of the main faetffecting
vegetation is the aspect (Kutiel, 1992), that iafices not only the total cover but also the distidlm,
structure, density and composition of vegetatiommuinities (Klemmedson and Wienhold, 1992; Olivero
and Hix, 1998; Kutiel and Lavee, 1999) and thepeascan control the soil and water losses.

Moreover, apart from promoting overland flow triggg SWR, vegetation can enhance infiltration
reducing crusting in the soil surface and supplytemts stems, leaves, and roots, that enrichdieasnd
support the microorganisms that transform theseaimsninto soil organic compounds (Puigdefabregas,
2005), favoring the formation of stable aggregdfes et al., 2013; Atucha et al, 2013). Thus, vetigta
can influence the soil hydrological response inagapg ways: mostly favoring water infiltration, baiso
triggering runoff when SWR is developed.
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This study is developed in a small catchment urMediterranean climate conditions in the South of
Spain. The main goal is to shed light in the relai between SWR, aspect and vegetation, determining
the soil hydrological and erosive response througlioe rainy period in different microenvironments.
According to this aim, the objectives are : i) &tatmine the influence of aspect vegetal cover SR

on the hydrological and erosive response of sijl$p characterise the seasonality of SWR, rurawftl

soil loss; iii) to establish the relations betwgeacipitation and soil erosion parameters.

2 Field site

The experimental area was a small watershed logateguthern Spain (36°50!, 4°50 W), (Fig. 1). In
general, the area is characterized by a dry Meditean climate (mean annual precipitation 576 im y
mean annual temperature 15.7°C); the dominanceat#drverosion processes on steep (> 12.5°) hillslope
developed on metamorphic rocks (phyllites); anddlaises including rangelands, evergreen forests,
abandoned land, and olive and almond orchards.sAsith extensive vegetation cover are characterized
by an association of Cambisol and eutric Regositd,sghereas in the most degraded areas the seils a
episkeletic Cambisols associated with haplic epiteppiskeletic Regosols and eutric Leptosols. Ao
facing and a south-facing hillslopes were selected.

The north-facing hillslope is characterized by grem woodland of cork oak with typical degraded
Mediterranean shrublandCistus spp, Ulex parviflorus, Lavandula stoechas, Genista umbellata). The
vegetation cover is rather continuous, with a meem cover of 4650% and shrub cover > 75%istus
spp. €. monspeliensis andC. albidus) are the dominant shrub species on the hillslogkin adjacent
natural areas. The hillslope is steep (15°), wittbavexrectilinearconcave topographic profile, and an
aspect of NO°. The soil surface not covered bylshia characterized by the presence of abundéet lit
from Cistus spp. andQuercus suber. Soil depths range from 30 to 50 cm, and the foayment cover is

< 10%. The soil texture is sandy loam in areasas€soil, and sandglayey loam under shrubs. The
organic matter content ranges from 4% in bareaeihs to 5.2% under shrubs. At hillslope spatialesc
the major soil surface components are patcheSisifis spp. (mean size >2 3nand bare soil; in both
cases the soil is covered by a thick layer (typycats cm) of litter.

The south-facing hillslope was previously cultivchteith cereals, but abandoned in the mid-1950ks. It
very steep (22.4°), with a converectilinear topographic profile and an aspect oB0F1 It has been
reforest and is now covered by a patchy vegetatioraic of bare soil and Mediterranean plant species
(60% vegetation cover, which is similar to thatnatural hillslopes in the surrounding area; meauotpa
size <2 mM). Cistus spp. are the most common plants growing on thelte. In winter, the bare soil area
is covered by annual plants, the dead structureghath accumulate on the soil surface during summer
The soils are affected by water erosion and, &saltr they are characterized by a rock fragmewgrcof
20-70%. The soils depth is shallow {30 cm), they have a high gravel content (54.0%ssoeiation
with shrubs and 67% in bare soil areas) and pH.@f Bhe texture is sandy loam in both bare soil and
under-shrub areas. The organic matter content safingm 1.5% in bare soil areas to 3.5% under shrubs
The soil surface beneath shrubs typically comprsesial plants and a2 cm cover of litter.

3 Material and methods

3.1 Precipitation
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Precipitation was recorded using a rain gauge Wwa&3mm of precision. Precipitation was recorded
every 10 minutes and the rainfall intensity wa® alalculated in a 10 minute basis, expressed inhmm/
Precipitation data were grouped into two differestegories according to the daily mean rainfatrisity

(), the maximum precipitation intensity (in a 10dnoie basis) of the day.l), and number of days
between precipitation periods. The mean duratiamiofy and dry spells was calculated for each perio

3.2 Soil water repellency

Water repellency was measured using the Water Dtepetration Time (WDPT) technique (Van't
Woudt, 1959), modified by the addition of eight plscof demineralized water rather than three. Téss t
consists on randomly placing eight drops (0.05anlthe soil surface using a micropipette and méagur
the time until each drop is completely infiltratéithe average of these eight measurements was #asken
the respective WDPT (s) of the sample. The testapgdied in the two microenvironments analyses on
every hillslope (shrub-covered and inter-shrub s3oilUndisturbed soil samples from the four
microenvironments were collected in 100 °coylinders and taken to the laboratory. The litieas
removed from the surface and then it was smoothedake it homogeneous. The drops were placed in
different places of the soil surface and the timafiltration noted. The water repellency valwdsained
with the WDPT were classified according to Doerr agt (2006) classification (Table 1). All the
experiments were conducted under controlled labpyatonditions (22 °C, 60 % relative humidity) to
avoid the effects of temperature and humidity mtfeasurements (Doerr et al., 2002).

