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Vertical and lateral soil moisture patterns on a Mediterranean karst hillslope
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Abstract: The need for a better understanding of factors controlling the variability of soil water content (6) in space and
time to adequately predict the movement of water in the soil and in the interphase soil-atmosphere is widely recognised.
In this paper, we analyse how soil properties, surface cover and topography influence soil moisture (6) over karstic li-
thology in a sub-humid Mediterranean mountain environment. For this analysis we have used 17 months of 6 measure-
ments with a high temporal resolution from different positions on a hillslope at the main recharge area of the Campo de
Dalias aquifer, in Sierra de Gador (Almeria, SE Spain). Soil properties and surface cover vary depending on the position
at the hillslope, and this variability has an important effect on 6. The higher clay content towards the lower position of
the hillslope explains the increase of 6 downslope at the subsurface horizon throughout the entire period studied. In the
surface horizon (0-0.1 m), 0 patterns coincide with those found at the subsurface horizon (0.1-0.35 m) during dry peri-
ods when the main control is also exerted by the higher percentage of clay that increases downslope and limits water de-
pletion through evaporation. However, in wet periods, the wettest regime is found in the surface horizon at the upper po-
sition of the hillslope where plant cover, soil organic matter content, available water, unsaturated hydraulic conductivity
(Kiunsar) and infiltration rates are higher than in the lower positions. The presence of rock outcrops upslope the 6 sampling
area, acts as runoff sources, and subsurface flow generation between surface and subsurface horizons also may increase
the differences between the upper and the lower positions of the hillslope during wet periods. Both rock and soil cracks
and fissures act disconnecting surface water fluxes and reducing run-on to the lower position of the hillslope and thus
they affect 0 pattern as well as groundwater recharge. Understanding how terrain attributes, ground cover and soil factors
interact for controlling 0 pattern on karst hillslope is crucial to understand water fluxes in the vadose zone and dominant
percolation mechanisms which also contribute to estimate groundwater recharge rates. Therefore, understanding of soil
moisture dynamics provides very valuable information for designing rational strategies for the use and management of
water resources, which is especially urgent in regions where groundwater supports human consume or key economic ac-
tivities.
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INTRODUCTION

Soil moisture (0) is an essential element of the water balance
and it affects different linked processes: infiltration (Albertson
and Montaldo, 2003; Cerda, 1997; Rivera et al., 2014), runoff
(Ceballos et al., 2002; Dehotin et al., 2015), subsurface flow
(Gish et al., 2005), deep drainage (Eilers et al., 2007) and
evapotranspiration (Chamizo et al., 2013; Rodriguez-Iturbe and
Porporato, 2004; Tromp-van Meerveld and McDonnell, 2006)
acting at different spatial and temporal scales (Canton et al.,
2004; Entin et al., 2000; Martinez-Fernandez and Ceballos,
2003). At the same time, all those processes exert a
fundamental control on 0 patterns (Entekhabi et al.,, 1996;
Tromp-van Meerveld and McDonnell, 2006; Western et al.,
2004). In Mediterranean environments, the high spatial and
temporal variability of rainfall and high incoming solar
radiation, typical of these regions, are the main factor
controlling the variations of 6 (Canton et al., 2004; Grayson et
al., 2006; Martinez-Fernandez and Ceballos, 2003; Rivera et

al., 2014; Wilson et al., 2004). Despite the fact that at coarse
spatial scale factors such as rainfall and evapotranspiration
constitute the main controls on 6, at small basin and hillslope
scales, the variance of 0 mainly depend on factors like soil
properties, surface cover or topography (Calvo-Cases et al.,
2003; Canton et al., 2001; Zhang et al., 2012; Zhao et al.,
2013). In general, higher infiltration rates have been reported
on coarse textured soils than on fine textured ones (Saxton et
al., 1986), contributing to increase water movement into the
soil. Nevertheless, it is also known that clay soils have higher 0,
because of their high water retention capacity (Jawson and
Niemann, 2007). Topography and surface cover, on the other
hand, control water redistribution, which also exert an
important effect on 6 temporal and spatial patterns (Cammeraat,
2004; Ludwig et al., 2005). Particularly, in Mediterranean
catchments, higher 0 contents are expected at the lower
hillslopes positions, resulting from run-on from the upslope
areas (Puigdefabregas, 2005; Yang et al., 2016). Besides this
general fact, rock outcrops and physical or biological soil crusts
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act as runoff sources (Canton et al., 2011; Rodriguez-Caballero
et al., 2014) whereas vegetation and micro-depressions act as
runoff sinks, increasing water infiltration (Mayor et al., 2008;
Puigdefabregas, 2005). Thus, general patterns of 6 on semiarid
Mediterranean areas may depend on the individual effect of
these factors, but they are also affected by the interactions
among them (Yang et al., 2016; Zhao et al., 2013), and both,
the individual effects and the interactions, vary depending on
antecedent 6 conditions and rainfall properties (Rodriguez-
Caballero et al., 2015).

