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• Vegetation and terrain affect spatial var-
iation in shallow infiltration depth.

• Measurement of wetting front depths at
various locations within vegetation
patches

• Infiltration depths are variable within
the vegetation patches.

• Infiltration variability is controlled by
patch orientation, shape and terrain.

• Patch orientation dictates patch shape
and distance to hillslope crest effect.
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An improved understanding of the drivers controlling infiltration patterns in semiarid regions is of key impor-
tance, as they have important implications for ecosystem productivity, retention of resources and the restoration
of degraded areas. The infiltration depth variability (ΔInf) in vegetation patches at the hillslope scale can be
driven by different factors along the hillslope. Here we investigate the effects of vegetation and terrain attributes
under hypothesis that these attributes exert a major control inΔInfwithin the patches. We characterise the ΔInf
within vegetation patches at a semiarid hillslope located at the Jornada Experimental Range at dry antecedent
conditions preceding twowinter frontal rainfall events.Wemeasured these events that are typical duringwinter
conditions, and are characterised by low intensity (0.67 and 4.48mmh−1) and a total rainfall of 10.4 and 4.6mm.
High precision geo-referenced wetting front depth measurements were taken at various locations within the
vegetation patches using differential GPS. Vegetation and terrain attributes were analysed to explain the ΔInf
among the vegetation patches. The infiltration depths in the periphery of the patches were in general consider-
ably deeper than those in the centre. The observations suggest that the upslope margin of the patches received
additional water in the form of runon from upslope adjacent bare soil. Patch orientation with regard to the
slope dictated the effect of the rest of the patch attributes and the distance to the hillslope crest on ΔInf. We
found that primarily patch orientation, followed by shape and size modulate lateral surface water transport
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Index of terms

Acronyms
BS bare soil
cen centre of the vegetation patch
ds downslope margin of the vegetat
S1 Storm 1
S2 Storm 2
us upslope margin of the vegetation
VS vegetated soil

Variables
ΔInf infiltration depth variability, cm
A patch area, m2

ARLW geometric aspect ratio of a vegeta
C patch compactness
D distance from hillslope crest, m
Inf infiltration depth, cm
Infds Infmeasured in the downslope m

patch, cm
InfP Inf per unit of rainfall, cm mm−1

Infus Inf measured in the upslope ma
patch, cm

L patch length, m
P total precipitation at the end

storm, mm
Per patch perimeter, m
W patch width, m
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through their effects on overlandflowpaths andwater retention; something thatwould be obscured undermore
simplistic characterisations based on bare versus uniform vegetated soil discrimination.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

A strong interrelation between vegetation and hydrology has been
widely described in semiarid shrublands (Tongway et al., 2001;
Puigdefábregas, 2005; Pan et al., 2017; Geris et al., 2017). Semiarid veg-
etation patterns are typically patchy and often characterised as a two-
phase mosaic composed of vegetated soil (VS) patches and bare soil
(BS) inter-patch areas (Aguiar and Sala, 1999; Ludwig et al., 2005)
that differ in scale and shape (Rietkerk et al., 2002) and distribute
water resources heterogeneously (Cammeraat and Imeson, 1999;
Cerdà, 1997; Merino-Martín et al., 2011). Vegetation patches in such
areas are known as “oases or fertile patches”, and are maintained by
the concentration of water and nutrients during water flows
(Anderson and Hodgkinson, 1997; Okin et al., 2015). Semiarid shrub-
land patches are often characterised by the presence of micro-relief in
the form of mounds (Rostagno and del Valle, 1988; Wu et al., 2016;
Rossi and Ares, 2017). These ecosystems behave as a mosaic of source
and sink areas for water redistribution, in which the BS inter-patch is
the source area for runoff production and the vegetation patch functions
as a sink for runon (Anderson and Hodgkinson, 1997; Lavee et al., 1998;
Calvo-cases et al., 2003; Merino-Martín et al., 2011). Common spatial
structures include patches orientated across the slope or banded vege-
tation patterns (Valentin et al., 1999; Tongway et al., 2001; Saco et al.,
2007; Deblauwe et al., 2012) and other regular and irregular patterns
such as spots, gaps and stripes (Couteron and Lejeune, 2001; Rietkerk
et al., 2002; Barbier et al., 2006; Saco and Moreno-de Las Heras, 2013).

Shallow soil moisture distribution is critically important as most
rainfall events are small and the infiltration or wetting front only
reaches the top few centimeters of the soil (Newman et al., 1997;
Cavanaugh et al., 2011; Ferrante et al., 2014; Traff et al., 2014). The shal-
low soil moisture distribution is influenced by the soil infiltration rates,
which are modulated by vegetation. Although the vegetated patches
may have large infiltration rates, the apparent or effective infiltration
ratemay be lower than thepotential rate, and affected by the specific lo-
cation of the patch (Thompson et al., 2011; Rossi and Ares, 2016), which
affects the amount of water that reaches each location. Therefore, the
amount of water that reaches specific locations of the vegetation
patch, and ultimately affects the effective infiltration, depends on the
water redistribution processes between vegetation patches and bare
soil inter-patches.