3.3 Erosion plots

A total of 8 closed plots were installed in the esimental area distributed as follow: 4 plots inrticand
South-facing aspect (N and S), and in each slopkt@em located in shrub-covered (SC) areas amd 2 i
inter-shrub areas (IS). These IS areas were ofteered by a thick litter layer in the north-facinigslope
and by annual vegetation in the south-facing otmtsfad a surface of 2?rand they were rectangular-
shaped and delimited by steel sheets. The steet ah¢he bottom of the plot was performed in an&in
shape in order to enable the conduction runofh®dollector linked to a deposit of 25L. The detsosi
were emptied after every wet spell and the volurobected was noted. The runoff collected was
homogenised and a sample of 0.5L was taken angpwaied to the laboratory, where it was sievedat a
mm mesh and dried in the oven, in order to meathe@eamount of fine sediments transported by the
runoff. The parameters calculated were runoff rd&Re mm), runoff coefficient (R %), sediment
concentration (S gr ) and soil loss (Sgr m?). Although the plots were installed on Septemt@9%®
data records were not started until three monttes la order to avoid disturbances caused by tlle so
modifications during the plot installation.

3.4 Statistical procedures

The adjustment of data to normal distribution wested using the Kolmogorov-Smirnov test, whereas th
Barlett test was performed to determine if the datmomplished the homoscedasticity criteria. IEtheriteria
were not satisfied, the logarithmical transformativas attempted. ANOVA test was used if the dateewe
suitable to support parametric statistic and thlahn-Whitney test was used if they did not. Theef of
factors “aspect”, “cover” (vegetal cover) and “sma'swere tested on SWR, runoff and soil loss datagithe
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above-mentioned analyses. Moreover the relatiowdmst precipitation parameters and runoff and s |
was performed by mean of regression models. Thfisignce level was set at 0.05, and all analysesew
performed using R software (R Core Team, 2013).

4 Results
4.1 Precipitation analysis

The period analyzed comprised from 15/11/2009 142/2010. The daily precipitation during this pekrio
is represented in the figure 2, as well as the nag@nmaximum intensity in a 10 minutes basis.
Precipitation during the study period followed tHassic trend of Mediterranean climates of the e
hemisphere, with a three-month-long drought betwdere and September, although precipitation from
December 2009 to April 2010 (921.2 mm) far exceettesd historical average for the corresponding
months (306.5 mm).

In order to facilitate analysis, the rainy periodsasplit into three categories called dry, traositind wet
seasons. This was done based on the precipitdtamacteristics more related with the main objectife
this study. The dry season lasted from 01/05/20181¢08/2010, coinciding with the summer drought.
Rainfall was 21.4 mm, with a maximum of 6.2 mm aced on 09 of May of 2010 £}, 9 mm h%13.4
mm HY). Two transition seasons were differentiated mastirom 15/11/2009 to 15/12/2009 and from
01/09/2010 to 15/11/2010, respectively. They cosgati the isolated precipitation events typical of
autumn in the study area. These seasons had adwifzll of 107.9 mm, with wet periods of 1 or ayd
(mean 1.3 = 0.4 days) being usually separated bgrakdays without rain (mean 5.7 + 4.7 days). The
maximum daily rainfall (17 September 2009) was 4t (hax36.6 mm A% 1 9.1 mm hY). The wet
seasons occurred from 16/12/2009 to 30/04/2010frand 15/11/2010 to 15/12/2010. Both periods were
characterized by series of several rainy days (ntemation 3.5 + 2.5 days) separated by short psgriod
without rainfall (mean duration 2.5 + 2.5 days).ifall of 30 mm day} was frequently exceeded (11
times). The maximumyL occurred on 17 April 2010 (45.6 mm™ while the maximum | (6.1 mm b
occurred on 25 January 2010. The change of seas2@09 was provoked by a period of 9 days with a
total precipitation of 232.1mm. This change in 2@&s motivated due to a wet spell of 7 consecutive
days with a total precipitation of 80.2mm.