The need for a better understanding of the complex
interactions among factors that govern the spatial variability of
0 on detailed spatial scales to adequately predict the movement
of water in the soil and in the interphase soil-atmosphere is
widely recognised by researchers (Canton et al., 2004;
Famiglietti et al., 1998; Gomez-Plaza et al., 2001; Hébrard et
al., 2006; Yoo et al., 2005; Zhang et al., 2012), especially in
many Mediterranean coastal areas. On these areas water
demand has undergone a significant increase due to the
expansion in agriculture and tourism (Benoit and Comeau,
2005). Nevertheless, the Mediterranean water regime, by itself,
does not support this high demand (Castro et al., 2015), and
remote carbonate karst areas, often act as recharge areas. An
example is Campo de Dalias, a coastal plain in SE Spain with a
highly profitable horticulture and tourist industry that result in
an overexploitation of deep aquifers which are recharged by
Sierra de Gador (Campra et al., 2008; Pulido-Bosch et al.,
2000). Clarifying the spatial and temporal patterns of 6, and the
main factors controlling this pattern in the recharge areas, as in
the case of Sierra de Gador, constitutes a key step towards
estimating recharge rates and towards developing a sustainable
water resource management at a basin scale. Many studies
analysing O patterns on semiarid areas at different spatial and
temporal scales (Chamizo et al., 2013; Jia et al., 2013; Koster et
al., 2004; Penna et al., 2013; Rivera et al., 2014) have been
conducted. However, less attention has been paid to
heterogeneous and hydrologically complex karst regions, in
spite of the important role that © plays on their structure,
function and diversity (Zhang et al., 2012). In these areas,
monitoring of 0 is difficult to carry out because of soils are
usually shallow, rocks are frequent and discontinuously
distributed. Furthermore, the numerous cracks and fissures,
enhanced by carbonate dissolution, usually promote preferential
water fluxes complicating 6 monitoring. Thus, the complexity
of the interactions between 0 and its drivers increase in these
karstic systems (Pena et al., 2013; Tokumoto et al., 2014)
remaining unclear up to now (Yang et al., 2016; Zhang et al.,
2012). Moreover, the knowledge of soil moisture dynamics in
the vadose zone provides valuable information to understand
the dominant percolation mechanism and the temporal and
spatial variability of groundwater recharge (Ries et al., 2015).

In order to identify the factors controlling the vertical and
lateral patterns of 0, at the main morpho-structural domain of
recharge to the deep aquifers of Campo de Dalias, the influence
of soil properties, surrounding surface cover and topography
and their interactions on 0 vertical and lateral patterns were
examined. 6 was monitored on a very detailed time scale for 18
months in three hillslope positions allowing a high resolution
analysis essential to understand spatial and temporal variations
in 0 and therefore, offering new and important information
concerning 6 in a Mediterranean karst environment.

STUDY AREA AND METHODS
Site description

The study was carried out at El Llano de los Juanes (Fig. 1),
an experimental site located in the upper plateau of Sierra de
Gador (Almeria, SE Spain), a mountain range reaching 2,242 m
a.s.l. formed by thick series of Triassic limestone and highly
permeable dolomites, fractured rocks with intercalated calc-
schists of low permeability underlain by Permian impermeable
metapelites (Gonzalez-Asensio et al., 2003; Li et al., 2007,
Vandenschrick et al., 2002). The climate in Sierra de Gador is
on the boundary between Mediterranean semiarid and Mediter-
ranean sub-humid climate, marked by the irregularity of rain-
fall. Rainfall and temperature strongly vary with altitude; 171
mm of mean annual rainfall and 17°C of mean annual tempera-
ture are recorded on the southern footslopes whereas about 600
mm of mean annual rainfall and 11°C are recorded at the sum-
mit (Vandenschrick et al., 2002). Current land use is low inten-
sity grazing by sheep and goats.