An improved understanding of water redistribution processes in
semiarid shrublands is crucial to properly manage (Moreno-de Las
Heras et al., 2012; Paschalis et al., 2016) and restore (Fuentes et al.,
2016) these complex patchy landscapes. Therefore, understanding the
drivers of variation of shallow soil moisture in semiarid regions has di-
rect implications for the management of ecosystem productivity (Yu
et al., 2008), retention of resources (Wu et al., 2016) and the restoration
of degraded areas (Fuentes et al., 2016). While there have been many
studies on soil infiltration in semiarid areas, there is limited understand-
ing of how the spatial arrangement of vegetation patches and inter-
patches affect the spatial patterns of shallow soil moisture (Chen et al.,
2013; Hao et al., 2016). However, the effect of vegetation patches on
ecohydrological processes at the patch scale has received some atten-
tion (Magliano et al., 2015; Rossi and Ares, 2016), but there have been
fewer attempts to describe the factors controlling infiltration variability
at larger scales.

Moreover, most of the previous research on the functioning of
patchy vegetation focusing on runoff and infiltration processes, has
been conducted in banded vegetation. Knowledge is rather scarce on
the ecohydrological interactions in patchy, non-banded vegetation,
which is often structured in a spotted, striped or along-slope patch con-
figurations (Wilcox et al., 2003; Ludwig et al., 2005). In this context our
results for along-slope patches expand knowledge in this area.

The variability of shallow soil moisture can be analysed at several
spatial scales. At the patch scale, there have been studies
(Puigdefábregas et al., 1999; Katra et al., 2007; Merino-Martín et al.,
2015) that analysed the redistribution of shallow soil moisture focusing
on the physical attributes of the vegetation patches. This redistribution
process ultimately affects the spatial distribution of shallow soil mois-
ture within each individual patch. Terrain or slope attributes also affect
shallow soil moisture in each individual patch by directingmore or less
runoff-runon that is intercepted within the patches. This variability of
shallow soil moisture can be explained at the hillslope scale by quanti-
fying the variables (vegetation and/or terrain) that affect these varia-
tions among all the patches of the hillslope. To our knowledge, there
have been no attempts to quantify the variation of shallow soil moisture
within the patches considering simultaneous influences of patch size,
shape, orientation and terrain attributes.

In order to improve this understanding, an experimental study was
conducted to quantify the variability of shallow soil infiltration depths
(as an indicator of shallow soil moisture) within the vegetation patches
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(patch scale), and to identify the factors controlling this variability
among the patches at the hillslope scale. Two hypotheses regarding
shallow infiltration in a semiarid shrubland were tested: - H1. At the
patch scale, the infiltration depth pattern within the vegetation patch
is not uniform; - H2. At the hillslope scale, the variability in the infiltra-
tion depth among the patches contains systematic components related
to vegetation patch and terrain attributes.

2. Material and methods

The study was carried out on a north-facing hillslope (slope angle=
7.3%) in the Jornada Experimental Range located in the northern
Chihuahuan Desert (NM, USA) (Fig. 1). As shown in the sub-decimeter
imagery acquired with an unmanned aircraft by Laliberte and Rango
(2011) (Fig. 1b), the hill-bottom is characterised by a higher abundance
of herbaceous and smaller plant clusters, compared to the hill-top.
Larger slope and fluvial erosion in the downslope area give rise to
flow concentration as evidenced by the presence of rills or drainage
lines. Vegetation patches inside these drainage lines were excluded
from our analysis because a visual analysis confirmed that the soil in
these areas has a very high gravel content, and because these patches
are dynamic due to the erosion processes and therefore cannot be
interpreted in terms of a stable hillslope vegetation arrangement. 70%
of the sampled patches at this mixed shrubland are orientated across
the line of maximum slope and the other 30% are along the slope.

Soils at the site are primarily sandy loams with high gravel contents
and a calcium carbonate layer present at approximately 40 cm depth
(Anderson, 2013). A detailed soil texture analysis, performed by
Anderson and Vivoni (2016) for the top 30 cm of soil, found that the
soil is composed of 35% gravel, 32% sand, 28% silt, and 5% clay. Bare
soil represents 66% of the total areal coverage of the site. Themajor veg-
etation types of the site are represented by shrubs (27%), grasses (6%)
and cacti (1%). The mixed shrubland ecosystem at the site consists of
Fig. 1. a) Location of thefield site (NewMexico State, USA). b) Sub-decimeter imagery of the hill
of the sampled area and vegetation patches are indicated by the shaded area and red dots, res
creosote bush (Larrea tridentata), honey mesquite (Prosopis glandulosa
Torr.), several grass species (Muhlenbergia porteri, Pleuraphis mutica,
and Sporobolus cryptandrus), and other shrubs (Parthenium incanum,
Flourensia cernua, and Gutierrezia sarothrae) (Schreiner-McGraw et al.,
2016).

Precipitation at the site varies considerably over the year, with 53%
of the long-term mean (245 mm yr−1) occurring during the summer
monsoon (Templeton et al., 2014). Thunderstorms in this region are
the primary runoff generators and are typically of short duration (1
−2 h), high intensity (up to 250 mm h−1 for 5 min is common), and
occur over limited areas (Renard, 1988).

