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Runoff in arid and semiarid areas is characterized by high spatial and temporal variability. The spatial
component is largely associated with the high spatial heterogeneity of soil surface attributes, such as veg-
etation and rock fragment covers, topography, and soil crust typology. Biological soil crusts (BSCs) are a
common soil cover in arid and semiarid areas, and they play an essential role in local hydrological pro-
cesses, since they affect many soil surface attributes associated with hydrologic properties. Although sev-
eral publications have reported on the influence of BSCs on runoff at microplot spatial scales, only a few
have examined their influence on larger spatial scales. Moreover, very few studies have analyzed the
effect of BSCs on runoff under natural rain conditions. This is difficult, since a complex pattern of inter-
actions among rainfall properties, BSC characteristics and some local characteristics, such as topography
or type of soil is expected. In addition, in order to achieve a realistic model of how BSCs and rainfall affect
runoff, it would be necessary to consider the level of human-driven degradation of BSCs. In this study,
runoff was analyzed in plots with varying cover of cyanobacterial and lichen BSCs at microplot and small
hillslope scales for two hydrological years in badlands in SE Spain. Structural equation modelling (SEM)
was applied to test both direct and indirect relationships of BSC cover, slope gradient, rainfall character-
istics and runoff. Our model showed that rainfall characteristics were the main factors controlling runoff
yield. The slope positively affected runoff at small hillslope scales, but did not influence runoff at micro-
plot scales. Runoff decreased at both scales with increased lichen-BSC cover. However, this effect was
only significant during low-intensity events. Under high rainfall intensities, neither the BSC cover nor
the slope had a causal effect on runoff. Our results suggest that incorporation of BSC-crusted surfaces
in models should improve their capabilities for low-intensity rainfall events in semiarid areas similar
to ours, but would be less important for high-intensity events. In addition, our approach, which takes
direct and indirect relationships of factors affecting runoff into consideration, provides a very accurate
picture of the process.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

In arid and semiarid lands, the landscape is structured in a two-
phase pattern in which open areas are interspersed with patches of
perennial plants. These open areas are usually covered by complex
communities of cyanobacteria, microfungi, algae, lichens, and
bryophytes known as biological soil crusts (BSCs). It is well known
that BSCs have a profound effect on ecosystem functioning and
services (Castillo-Monroy and Maestre, 2011; Maestre et al.,
2011). They affect many soil properties, such as aggregate stability,
soil structure, organic matter, soil nutrient content and microto-
pography, most of them influencing hydrological processes, such
ll rights reserved.

).
as infiltration-runoff, evaporation and soil water retention. Thus
they have an essential role in the local water balance in arid and
semiarid areas (Belnap et al., 2005; Chamizo et al., in press). Pub-
lications on their role in infiltration and runoff have reported con-
tradictory results (reviewed in Warren (2003a)), with some
findings supporting a positive effect on infiltration compared to
bare or uncrusted soil surfaces (Greene and Tongway, 1989), others
decreased infiltration (Eldridge et al., 2000), and still others neutral
effects (Eldridge et al., 1997). We hypothesized that this lack of
congruence could be due to the fact that the large number of inter-
acting factors conditioning the hydrological response of BSCs is
rarely considered simultaneously, and their direct and indirect
effects on runoff never disentangled. Among them, soil type,
antecedent soil moisture, crust cover and composition or level of
disturbance have been highlighted (Chamizo et al., 2012a).
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However, several studies have pointed out the role of BSCs as run-
off-source areas in some arid and semiarid areas, and the relevance
of this water supply for the survival and maintenance of perennial
vegetation downstream (Almog and Yair, 2007; Cantón et al., 2011;
Li et al., 2008; Ludwig et al., 2005; Yair et al., 2011).

On the other hand, BSCs are fragile structures that are vulnera-
ble to disturbance, especially to human-driven impacts, such as
trampling by livestock, burning or vehicle traffic, which usually
causes the loss of mature BSCs and reversal to early cyanobacterial
BSCs (Barger et al., 2006; Housman et al., 2006). These distur-
bances simultaneously reduce soil surface roughness promoted
by typical well-developed BSCs, causing soil compaction, and often
sealing the soil surface (Chamizo et al., 2012a). This leads to in-
creased overland flow and reduced storage capacity for water
and sediments (Abrahams et al., 1995). Therefore, to form a more
realistic picture of runoff generation, it would be necessary to
examine the hydrological response of different types of BSCs linked
to BSC dynamics and disturbance.