The experimental area of “Llano de los Juanes”, about
2 km®, at 1,600 m a.s.l. is a relatively flat area (Fig. 1) corre-
sponding to a well-developed karstic plateau (Li et al., 2007)
fragmented and slightly tilted to the East. The climate is Medi-
terranean sub-humid. Average annual rainfall at “La Zarba”
weather station (10.4 km from the field site) over a 30 year
period has been 463 mm with a high inter-annual coefficient of
variation (138.3%). The recorded rainfall intensities during the
period studied in “El Llano de los Juanes” were, in general,
quite low. The maximum /s,,;,, was 78.1 mm h during one
event, however only 12% of rainfall events higher than 1 mm
had a maximum /s,,;, higher than 15 mm-h™". Two main land-
forms can be distinguished in the study area: flat areas, which
represent 76% of the total area, and hillslopes, 24%. Hillslopes
are short, maximum 100 m long, with slope gradients ranging
between 1° and 40°.

Rock outcrops are very frequent (Li et al., 2007) and soils
are very thin (30-35 cm) and stony. The main soil unit was
identified by Oyonarte (1992) as Lithic Haploxeroll - Lithic
Ruptic Argixeroll complex. The main features of these soils are
the high clay and organic matter contents (Oyonarte et al.
(1994) reported organic matter content up to 8.8% in Ay hori-
zons in the site) and high infiltration capacities (Li et al., 2008).
Vegetation is generally sparse and mainly consists of patchy,
dwarf, perennial shrubs and grasses (50-60%) forming a mosa-
ic with rock outcrops (10-15%) and bare soil, generally with
abundant stones (25-30%) (Li et al., 2007). The woody shrubs
are dominated by Genista while Festuca predominates in the
herbaceous stratum.

The scientific interest of this area is enhanced by isotopic
studies which have shown that the main recharge area to the
deep aquifers of Campo de Dalias lies in this carbonated moun-
tain, precisely in its central plateau, at altitudes between 1400
and 1800 m a.s.1. (Vallejos et al., 1997), where the study area is
located.

Methods
Soil water content and precipitation

Soil water content (0) was measured using a capacitance
sensor based on the Self-Balanced Impedance Bridge (SBIB)
technique (Patent No. 9401681; Vidal, 1994; Vidal et al.,
1996). Sensor output also included soil temperature and water
dielectric-constant compensation. SBIB probes had been cali-
brated against TDR probes, gravimetric moisture measurements
and laboratory experiments for a wide range of soil salinity
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Fig. 1. Location of the study area. The location of soil moisture sampling and monitoring sites is marked on the map compiled from a DEM

(10 m resolution) and on the hillslope photo.

levels and soil temperatures (Vidal et al., 1996) and successful-
ly used to monitor 6 in several environments from SE Spain
(Canton et al., 2004; Puigdefabregas et al., 1998, 1999). 6 data
were stored every 30 minutes in Campbell CR10X data loggers.
To save energy from the batteries, the sensors were switched on
during 3 minutes at 30-minute intervals, 6 was measured during
the last 2 minutes and the averages were recorded.

A total of 18 6 probes were installed in a 95 m long, East
facing hillslope with mean slope gradient of 25°. Probes were
set under bare soil at three selected positions of the hillslope:
upper, middle and lower sectors (Fig. 1). At each position two
different depths were considered, 0.06 m and 0.25 m coinciding
with the two soil horizons identified in the soil (A: 0—10 cm and
Bt: 10-35 cm). It was not possible to install deeper probes in
these shallow soils (about 0.35 m deep). Three sensors were
installed in each position and depth (the three replicates were
separated about 10 cm) and after the stabilization period of one
month and a half, 6 was measured during 17 months. The data
series is complete at the upper hillslope position, however,
some problems arose at the middle and especially at the lowest
hillslope positions due to incorrect functioning of some probes,
battery discharges or dataloggers disconnections and robberies,
that caused loss of data and several gaps in the data series,
especially at 0.25m depth of the lowest position where only
about four months of data are available. Fortunately, the meas-
urement period included representative wet and dry cycles. The
results refer to the average O measured at each position and
depth. Daily 0 was calculated as the average of 30-min record-
ings. Also annual and seasonal © were calculated using the
daily averages.