4.2 Soil water repellency

Figure 3 shows the SWR values measured in everyoemngironment and season. SWR data did not
accomplish the normality and homoscedasticity dateequired for ANOVA analysis; hence U Mann-
Whitney and Kruskal-Wallis tests were performecttmpare means taking into account independently
aspect, season and cover. Factors “aspect” andgdsédad significant effect on SWR (p<0.001),
whereas “cover” did not (p>0.05). Repellency waghkr in the north-facing hillslope and, in genettal,
values started to increase in the dry season amd higher during the transition season, decreasing
significantly once the wet season started. Thisickdn of SWR was not observed in the case of inter
shrub areas of the south-facing hillslopes, giveat soils were already wettable during the tramsiti
season.

If data are separated by aspect and season, deyzrenalysis suggests to do, significant diffeesnin
SWR between covers in the transition season appéateoth hillsopes (p<0.001); these differencesawe
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masked in the general analysis by the data of tbesgason, when mean values of SWR remained
homogeneous in both hillslopes (p>0.05). There wais® significant difference in the north-facing
hillslope during the transition season (p<0.01)edéh facts are clearly showed in figure 3 and were
corroborated by a kruskal-Wallis analysis of SWRhwhe variable “microenvironment” (conjunction of
aspect and cover) on every season (Table 2). Inrémsition season there were significant diffeesnc
between microenvironments (p<0.001) and the pagnkisMann-Whitney test showed differences within
every hillslope. In the wet season, the soil remdiwettable in all the cases but there were quasintt
differences between microenvironments (p<0.05)hla period, there were no differences within every
hillslope. In the dry season there were signifiddifferences only between the microenvironmentthef
north-facing hillslope.

4.3 Hydrological and erosive response

Table 3 shows means and standard deviations dfytthelogical and erosive parameters recorded during
the study period. The dispersion of data was langeally with CV values higher than 100%. In the
transition season NIS plots showed the highest naakes for runoff variables (R2.99mm, B=12.22%)
and SSC showed the lowest ones (0.35mm, 1.27%#. nTdximum event values during this season were
also measured in the NIS plots (8.51 mm, 19.33%gr 44 mm of precipitation with 1= 2.7 mm'‘tand
Ima=36.6 mm H. During the wet season, there was a change al ted the highest mean values were in
SIS plots (1.49 mm, 2.59%), whereas the lowest meduin the NSC plots (0.15 mm, 0.23%). The
maximum event values in this season were recoméei SIS plots (6.34 mm,11.77%) after 53.9 mm of
precipitation (1=2.9 mm fhand |.=44.4 mm H). No runoff was detected during the dry seasorthiso
season was not taken into account in further aealgé runoff and soil loss.

Regarding the sediment concentration, the highestnnvalue in the transition season was 0.9T gnt

it was found both in NIS and SSC plots. On the oti@nd the lowest value was 0.25 grith the SIS
plots. In the wet season the maximum mean valueDvigsgr 1 in the SSC plots and the lowest one was
0.08 gr ' in the NIS plots. The maximum sediment conceriratheasured in the transition season was
3.76 gr I* (NIS plots), recorded after a short event of 218 (t3.6 mm H, I,,=6 mm K. In the wet
season it was 2.59 gh(SSH plots), after 14.7 mm of precipitation (I=hn h*, I,,,=4.8 mm H).

Lastly, mean soil loss in the transition season lwgler in NIS plots (0.91 gr ), as a result of the high
runoff rate and sediment concentration, and lowehe SIS plots. Soil loss in the wet season wglsemi

in the SIS plots (0.37 gr fir and lower in the NSC plots (0.02 g“mThe maximum measurements was
recorded in the same event and microenvironmentiqusly described for the maximum values of the
runoff variables and they were 2.69 and 2.62 gimthe transition and wet seasons, respectively.

4.3.1 Factors affecting runoff

ANOVA analyses showed that the only individual fadhat affected runoff rate was “cover” (p = 0.D09
whereas “aspect” and “season” did not have anyifsignt effect. Effectively, runoff rate was clegrl
different in shrub covered (0.47+0.67 mm) and hsterub soils (1.54+2.14 mm). This confirmed the
expected trend of more amount of runoff generatdshre soils than in shrub-covered ones. Inteiggtin
the interaction of “aspect” and “season” affecteghidficantly the runoff rate (p = 0.03), what meahat
the changes in runoff rate between seasons werratif depending on the hillslope considered. lthbo
microenvironments of the north-facing hillslope offrrate was lower during the wet season (Figurg, 4A
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whereas in the south-facing hillslope this was gtméerved, being the runoff rate lower in the trémsi
season (slightly in the inter-shrub plots). Duethe large dispersion of data, only in bare soilghef
north-facing hillslope the difference in runoff edtetween seasons was significant.

Regarding the runoff coefficient (Figure 4B), botbover” (p<0.01) and “season” (p<0.001) had
significant effect on this property, being. Righer during the transition season and in thosehes
without shrubs. “Aspect” as a single factor did hate any effect. If the analysis was performechieck
the differences between seasons on every micraemaint, it resulted that there were significant
differences on both microenvironments of the néaiting hillslope, whereas in the south-facing dmeyt
were not found. In spite of having no effect asiradividual factor, “aspect” is an important variaktb
take into account for the runoff analysis, sinceilRhomogeneous during the year in the south-facing
hillslope but heterogeneous in the north-facing. gxea consequence, Rias higher in the north-facing
hillslope during the transition season and in thatls-facing hillslope during the wet season (Figlgg.