An additional critical factor for understanding runoff and infil-
tration in semiarid areas better is the necessity for explicitly con-
sidering the spatial scale of the survey. Runoff processes are
characterized by high spatial and temporal variability, which re-
sults from the interaction of different factors acting at each scale
(Calvo-Cases et al., 2003; Cammeraat, 2002; Mayor et al., 2011;
Puigdefábregas et al., 1999). Whereas temporal variability mostly
depends on the variation of rainfall and antecedent moisture
(Gómez-Plaza et al., 2001), the spatial variability of hydrological
processes is largely associated with the high spatial variability of
soil surface characteristics such as vegetation and rock fragment
covers, position of rock fragments, topography and types of soil
crusts (Alexander and Calvo, 1990; Arnau-Rosalén et al., 2008;
Cantón et al., 2011; Lavee et al., 1998; Solé-Benet et al., 1997). In
this sense, there is no doubt that the presence and development
of soil surface crusts constitute critical factors in explaining the
spatial variability of soil infiltration capacity and runoff generation
(Greene and Hairsine, 2004; Yair, 2003). However, most research
on the effect of BSCs on runoff and infiltration processes has fo-
cused on the so-called mini plot scale (<1 m2) (e.g., Alexander
and Calvo, 1990; Chamizo et al., 2012a; Herrick et al., 2010), and
few studies have examined responses at coarser spatial scales, such
as hillslopes (e.g., Almog and Yair, 2007; Yair, 2003; Yair et al.,
2011) and catchments (e.g., Cantón et al., 2001). Moreover, while
most studies have used rainfall simulations or disk infiltrometers
to examine the influence of BSCs on infiltration and runoff, only
a few studies have analyzed their influence under natural rain con-
ditions (e.g., Almog and Yair, 2007; Cantón et al., 2001, 2002; Ki-
dron and Yair, 1997; Yair et al., 2011).

Therefore, for a clearer understanding of the role of BSCs in infil-
tration-runoff processes, the factors above and interaction among
them need to be explicitly considered. To build realistic models
improving the prediction of runoff in arid and semiarid areas, the
influence of BSCs on infiltration and runoff should be studied at dif-
ferent spatial scales, incorporating the effect of disturbance, and
taking into consideration different rainfall conditions, as these will
ultimately control runoff generation mechanisms in arid and semi-
arid areas (Calvo-Cases et al., 2003; Mayor et al., 2011). We think
that discrepancies reported in the role of BSCs in runoff could be
clarified by a more detailed analysis in which scales and BSC dis-
turbance, along with direct and indirect relationships among con-
trolling factors are incorporated in current models.

In this study, we examined the relationships of BSC cover and
composition, antecedent soil moisture, topography, rainfall charac-
teristics, and runoff yield at two different spatial scales (microplot
and small hillslope) in a semiarid badlands area of SE Spain in order
to identify the variables or interactions among them that mainly
drive runoff yield. We also wanted to know whether these
interactions changed with the spatial scale. With this aim, runoff
was monitored under natural rainfall for over 2 years in open plots
with different contributing areas, over undisturbed soils covered by
two main types of BSCs (cyanobacteria and lichen-dominated BSCs)
and soils where these BSC types had been removed in two different
previous years and now had a differing degree of colonization by
BSCs. We hypothesized that runoff yield would decrease with in-
creased BSC cover, that this effect would be more significant at a
coarser spatial scale, and that runoff would be lower in soils pre-
dominantly covered by cyanobacterial than by lichen BSCs, due to
reported blocking of soil pores and creation of hydrophobic soil
conditions by some lichen BSCs (Alexander and Calvo, 1990; Cantón
et al., 2001; Chamizo et al., 2012a; Eldridge et al., 2010; Warren,
2003a). We also tested the hypothesis that BSCs would have a more
significant effect on runoff in low-intensity rainfalls than high-
intensity rainfalls, as the role of BSCs in increasing roughness and
surface storage capacity would be overridden by the effect of rain-
fall intensity (Rodríguez-Caballero et al., 2012). Our final hypothe-
sis was that the amount of rainfall would influence runoff more
during low-intensity events, whereas rainfall intensity would be
more influential during high-intensity events, as suggested in pre-
vious studies (Mayor et al., 2011). Thus, the main objectives of this
paper were to: (i) explore whether increased cover of BSCs, as well
as the type of BSC, affect runoff; (ii) examine how factors such as
antecedent soil moisture and the slope gradient affect runoff; (iii)
find out whether the interaction of BSC cover and composition,
antecedent soil moisture and slope gradient affect runoff differently
depending on rainfall characteristics and the spatial scale under
study (microplot and small hillslope).
2. Materials and methods

2.1. Study site

Runoff was monitored in microplots and small hillslope plots at
the El Cautivo experimental site in the Tabernas Desert (SE Spain).
This area is a badlands catchment surrounded by the Alhamilla, Fil-
abres, Nevada and Gador mountain ranges and developed on gyp-
sum-calcareous mudstones and calcaric sandstones. The
mudstone is composed of 80% silt grains with the following predom-
inant mineralogical composition: muscovite (35%), calcite (20–
35%), gypsum (5–20%), paragonite (10%) and quartz (9%) (Cantón
et al., 2001).The climate is characterized by dry and hot summers
with mild temperatures the rest of the year, and rain falling mostly
in winter (mean annual rainfall of 235 mm). Soil types are classified
as Epileptic, Endoleptic or Calcaric Regosols and Eutric Gypsisols
(Cantón et al., 2003) and soil texture is silty loam. Ground cover is
strongly controlled by topographic attributes. The area is a mosaic
of surfaces characterized by discontinuous perennial plant cover,
some patches of annuals in favourable years and widespread phys-
ical and biological soil crusts. Physical crusts and BSCs appear as the
only soil cover in many landforms, covering almost 80% of the soil
surface (Cantón et al., 2004a). Fine soil texture combined with poor
structure, low aggregate stability and low organic matter content of
the soils in this area make them very prone to physical crusting from
raindrop impact. Thus BSCs are usually associated with rain-impact
or physical crusts. In early successional stages, cyanobacteria spe-
cies colonise these physical crusts. Then, as the succession advances,
later-successional species, such as lichens, install and replace the
earlier cyanobacteria-dominated BSCs (Lázaro et al., 2008).
2.2. Runoff plots

