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Land degradation is one of the main threats to dryland sustainability in the next decades,
hence restoration of the degraded land from drylands is an urgent need to maintain
ecosystem functionality and their ability to provide ecosystem services. To achieve this
goal, restoration practices should pursue the recovery of the main ground components,
arranged in an optimal spatial configuration, to mimic undisturbed natural conditions.
Drylands function as complex ecohydrologically coupled systems in which interplant
source areas, frequently covered by biocrusts, act as sources of runoff and nutrients to
adjacent vegetation, which act as sinks for these resources. Thus, one way to increase
dryland restoration success is through an optimal spatial configuration of biocrusts and
plants that maximizes an efficient use of the limited resources within the system. In
this study, we selected a degraded slope from a limestone quarry located in Almería
province (SE Spain) and modeled how active restoration of the biocrust through soil
inoculation with cyanobacteria and its combination with different spatial configurations
of vegetation affected runoff redistribution and erosion. For that, we applied the spatially
distributed Limburg Soil Erosion Model (LISEM) which was able to predict the erosion
measured on the slope during the study period with low error (RMSE = 17.8%). Modeling
results showed that the introduction of vegetation on the degraded slope reduced runoff
between 2 and 24% and erosion between 4 and 17% for the scenario with plants
compared to the one without restoration management. Of all the vegetation spatial
configurations tested, the one that provided better results was the scenario in which
plants were located in the areas of higher water accumulation (higher topographic
wetness index). Moreover, we found that active biocrust restoration by cyanobacteria
inoculation significantly reduced erosion by 70–90%, especially during the first stages
of plant development, while maintaining water supply to vegetation. These findings
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highlight the potential of water redistribution and erosion simulation models to identify
the most optimal spatial configuration of ground covers that maximizes water and
nutrient supply to vegetation, while minimizes water, sediment, and nutrient losses by
erosion, thus serving as an efficient tool to plan restoration actions in drylands.

Keywords: runoff, sediment yield, ecological restoration, biological soil crusts, drylands, spatially distributed
models

INTRODUCTION

Drylands cover about 41% of the Earth land’s surface (Prãvãlie,
2016) and host 38% of global population (Maestre et al., 2021).
Due to intensive agriculture and overgrazing, about 10–20% of
drylands are already degraded (FAO, 2019), and this percentage
is expected to rise due to population growth and climate change
(Reynolds et al., 2007). Land degradation processes in drylands
have implications both for ecosystem health and humans, as
they reduce water supply and soil fertility, increase soil losses
and reduce biodiversity (Ravi et al., 2010; Zhang et al., 2021).
Land degradation in drylands can culminate in desertification,
i.e., changes in soil properties which reduce its capacity to retain
nutrients and water, causing the loss of productivity and serious
environmental and socio-economic problems that specially affect
people living in developing countries (FAO, 2019).

After the triggering activity of the degradation process has
finished, natural recovery of the ecosystem may take a long
time (hundreds of years, Weber et al., 2016) or, sometimes, the
ecosystem is not capable of recovering by itself (Svejcar and
Kildisheva, 2017). Thus, active restoration is needed to facilitate
the process, especially in drylands where water scarcity limits
plant growth and establishment (Hulvey et al., 2017; Ayangbenro
and Babalola, 2021). Dryland restoration is recognized as an
urgent need [Food and Agriculture Organization of the United
Nations (FAO), 2017; European Environment Agency, 2019], but
traditional restoration techniques, such as the introduction of
native vascular plants, mostly trees (FAO, 2015) and the increase
of water input or nutrient concentration, are often expensive and
unsuccessful in drylands (Valdecantos et al., 2014). Thus, there
are still numerous limitations to successfully restore degraded
drylands (James et al., 2013) and novel efficient methodologies
are needed. In this sense, restoration and rehabilitation strategies
that are based on natural processes and cycles (nature-based
solutions) are receiving a growing attention as they are resource
efficient and adapted to systems (Nesshöver et al., 2017). For
example, it is well known the substantial impact that spatial
organization of bare and vegetated surfaces can have on the
retention or loss of resources (water and nutrients) in dryland
ecosystems (Boer and Puigdefábregas, 2005; Tang et al., 2021).
Thus the installation of resource sinks during the design of the
restoration activity can be an effective way to increase restoration
success in drylands (Berghuis et al., 2020).