Rainfall amount and intensity were recorded by an automatic
0.20 mme-resolution tipping-bucket rain gauge (Davis, model
7852M). Based on daily volume the antecedent precipitation
index (API) was estimated. API was calculated according to
Fedora and Beschta (1989), and considering a period of 7 days

(Eq. 1),

API = YIZ3PK! (1)

where API is the antecedent precipitation index (mm d '), P is
the precipitation (mm) in day ¢, and K is the dimensionless
recession coefficient. K was fixed to 0.94, based on previous
studies in semiarid areas (Polyakov et al., 2010).

Soil properties, soil surface cover and topography

To analyse the effect of static factors on 0, soil properties
and topography were analysed on the positions where 6 was
monitored. Although this paper does not aim to analyse the
influence of soil surface components (i.e. plants, bare soil,
stones etc.) on 0, because all probes were installed under bare
soil, soil cover of the surrounded area can affect 0 at the sam-
pling area, soil cover was also estimated for each 6 sampling
location.

Composite soil samples (obtained by mixing four subsam-
ples) collected near probe locations were used for the following
soil analyses: 1) particle size distribution by classical sieving
methods for gravel and sand and by Robinson’s pipette for silt
and clay fractions after removal of organic matter (Gee and
Bauder, 1986); ii) water retention at —33 kPa and —1500 kPa by
pressure plates; available water capacity (AWC) was calculated
as the difference in water content at tensions of —33 kPa and
—1500 kPa considering the available water provided by gravel
(Oyonarte et al., 1997); iii) organic matter content using the
Walkley-Black wet digestion method (Nelson and Sommers,
1982) and iv) bulk density by the excavation method (Blake
and Hartge, 1986).

Soil cover was estimated for each 6 sampling location in 3 x
3 m plots using a 0.5 m x 0.5 m rigid square metal frame with a
10 cm screen. Three random 1 x 1 m squares were sampled in
each 3 x 3 m plot. Cover values were measured for perennial
and annual plants, bare soil (crusted and non-crusted), litter and
stones (embedded or not embedded) distinguishing by size
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(<7.5cm; between 7.5 cm and 25 cm; >25 cm). Terrain
attributes (slope gradient and aspect and potential contributing
area) were extracted for the different positions where 6 was
monitored, using a Digital Elevation Model (5-m resolution),
using Idrisi Taiga software (Idrisi GIS Taiga, Clark Labs, Clark
University: Worcester, MA, USA, 2012). For the potential
contributing area the software uses a modification of the
algorithm described by Jenson and Domingue (1988).

Differences in 6 between different hillslope positions and
depths were analysed using general linear models (GLM). More
precisely, we used hillslope position and depth as categorical
predictors, whereas API index was considered as a continuous
predictor. P values lower than 0.05 were interpreted as signifi-
cant effects, and residuals were visually scrutinized and did not
deviate substantially from normal. The analysis was done using
in STATISTICA 8.0 (StatSoft, Inc., Tulsa, Oklahoma, USA).

RESULTS
Topography, cover and soil properties heterogeneity along
the hillslope

Surface cover and topography showed marked differences
between hillslope positions (Table 1). The highest plant cover
was observed in the upper part of the hillslope (45%), and
decreased downslope, despite slope decreased and potential
contributing areas increased. Stone cover, on the other hand,
increased from values around 35%, on the upper sector of the
hillslope, to 55% on the lower sector. However, rock outcrops
appeared upslope the 6 monitoring area located in the upper
sector of the hillslope, but not in the other sectors. Soil proper-
ties also showed contrasting differences among hillslope posi-
tions and also between depths (Table 2). In general, clay con-
tent of both A and Bt horizons increased downslope, whereas
silt content showed the opposite pattern. Sand content was
higher in the A horizon than in the Bt at the upper and lower
sectors, with the highest values on the upper part (19.8%). The
middle sector, on the other hand, showed higher sand in the Bt
horizon than in the A, with values of 9.1% and 14.8% respec-
tively.

As results of the differences in soil properties, contrasting
differences in both infiltration capacity and Ks were observed
in the different hillslope positions. The upper sector showed the
highest infiltration rate with about 54 mm-h'. Ks was also
higher on this sector when compared with the middle and lower
ones, especially at lower tension, and both, infiltration capacity
and Ks, decreased downslope (Table 2). Available water
showed the same pattern, with decreasing values from the upper
sector to the lower one, at both soil depths.