Open microplot (around 1 m2 area) and small hillslope (6.7 ±
1.9 m2) scale plots containing two types of BSCs, cyanobacteria
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and lichen-dominated crusts, each in three different stages of devel-
opment, were set up. The cyanobacteria-dominated plots, apart
from high cyanobacteria cover, contained significant amounts of
pioneer nitrogen-fixing lichens, such as Collema spp with cyanobac-
teria symbionts. The lichen-dominated plots consisted mostly of
Diploschistes diacapsis and Squamarina lentigera species of lichens
(from 35% to 55% cover) though there was also significant cyanobac-
terial cover (from 15% to 35%). The three development stages consid-
ered for each BSC type were: (1) Undisturbed BSC, (2) BSC-removal in
2005 (intermediate between undisturbed and recently removed
BSCs) and (3) BSC-removal in late 2007 (physical crust with very
early colonization by cyanobacteria). Three and two plots per
development stage of each BSC type respectively were set up at
microplot and small hillslope scales, thus totalling 18 microplots
and 12 small hillslope plots. All the plots were set up on the same
type of soil and separated from each other by a distance of 10–
100 m. The microplots, located at the top of gentle hillslopes and
about 1 m from the watershed, were bounded at the lower edge by
a 0.5-m-long steel separator with a hole in the middle connected
by a hose to a 20-l deposit (Fig. 1a). Total runoff in these plots was
measured manually after each rainfall event. The larger plots were
limited at the bottom with a 0.7-m-long steel separator connected
by a 0.04-m-diameter pipe to a 50-l tank (Fig. 1b). Each tank was
equipped with a 0.5-l tipping-bucket rain gauge connected to a data
logger (HOBO Pendant, Equipos Instrumentación y Control S.L.,
Madrid, Spain). Rainfall was recorded by another tipping-bucket
gauge with a 0.20-mm resolution in an area next to the plots. From
the data recorded by the gauge, total rainfall, maximum 5-min
rainfall intensity (I5max) and rainfall duration were calculated for
each event. A period of 6 h without rainfall separated single rain
events (Mayor et al., 2011). Fewer rainfall events were recorded for
the microplots, as in some cases total runoff in these plots was
collected after consecutive events (several consecutive days of rain).
Runoff coefficients for each plot after each rain event were deter-
mined from the rainfall recorded by the gauge. Runoff was measured
from September 2008 to December 2010.

As the plots were open, the contributing area to each plot was
estimated from a 1-cm-resolution digital elevation model of the
hillslope the plot was on. Each model was built up from height
points of the plot surface recorded with a Leica ScanStation 2 (Leica
Geosystems AG, Heerbrugg, Switzerland) terrestrial laser scanner
mounted in the field. The topography of each plot was scanned
from different angles for a complete topographical description of
the plot and to avoid shading. Then the individual scans were
Fig. 1. (a) Microplot on a BSC-dominated crusted surface, connected to a 20 l deposit to c
to a tank provided with a 0.5 l tipping-bucket rain gauge to register runoff at high temp
combined in the laboratory, and the resulting point cloud was fil-
tered to remove plants and annuals. After filtering, areas with no
data were filled in by interpolation based on inverse distance
weighting. Finally, the DEM was georeferenced using reference
points (i.e. targets) at the study site. The contributing area was
determined using ArcGis 10.0 software.

A mosaic of georeferenced pictures covering the entire surface
of each plot was used to estimate the cover of bare soil/physical
crust, cyanobacterial BSC, lichen BSC and vegetation in each plot
by applying multiresolution segmentation followed by automatic
maximum likelihood classification using Ecognition software
(Trimble GeoSpatial, Munich, Germany). Multiresolution segmen-
tation groups neighbouring pixels with similar spectral response
into coarser homogenous areas (known as objects). After segmen-
tation, training areas of the different cover types were selected
for maximum likelihood classification. This classification was then
validated by using points from the pictures for which cover type
was known.

Soil moisture was recorded by probes (EC-5 soil moisture sen-
sors, Decagon Devices, Inc., Pullman, Washington, USA) perma-
nently located in the area at a soil depth of 0.03 m under bare
soil (physical crust), cyanobacteria, and lichen-dominated BSCs.