4.3.2 Precipitation and runoff

Once we analysed the differences in runoff ratecedficient between aspects, vegetal cover ansbsea
we tried to elucidate the precipitation propertgtthest correlated with the overland flow in owrdst site.
Among the rainfall parameter analysed, the bestetadion with the runoff rate was found fog,l
Interestingly, in the north-facing hillslope rungféneration was different during the transition drelwet
seasons (Figure 5 A and B). In inter-shrub sdils, relation between,dx and runoff rate was significant
(p<0.01) for the whole set of events but it impmwehen data were split between seasons, turningthe
coefficient from 0.49 for the complete dataset,0t83 and 0.61 for the transition and wet season
respectively. Moreover, theJ, threshold for runoff generation increased from #® in the transition
season to 6.4 mm in the wet season, whereas the efothe relation J,<R; decreased 2.7 times, from
0.254 to 0.093 (Figure 5A and Table 4). The retatietween P and,Rvas weaker and it only was
significant in the transition season. Bene@ikus spp. the relation between runoff rate apg was not
significant when we took into account the wholedgtperiod (p>0.05, &0.08). However, when we split
the data between seasons, this relation becamiéicsigh only in the transition season (p<0.05=®77),
whereas in the wet season it remained not signifi(@>0.05, B=0.17). In this case, the relation between
P and runoff rate was significant in the wet sea@gst0.05, B=0.4), indicating a change in the runoff
generation mechanisms.

In the south-facing hillslope (Figure 5 C-D, andblea4), there was a good and significant relation
between runoff rate ang.4 (p < 0.001) in inter-shrub patches, as well bdnshtubs. This relation was
consistent along the entire study period and thmtpocorresponding to the transition season are
straightened to the points of the wet season. ta bail the Rwas 0.86 and beneath shrubs was 0.70. As
it occurred in the bare soil environment of thethdacing hillslope, the relation of runoff ratetlviP was
weaker than the relation with, so the later was the main controlling rainfalitta affecting the runoff
generation. In both microenvironments of the sdatting hillslope, the . threshold for runoff
generation and the slope of the relatigg-R; only registered slight variations. It is importanthighlight
that the relation R in inter-shrub soils of the south-facing hillslop@as not significant during the
transition season, in spite of the highd®0.91. This was due to some missing data cabgéde effect of
grazing on the erosion plots. Nevertheless, siheer¢lation was apparently good, we took into antou
the parameters of the regression models, althouttphall due caution.
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No significant relation was found between runoféffizient and precipitation parameters, but whenas
plotted against P ang., two clearly different groups of points accordinghe season could be observed
in the north-facing hillslope, whereas in the sefatting hillslope this different response did naise
(Figures 6 and 7).

4.3.3 Sediment concentration and soil loss

Sediment concentration and soil loss had a sirbédwavior in this study. According to the ANOVA test
the only factor that had a statistically significaffect on the erosion variables was “season’sfite of

the lacking of statically significant differencesjs noteworthy the contrasting behavior of thdisent
concentration and soil loss in the two hillslopg@eleding on the season considered (Figure 8 A-B3. Th
decrease observed in both parameters was muchrhighiee north-facing hillslope than in the south
facing one.

It can be observed that in three out of four miokd@nments (SIS was the exception) there wasgelar
decrease of sediment concentration and soil losenvthe transition to the wet season were compared
(Figure 8 A-B). Sediment concentration and soisld&l not show any significant relation with anytioé
precipitation parameters studied.

5 Discussion
5.1 Soil water repellency

SWR results highlighted the seasonal charactemisf property, reported widely in the literature in
temperate humid areas as well in semiarid enviromsn@Vitter et al., 1991; Doerr et al., 2000; Kaise

al., 2001; Benito et al., 2003; Whal, 2008; Zawtal., 2009). SWR is commonly associated to dilg so
and it is supposed to disappear when soil wateteatrincrease to a critical soil moisture threshold
(Crockford et al., 1991; Imeson et al., 1992; Ritaeand Dekker, 1994; Doerr at al., 2000). SWR tesul
were consistent with this statement and after thanser drought, three out of four microenvironments
showed hydrophobicity and only one of them remaiwettable, whereas during the wet season all the
microenvironments were wettable. The SWR measurenmmresponding to the transition season were
done just after the 2009 dry season and in consequsnil moisture was clearly below the wilting rgoi

at that time. However, according to Doerr and The(@800), soil drying by itself is not enough tstoze

soil water repellency and the addition of freshropthobic compounds is also needed. In the study are
the dominant species a€stus albidus and Cistus monspeliensis. They are seasonal dimorphic species
(Aronne and De Micco, 2001), an adaptation to tredit&rranean summer drought (Orshan, 1964, 1972)
that involves the cessation of dolichoblast growththe end of spring, flower formation, and leaf
abscission in order to avoid transpiration watess! Hence, abundant litter accumulates on theoitops
beneath the shrubs and in surrounding areas datingner (Gabarrén-Galeote et al., 2013). Moreover,
this litter is rich in wax and oil compounds, fremiy associated to SWR appearance (Verheijen and
Cammeraat, 2007). The SWR measurements corresgptodthe dry season were done in June, so SWR
was starting to increase after the wet season.