A total of 52 random vegetation patches have been sampled at the
north-facing hillslope (Fig. 1b) after two natural rainfall events (Supple-
mentary Table 1) in October 2015 (4th and 19th). High precision geo-
referenced wetting front depth measurements were taken at the vege-
tation patches by means of a differential GPS (Trimble GPS GeoExplorer
6000), ensuring a very high precision in measurements (i.e. centime-
ters). Additionally, differential corrections were done on the points
after collection.

Thefirst storm (S1) lasted 15 h, and the second (S2) lasted 1 h. How-
ever, both storms are typical winter frontal storms with low intensity
rainfall (0.67 and 4.48 mm h−1) that generally results in little runoff.
Antecedent soil moisture conditions 2 h prior both storms were similar
(0.053 and 0.015 m3 m−3, Supplementary Table 1), as indicated by
readings of soil dielectric sensors (Hydra Probe, StevensWater) situated
at the north-facing hillslope.

The wetting front depths (infiltration depths) were identified as in
Bhark and Small (2003) by digging and visualising the strong colour
contrast betweenwet and dry soil. Given that this was destructive sam-
pling, the samples were taken at different patches for each storm. The
digging work was completed in less than 6 h after each storm event.
At this time the drying front was a thin dry layer of superficial soil
(less than 1 cm), and the wetting front remained unaffected.
slope studied overlaid to the contour topography (blue) lines (50 cm interval). The location
pectively.
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The rainfall observations were recorded using four tipping-bucket
rain gauges (TE525MM, Texas Electronics) to construct a 30min resolu-
tion spatial average based on Thiessen polygons (Schreiner-McGraw
et al., 2016). At the hillslope scale of our measurements, it is safe to as-
sume that the rainfall input is spatially uniform. The study area is too
small to consider rainfall spatial heterogeneities and thedifference in el-
evation is too low to affect rainfall patterns in any significantway. Addi-
tionally, the differences in rainfall among the four tipping-bucket rain
gauges are very small due to their close proximity.

Thewater table at the study site is 90–105mbelow the surface (King
and Hawley, 1975), so it did not affect our infiltration measurements.
Moreover, during low intensity winter precipitation, percolation occurs
at much longer timescales of several days (Templeton et al., 2014;
Pierini et al., 2014), and as our infiltrationmeasurementswere recorded
between 2 and 14 h after the storms, we assume that leakage was neg-
ligible during the experiment. Our assumption is also supported by
other studies conducted at our study site that found that the percolation
beyond a depth of 40 cm is infrequent even during the larger summer
monsoon storms (Schreiner-McGraw et al., 2016); and that no diffuse
recharge is provided by the hillslopes (Schreiner-McGraw and Vivoni,
2017).

Infiltration depth (Inf, cm)wasmeasured (2 h after storm1 and 14 h
after storm 2, which ended at 5 pm) at the following locations:

1. Within each vegetation patch or vegetated soil (VS): at the upslope
margin (us) and downslope margin (ds) of the patch.

2. Additional infiltration depths at the centre (cen) of the vegetation
patch (near the plant stems) at nine vegetation patches.

Infiltration depth per unit of rainfall (cm mm−1) was estimated as:

Inf P ¼ Inf =P ð1Þ

where P is the total precipitation at the end of the corresponding storm
(mm).

Infiltration depth variability (ΔInf) within vegetation patches was
calculated as the difference between Inf measured in the upslope mar-
gin (Infus) and downslope margin (Infds) of each patch:

ΔInf ¼ Inf us−Inf ds ð2Þ

Vegetation and terrain attributes were analysed to explain the infil-
tration variability (Eq. (2)) among the vegetation patches at the hill-
slope scale. These attributes were derived from the sub-decimeter
imagery acquired by Laliberte andRango (2011), a 1meter digital eleva-
tion model (DEM) derived from unmanned aerial vehicle images at a
height of 200 m in October 2010 (Templeton et al., 2014) and 3D
point coordinates recorded with a Trimble GPS GeoExplorer 6000.

The terrain attributes computed and analysed in this study include:
distance from the hillslope crest (D, m) and upslope mound elevation
(m). The distance from the hillslope crest was estimated for each vege-
tation patch and measured with respect to the upslope edge of the hill-
slope (Fig. 1). The upslope mound elevation (m) was calculated as the
difference of altitude (recorded with the GPS) between the upslope
margin of the vegetation patch and the near upslope bare soil inter-
patch.

The vegetation attributes computed and analysed in this study in-
clude: (i) patch size: area (A, m2), perimeter (Per, m), length (L, m),
width (W, m); (ii) patch shape: compactness (C) and geometric aspect
ratio (ARLW), and (iii) patch orientation with respect to the line of max-
imum slope. These attributes were estimated from the sub-decimeter
imagery, the DEM and the GPS point coordinates.