2.3. Structural equation modelling

The relationships among rainfall characteristics (intensity,
duration and amount), soil surface characteristics (antecedent
moisture, slope gradient and BSC cover) and runoff coefficients
were tested using structural equation modelling (SEM). We used
this modelling tool because, unlike most linear models, SEM allows
the direct and indirect effects that one variable may exert on an-
other to be separated, and estimates the strength of these multiple
effects (Grace, 2006; Iriondo et al., 2003). Moreover, this tool has
rarely been used in hydrology or ecohydrology. To our knowledge,
only one study, which explored the interactive effects of Stipa ten-
acissima, BSCs and rabbits on infiltration, has used this technique
(Eldridge et al., 2010).

SEM modelling evaluates complex multivariate causal relation-
ships which are represented in a causal diagram. The researcher
formulates a possible complex causal framework underlying a
multivariate relationship, and confronts it with the field data.
The SEM tests whether the data are supported by the underlying
mechanisms that the specific model and causal relationships de-
scribe (Shipley, 2000). This is done by comparing the covariance
ollect total runoff. (b) Hillslope plot on a BSC-dominated crusted surface, connected
oral resolution.
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structure of data implied by the model with the observed covari-
ance structure of the data (Bollen, 1989; Grace and Pugesek,
1998; McCune and Grace, 2002; Shipley, 2000). We formulated
our path diagram based on our a priori hypotheses of causal links
among variables. Our working model proposed that rainfall dura-
tion and intensity would determine total rainfall and that all these
rainfall characteristics would exert a causal effect on runoff yield
(Fig. 2). We used the maximum 5-min rainfall intensity (I5max),
which is related to the maximum runoff peak in this system
(Cantón et al., 2001). Topography and soil surface properties such
as antecedent soil moisture and BSC cover and type were expected
to determine runoff yield. As physical, cyanobacterial and lichen
crust covers accounted for 100% of the plot soil cover and the three
covers were correlated, only the cover of the two types of BSC were
included in the SEM model (Fig. 2). At small hillslope scale, we con-
sidered slope a factor controlling lichen and cyanobacterial BSC
cover in addition to the direct effect of the slope gradient on runoff,
as a previous study in the Tabernas badlands had shown that
ground cover is strongly controlled by topography, and crustose li-
chen BSCs generally occupy moderate to high steep slopes (Cantón
et al., 2004a). The input data in our models were the runoff coeffi-
cients measured in each plot after every rainfall event. The pro-
posed model was evaluated separately for each spatial scale and
for the whole data set (hereafter referred as the ‘‘general model’’).
An unsupervised K-means classification was used to separate high
and low-intensity rainfall events, by explicitly searching for an
‘‘objective’’ two-group classification based on the I5max. Our work-
ing hypothesis at this point was that controlling factors clearly
shift from high to low rainfall events.

The degree of fit between observed and predicted covariance
structures was first assessed with a maximum-likelihood good-
ness-of-fit test, which is the best method for severe deviations
from multivariate normality in rather small sample sizes (Finch
et al., 1997). The null hypothesis of the model is that observed
and predicted covariances are the same. Thus contrary to most sta-
tistical tests, in this test P < 0.05 indicates a significant lack of fit,
and a significant v2 indicates that the model does not properly
fit the data. We used two alternative fit indices that provide an
accurate fit and are independent of sample size: the comparative
fit index (CFI) (Bentler, 1989) and the nonnormed fit index (NNFI)
(Bentler and Bonet, 1980). Values over 0.90 and 0.81, respectively,
indicate good fit compared to a null model that assumes that all
variables are independent (Hatcher, 1994). As satisfactory good-
ness of fit is often not found at first, our model was tested itera-
tively and modified by exploring some suggestions coming from
the use of modification indices (e.g., removing a variable from
Runoff coefficient

Rainfall 

Duration

Maximum 
intensity
(I5max)

Amount

Antecedent soil moisture Lichen cover Cyanobacterial cover

Slope gradient

Fig. 2. A priori model representing the hypothesized causal relationships among
rainfall characteristics, soil-related properties and runoff. I5max is the maximum 5-
min rainfall intensity.
the model) until fit with the data was satisfactory (Bollen and
Stine, 1992). Finally, we removed uninformative weak pathways
to conserve parameters and simplify, and retested the resulting fi-
nal model. The significance of each individual path coefficient was
subsequently assessed by a multivariate Wald test (P < 0.05). This
test locates the path coefficients that can be eliminated without
significantly increasing the v2 of the model. The structural equa-
tions were processed using AMOS 5.0 (SPSS Inc., 2003).
3. Results

3.1. Plot characteristics and rainfall and runoff patterns

Cyanobacterial and lichen BSC cover varied widely from the
undisturbed crusted plots to the more recently BSC-removed plots.
In all plots, BSC cover was homogeneously distributed over the plot
and not concentrated at specific points (at the top or the bottom of
the plot). Patches of BSCs were interspersed with patches of phys-
ical crusts. Mean cyanobacterial, lichen and physical crust cover (%)
were, respectively, 56 ± 14, 10 ± 7 and 24 ± 16 in the undisturbed
cyanobacteria-dominated plots, and 23 ± 12, 39 ± 11 and 25 ± 19
in the lichen-dominated plots. Regarding the plots where the BSC
was removed, mean cyanobacterial, lichen and physical crust cover
(%) were, respectively, 42 ± 17, 7 ± 8 and 40 ± 13 in the plots where
the BSC was removed in 2005, and 23 ± 9, 3 ± 3 and 65 ± 14 in the
plots where the BSC was removed in 2007. The slope ranged from
5� to 14� in the microplots and from 10� to 24� in the small hill-
slope plots.