Natural drylands are heterogenous landscapes composed
of sparse and patchy vegetation occupying the most favorable
positions within the landscape, and biocrusts frequently
colonizing the apparently bare open spaces between plants.
These are a consortium of different organisms that include

cyanobacteria, algae, lichens, mosses, bacteria and fungi, living
in intimate association with soil particles, and occupying the
first centimeters of soil surface (Weber et al., 2016). Biocrusts
possess specific adaptations that provide them with the ability
to withstand the high solar radiation and the scarcity of water
that characterize dryland regions all over the world (Bowker
et al., 2002; Bowker, 2007). By covering the soil surface,
biocrusts adhere fine soil particles, stabilizing the soil surface
and protecting it from wind and water erosion (Chamizo et al.,
2012b; Belnap et al., 2014; Fattahi et al., 2020). They contribute to
carbon and nitrogen fixation (Housman et al., 2006), increasing
the fertility of dryland soils (Zhang, 2005; Chamizo et al., 2012a).
Through their influence on roughness, albedo and porosity, they
affect water processes, such as infiltration, runoff, evaporation
and soil moisture (Chamizo et al., 2016; Eldridge et al., 2020).
Biocrusts are also the support of abundant and diverse microbial
and microfauna communities (Darby et al., 2010; Xiao and
Veste, 2017). Because of all these functions on soils, they affect
the establishment, survival and productivity of vegetation
(Havrilla et al., 2019). At the same time, vegetation patches create
microenvironments (shade, more humid conditions and less
extreme temperatures) that affect biocrust growth and succession
(Maestre and Cortina, 2002; Bowker et al., 2005; Bowker, 2007).

Biocrusts are also linked to vegetation survival and
productivity in drylands through complex water and nutrient
redistribution interactions (Belnap et al., 2005; Rodríguez-
Caballero et al., 2018). When a rain event occurs, runoff is
generated in the open areas between plants, mostly covered
by biocrusts (which, compared to vegetation, act as runoff
sources), and redistributed toward adjacent vegetation, which
frequently acts as surface obstruction for most of the runoff
water and dissolved sediments and nutrients (Belnap et al., 2005;
Cantón et al., 2011). This water surplus promotes vegetation
productivity and biomass (Rodríguez-Caballero et al., 2018)
and increases vegetation capacity to retain more water and
nutrients in the next rain events (Belnap et al., 2005; Ludwig
et al., 2005). The result of biocrust-vegetation feedback processes
is a spatial mosaic in which the coupling between biocrusts
(source areas) and vegetation (sinks) determines the spatial
arrangement of plants within the landscape (Cantón et al.,
2004; Rodríguez-Caballero et al., 2019), in such a way that
plants are redistributed to minimize the loss of water, nutrients
and sediments in the ecosystem (Rodríguez-Caballero et al.,
2015) and to maximize vegetation productivity and coverage
(Rodríguez-Caballero et al., 2018).

Taking into account the above-mentioned key roles of
biocrusts in dryland ecosystem functioning and their prevalent
presence, biocrust restoration after a disturbance has occurred,

Frontiers in Ecology and Evolution | www.frontiersin.org 2 February 2022 | Volume 10 | Article 765148

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-765148 February 10, 2022 Time: 11:27 # 3

Maggioli et al. Modeling Biocrust-Plant-Configuration for Dryland Restoration

can be crucial to accomplish the structural and functional
recovery of degraded ecosystems (Zhao et al., 2016). Natural
biocrust recovery can be slow depending on factors such
as climatic and edaphic conditions, and severity and timing
of disturbance (Weber and Hill, 2016), as well as biocrust
characteristics (Xiao et al., 2019).