Differences in 6 among hillslope positions and depths

As expected, on the studied hillslope 6 significantly in-
creased with the API index (Table 3). Hillslope position and
depth also exerted a significant effect on 0 (Table 3). However,
depth effect on 6 varied among hillslope positions, as reflected
by the significant interaction between the two factors (Table 3).
Thus, contrasting differences in 6 were observed among
hillslope positions at the different depths (Figure 2 and 3).

When the response of the different hillslope sectors and
depth are analysed more in detail, we also observed different
behaviours depending on the study period. Figure 2 shows the
evolution of 0 at the three studied hillslope positions (upper,
middle and lower sectors) at 0.06 m and 0.25 m depths (Figs.
2a and 2b, respectively). As a general trend, 0 increased with

Table 1. Site characteristics (ground cover and terrain attributes) at
the three studied positions on the hillslope.

Positions in hillslope

Site characteristics Upper Middle  Lower
Plant cover (%) 45 44.5 14.5
Stone cover (%) 36 30.5 55
Surface crusts (%) 10 5 2
Bare soil (%) 6 19.5 22
Litter (%) 3 0.5 6.5
Slope gradient (°) 354 28.6 19.8
Slope aspect (°) 295 295 295
Potential Contributing area (m?) 10 200 700

Table 2. Soil properties at the three studied positions on the
hillslope and at two depths.

K, s Unsaturated hydraulic conductivity. *: The infiltration rates
correspond to rainfall simulations (constant rainfall intensity:
55 mm h') under dry conditions during 1 hour. K, and infiltra-
tion rates were obtained from the experiments performed by Li et
al. (2008) and Li et al. (2011).

Positions at the hillslope

Soil Properties ]?;I:lt )h Upper Middle Lower
0-10 214 478 55.4
0,
Clay (%) 10-35 529 604 681
. 0-10 588 432 325
0,
Silt (%) 10-35 345 248 21.6
0-10 19.8 9.1 12.1
0,
Sand (%) 10-35 126 148 103
. 0-10 73 72 3.8
0,
Organic matter (%) 10-35 63 59 13
. 0-10 1044 652 7.70
Available water (mm) 10-35 1795 1556 1875
Bulk density (g-cm ) 0-15 1.1 1.0 1.2
Infiltration (mm-h™")* 53.9 50.9 44.0
Tensions (cm)
e 3em 69.7 19.9 3.8
Kunsar (mm-h ) 6cm 24 193 1
12¢cm 0.3 0.4 0.4

Table 3. Summary of General Linear Model (GLM) for 0, anteced-
ent precipitation index (API), hillslope position and depth.

F p  Partial eta-squared
Intercept 9864.182  0.00 0.818728
API 523.583  0.00 0.193377
Hillslope position 557.887  0.00 0.338137
Depth 112.548 0.00 0.049007
Interaction position-depth 91.813  0.00 0.077557

depth, with higher 6 at 0.25 m depth than at 0.06 m. Moreover,
at 0.25 m soil depth, 0 clearly increased downslope along the
entire study period, with daily values at the lower position that
varied from 15%, on the dry period, to more than 45 % during
the wettest season (Fig 2b). However, at 0.06 m depth 6 was
higher in wet periods at the upper position than at the middle
one and in some cases than at lower ones, with maximum daily
values close to 33% (Fig 2a). During dry periods, on the other
hand, 0 at 0.06 m depth showed similar patterns to 6 at 0.25 m
depth, with 6 increasing from the upper to the lower position (0
about 2% and 7.5% for summer, respectively). These differ-
ences were more evident at event scale as showed in Fig. 3.
After a rainfall of 5.3 mm with a maximum intensity of
24.4 mm-h™" in 3 minutes occurred on July, Fig 3a shows an
increase in daily 0 at the upper hillslope and no change on daily
0 at 0.06 m depth at the middle slope. In Fig. 3b the 6 increase
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Fig. 2. Evolution of rainfall and daily mean 6 at 0.06 m (a) and
0.25 m depth (b) at the three studied slope positions.

is much higher at 0.06 m in the upper sector than in the middle
sector under a rainfall of 7.72 mm and /;,,;, of 40.6 mm-h .