Annual rainfall during hydrological year 2008 (1st October)–
2009 (30th September) was 247 mm, which is close to the mean
annual rainfall in the study site (235 mm; 30-year average re-
corded in Tabernas, Almería Province (Lázaro et al., 2001)). The
hydrological year 2009 (1st October)–2010 (30th September) was
atypically rainy and the annual rainfall recorded was 384 mm.
Around 43% of the rainfall events recorded during the 2-year per-
iod were under 10 mm, 20% from 10 to 20 mm, 20% from 20 to
30 mm and only 17% exceeded 30 mm. Most rainfall events (85%)
were low-intensity, with a mean maximum 5-min rainfall inten-
sity (I5max) of 10.9 mm h�1, and minimum and maximum of 5.4
and 19.8 mm h�1, respectively. Only 15% of the rainfall events reg-
istered during the study period was high-intensity. The lowest and
highest I5max in these events were 27.9 mm h�1 and 57 mm h�1

(mean 36 mm h�1), with rainfall ranging from 11.9 to 27.7 mm.
Mean runoff coefficients (%) in the microplots and small hillslope
plots were 18.4 ± 15.3 and 19.9 ± 17.1, respectively, for low-inten-
sity rain, and 40.6 ± 26.6 and 28.0 ± 18.4, for high-intensity rain.

Fig. 3 shows hydrographs of plots with different proportions of
physical, cyanobacterial and lichen covers. During low-intensity
rain, runoff started earlier in the plot where physical crust cover
was predominant, followed by the plot with predominant cyano-
bacterial cover, and last in the plot with the most lichen cover
(Fig. 3a). Runoff peaks decreased from the physical crust-domi-
nated plot, to the cyanobacteria-dominated plot and to the li-
chen-dominated plot. During high-intensity rain, the start of
runoff was rather similar in all plots (Fig. 3b).
3.2. Microplot runoff SEM model

The microplot runoff model is presented in Fig. 4. Antecedent
soil moisture did not show a causal relationship with runoff, and
because of this, it was removed from our a priori models to im-
prove fit. This was also the case of slope gradient, which did not
have a causal effect on runoff coefficients either. The final models
taking into account all, high or low-intensity rainfall events
showed good overall fit, with both NNFI and CFI over 0.90. 32%
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Fig. 3. Hydrograph of a physical-dominated, cyanobacteria-dominated and lichen-
dominated hillslope plot, for a low-intensity rainfall (I5max = 9.8 mm h�1; rainfall
amount = 7.5 mm) (a) and a high-intensity rainfall (I5max = 27.9 mm h�1; rainfall
amount = 19.8 mm) (b).
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of variance in runoff was explained in the general model (Fig. 4a).
Rainfall characteristics had the strongest influence on runoff re-
sponse. Whereas rainfall duration had a direct negative effect on
runoff coefficients, it had an indirect positive effect on runoff coef-
ficients because of its positive causal effect on amount. Rainfall
intensity (I5max) also had an indirect positive effect on runoff
due to the same causal path. Both intensity and amount of rainfall
had a direct positive effect on runoff coefficients. The cyanobacte-
rial BSC cover did not have a causal effect on the runoff coefficient,
whereas the lichen cover had a negative effect. The two types of
BSC cover were negatively correlated.

The same relationships among variables were found in low-
intensity rainfall events (Fig. 4b), with the exception that in this
case, rainfall intensity (I5max) did not have a significant direct ef-
fect on runoff, and the path coefficient estimate of lichen cover on
runoff increased slightly from 0.11 to 0.16. Under intense rainfall
events (Fig. 4c), rainfall duration and intensity (I5max) showed a
significant positive effect on runoff coefficients, and contrary to
the low-intensity events, the relationship between amount of rain-
fall and runoff coefficients was not significant. Neither BSC cover
nor type had a significant causal effect on runoff. Variance in runoff
explained was higher in these high-intensity events (44%) than in
low-intensity events (26%), which suggests that a significant frac-
tion of runoff was not properly captured by our predictors in
low-intensity rainfall.