Recent papers point to lower biocrust recovery times, ranging
from a few years for early successional biocrusts (cyanobacteria)
to 10–30 years for later successional biocrusts (lichens and
mosses) (Kidron et al., 2020; Phillips et al., 2022). However,
even though, initial soil colonization by biocrusts can be
greatly retarded or impeded in unstable soils, subjected to high
erosion. Soil stabilization and biocrust recovery can be prompted
by active restoration through soil inoculation with biocrust
organisms. As pioneer colonizers of barren soils and promoters
of biocrust succession, cyanobacteria are one of the most
interesting organisms to be used as inoculants. Cyanobacteria
are able to fix the atmospheric carbon and nitrogen, and
stabilize soils surfaces (Mager and Thomas, 2011), improving
the habitat for later-successional biocrust organisms such as
lichens and mosses (Lázaro et al., 2008; Zhang et al., 2018).
Eventually, these more favorable soil conditions will facilitate
the establishment and growth of plant species. Recent studies
have shown positive effects of soil cyanobacteria inoculation in
the reduction of soil erosion and improvement of soil properties
(Park et al., 2017; Sadeghi et al., 2017; Chamizo et al., 2018;
Muñoz-Rojas et al., 2018; Román et al., 2018; Antoninka et al.,
2020; Kheirfam et al., 2020). However, there are no previous
studies that evaluate the synergic effects of soil inoculation with
cyanobacteria combined with a spatial distribution of native
vascular vegetation based on the resource use balance. The
positive runoff-runon feedback processes between biocrusts and
vegetation is one of the most promising nature-based solutions
for dryland restoration (Cortina et al., 2011; Rodríguez-Caballero
et al., 2019). An adequate design of biocrusts-vegetation spatial
distribution can be key for plants to optimize water availability
in these environments, where 90% of rainfall events are less than
10 mm (Martínez-Mena et al., 1998; Puigdefábregas, 2005), thus
contributing to vegetation and ecosystem recovery. This would
allow designing in advance a restoration action that helps to
overcome the difficulties faced during field application for both
the cyanobacteria inoculum (Román et al., 2021a) and plants,
such as the inoculum loss and the enhancement of erosion rates
and further reduction of plant cover (Cantón et al., 2021). For this
purpose, the influence of biocrust should be included in runoff
and erosion simulation models (see Rodríguez-Caballero et al.,
2015) to simulate the hydro-geomorphological response of the
target area and identify the best design based on the most efficient
use of resources.

The main goal of this work is to present a new methodology
to support future dryland restoration activities by selecting the
most appropriate spatial configuration of plants and biocrusts
that maximizes water and nutrient capture by plants, while
reducing erosion. To do this, we will first evaluate different
restoration scenarios, through spatially distributed modeling, to
identify the most optimal spatial configuration of plants that
maximizes runoff-water capture by vegetation. Second, we will

compare results obtained in the proposed scenario with another
scenario including also active biocrust restoration by means of
cyanobacteria inoculation, to evaluate its effect on soil erosion.

MATERIALS AND METHODS

Study Area
The study was carried out in a limestone rock quarry, located
southeast of the Sierra de Gádor, Almería, SE Spain (36◦ 55′ 20′′
N; 2◦ 30′ 29′′W; Figure 1). The area is 370 m.a.s.l. and has a semi-
arid thermo-Mediterranean climate, with an average temperature
of 17.6◦C and an average annual rainfall of 242 mm. Prior to
mining, soils were classified as Epileptic and Endoleptic Leptosols
developed over substrates of calcareous sandstones and calcitic-
gypsiferous mudstones (marls). The substrate covering the site at
present has a loam texture (31.20 ± 4.65% sand, 43.10 ± 2.34%
silt and 25.70± 2.80% clay) and its fertility is very low with values
of total organic carbon and total nitrogen of 0.24 ± 0.21 g kg−1

and 0.17 ± 0.09 g kg−1, respectively (Luna et al., 2016; Román
et al., 2018).