The vegetation patch area and perimeter were estimated from the
high resolution image. Length and width for each vegetation patch
were computed as the longer and shorter sides of the patch
(respectively).
The vegetation patch compactness, as an expression of patch ar-
rangement in relation to space (a circle being the most compact
shape), was calculated using the r.pi module of GRASS GIS (Wegmann
et al., 2017) as:

C ¼ Per

2 �
ffiffiffiffiffiffiffiffiffiffiffi

π � A
p ð3Þ

The geometric aspect ratio (ARLW) of each vegetation patch was cal-
culated as a patch elongation indicator, as the ratio of the longer side to
the shorter side:

ARLW ¼ L=W ð4Þ

The orientation of the vegetation patch with respect to the line of
maximum slope (across or along the slope) was estimated for each
patch by calculating the azimuth of the longer side (patch length) of
the vegetation patch. The azimuth was calculated as an angle between
the North direction and the line of the patch length. The vegetation
patches oriented NE (45° ± 22.5°), SW (225° ± 22.5°), E (90° ±
22.5°) and W (270° ± 22.5°) were classified as patches orientated
across the line of maximum slope (across-slope). Whereas the patches
oriented N (0° ± 22.5°), S (180° ± 22.5°), SE (135° ± 22.5°) and NW
(315° ± 22.5°) were classified as patches orientated along the line of
maximum slope (along-slope). The patches with geometric aspect
ratio (Eq. (4)) values between 0.9 and 1.1 were classified as spotted,
with no orientation.

Stepwise multiple linear regression was used to determine the vari-
ables (vegetation and terrain attributes) that could account for themax-
imum amount of variance of ΔInf (Eq. (2)) at the hillslope scale. The
variable selection was performed using stepAIC function (Akaike Infor-
mation Criterion) in the R library MASS (Venables and Ripley, 2002)
using direction “backward”. AIC selects the model that minimizes the
expected, relative Kullback–Leibler information loss, and is useful in
selecting the best model among all competing models (Akaike, 1974).

3. Results

3.1. Patch scale: infiltration depths within vegetation patches

It was found that water infiltration depth is not homogeneously dis-
tributed at the vegetation patch upslope and downslope margins, but
varies according to the position with respect to the general terrain
slope. The infiltration depth (Inf) measured upslope the vegetation
patches was in all cases deeper or equal to the Infmeasured downslope.
Accordingly, the average Inf measured upslope (8.09 cm) was signifi-
cantly (t value:−5.698; P: 1.313e−07; n: 109) deeper than the average
Infmeasured downslope (6.16 cm).

The InfP (infiltration depth per unit of rain) varied significantly (t
value: −8.41; P: 5.642e−11; n: 61) between storm events. After the
short storm (S2), the average infiltration per unit of rain
(1.26 cm mm−1) at the patches was deeper than average InfP
(0.73 cmmm−1) after the long storm (S1). The same InfP trend was ob-
served for the upslope (t value:−10.31; P: 1.83e−09; n: 61) and down-
slope (t value: −6.14; P: 9.133e−06; n: 61) margins of the patches.
Additionally, the upslope and downslope InfP differences were larger
after the short storm (S2, us− ds: 0.43 cm mm−1) as compared to the
long storm (S1, us− ds: 0.17 cmmm−1).

However, as S1 lasted longer (15 h) than S2 (1 h); the average final
infiltration depth at the vegetation patches was significantly (t value:
−4.94 P: 5.055e−6; n: 61) larger for S1 (7.62 cm) than that for S2
(5.84 cm) (Fig. 2).

In addition to the difference detected for infiltration at the upper and
lower margins of the vegetation patches, infiltration also varied at the
sampled centre position within the patch (Fig. 3). In the majority of
the cases (six out of nine patches) in which we measured Inf in the



Fig. 3.Water infiltration depth (Inf) measured at the upslope (us) margin, downslope (ds)
margin and centre (cen) of different vegetation patches. Red lines indicate the Inf at the
periphery (calculated as the average us and ds measurements) of the vegetation patch.
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centre, the Infwas deeper at the periphery (Fig. 3a, c, d, f, g, i), that was
defined as the average between upslope and downslope Inf margin
measurements. Two out of nine patches had a deeper average Inf in
the centre as compared to the periphery of the patch (Fig. 3e, h) and
one patch had the same average Inf at the periphery and in the centre
(Fig. 3b).

3.2. Hillslope scale: variation of infiltration depth among vegetation patches

The infiltration depth variability (ΔInf, Eq. (2)) among the vegeta-
tion patches at the hillslope scale is not only affected by the geometrical
attributes of the vegetation patches themselves, but also by the terrain
attributes that determine the amount of runoff that is intercepted and
captured by the vegetation patches. The results presented below relate
to both.

Although vegetation attributeswere not significant in explaining the
infiltration variability for the entire population of patches, they became
significant when the patches were grouped into two categories accord-
ing to their spatial orientation. Fig. 4 shows significant univariate regres-
sions between ΔInf at the across-slope and along-slope vegetation
patches and vegetation attributes. The regression slopes are positive
or negative according to the patch orientation (across-slope and
along-slope, respectively). However, all the along-slope univariate re-
gressions loose statistical significance if an outlier is eliminated.

Results from the multiple linear regression analysis of the across-
slope vegetation patches are indicated in Table 1,which indicates the in-
dependent variables which explain the variability in ΔInf among these
patches. The distance from the hillslope crest (D, m) is related to in-
creasing ΔInf at across-slope patches. Patch length is significantly re-
lated to increasing ΔInf in both the univariate and multivariate
analysis. Increasing geometric aspect ratio of the vegetation patch
(ARLW) and mound elevation are both linked to decreasingΔInf or a ho-
mogeneous water infiltration depth in the across-slope patches.