Moreover, it can be observed that the increase in 6 at 0.06 m
was faster at the upper sector, whereas more time was neces-
sary to reach the maximum 6 at the middle one. For larger a
rainfall event (Fig. 4) and using 30-minute resolution data, it
can be observed greater and faster increases in 0 and losses of
water during dryings at the surface layer in the upper position
respect the other positions and depths. Also at middle and low-
est positions O maintained high values during longer periods.

Thus, for the days showed in Fig. 4, at the middle position at
0.25 cm depth, 0 surpassed the water content at field capacity
for this soil during 37.5 hours.

DISCUSSION
Interrelated effects of “static” factors on 0 lateral patterns

0 differences among hillslope positions and depths were mo-
tivated by the spatial heterogeneity (lateral and vertical) of soil
properties, ground cover and topography along the hillslope as
shown in Tables 1 and 2. Whereas the upper horizon of the
upper hillslope sector showed high sand contents, clay content
is higher in the subsurface horizon and increases downslope at
both soil depths (Table 2), probably as the result of both clay
transport by overland flow (this mechanism has been described
by other authors, i.e. Cerda (2002), in Mediterranean environ-
ments), and/or clay illuviation, also a well-known process in
these environments (Ceballos et al., 2002; Cerda, 2002; Giche-
ru et al., 2004; Philips, 2004; Yaalon, 1997). In fact, Delgado et
al. (2003) described Bt horizons in soils belonging to the
same soil unit in a nearby area to the study site. In the studied
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Fig. 3. Different behaviour of 0 (30 minute intervals) evolution at
0.06 m and 0.25 m depth in the upper and middle hillslope sectors
after two rainfall events: DOI 209 (3a) and DOI 302 (3b).
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Fig. 4. Evolution of rainfall and 30 minutes-resolution 6 at 0.06 m
and 0.25 m depths at the three studied slope positions during a wet
period. At the lowest position 6 at 0.25 m depth was not available
for these days.

hillslope, it would be expected that the increase of clay and the
lower sand contents downslope at 0.06 m soil depth (Table 2)
which also would go along with a higher potential contributing
area, would result in higher 0 values at downslope position.
However, the upper sector of the hillslope showed higher un-
saturated hydraulic conductivity (K,,s.) for the surface horizon
and infiltration rates (Table 2). Differences in both, K, and
infiltration rates, have also been reported by Li et al. (2008) in
the site, and may promote higher and faster water infiltration
into the upper soil horizon than in others hillslope positions
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especially after small rainfall events (Figure 2a), increasing 6 at
the surface horizon at this position. Looking at a more detailed
temporal scale (Figure 4) it can be appreciated the higher 0
increases during rainfalls at the surface horizon at the upper
position, but also the faster loss of water after the rainfall.

Other factors like the higher plant cover (Table 1), which
must be reinforced by the higher available water for plants at
the upper position, the greater soil organic matter content (see
Table 2) and the presence of rock outcrops upslope the 6 moni-
toring area of the upper hillslope sector also contribute to this 6
pattern, and stresses the important role that the interaction of
other factors plays on the 0 spatial pattern, modifying the ex-
pected influence of soil texture and contributing area. Moreo-
ver, the increase of potential contributing area downslope can-
not be strictly applied to a karstic hillslope where the frequency
and magnitude of runoff generation are low and where deep
cracks are responsible for surface runoff discontinuities over
short distances and because runoff hardly travel several meters
as a continuous flow. Under these conditions the effective
contributing area is controlled by the spatial distribution of
runoff sources and sinks, like cracks or rock outcrops, respec-
tively. In the study area, Li et al. (2007) reported the higher
presence of rock outcrops at the upper sectors of hillslopes than
in the middle and bottom ones. In our case, a rock outcrop
about 1 m” was located just upslope the upper sector monitoring
area. These rocks outcrops function as runoff sources supplying
extra water, even during low magnitude and low intensity
events (Figure 3), to the immediately downslope soils and
contributing to the wetter regime in the upper hillslope sector at
0.06 m during rainy periods (Fig. 2a). During rainfall periods in
which the hydrological connectivity along the hillslope is not
reached, this extra water supply in the upper sectors would
contribute to explain the higher 0 contents found at the soil
surface layers (0.06 m) in contrast to the lower values measured
at the middle and bottom sectors. This statement is supported
by Figure 3, and also by Li et al. (2011), who measured very
high runoff coefficients between 71% (under dry conditions)
and 83% (under wet conditions) on rock outcrops under quite
intense simulated rainfall. Other factors that have been reported
to influence moisture differences among hillslope positions,
such as hydrological rain (Kidron et al., 2009) or evaporation
(Kidron and Zohar, 2010) probably could not explain the
showed patterns because slope gradient at the upper hillslope
position is higher than at the other positions (see Table 1) and it
would be expected lower rain amounts at the upper position. In
addition aspect is the same for the three positions. During dry
periods, e.g. summer, direct rainfall infiltration and run-on
contribution from upslope rock outcrops are insignificant ex-
plaining the driest regime at 0.06 m at the upper hillslope sector.