The potential vegetation (dominant in nearby areas) is an
alpha grass steppe, mainly dominated by Macrochloa tenacissima
L. (Kunth), together with other small shrubs and herbaceous
species, among which stand out Anthyllis cytisoides L., Anthyllis
terniflora (Lag) Pau, Rhamnus lycioides L., Thymus hyemalis
Lange. Seasonally, a great diversity of annual plants can be also
found [Avena barbata Pott, Rhagadiolus stellatus (L.) Gaertn,
Linum strictum L., Moricandia foetida Bourg. Ex Coss, among
others], reaching a coverage of 5–10%. In the open spaces
between the vegetation, biocrusts dominated by cyanobacteria
and/or lichens are very frequent (Luna et al., 2017).

Slope Selection and Topography
Characterization
For this work, we selected a disturbed south-facing slope of
approximately 375 m2 (25 × 15 m), devoid of soil, biocrust and
vegetation (hereafter “experimental hillslope”; Figure 1) because
of recent extraction activities. The experimental hillslope was
prepared for restoration by smoothing the slope with the help
of a backhoe. At the beginning of the experiment (July 2014),
we scanned the experimental hillslope with a terrestrial-laser
scanner (TLS) LeicaScanStation-2 (LeicaGeosystems). Two scans
were carried out to minimize the occlusions produced by the
soil surface microtopography and both point clouds were joined
by using 4 reference targets common to the two scans. Once
the definitive point cloud was obtained, it was used to build
a digital terrain model (DTM) at 5 cm spatial resolution. To
analyze the erosive response of the hillslope in absence of active
restoration activities, this process was repeated 18 months after
the establishment of the plot (December 2015). This information
was used for comparison and model calibration (see section
“Model Calibration and Simulation Scheme”). As no active
restoration was performed in the period between plot preparation
and the end of the experiment, only some spontaneous vegetation
grew during this period. To remove them from the DTM, the
point cloud obtained in December 2015 was manually classified
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FIGURE 1 | Location of the study area and detailed image of the experimental plot.

into vegetation and bare soil points. Finally, a new DTM was built
using only soil points. Total volume of eroded soil during the
study period was calculated as the difference between the initial
and the final DTMs.

Model Selection and Input Variables
Model Selection
For identifying the spatial configuration of surface components
most efficient in reducing water and nutrient losses and erosion,
we applied the spatially distributed runoff and erosion model
LISEM (Limburg Soil Erosion Model). This is one of the most
widely used and accepted physically distributed models, and
its principles are well described in the literature (Jetten and
De Roo, 2001; Baartman et al., 2011; Sanchez-Moreno et al.,
2013). Moreover, it has been already parameterized to simulate
the effects of biocrust, calibrated and validated in a close
area densely covered by them (see Rodríguez-Caballero et al.,
2015). The LISEM calculates different infiltration rates for each
surface component within the pixel (e.g., bare soil, biocrusts and
vegetation) and combines the water available for runoff into one
water layer that is routed with a kinematic wave routine.

Thus, the model allows us to obtain maps of erosion,
infiltration, and runoff at 1 s time resolution within
the rainy event that we are simulating, with a spatial
resolution of 5 cm, according to the resolution of the
experimental hillslope DTM.

Input Variables
For running the LISEM model, detailed, and spatially distributed
information of rainfall, topography, surface components
(vegetation, biocrusts and bare soil), infiltration and soil
surface properties is needed. Next sections describe how this
information was obtained for the different model configurations
used in this study.

Rainfall Data
Since July 2014, the total precipitation over the study area has
been recorded every 5 min, with a rain gauge located near
the study area. We identified individual rainfall events using a
minimum period without rainfall of 6 h (Rodríguez-Caballero
et al., 2014). Rainfall was assumed to be uniform along the
experimental hillslope.