Table 2 displays the results from the multiple linear regression anal-
ysis for the along-slope vegetation patches, including both the main ef-
fects and an interaction term (D × patch compactness (C)). An
interaction effect exists when the effect of the independent variable
on the dependent variable differs depending on the value of a third var-
iable, called the moderator. The significant variables at the 0.05 level
which explain the variability of ΔInf among the along-slope vegetation
patches, are indicated in Table 2. Increasing D and C are related to a de-
creasing ΔInf (0.13 and 1.9 cm, respectively), which means that the
water infiltration depth is uniformly distributed inside these type of
patches. The effect of D on ΔInf increases by 0.05 for every unit increase
in C. This also works the other way around.

The regression coefficients for D and C reflect conditional relation-
ships: −0.127 reflects the influence of D on ΔInf when C remains
Fig. 2. Boxplots of water infiltration depth (Inf) measured upslope (us) and downslope
(ds) margin of the vegetation patches according to the storm event (see Table 1). Bold
line represents median, box the interquartile range, whiskers are 1.5× interquartile
range from median, points outliers.
constant, and−1.890 reflects the influence of C onΔInfwhenD remains
constant. The coefficient 0.049 represents an interaction effect that esti-
mates the change in the slope ofΔInf onD given a oneunit change in the
moderator C (or, alternatively, the change in the slope ofΔInf on C given
a one unit change in the moderator D).

The results of a Johnson and Neyman (1936) procedure shown in
Fig. 5 can be used to assess the extent to which the effect that the pre-
dictor variables shown in Table 2 have on theΔInf across different levels
of their moderators. It can be observed that the conditional slope of the
D (predictor shown at Fig. 5a) is significant when the C (moderator) is
less than 2.11 and larger than 4. Also, the conditional slope of theC (pre-
dictor shown at Fig. 5b) is significantly different from zero (and in this
case negative) when the D (moderator) is less than 27.8 m.

4. Discussion

The focus of this work is on the spatial variation of shallow soil infil-
tration depths (as an indicator of shallow soil moisture) that occur dur-
ing two typical winter frontal low intensity rainfall events with dry
antecedent conditions. Longer time scale processes that influence soil
moisture distribution (evaporation, transpiration) were not examined.

4.1. Drivers of variation in infiltration depth within the vegetation patches

Inf (infiltration depths) within vegetation patches (Figs. 3 and 4)
were shown to be variable in space. Moreover, the Inf pattern within
the patches was not random, but in general the infiltration was deeper
in the periphery of the vegetation patches as compared to the centre
(Fig. 3). This points to the role of rainfall interception which is spatially
variable within the area beneath herbaceous and/or woody vegetation
canopies (Dunkerley, 2002; Lozano-Parra et al., 2015; Stoof et al.,
2012; Magliano et al., 2015). It has been proved that dry antecedent
conditions (as in this experimental study) can affect shrub interception
by storingwater thatwould be subsequently evaporated from the shrub



Fig. 4. Univariate regressions of infiltration depth variability (ΔInf) among the vegetation patches and their attributes (area (A), perimeter (Per), length (L), compactness (C) and width
(W)) at the across-slope and along-slope vegetation patches.
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canopy (Magliano et al., 2015). Therefore, it is expected that inf mea-
surements obtained in wetter conditions will be deeper than those
from this study. In wetter antecedent conditions than those in this
study, the infiltration in the centre of the vegetated patches may be
greater than the measurements obtained here due to the effect of
funneling flow that occurs on stems (Garcia-Estringana et al., 2010).

Even if the interception and hydraulic conductivity within the vege-
tation patch were uniform in space, the effective infiltration rate would
be variable and dependent on the overland flow contribution, which
varies as the upslope portions of the mound tend to receive more
runon. This leads to faster and deeper water infiltration flow (preferen-
tialflow) thanwhatwould be expected by the classical flow theory. This
latter effect has been shown to be particularly relevant in banded vege-
tation by differences in vegetation growth at the upslope and down-
slope patch margins (Berg and Dunkerley, 2004) and evidence of
ponding processes at the upslope margin (Galle et al., 1999). Previous
studies have shown that overland flow metrics (Marques et al., 2007;
Rossi and Ares, 2016) and infiltration rates vary within the vegetation
patches.

In addition, the hydraulic conductivity within a vegetation patch is
generally not uniform in space. Dunkerley (2002) described the spatial
pattern of infiltration rates in a mulga woodland in arid central
Australia. In his work, infiltration rates measured with miniature cylin-
der infiltrometers were highest in close proximity to the plant stems,
and declined rapidly with increasing distance. Here we analysed effec-
tive infiltration depths for actual rainfall events instead of potential in-
filtration rates. The difference between these measurements is that
the centre of the patch may have a larger infiltration rate (due to en-
hanced vegetated soil (VS) physical properties) but the water (effective
rainfall) that reaches that area is less than the total incoming water (ef-
fective rainfall + runon) that reaches the periphery of the patches. This
Table 1
Multiple linear regression of infiltration depth variability (ΔInf) for the across-slope orien-
tated vegetation patches (R2 = 0.78, P = 0.0104).