At 0.25 m, the wettest 6 regime appears at the lowest
hillslope position at 0.25 m soil depth (Figure 2b). The higher
soil clay content downslope, especially at this depth (Table 2),
and its effect on water retention, could explain this pattern
(Jawson and Niemann, 2007). At the upper position, the rela-
tively lower 6 at 0.25m could be attributed to the contrasting
properties between surface and subsurface soil horizons. Thus,
the uppermost soil layer, with a silty loam texture, showed high
K5 under low tensions (Table 2), which may reflect rapid
infiltration by macropores. However, at depth, under the occur-
rence of a clayey subsurface layer (horizon Bt), lower infiltra-
tion rates and K, are expected, especially at lower tensions.
These differences in infiltration capacities, along with the
steeper slope gradient at the upper sector (see Tables 1 and 2),
would allow saturation of the uppermost soil layer and a water

excess at the boundary layer between uppermost soil and sub-
surface layers (i.e. A and Bt horizons). This excess of water
may be intercepted by cracks and fissures allowing the infiltra-
tion of water and acting as a possible recharge water, or may be
received, at least partially, by soils downslope, increasing their
soil moisture (Figure 2b). At the middle and lowest positions of
the hillslope, 6 at 0.25 m remains saturated for extended time
(see above the example for the middle position in Fig. 4), and
may also be contributing to groundwater recharge through
fissure and cracks.

Interrelated effects of soil properties on 0 vertical patterns

The increases in 0 after a rainfall event were most obvious in
upper soil layers and were dampened with depth as other au-
thors have described (English et al, 2005; Tromp-Van
Meerveld and McDonnell, 2006). As expected, for the medium
and lower part of the hillslope, 6 is higher at 0.25 m than at
0.06 m throughout the entire period. Apart from the effect of
the higher vapour pressure deficit on surface layer respect
deeper layers, the soil dries out more slowly at 0.25 m due to
the higher clay content found in the subsurface horizon (Table
2) that increases water retention and reduce evaporation losses
as in other clay-rich soils of semiarid environments (English et
al., 2005). For the upper position, as Fig. 5 shows, 0 is higher at
0.25 m only under dry conditions (in summer or when 6 de-
creases under about 15%). The rest of the time, storms of small
to medium magnitude provoked runoff yield at the upslope rock
outcrops in this sector and this additional water together with
the rainfall wetted the upper soil layers. However, the important
increase in clay content and a reduction in sand from the upper
horizon to the deeper one, at this position (Table 2), may result
in a reduction of infiltration capacity and in a less permeable
layer in depth. As we explained above, this could promote an
excess of water flowing downslope which might contribute to
increase downslope 6 at 0.25 m and explain the higher 6 at 0.06
m in respect of 0.25 m at this position, especially in autumn and
winter when evapotranspiration is reduced. Moreover, the soil
water content at 0.25 m at both —33 kPa (32.3% vol.) and satu-
ration (55.6% vol.) was substantially lower than 6 at 0.06 m
(39.6 % vol. and 66.2% vol., respectively), while the soil water
content at —1.5 MPa was very similar at both soil depths.
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Fig. 5. Evolution of rainfall and daily mean 0 at two depths
(0.06 m and 0.25 m) at the upper hillslope.