Frontiers in Ecology and Evolution | www.frontiersin.org 4 February 2022 | Volume 10 | Article 765148

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-765148 February 10, 2022 Time: 11:27 # 5

Maggioli et al. Modeling Biocrust-Plant-Configuration for Dryland Restoration

Vegetation Related Variables
For model calibration, maps of coverage and height of the
spontaneous vegetation that grew during the 18 months were
obtained from the TLS point cloud. As already described
in section “Slope Selection and Topography Characterization,”
the point cloud acquired at the end of the experiment was
manually classified into soil surface and vegetation, using the
images acquired through the TLS integrated camera. Then the
vegetation coverage in each pixel of the DTM was calculated
as the ratio between vegetation-classified points and the total
number of points per pixel. The resting fraction of the pixel was
considered as bare soil.

Once the vegetation cover was known, it was used to estimate
the leaf area index (LAI), which represents the area of leaves per
unit surface area of land, and is used to calculate the water storage
capacity of the vegetation cover in the model. For this, we use the
equation described by Ramírez et al. (2007) (Equation 1):

LAI = 1.99 × C (1)

where LAI represents the leaf area index (m2 m−2), 1.99 is the
leaf area of M. tenacissima per unit of covered surface (m) and C
vegetation cover (number of pixels).

Vegetation height was calculated for each pixel as the
maximum difference between all the points of the original point
cloud, contained within a pixel.

Infiltration Related Variables
The Green and Ampt (1911) equation was chosen to simulate
infiltration, as it has been widely used with successful results
in semi-arid environments (Boer and Puigdefábregas, 2005;
Baartman et al., 2011, among others) and it has been shown to
provide good results when applied in scenarios with biocrust
(Rodríguez-Caballero et al., 2015). The required information is:
(i) Map of saturated hydraulic conductivity (Ksat), (ii) map of
maximum soil water content (θs), (iii) map of soil water content
at the beginning of the simulation (θi), (iv) map of water suction
at the wetting front (PSI) and (v) map of the soil depth or
thickness. As soil is homogenous all over the plot, dominant
surface component was considered the unique factor influencing
soil properties. Ksat of bare soil (where a physical soil crust
is developed), soil dominated by biocrusts and vegetation were
obtained from rainfall simulation experiments conducted in the
area and in a nearby area with the same parent material, soil class,
soil texture and hydrological properties (Chamizo et al., 2012a,b;
Rodríguez-Caballero et al., 2015; Luna et al., 2016). Maximum
soil water content was calculated as the total volume of pores
of the soil and varies between open and vegetated areas. Initial
soil water content varied from one event to another and was
fixed based on humidity sensors installed in a set of experimental
hillslopes located less than 500 m from the experimental
hillslope, whereas PSI was used as calibration parameter (see
section “ Model Calibration and Simulation Scheme”). Table 1
contains the values of the hydrological variables used for model
parameterization.

Soil Surface Properties
The soil surface properties maps used to simulate erosion during
a rain event were the random roughness (RR), the resistance

TABLE 1 | Values assigned to the infiltration related variables and soil surface
properties involved in the LISEM model.

Infiltration related variables and soil surface properties

Variable With biocrust Without biocrust Under the plant

Ksat (mm h−1) 10 3 25

θs 0.22 0.17 0.28

θi Input Input Input

PSI (cm) Cal Cal Cal

RR (cm) 0.84 0.4 –

n of Manning 0.02 0.01 –

Aggregate stability
(number of drops)

100 6.2 5.3

COH (kPa) 31.38 21.9 31.38

COHADD (kPa) – – 9.48

D50 (µm) 5 5 5

Saturated hydraulic conductivity (Ksat); maximum soil water content (θs); soil water
content at the beginning of the simulation (θi); water suction at the wetting front
(PSI); random roughness (RR); resistance to surface flow (n of Manning); aggregate
stability; cohesion (COH); additional cohesion (COHADD); and the median of the
particle-size distribution (D50). θi varied from one rainfall event to another; PSI was
used as calibration parameter; D50 have a single value for the three types of covers,
since it is the same soil.

to surface flow (n of Manning), aggregate stability, soil surface
cohesion (COH) and the median of the particle-size distribution
(D50). Each property was measured separately for the different
surface components in the field (bare soil, vegetation and soil
inoculated with biocrust). For the soil inoculation treatment, we
used soils from this area that were already inoculated in previous
experiments with a consortium of native N-fixing cyanobacteria
species isolated from biocrusts of different semiarid ecosystems in
the Almería province (Román et al., 2018, 2021b; Roncero-Ramos
et al., 2019a).