β coefficient
Non standardized

t Value P

Intercept 32.701 −2.28 0.0507
D 0.152 2.28 0.0520
ARLW −1.882 −2.05 0.0750
L 0.770 2.57 0.0332
Mound elevation −0.415 −2.22 0.0571
may be attributed to rainfall interception (as explained previously) and/
or to the topographic gradient at the mounds (terrain elevations on
which the vegetation patches usually stand). Regarding the influence
of the mounds on the infiltration depths, the periphery of the patches
receives additional water in the form of runon from upslope adjacent
bare soil (BS) inter-patches, whereas the centre of the patches may
only receive water from stemflow and throughfall (Rossi and Ares,
2016) or receives less water than the patch periphery due to its higher
topographical position.

These results are consistent with previous studies (Puigdefábregas
and Sánchez, 1996; Puigdefábregas et al., 1999; Puigdefábregas, 2005)
that found significant differences between water fluxes measured at
varying positions in relation to tussocks stands, with approximately
50% of runoff produced in BS intercepted in the upper portion of the tus-
socks stands. This pattern of infiltration at the patch margins in which
infiltration is higher in the upstreamportions as compared to the down-
stream portions, is defined in this study as “runon shade”, and occurs as
follows: runoff is generated in the less permeable BS areas and flows
downslope reaching the vegetation patch and associated mound. The
latter, with a higher infiltration capacity, gain water produced by the
upstream BS areas (Scoging et al., 1992; Galle et al., 1999). As a result,
the upslope margin of the vegetated mound would tend to receive
more water than the downslopemargin, and higher (lower) infiltration
(preferential flow) occurs in the upslope (downslope) margin. More-
over, numerical (Thompson et al., 2011; Rossi and Ares, 2017) and
field based evidence (Rossi andAres, 2016, 2017) indicate that the topo-
graphic gradient at the vegetation mound and their surface roughness
could impede lateral redistribution from surrounding BS, or at least con-
fine redistribution strongly to the edges of the vegetatedmounds. This is
reflected in the lower Inf values at the centre of the vegetation patches
(a, c, d, f, g, i) shown in Fig. 3.
Table 2
Multiple linear regression of variation in infiltration depth (ΔInf) for the along-slope orien-
tated vegetation patches (R2 = 0.47, P = 0.00375).

β coefficient
Non standardized

t value P

Intercept 7.115 5.78 9.7e-06
D −0.127 −2.84 0.0098
C −1.890 −3.89 0.0008
D:C 0.049 2.57 0.0178



Fig. 5. (Above) Regressions of infiltration depth variability (ΔInf) among the along-slope patches and a) distance from the hillslope crest (D) and b) vegetation patch compactness (C)
according to their moderators. (Below) Johnson-Neyman intervals indicating the predictor's slope significance.

Fig. 6. Schematic summary of the infiltration depth pattern within the vegetation patches.
Rain water is less intense within the patch as a consequence of interception. Runon water
is less intense at thedownslopemargin of thepatch as a consequence of runon obstruction
and “runon shade” (also see Supplementary Fig. 2). Infiltration depth data corresponds to
actual data of a vegetation patch shown in Fig. 3a.

1405M.J. Rossi et al. / Science of the Total Environment 644 (2018) 1399–1408
The average final Inf at the vegetation patches was deeper after S1 as
compared to S2 (Fig. 2). This is to be expected as the short duration of
the S2 reduced the opportunity for infiltration, and runon water that
could have been infiltrated in the vegetation patches is lost as runoff. Al-
though only two storms were sampled, these are representative for
2015 (average rainfall intensity: 1.3 mm h−1) according to the instru-
ment record at the study site.Moreover, we focus on the processes of in-
filtration and while other storms might give slightly different results,
the pattern and influence of the processes is not likely to change.

In summary, the field evidence in this section did not detect uniform
infiltration depth patterns within the vegetation patches and supports
hypothesis 1. Fig. 6 aims to summarize this section by illustrating the in-
filtration depth patternswithin vegetation patches and themechanisms
that are responsible for the observed variability.

4.2. Drivers of variation in infiltration depth among patches

Here we discuss the drivers of variation in ΔInf among vegetation
patches (hillslope scale) focusing first in the effects of vegetation attri-
butes and later on the terrain attributes.

4.2.1. Effects of vegetation attributes
The results for shallow infiltration shown in Fig. 4 are in agreement

with previous studies showing that the spatial patterns of shallow soil
moisturewithin semiarid hillslopes are tightly related to the spatial pat-
terns of vegetation cover (Bautista et al., 2007; Traff et al., 2014). In ad-
dition we find that vegetation patch orientation can modulate the
variation in ΔInf.