3.3. Small hillslope runoff SEM model

The final hillslope runoff model is shown in Fig. 5. Antecedent
soil moisture did not show a causal relationship with runoff, and
was removed from the a priori model to improve model fit. All
models, including the general model and those for low and
high-intensity rainfall events, showed good fit (NNFI and CFI over
0.90). Variance explained for runoff in the general model was
35% (Fig. 5a), and slightly increased in the model for low (37%)
and high (36%) intensity rainfall. The same relationships between
rainfall characteristics and runoff coefficients found at microplot
scale were also found at this scale in the general, low and high-
intensity rainfall models, but I5max also had a significant runoff
path in low-intensity events (Fig. 5b). Nevertheless, this pathway
was much weaker than in high-intensity events (Fig. 5c). Our mod-
el confirmed the positive relationship between the slope gradient
and lichen cover. Under low-intensity rainfall (Fig. 5b), the slope
gradient had a positive causal effect on runoff. Lichen cover had
a significant negative effect on runoff, while cyanobacterial cover
did not show a significant effect on runoff. Under high-intensity
rains, neither the slope nor the BSC cover had a causal effect on
runoff (Fig. 5c).
4. Discussion

The good fit of our models on both spatial scales confirms that
our hypotheses about the causal relationships controlling runoff on
biologically crusted soils are supported by the data observed. Soil
surface-related components, such as BSC cover and topography,
rainfall characteristics, particularly rainfall intensity, and the spa-
tial scale at which these factors interact, condition runoff yield in
this type of semiarid ecosystem. As expected, rainfall characteris-
tics were the main factors driving runoff generation followed to a
lesser extent by the presence and composition of BSCs. The influ-
ence of this biological component was conditioned by the interac-
tion between the type of BSC and the type of rain event.
4.1. Relationship between biological soil crusts and runoff

It has been suggested that the spatial variability in runoff is
mainly determined by the spatial patterns of soil surface properties
(Arnau-Rosalén et al., 2008; Cantón et al., 2011). Among these
properties, the presence of BSCs is a critical factor influencing
water redistribution in semiarid areas (Alexander and Calvo,
1990; Cantón et al., 2011; Li et al., 2008; Maestre et al., 2011). After
monitoring runoff under natural rainfall in plots with varying cover
of lichens and cyanobacteria for over 2 years, we found that runoff
decreased with increased lichen cover at both microplot and small
hillslope scales, when rainfall intensity was low (Figs. 4 and 5b). A
negative relationship was found between lichen and cyanobacte-
rial cover (Fig. 4a) which can easily be explained by BSC dynamics
in semiarid ecosystems. As BSC succession advances, later succes-
sional species like lichens become established and replace the pio-
neer cyanobacterial component (Lázaro et al., 2008).