The differences in litter input would explain thentrasts between and within hillslopes. On one hand
the north-facing hillslopes shrubs covered a.c. @%he hillslope, consequently there were no trage

soil areas because the great amount of litter mexdiwcovered the patches between shrubs (Gabarrdn-
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Galeote et al., 2012). Thus, there was a high inphydrophobic compounds, more abundant in thetshr
covered areas, that triggered SWR when soils beclyné®©n the other hand, in the south-facing ld&
shrub-cover was rather discontinuous and there lagge patches where the litter layer was absdrasd@
areas are covered by annual vegetation during giesgason. We expected to find SWR also due to the
annual vegetation growth, as it was reported bytikez-Murillo and Ruiz-Sinoga (2007) in the same
study site, but the values obtained in the prestmty are lower. This might be caused by an extigme
rainy previous year to their measurements (1081 that)caused an extraordinary vegetation growth and
a higher than average litter production during thatnmer. In contrast, precipitation during the year
previous to our study was 528 mm.

The values of SWR in the wet season are consisitetite seasonal behavior of SWR. Crockford et al.
(1991) reported that only 9 days without rain dgrihe wet season were enough to trigger repellent
conditions in the soil. The wet season in our stwdg rainier than usual and the mean duration wf dr
spells was 2.5 days, so we can expect permanetgbletonditions along this season. Thus, thereavas
heterogeneous pattern of soil water repellencyteeéléo vegetation cover and litter input (Doerrakt
1998) during the transition season that turnedhatmogeneous and wettable during the wet season.

5.2 Runoff generation

During the transition season, the maximum valuesuobff rates took place in the north-facing halst

in both environments, whereas in the wet seasomérémum values took place in the vegetated areas,
independently of aspect. This suggests a chanteifactor controlling runoff generation. As for RV
runoff generation was different between hillslop&gil water repellency has been proven to have
significant effects on the soil hydrological respenon the runoff generation as well as on soitiero
(Doerr et al., 2003, Shakesby et al., 2000). Howabese effects are not always of the same matmitu
and they are strongly dependent on the contindithe repellent layer and the cracks and poreshen t
soil surface (Granged et al., 2011). During the skgson no runoff was detected because the rainfall
events were of low magnitude and intensity andSM¢R was not fully developed when these events
occurred, in May and the beginning of June.

In the north-facing hillslope, overland flow wagyher in the bare patches than beneath shrubswand t
clearly contrasting soil responses were observedgathe hydrological year. At a plot scale, all the
hydrological variables (RR,, & and 9 were significantly higher in the transition seasdhe change of
conditions was observed not only in the mean vatdieate and runoff coefficient, but in the cortaa

of these properties with precipitation. On one hahd slope of the relation between runoff rate knd
was clearly different between seasons in both mivisonments. On the other hand, the events with
higher R occurred in the transition season, being indepenaolieprecipitation. This seasonal behavior of
overland flow in Mediterranean conditions couldrbtated to soil crust formation (Nunes et al., 2010
but soil surface layer in the north-facing hillstopad more than 5% of organic matter, so surfatcgtiog
was not the reason of the enhanced overland flalle(H998, Beven, 2001), this suggests SWR as the
more probable cause (Doerr et al., 2003). The gtiofluence of SWR on runoff generation during the
transition season was studied in the same hillsigp&abarron-Galeote et al. (2012) by mean of adlinf
simulations. They obtained runoff in the 100% a@8o6of the experiments developed in bare soil and
beneath shrubs respectively. When runoff is a apresgce of SWR, it is generated by Hortonian
mechanisms, since the wettability of the soil stefdecreases dramatically (DeBano, 1971). Indded, t
significant relation between,J, of the event and the runoff rate suggests thaiffis mainly generated
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by Hortonian mechanisms in the north-facing hilgaduring the transition season. The fact thatRhe
was higher in NIS (12.22%) than in NSC environmgBt26%), whereas SWR was moderate and severe
respectively, was probably caused by the presehemie macropores due to root development of shrubs
in NSC patches. These macropores caused discdigmin the repellent layer and allowed the runoff
generated to reinfiltrate within the plot and redtod hydrophilic layer beneath the repellent ortés kind

of discontinuities, due to macropores as well as tpatchy pattern of SWR, is the cause of the low
response to runoff generated in repellent conditianthe catchment level (Doerr et al., 2003).ha t
study mentioned above, Gabarron-Galeote et al.22filind that macropores were the main infiltration
way during rainfall simulations when soil surfaseépellent. The. L threshold for runoff generation was
higher in the bare patches, a result consistett tivét lower SWR.