Vegetation patch size attributes (area, perimeter, length, andwidth)
were found to be only significant in explaining the variation of infiltra-
tion of across-slope patches. The regression analysis indicates that
across-slope larger patch size attributes relate to more variation in
ΔInf among the vegetation patches. This could be due to the presence
of vegetation stems, litter and the effect of microtopography that in-
creases the friction encountered by water flowing under the vegetation
surface and the detention storage (Dunne et al., 1991; Jin et al., 2000;
Howes and Abrahams, 2003; Marques et al., 2007; Mekonnen et al.,
2016; Rossi and Ares, 2016). Galle et al. (1999) reported measuring
low runoff in the upslope border of vegetated bands (reaching the
body or centre) and attributed it to the presence of natural obstacles
(roots, leaves) that create local zoneswhere water is temporarily stored
allowing longer time for surface storage infiltration. Therefore, larger
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patch size increases possible obstructions (friction) to the runon flow
reaching the across-slope patch, increasing runon retention and infiltra-
tion at the upslopemargin, and decreasing opportunities for runon infil-
tration at the downslopemargin of the vegetation patch. This difference
in infiltration rates at the patch margins generates a larger variation in
infiltration depth.

In linewith the abovementioned result, previous simulationmodel-
ing (Boer and Puigdefábregas, 2005) and field observations (Abrahams
et al., 1995; Wainwright et al., 2000; Bautista et al., 2007) have shown
that fine-grained (small patch size attributes) vegetation patterns are
more efficient than coarse-grained (large patch size attributes) patterns
in capturing water and sediment fluxes. The coarse-grained across-
slope patches have larger upslope surface that retains (friction) and in-
filtrates more runon water at the upslope margin and therefore little or
no runon is available for infiltration at the downslope margin, which is
consequently only/mostly rainfed. These coarse-grained across-slope
patches act as mulga bands of vegetation that have shown a similar in-
filtration trend at upslope and downslope areas (Tongway et al., 2001).

On the other hand, fine-grained across-slope vegetation patterns (as
indicated by patch size attributes) have less ΔInf among the patches.
These fine-grained patches have less upslope area to retain and infil-
trate runon water, and therefore more runon is available for infiltration
at the downslopemargin. In addition to this friction effect that increases
the retention (and infiltration) of water at the (larger or smaller) up-
slope area, shallow infiltration at the patches can also be increased by
the effect of ponding that occurs at the upslope area. This will be
discussed in Section 4.2.2.

Across-slope vegetation patch length is significantly related to
increasing ΔInf at both univariate (Fig. 4) and multivariate (Table 1)
analysis. As explained previously, larger patch size is associated with
high values of surface roughness resulting from the presence of plant
stems and their disturbing effect on the soil surface. Consequently,
due to this flow resistance, more runon water would be obstructed at
the upslope patch margin, decreasing the infiltration at the downslope
margin, and increasing the infiltration depth variation at the vegetation
patch.

The across-slope patch geometric aspect ratio (ARLW, patch shape
attribute) modulates the variation of infiltration similarly to
the patch size attributes. As the across-slope ratio ARLW increases
(i.e. elongated patches), the water infiltration depth pattern be-
comes more uniform (Table 1). The elongated patch shape has larger
relative upslope runon water accumulating zones (patch length)
compared to the area through which the water has to flow through
(patch width) to reach the downslope margin. This increased patch
upslope area receives more runon water that flows through less re-
sistance (friction) to reach the downslope margin (due to less rela-
tive patch width), leading therefore to more uniform water
infiltration depth.

Regarding the patch compactness (Fig. 4), two across-slope patches
with equal areas but different perimeters will have different compact-
ness, with this measure being larger in the case of the patch with a
larger perimeter. Therefore, as the across-slope patch compactness is
lower, the spatial tortuosity in the patch becomes larger (more tortuous
or twisted edges), increasing exposure to the runon water and leading
to an accumulation of runon water at the tortuous upslope margin.
This generateswater accumulating zones that feed overland flow across
the patch width, increasing the opportunity of the overland flow to
reach and infiltrate the downslopemargin of the vegetation patch (Sup-
plementary Fig. 1).

A decrease in the along-slope patch's compactness (increase in its
spatial tortuosity) is related to a larger ΔInf among the along-slope
patches (Fig. 4 and Table 2). This case would retain and accumulate
runonwater at the along-slope patch tortuous upslope edges and prob-
ably retain it (Fig. 6). The mayor difference between the across-slope
and along-slope cases is that in the first the water accumulated in the
upslope margin flows through shorter paths (shorter than the patch's
width) to reach the downslope margin; whereas in the latter case the
runon water should flow across a larger area (patch's length) to reach
the downslope margin, havingmore opportunity to be retained and in-
filtrate before reaching the downslope margin.

Moreover, as the patch distance from the hillslope crest increases
(up to 27.8 m), the negative effect of the along-slope patch's compact-
ness on ΔInf is increased by 0.05 m−1. Therefore, a very tortuous
along-slope patchwould retain and infiltratemorewater at the upslope
margin if it is located near the middle of the hillslope (~28 m) rather
than near the hillslope crest.

4.2.2. Effects of terrain attributes
In addition to the effects of the vegetation attributes, the variation in

the infiltration depth among the patches is also related to the terrain at-
tributes: distance from the hillslope crest (Tables 1 and 2) and mound
elevation (Table 1). This is in agreement with well-known observations
(in landscapeswith banded/across-slope shrubs) showing that topogra-
phy modulates the effect of vegetation on soil moisture patterns (Reid
et al., 1999; Traff et al., 2014).