Several authors have documented the influence of the type of
BSC on the infiltration and runoff response of biologically crusted
surfaces (Alexander and Calvo, 1990; Chamizo et al., 2012a; El-
dridge et al., 2010; Warren, 2003a). Previous high-intensity rainfall
simulations (50 mm h�1) conducted in the same study area in
microplots (0.25 m2) with different types of BSCs showed that infil-
tration increased with cyanobacterial biomass and as later-succes-
sional species colonised the BSC, but that late-successional BSCs of
crustose and squamulose lichens generated low infiltration rates
and runoff levels similar to those of physical soil crusts (Chamizo
et al., 2012a). Other authors have also found reduced infiltration
with increased cover of crustose and squamulose lichens in exper-
iments using rainfall simulations (Alexander and Calvo, 1990) or
infiltrometers (Eldridge et al., 2010). These low infiltration rates
are attributed to the hydrophobic properties of such lichens
(Souza-Egipsy et al., 2002) and to their ability to block soil pores
when wet (Warren, 2003a). Despite their hydrophobic properties,
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Fig. 4. Microplot runoff SEM model, including (a) all the events registered during the study period (September 2008–December 2010), (b) low-intensity events, and (c) high-
intensity events. Continuous lines show positive effects. Dashed lines show negative effects. Arrow widths are proportional to adjacent standardized path coefficients. Non
significant paths are omitted (see Fig. 2 for our a priori model). Fit statistics (nonnormed fit index, NNFI; comparative fit index, CFI; P; v2) and sample size (N) are given at the
upper-left corner of each model. �I5max is the maximum 5-min rainfall intensity.
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these BSCs can reduce runoff by three mechanisms: (1) more devel-
oped lichen BSCs have a higher water retention capacity than less
developed cyanobacterial BSCs (Chamizo et al., 2012b); (2) lichen
surfaces are discontinuous, and when they dry, they crack, allowing
water to infiltrate. Although D. diacapsis and S. lentigera are known
to almost completely cap the soil surface, they also present some
discontinuities when dry that contribute to increased infiltration.
Such effect would be enhanced at coarser spatial scales, as the pos-
sibility for runoff infiltration along the soil surface increases (Cantó-
n et al., 2011; Mayor et al., 2011; Puigdefábregas et al., 1998;
Wilcox et al., 2003). This could be the reason why we found a stron-
ger negative relationship between lichen cover and runoff at small
hillslope (path coefficient = �0.21) than at microplot scale (path
coefficient = �0.11) (Figs. 4 and 5a); (3) Infiltration is controlled
by the interaction of water residence time on a soil surface and
the permeability of that surface (Eldridge and Greene, 1994). In this
sense, lichen BSCs could enhance infiltration by increasing soil sur-
face roughness and water storage capacity (Rodríguez-Caballero
et al., 2012). In hyperarid hot regions, where BSCs are smooth,
water retention time is shorter and the area for water infiltration
is lower than in BSCs from cold desert regions, which have a high
roughness, thus lengthening the path for water infiltration and
decreasing runoff (Belnap, 2006). In our areas, with BSCs having a
moderate roughness between those of hyperarid and cold regions,
lichens (about 1 cm height from the soil) generate rougher surfaces
than cyanobacteria (about 0.5 cm height from the soil) and thus, are
more effective in reducing runoff than the smoother cyanobacterial
BSCs (Rodríguez-Caballero et al., 2012). This seems especially feasi-
ble in the presence of frequent squamulose and foliose lichens in
our study areas such as Squamarina lentigera or Cladonia convoluta
which present a rougher surface. In addition, surface microtopogra-
phy is a scale-dependent variable. Álvarez-Mozos et al. (2011)
showed that surface storage, which depends on soil surface rough-
ness, significantly depends on the length of the profile, the size of
the plot being positively correlated with storage values found. We
found a greater reduction in infiltration with increased lichen cover
in the small hillslope plots (Fig. 5a) than in the microplots (Fig. 4a).
It is therefore possible that at very small spatial scales, the effect of
BSC microtopography on runoff is underestimated, and other fac-
tors, such as BSC hydrophobicity or reduction of porosity due to
pore clogging when BSCs get wet become more relevant, or even
negate the effect of microtopography. But as the scale becomes lar-
ger, microtopography induced by BSCs, especially well-developed
BSCs, such as lichens, gains importance and becomes the key factor
determining infiltration in BSCs (Rodríguez-Caballero et al., 2012).
Moreover, as the spatial scale increases, spatial heterogeneity of soil
surface cover increases and it is more likely the alternation of
patches of physical, cyanobacterial and lichen BSCs, which in-
creases the possibility for water to transfer from runoff-trigger sur-
faces to runoff-sink surfaces. This would also explain the lower
variance in runoff explained at microplot (26%) than at small hill-
slope scales (37%) in low-intensity rainfalls. On the other hand,
Rodríguez-Caballero et al. (2012) reported a significant negative
relationship between soil surface water storage and runoff coeffi-
cient that decreased as rainfall intensity increased. Probably be-
cause of this, we found a negative effect of lichen cover on runoff
in low-intensity rainfall (Figs. 4 and 5b), but no significant effect
on runoff in high-intensity rainfall (Figs. 4 and 5c). When rain is
intense, water storage in soil depressions lasts for a very short time
before overland flow runs downslope. Thus, the role of soil surface
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Fig. 5. Small hillslope runoff SEM model, including (a) all the events registered during the study period (September 2008–December 2010), (b) low-intensity events, and (c)
high-intensity events. Continuous lines show positive effects. Dashed lines show negative effects. Arrow widths are proportional to adjacent standardized path coefficients.
Non significant paths are omitted (see Fig. 2 for our a priori model). Fit statistics (nonnormed fit index, NNFI; comparative fit index, CFI; P; v2) and sample size (N) are given at
the upper-left corner of each model. �I5max is the maximum 5-min rainfall intensity.
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roughness promoted by BSCs might be overridden by the effect of
rainfall intensity. Similarly, Cantón et al. (2004b) suggested that
the hydrological behaviour of crustose and squamulose lichens
could depend on rainfall intensity: at low intensities, they appeared
to favour infiltration and increase soil moisture, whereas at high
intensities, they appeared to favour runoff. Faust (1970), studying
the effect of rainfall intensity on infiltration of cyanobacteria-dom-
inated BSCs, found that after applying high rainfall intensities of
25 mm h�1 and 50 mm h�1, the last slightly increased runoff
regardless of the presence of BSCs and that the increase in runoff
was higher in fine than in coarse-textured soil. These results were
attributed to disruption of the BSC and detachment of soil particles
under very intense rain, which would lead to clogging soil pores and
consequent reduction in infiltration (reviewed in Warren, 2003b).

4.2. Relationship between the slope gradient and runoff

The influence of slope gradient on runoff depended on the spa-
tial scale analyzed. It had a significant influence on runoff at small
hillslope scales (Fig. 5), but not significantly influence runoff at the
microplot scale (Fig. 4). Other authors have also reported no effect
of slope on runoff at microplot spatial scales (Calvo-Cases et al.,
1991; Solé-Benet et al., 1997). In the hillslope plots, increased
slopes significantly increased runoff. It is well known that steeper
slopes reduce the time water is stored in soil depressions and in-
crease overland flow rates, thereby increasing runoff yield. It
should be pointed out that the slope gradient between the micro-
plots and the small hillslope plots might span the threshold sepa-
rating hillslopes and pediments, thus suggesting that, while the
slope gradient would represent a key factor controlling overland
flow on hillslopes, it would have a minor effect in pediments,
where other factors would have a more important role in control-
ling runoff yield. On the other hand, although having a direct posi-
tive effect on runoff, the slope gradient had an indirect negative
effect on runoff through its positive causal effect on lichen cover
(Fig. 5). Cantón et al. (2004a) found that topography strongly con-
trolled ground cover in this area and the occurrence of white terric-
olous crustose lichens on relatively steep slopes. Nevertheless, the
positive relationship between slope and runoff in the hillslope
plots disappeared with high rainfall intensities (Fig. 5c), suggesting
that under intense events, the effect of the slope gradient on runoff
could also be overridden by the effect of rainfall intensity.
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4.3. Relationship between rainfall characteristics and runoff