The random roughness was obtained as the standard deviation
of the soil surface heights (Equation 2) using a point cloud
acquired by the TLS with 5 mm spatial resolution (see Rodríguez-
Caballero et al., 2012, 2015 for more details).

RR =

√√√√(i=N∑
i=1

(z − µ)2
)
/(1− N) (2)

where RR is the random roughness, N is the number of points, z
is the height of each point after removing the effect of the slope,
and µ is the average height after removing the effect of the slope.

n of Manning was calculated from the random roughness,
according to Rahimy (2012) equation (Equation 3):

n = 5.6 × 10−3exp (1.361RR) (3)

where n is the n of Manning and RR is the random roughness.
Aggregates stability was determined on 20 random samples

of aggregates (4–5 mm size) of under plant soil, bare open soil
and open soil covered by inoculated biocrust aggregates (in total
60 soil aggregates) using the drop test (Imeson and Vis, 1984).
Soil surface cohesion was measured with a torvane in the same
places where the bare soil and inoculated biocrusts aggregates
were sampled. Equation 4 calculates the additional cohesion due
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to root effects, which torvane test does not consider.

COHADD = Cx[COHunder plant − COHbare] (4)

where COHADD is the additional cohesion produced by the root
effect (kPa), C is the vegetation cover (pixel area covered by
vegetation), COHunderplant is the cohesion obtained under plant
(kPa) and COHbare is the cohesion in bare soil (kPa).

Table 1 contains the soil properties values for the three
different types of covers.

The final maps for each scenario and configuration (explained
below) were calculated as the value of each property and
component multiplied by the pixel fraction covered by the
respective component (see details about presence of the different
surface components in the different simulation schemes below).
For the scenario considering active biocrust restoration, the soil
profile was divided into two layers: A topsoil layer of 3 cm thick,
which represents the biocrust, and a second layer (underlying 3–
30 cm soil layer) with the same properties as those measured in
bare soil. This is because, according to Chamizo et al. (2012a)
and Rodríguez-Caballero et al. (2015), the effect of biocrust in
modifying soil properties is significant for the upper soil layer and
fades with depth.

Model Calibration and Simulation
Scheme
When working with runoff and erosion simulation models, it
is necessary to perform a calibration of the model, to adjust
the great temporal and spatial variability that characterizes the
hydrological and erosive properties of the soil (Jetten et al., 1999).
To do this, we used the total erosion measured during the study
period (18 months, see section “Slope Selection and Topography
Characterization”), calculated as the difference between the DEM
obtained at the beginning of the experiment and the one obtained
at the end of the experiment, assuming an apparent soil density
of 1.3 g cm−3 (Luna Ramos and Solé Benet, 2015). Once the real
erosion was determined, we performed individual simulations
for each of the identified 18 rainfall events that yielded runoff
during the study period, adjusting the values of PSI to 90 and
20 cm for events occurring in dry conditions and on periods
of high antecedent precipitation (wet conditions), according to
Rodríguez-Caballero et al. (2015). Total erosion obtained with
these simulations was validated using based on the total erosion
measured of the entire in the experimental plot after the 18 rain
events that occurred in the study area during the 18 months of
the study period.