SWR disappeared in the wet season and the hydcalogésponse also changed clearly. Relations
between runoff rate ang.k were weaker, what suggested that under hydroptoliditions the formation

of Hortonian overland flow was prevented, and thvedr runoff of this season was produced by satumati

of the shallow soil (Shakesby et al., 2000), faddog the extremely wet season of the year 2009-2010
fact, in the NSC patches the relation of runoffhwiit., disappeared, whereas the relation with P became
significant. In a study of Doerr et al. (2003), dmwped in an area with similar topographical and
geological characteristics, but significantly moaiy, the hydrological response at plot scaleriuthe

wet season was similar to the reported here imthth-facing hillslope. They detected only 1 out66f
events with more than 3% of runoff during the weason, whereas our maximum value was 2.26%.
Doerr et al. (2003) also pointed out that only irw wet conditions could be developed saturation
overland flow, due to the saturation of the reklvshallow soil. This statement is also applicablé¢he
north-facing hillslope of our experimental area.

In the south-facing hillslope there were no sigifit differences in rate and coefficient of rurtmfween
seasons, neither in the relation betwegn &nd runoff rate. However, there were some remdekab
differences between microenvironments that are itapoto highlight. In the transition season theaft

was 3.06 % and 1.27 % in inter-shrub and vegetaétches, respectively. These values are both lower
than the corresponding ones in the north-faciniglbpe. In the bare patches this fact seems rebkona
since soils are wettable even in the transitios@eaSo although in absence of SWR soil conditimns
this layer are less favorable to promote infilwatias they are in the north-facing hillslope (stdélss
developed, with low organic matter content and hytic conductivity (Martinez-Murillo et al., 2007)&
lower overland flow was detected. In addition, aadruegetation created paths that favor infiltratidrine
generated runoff. Regarding the shrub covered atkag showed moderated SWR during the transition
season but, surprisingly, the lower overland flomswmeasured here. This can be explained by the
vegetation allocation on the south-facing hillslogehe non-uniform distribution of vegetated areas
promotes the spatial concentration of soil moistardrients and biological activity beneath shr{idsu

et al., 1995; Pan et al., 1998; Anderson et aD42@uigdefabregas, 2005). At the same time silifg

is reduced in inter-shrub areas because of er@sidrgas emission processes. The availability ofenis

and water resources favor the growth and survizakegetation, which is a feedback process (Pugratire
al., 1996; Cerda, 1997; Holmgren et al., 1997) toettinuously improves the soil properties of stech
fertility islands (Schlesinger et al., 1990). Thpsocess is reinforced because of the more frequent
hydrological response of inter-shrub soil areaseunMediterranean conditions: source of runoff,
sediments and nutrients. When these sedimentgarspbrted down-slope they are usually retained in
adjacent vegetated areas, where they contributthaoimprovement of soil properties, and therefore
vegetation growth (Cammeraat, 2004; Ludwig et2005, Puigdefabregas, 2005). Due to the good soil
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conditions and the biological activity, Hortonianeoland flow generated due to repellent conditimas
rapidly reinfiltrated through animal burrows (Gakka et al., 1998), root channels and macropores
(Sevink et al., 1989; Doerr et al., 2003) and tiveas no connectivity between the small patchescgoof
runoff even at a plot scale.

During the wet season no SWR was detected andfrwasf of 2.59 % in bare patches and 0.96 % in
vegetated areas. These values are consistentexitlityf island theory formerly explained and ardieect
consequence of the infiltration capacity and thaliguof soils and the control of the soil erosi@erda,
1998).

It is difficult to elucidate the runoff generatiomechanism in south-facing hillslopes of the studhaaln
similar conditions, Martinez-Murillo and Ruiz-Sirm¢2007) found differences in runoff rate generaed
well as in the mechanisms between seasons in $atitig exposures. The differences in runoff gereerat
were justified because they found water repelleincthe transition season in both microenvironments.
They pointed out that during the wet season ruwaf§ produced by saturation mechanisms. In our case,
the consistent relation betweep,, ] and runoff rate could suggest Hortonian runoffegation, but in
absence of soil water repellency overland flow bByugtion of the shallow soil cannot be discarded
(Shakesby et al., 2000).

To sum up, during the transition season SWR wagrihia factor controlling overland flow generation,
especially in the north-facing hillslope, whereagtie wet season runoff generation depended mainly
the soil properties that favor infiltration (e.grganic matter, aggregate stability), determinedthosy
vegetal cover (Cerda 199@tataix-Solera et al., 2011).