When the drying down periods after different rainfall events
were analysed at more detailed scale (an example is shown in
Fig. 6), it was observed that, in general, the water depletion rate
decreased downslope at both depths and 6 decreased more
rapidly at shallow horizons because of the lower clay contents
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and the higher impact of evaporation losses. This pattern re-
veals that differences in water depletion rate are strongly gov-
erned by soil texture under similar climatic conditions, support-
ing that the spatial variability of 6 in inter-storm periods is
closely related to soil texture (Yoo et al., 1998). However, after
some rainy periods deviations to this pattern were observed, for
example the rainfall that occurred on the day of the year 106:
the first day after the rainfall, we observed the fastest water
depletion at 0.25 m depth on the lowest position (Fig. 6). Later,
after the first day, this is the position where the soil dried more
slowly (Fig. 6), 0 changing from 38.6% to 37.6 % in 5 days. At
this position and depth, just after the rainfall, 0 reached a peak
value of 44% exceeding the field capacity threshold measured
at the laboratory (35.3% vol). This results in deep drainage
losses and explains the rapid water depletion the first day after
the rainfall event. Evaporation losses may also contribute to this
process, especially in the following days, when depletion rate is
much lower. However they are, in general, quite low due to the
extensive stone cover in the lower sector of the hillslope (Table 1).
In the other positions 6 only exceeded field capacity for 9 hours
at 0.25 m depth in the upper sector of the hillslope but the loss-
es from drainage were not so evident at a daily scale.
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Fig. 6. Depletion of 6 at the upper hillslope (UP) and lower
hillslope (LP) sectors with regard to initial soil moisture conditions
(6,) at 0.06 m and 0.25 m soil depth after a rainfall event.

SUMMARY AND CONCLUSIONS

The evolution of 8 in Llano de los Juanes during a long peri-
od shows that “static” factors play an important role on 6 spa-
tial distribution during both dry and wet states. A strong varia-
bility depending on the position at the hillslope was found. At
0.25 m soil depth, 6 always increases downslope, with soil clay
content as the main controlling factor. However, the pattern of
0 in the surface horizon along the hillslope coincides with that
found in subsurface horizon only during dry periods, when the
main controlling factor is also the clay content increasing
downslope. During wet periods, the wettest regime at the sur-
face horizon is found in the upper hillslope sector. At this posi-
tion, the highest infiltration capacity and Ks, together with the
presence of rock outcrops upslope the sampling area acting as
runoff sources contributes to explain the differences in the soil
surface layers with regards the middle and lower sectors. Their
effect is enhanced because, for most rainfall events, the
hillslope is not hydrologically connected and runoff generation
is restricted to both rock outcrops (more frequent in the upper
hillslope sector) and bare soil in the lower slope sector when
subsurface layers (very rich in clay) become saturated.

Moreover, surface infiltration capacity, K, and rock out-
crops also affect the vertical 0 patterns, in such a way that in

the upper hillslope sector, 6 was higher at 0.25 m depth only
during dry periods, while for wet periods the influence of rock
outcrops upslope supplying extra water to the immediately
downslope soils causes the shallow soil layers to have higher 0
than the deeper ones. For the middle and lowest hillslope sec-
tors O was lower at 0.06 m than at 0.25 m throughout the entire
period studied because 6 depletion is faster in upper soil layers
due to the substantial lower clay content in relation to subsur-
face layers. The results have shown the important role that soil
texture, rock fragment distribution and cracks and fissures plays
as a runoff sources in the hillslope system, not only in arid and
semiarid systems, but also in Mediterranean sub-humid envi-
ronments. The influence of these factors and their interactions
leads to vertical and horizontal © patterns along the hillslope,
which are different than expected due to topography. They can
also affect the relationships, as stated in previous works, be-
tween observed 6 and some soil properties or topographic at-
tributes as indicators of near surface 6. Furthermore, spatially
distributed hydrologic models that predict 6 patterns as well as
other components of the water balance should be parameterized
taking into account all these factors and their interactions in
Mediterranean environments, with especial attention to rock
outcrops. However, these relationships are more complicated in
karstic areas, where the effect and cracks and fissures on deep
infiltration difficult their analysis. Thus more studies in these
environments are recommended in order to produce more gen-
eral conclusions and to allow their inclusion in hydrological
models. Moreover, it is necessary to analyse the effect of the
interactions among “static” factors like soil properties, cover
and topography, and “dynamic” factors like precipitation,
evaporation or runoff generation on 0, at temporal detailed
scales, especially in systems with accentuated spatial-temporal
variability like Mediterranean karstic areas.
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