The calibrated model was then used to simulate the effects
on runoff and erosion of different spatial configurations of
the vegetation as well as the effect of the biocrust inoculation
in open spaces among plants. Thus, the best result, i.e., the
scenario yielding the lowest runoff, sediments and nutrients
losses would be the most appropriate to be implemented in
future restorations on the same study area or other areas with
similar topographic, climate and soil characteristics. For the
simulations, three different spatial configurations of vegetation
were tested (Table 2), all of them focused on maximizing the
capture of runoff water, sediments and nutrients by vegetation:
(1) Increasing vegetation cover as moving to the lowest section of
the experimental hillslope, to collect upstream runoff (Scenarios
1 and 2, see Figures 2A,B); (2) staggered pattern (García-
Ávalos et al., 2018), to reduce the slope length and minimize
erosive processes (Scenarios 3 and 4, see Figures 2C,D); and
(3) vegetation located in the areas of water flow accumulation
and storage (Scenarios 5 and 6, see Figures 2E,F). To identify
the mentioned areas, we calculated the topographic Wetness
Index described by Beven and Kirkby (1979), as a proxy of water
accumulation (Equation 5):

WI = Ln
(

As
tnβ

)
(5)

where As is the specific contributing area (in m2 m−1), β is the
slope expressed in radians and tn is tangent.

WI has been demonstrated to be useful for predicting
the spatial distribution of vascular plants in a close similar
area (Cantón et al., 2004; Rodríguez-Caballero et al.,
2019).

Each of the above-mentioned spatial configurations was
simulated with single plants (scenarios 1, 3, and 5) and groups of
four plants forming fertility islands, which occupied an area of 1
× 0.75 m (scenarios 2, 4, and 6). Furthermore, each configuration
was simulated with two plant sizes (25× 25 cm and 50× 50 cm),
reproducing the effect of newly introduced vegetation and
mature vegetation after several years since restoration. Finally,
all simulations were repeated in two ways: (i) No active biocrust
restoration and thus, considering the interplant soil as bare soil,
and (ii) active biocrust restoration by cyanobacteria inoculation.
In this second scenario, a complete coverage of induced
cyanobacterial biocrust (incipient light cyanobacteria biocrust)
was considered in the open spaces between plants. Cyanobacteria
inoculation has been tested as they are especially interesting
from the point of view of restoration for several reasons

TABLE 2 | Different spatial configurations simulated with the LISEM model.

Spatial configurations tested

Vegetation spatial configuration Plants distribution Plants size Composition of the open
spaces

Rain intensity

Without vegetation Single plants Newly introduced (25 × 25 cm) With biocrust Low (15 mm h−1)

Increasing cover in the lowest part of the
plot

Groups of four plants Mature (50 × 50 cm) Without biocrust High (55 mm h−1)

Staggered pattern

Located in the water accumulation areas
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FIGURE 2 | Vegetation configurations selected for the different simulations (25 × 25 cm plants). (A) Scenario 1, single plants in the lower part of the slope; (B)
scenario 2, islands of plants in the lower part of the slope; (C) scenario 3, single plants in staggered pattern; (D) scenario 4, islands of plants in staggered pattern;
(E) scenario 5, single plants in the areas with higher WI; and (F) scenario 6, islands of plants in the areas with higher WI.

(Cantón et al., 2020, 2021): (i) They are the pioneer organisms
favoring the establishment of later-successional biocrust species,
(ii) they can tolerate high temperatures and water and saline
stress (Sand-Jensen and Jespersen, 2011); (iii) additionally, they
can be isolated from soils and species with key functional traits
can be selected (Roncero-Ramos et al., 2019a); (iv) cyanobacteria
can be cultivated ex situ, at low cost, to obtain the needed biomass
for inoculation on the soil (Roncero-Ramos et al., 2019b), to face
large scale restoration projects; (v) their important role in the
edaphogenesis (Rossi et al., 2017; Roncero-Ramos et al., 2019c).

To analyze the effect of the spatial distribution of the
vegetation and the inoculation with cyanobacteria against
different types of rainfall, the model was applied to a low intensity
(15 mm h−1 for 30 min) and a high intensity rain event (55 mm
h−1 for 30 min), which corresponds to rainfall intensity with a
return period of 5 years (Chamizo et al., 2012b) and was large
enough to ensure significant runoff and sediment yield rates in a
similar and very close area (Cantón et al., 2001). Table 2 resumes
all the spatial configurations simulated with the LISEM model.