As themound elevation of across-slope vegetation becomes greater,
the runon water redistribution is strongly impeded to flow inside the
vegetation patches due to their associated mound height, and the
water infiltration depth pattern becomes more uniform (Table 1). As
the mound elevation decreases, the overland flow is more likely to
reach and infiltrate at the upslope margin of the patch, generating a
strong contrast in infiltration between upslope and downslope portions
of the vegetated mound. These results are consistent with numerical
and field evidence (Thompson et al., 2011; Rossi and Ares, 2016,
2017) indicating that the vegetation mounds topographic gradient
and surface roughness impede or constrain redistribution to their edges.

According to our results, an increase of 1m from the hillslope crest is
related to an increase of 0.15 cm depth in ΔInf at across-slope patches
(Table 1). This means that the upslope patch margins receive more
runon water than the downslope patch margins as the distance from
the hillslope crest increases. As reported in many studies (Cerdan
et al., 2004; Parsons et al., 2006; van de Giesen et al., 2000) runoff accu-
mulation in the downslope direction may lead to an increase in runon
available for infiltration. This generates deeper infiltration at the up-
slope margin which is likely to obstruct the runon, compared to the
downslope margin of the across-slope patches.

However, this trend is not seen in the along-slope patches. More-
over, an increasing distance from the hillslope crest is related to a de-
creasing ΔInf (Table 2). This is probably associated to the fact that
these patches are “thinner” than the across-slope patches in the direc-
tion of the line of maximum slope (or overland flow). This effect is in-
creased by 0.05 m for every unit of patch compactness (or decrease in
patch tortuosity) (Fig. 5a). Our results appear to be contradictory, as
the distance from the hillslope crest that enhances overland flow has
opposite effects on ΔInf at across-slope and (most) along-slope patches.
This difference arises from the different orientation of the patches with
respect to the line ofmaximum slope and the associated different runon
path and runon shade generated by both patch orientations (Supple-
mentary Fig. 2). It should be noted that the patcheswere not necessarily
strictly orientated along/across the line ofmaximum slope, but their an-
gles can range ±22.5°.

As explained previously, the presence ofmounds associatedwith the
vegetation patches can cause overland flow to diverge or run around
them and as a result the water is not necessarily trapped in the centre
and downslope of the shrub patches (Wilcox, 2003; Rossi and Ares,
2017). Therefore the orientation of the vegetation patchmoundwill de-
termine the overland flow path. For instance, Supplementary Fig. 2
shows hypothetical cases with different patch (associated with a
mound) orientations receiving runon water from the upslope bare
soil. Runon water is impeded from flowing inside the patches due to
the mound elevation, which diverges the surface flow. Runon water
transits different paths depending on the orientation of the mound. It
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is observed that the downslope patch margins of the across-slope ori-
ented are less likely to receive and infiltrate runon than the downslope
along-slope cases.

In relation to hypothesis H2, patch orientation was a key attribute in
determining the effect of vegetation patch shape and terrain attributes
in ΔInf among the patches.

5. Conclusions

Based on two representative low intensitywinter frontal storms and
dry antecedent conditions, the infiltration depth spatial variability
(ΔInf) within the vegetation patches (patch scale) was controlled by
vegetation and terrain attributes at the hillslope scale. We found that
the spatial distribution of infiltration depths within the vegetation
patches is not uniform. The ΔInf at the hillslope scale is related to vege-
tation and terrain attributes, where the patch orientation with respect
to the line of maximum slope is a key attribute that determines the ef-
fect on the infiltration depth pattern. For instance, the orientation of
the vegetation patch (and its associated mound) will determine the
overland flow path and water retention mechanism. This is particularly
crucial in explaining how the distance from the hillslope crest, that en-
hances overland flow, generates opposite effects on ΔInf at across-slope
and along-slope patches.

Across-slope orientated patch size and compactness were signifi-
cantly related to increasing infiltration variability. Therefore larger
across-slope patch size and compactness would encourage the water
and associated resources accumulation at the upslopemargin. Addition-
ally, patches orientated across-slope with small patch size attributes
had less variation in ΔInf, which reflected that the runon flowed flows
through less resistance (friction) to reach the downslope margin (due
to less relative patch width), leading therefore to a uniform water infil-
tration depth.

Through this studywe found that the different shapes, sizes and ori-
entations of vegetation patches determine water transfer mechanisms
(overland flow paths and water retention mechanisms) that would be
missed by a basic conceptualisation of bare versus uniform vegetated
soil. While we have only sampled two low intensity winter frontal
storms, our results and conclusions are fundamental to understand
the dynamics of sites with similar physical and ecological characteris-
tics. The key characteristics that give rise to the variability of infiltration
rates that we found in our study are also present in many drylands
worldwide. These correspond to ecological aspects such as effect of veg-
etation interception on rainfall and effects due to differences in vegeta-
tion growth at the upslope and downslope patch margins observed in
banded vegetation. The key physical characteristicswere found to be as-
sociated with changes in overland flow redistribution due to roughness
of vegetation patches and the effect of overland flow divergence due to
the topographic gradient at the vegetation mounds. Future work could
further confirm or adjust this general model to different environmental
conditions, by sampling other kinds of rainfall events and wetter ante-
cedent conditions.
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