As expected, rainfall characteristics were the main factors
explaining runoff variance. Most rainfall events recorded during
our study period were light and low intensity, as reported by pre-
vious studies which describe two main types of rainfall events at
this site: brief, high-intensity storms and longer, low-intensity rain
lasting several hours (Cantón et al., 2002). Thus, when the SEM
model was applied to all events or only to low-intensity events,
which were the majority during the study period, the relationship
between rainfall duration and runoff coefficients was negative
(Figs. 4 and 5a and b), since longer events were less intense and
generated less runoff than shorter but more intense events. Also
because of this, rainfall duration was negatively correlated with
the maximum 5-min-rainfall intensity (Figs. 4 and 5a), as events
with higher rainfall intensities in the study area were usually re-
lated to shorter-duration events. Increased rainfall intensity and
duration increased the amount of rainfall (Figs. 4 and 5a and b),
thus increasing runoff generation. In low-intensity events, rainfall
intensity had little (Fig. 5b) or no effect (Fig. 4b) on runoff and
the total amount of rain exerted a stronger influence. Low-inten-
sity events are usually long and characterized by several pulses
of different magnitudes within the same event with discontinuous
runoff (Cantón et al., 2002), so that the main mechanism for runoff
generation is the mixed model which combines saturated and Hor-
tonian overland flow (Mayor et al., 2009, 2011). In intense events,
the amount did not exert a significant effect on runoff, and rainfall
intensity was the main factor controlling runoff (Figs. 4 and 5c), as
the main mechanism for runoff generation in these intense events
is the Hortonian overland flow or infiltration-excess mechanism
(Cantón et al., 2002; Mayor et al., 2011). Within these high-inten-
sity events, longer rainfall duration had a significant positive effect
on runoff (Figs. 4 and 5c). In agreement with our findings, Mayor
et al. (2011) suggested that amount of rainfall could be a good pre-
dictor of runoff in low-intensity events, which are the majority in
many semiarid areas, whereas rainfall intensity could be a good
predictor of runoff in the case of high-intensity rainfalls.

Whereas some studies have reported significant influence of
antecedent soil moisture on infiltration-runoff at microplot scales
(Chamizo et al., 2012a; Mayor et al., 2009), others have found no
relationship between antecedent moisture and runoff at micro-
catchment scales in this semiarid system (Cantón et al., 2001).
Our model did not find a causal relationship between antecedent
moisture and runoff coefficients at any of the two scales studied.
It is worth noting that lack of causal effect does not necessarily
mean that antecedent soil moisture does not influence runoff
coefficients. Two possible reasons could explain this unexpected
finding: (1) most rain occurred in autumn and winter, and anteced-
ent soil moisture was relatively high in all events (between 14%
and 22%); (2) intense rains, which generated higher runoff, very
often occurred after summer when soil was dry. Consequently,
high antecedent soil moisture was not related to high runoff
coefficients.

In conclusion, our results support most of our hypotheses and
highlight the necessity of simultaneously taking into consideration
very different sources of variation, such as BSC cover, topography
and rainfall characteristics, and considering direct and indirect
causal links among these factors for a complete picture of runoff
in semiarid ecosystems. BSC cover and development, the type of
rainfall event and the spatial scale at which these factors interact,
have been identified as key components in assessing runoff in
semiarid ecosystems. In low-intensity rainfall, characteristics such
as rainfall amount and some soil surface features, such as lichen
BSC cover, are essential factors in determining runoff yield.
Moreover, the reduction in runoff with increased BSC development
found demonstrates that recovery of BSCs after human
disturbances, in terms of increased cover and growth of later-suc-
cessional species (lichens), has important implications on soil
hydrology. In heavy rain, rainfall intensity is the critical factor
responsible for runoff yield, and neither BSC cover nor slope have
a significant effect on runoff. Our results suggest that the consider-
ation of BSC-crusted surfaces, particularly by well-developed BSCs,
should improve runoff modelling in semiarid areas similar to ours
for low-intensity rainfall events, but it would be less important
when they are high-intensity. However, it should be remarked that
this would only be from the point of view of runoff. BSCs are
widely recognized as strong protective covers against soil erosion,
and thus their influence on erosion dynamics should be assessed
under variable rainfall conditions, and especially under high rain-
fall intensities, as these events are responsible for the most sedi-
ment yield in arid and semiarid ecosystems.
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