5.3 Sediments and soil loss

Sediment transport was higher during the transiieason in the three microenvironments where soil
water repellency was detected. Actually, the fatssason” was the only one that affected the erosio
variables measured. The cause of this increasmibkrosion in repellent soils is the enhancedspl
erosion (Terry and Shakesby, 1993; Ahn et al., R0A8cording to Ahn et al. (2013), soil water
repellency increases the distance of ejection dfighes after a drop impact, what in hillslopes twi
certain degree of inclination involves greater s@tvnslope movement and hence net erosion of pesticl
Shakesby et al. (2000) reported that in hydroplsitids the wetting provoked an increase in theiglast
cohesion and a compact surface seal, that limitecamounts of splashed sediments, was developed. On
the contrary, in hydrophobic soils, particles remadi dry and easily detachable.

During the transition season a larger sedimenspar in the repellent microenvironments was olesgrv
but it did not follow the same order than SWR oertand flow. In fact, sediment transport does rateh

to be necessarily proportional to these factorsak8by et al., 2000), since it also depends on the
availability of sediments and the capacity of watemove them. For example, overland flow in vetgta
areas was larger in the north-facing hillslope, médle soil loss was higher in the south-facing,sweh

as other authors found in semiarid land (Cerda. e1995). This is a consequence of the high aiita

of sediments in the later areas, that receive sautsnfrom the adjacent bare areas in the wet season
Moreover, the thick layer of litter in the northefag hillslope also prevented the sediment movement
since the energy of raindrops decreases beforecimpasoil particles (Casermeiro et al., 2004). end
Mediterranean climate, Nunes et al. (2010) alseaet more erosion in the dry period in herbaceous,
shrubland and oak-tree areas, although they atidbthis fact to crust formation instead of soilteva
repellency.
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During the wet season, with wettable soil condgiothe same scheme was repeated in both hillslope:
runoff generated beneath shrubs had more sedirpectntration due to the higher sediment availgbilit
but, given that overland flow was larger in bareeaa; soil losses were also larger in these
microenvironments. The causes for the high avditgbof sediments in shrub covered plots are
(Martinez-Murillo and Ruiz-Sinoga, 2007): i) theédnshrub areas are more frequently washed by funof
i) the washed sediments are deposited beneathshnd they are only transported when the pretipita
event is strong or intense enough. Similar spaékltionships between sediment yield, vegetaticth an
bare soil were found by Puigdefabregas and Sand®es6) and Puigdefabregas (1998).

6 Conclusions

Aspect was a key factor determining the hydroldgarad erosive response throughout the year in the
experimental area. This influence was exerted tittiothe vegetation pattern, that in turn depended
strongly on the hillslope exposure.

The north-facing hillslope was characterized byther continuous vegetation pattern and a greistier |
input in the soil, that triggered soil water repalty after the summer drought, in shrub coverededisas

in inter-shrub patches. Consequently, the soil bigdjiical response was homogeneous during the
transition season and high runoff coefficients aaill losses were measured in both microenvironments
However, SWR had a marked seasonal behavior and whdisappeared the switch from repellent to
wettable conditions provoked a strong decreasevefland flow and erosion, and even a change in the
runoff generation mechanism, turning from Hortonia®chanisms in the transition season to sail
saturation mechanisms in the wet season.

In the south-facing hillslope there was a cleadichy vegetation pattern. The areas covered bysiiso
showed soil water repellency after the summer dibbgt in this case its influence on the hydrolagic
response was mitigated by the soil conditions fawgureinfiltration. The patchy vegetation pattern
triggered a transfer of runoff and sediments frbmn inter-shrubs to the shrub covered areas, damglop
fertility islands and improving soil conditions e later ones. In the present study, the southdanter-
shrub patches did not show SWR even in the tramsiieason. As a consequence, in the south-facing
hillslope no important seasonal changes were deataut the hydrological and erosive soil response.

In conclusion, our results support that SWR hagificant influence on the soil hydrological resse,

but at the same time this influence is dependedtmaadulated by factors as antecedent precipitation,
presence of macropores and other areas of reatifiltr, and soil structure. In the present study SWR
effects are important after the summer droughthim north-facing hillslope, where the hydrological
response was homogeneous in space and heterogenetnn®. In contrast the south-facing hillslope
runoff rates were heterogeneous in space and hamaogs in time.
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658 Table 1. WDPT classes and class increments udbe iporesent study (after Doerr et al., 2006)

WDPT clas 0 1 2 3 4 5 6 7 8 9 10
WDPT intervals (s) <5 6-10 11-30 31-60 61-180 181-300301-600 601-900901-3600 3601-18000 >18000
Persistence rating Wettable Slight Moderate Severe Extreme
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660 Table 2. Quantitative and qualitative values of SWHRcroenv.: Microenvironment; WDPT: Water drop
661 penetration time; NIS: North-facing inter-shrub; GtSNorth-facing shrub-covered; SIS: South-facing
662 inter-shrub; SSC: South-facing shrub-covered. Daffé letters denote significant differences between
663  microenvironments in every season.

Microenv. Dry Transition season Wet season
WDPT (sg) Category WDPT (sg) Category WDPT (sg) eQaty
NIS 91.1+52.2b 4 Moderate 130.6£96.2b 4 Moderate5.5+t3.2a 0 Wettable
NSC 190.1+104.0a 5 Moderate 797.0+627.1a 7  Severe3.841.5ab 0 Wettable
SIS 27.1.3+x26.7¢c 2 Slight 43+1.7c 0 Wettable +3.6ab 0 Wettable
SSC 29.8+18.1c 2 Slight 77+46.7b 4 Moderate 2880 0 Wettable
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665 Table 3. Summary of precipitation and soil hydradatjand erosive response. NIS: North-facing inter-
666  shrub; NSC: North-facing shrub-covered; SIS: Sdatling inter-shrub; SSC: South-facing shrub-
667  covered; P: Precipitation; I: Mean rainfall intdgsinh.. Maximum rainfall intensity; R Runoff rate; R
668  Runoff coefficient; 8 Sediment concentration;: Soil loss.

669

P (mm) 1108.3
| (mm HY 2.7+1.5
I max (MM HY 6.6+8.1
Total Microenv NIS NSC SIS SSC

R, (mm) 1.74%2.26 0.47+0.76 1.31+1.88 0.47+0.51
R. (%) 4.83+5.72 1.71+2.63 2.69+3.32 1.06+0.87
S (gr 0.32+0.86 0.230.29 0.30+0.18 0.66+0.66
S (gr m?) 0.32+0.63 0.150.31 0.32+0.66 0.28+0.29
P (mm) 21.4
| (mm HY 2.4+0.7
I max (MM HY) 4.1+2.8

Dry season Microenv NIS NSC SIS SSC
R, (mm) 0 0 0 0
R. (%) 0 0 0 0
S (gr 0 0 0 0
S (gr m?) 0 0 0 0
P (mm) 116.8
| (mm hY) 3.0+1.9
Imax (MM HY) 6.7+8.6

Transition Microenv NIS NSC SIS SSC

season R; (mm) 2.99+2.86 1.24+1.04 0.66+0.49 0.35+0.32

R. (%) 12.22+4.95 5.26+2.33 3.06+1.84 1.27+1.06
S (gr M 0.91+1.42 0.49+0.38 0.25+0.05 0.91+0.37
S (gr mi9) 0.91+0.91 0.430.45 0.14+0.09 0.58+0.39
P (mm) 970.1
| (mm HY 2.6+1.4
l ma (MM HY 6.9+8.4
Microenv NIS NSC SIS SSC

Wetseason o (mm) 1.22+1.71 0.15+0.17 1.49+2.07 0.53+0.57
R. (%) 1.75+1.95 0.23+030 2.59+3.61 0.96+0.73
S (gr M 0.08+0.04 0.12+0.10 0.31+0.20 0.59+0.71
S (gr m?) 0.07+0.08 0.02+0.03 0.37+0.73 0.19+0.39




670 Table 4. Relevant parameters of the regression Imqa#eforming the relation betweep,l and R. lnax
671 threshold is thex necessary to generate runoff. * denotes signifiegp<0.05).

Micro Transition season Wet season
environment | max threshold slope R |max threshold slope R
NIS 4.88 0.254 0.93* 6.45 0.093 0.61*
NSC 1.86 0.083 0.77* -- -- 0.17
SIS 7.62 0.110 0.91 8.21 0.128 0.86*
SSC 3.74 0.027 0.85* 2.47 0.036 0.71*
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Figure captions
Fig 1. Location of the experimental area and gdnéesv of both north and south-facing hillslopes.
Fig 2. Daily precipitation (P), mean intensity &)d maximum intensity (k) during the study period.

Fig 3. SWR measured on every microenvironment aaban. Error bars represent standard deviation.
NIS: North-facing inter-shrub; NSC: North-facingrsh-covered; SIS: South-facing inter-shrub; SSC:
South-facing shrub-covered.

Fig 4. Mean values of runoff rate and coefficiemtavery microenvironment and season. Error bars
represent standard deviation. NIS: North-facingershrub; NSC: North-facing shrub-covered; SIS:
South-facing inter-shrub; SSC: South-facing shrobeced.

Fig 5. Relation between.dx and runoff rate in every microenvironment. NIS:riiefacing inter-shrub;
NSC: North-facing shrub-covered; SIS: South-fadimgr-shrub; SSC: South-facing shrub-covered.

Fig 6. Relation between runoff coefficient and fp@ation. NIS: North-facing inter-shrub; NSC: Niot
facing shrub-covered; SIS: South-facing inter-sh&®C: South-facing shrub-covered.

Fig 7. Relation between runoff coefficient angyl NIS: North-facing inter-shrub; NSC: North-facing
shrub-covered; SIS: South-facing inter-shrub; SSalith-facing shrub-covered.

Fig 8. Mean values of sediment concentration anldass in every microenvironment and season. Error
bars represent standard deviation. NIS: North-fagier-shrub; NSC: North-facing shrub-covered;:SIS
South-facing inter-shrub; SSC: South-facing shrobeced.