RESULTS

Limburg Soil Erosion Model Calibration
and Validation
During the study period used for model calibration, 48 rain
events were registered which resulted in a total amount of
220.41 mm. Maximum rainfall intensity ranged from 2.4 to
81.62 mm h−1 (Table 3). Altogether, these rains led to a total soil
loss of 2.81 tons.

Only rainfall events with more than 3.6 mm of total rainfall
produced runoff. The application of the LISEM model to these
events led to total runoff and infiltration rate estimates of
51.99 mm (with a mean of 1.1 mm per event) and 160.17 mm,
respectively. The modeled soil loss fit well with the measured
data and showed a total value of 3.55 tons (Table 3). Compared
with the real erosion measured with the terrestrial laser scanner,
this value represents an RMSE of 17.79%. When each event was
analyzed separately, we found a great variability in runoff and
erosion among the different events. The events that registered the
highest runoff and erosion values were the ones with the highest
intensity and volume of precipitation (Table 3).

Figure 3 shows the spatial distribution of total runoff,
infiltration and water erosion predicted by the LISEM model for
the study period on the non-restored experimental hillslope. As
observed, runoff was lower (Figure 3A) and infiltration higher
(Figure 3B) in areas where spontaneous vegetation grew than on
bare areas. Erosion was mainly concentrated in bare areas where
preferential runoff flows were observed (Figure 3C).

Vegetation Spatial Configuration Effects
on Runoff and Erosion
The runoff and erosion response of the experimental
hillslope predicted by the LISEM considering different spatial
configurations (scenarios) of newly introduced vegetation under
different rainfall events (low and high intensity) are shown
in Table 4. These simulations reveal that modification of soil
surface properties and infiltration rates by the reintroduction of
vegetation on the degraded hillslope significantly reduced runoff
and erosion with respect to the scenario without vegetation,
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TABLE 3 | Description of rainfall events showing the values of total rainfall volume (R), mean rainfall intensity (I), maximum rainfall intensity (I max) and runoff rate,
infiltration rate and total erosion obtained from runoff simulations.

Day Event Characteristics of recorded rainfalls LISEM modeled variables

R (mm) I (mm h−1) I max (mm h−1) Runoff rate (mm) Soil loss (ton) Infiltration rate (mm)

16/09/2014 1 0.4 4.8 4.8 0 0 0.32

26/09/2014 2 0.6 3.6 4.8 0 0.01 0.49

27/09/2014 3 3.4 2.55 4.8 0 0.02 3.21

29/09/2014 4 6.6 7.92 28.81 1.83 0.11 4.52

01/10/2014 5 13 5.03 12 1.72 0.17 11.15

11/10/2014 6 4.6 3.68 7.2 0.06 0.03 4.31

12/10/2014 7 0.2 2.4 2.4 0 0.002 0.16

14/10/2014 8 9 4.15 9.6 0.71 0.1 7.46

04/11/2014 9 14.8 4.67 16.8 2.86 0.23 11.71

09/11/2014 10 0.6 2.4 2.4 0 0.007 0.49

11/11/2014 11 3 3 4.8 0 0.02 2.87

14/11/2014 12 0.6 2.4 2.4 0 0.007 0.49

22/11/2014 13 0.4 2.4 2.4 0 0.005 0.32

24/11/2014 14 0.4 2.4 2.4 0 0.005 0.32

27/11/2014 15 2.4 3.6 7.2 0 0.02 1.95

28/11/2014 16 6.4 2.48 4.8 0.15 0.04 6.19

29/11/2014 17 0.2 2.4 2.4 0 0.002 0.16

29/11/2014 18 6.6 7.2 24 1.6 0.11 4.95

14/12/2014 19 7.6 2.85 7.2 0.27 0.06 7.27

15/12/2014 20 0.2 2.4 2.4 0 0.002 0.16

17/02/2015 21 11 3.3 9.6 0.28 0.08 10.53

18/02/2015 22 1.8 2.4 2.4 0 0.02 1.46

20/02/2015 23 0.2 2.4 2.4 0 0.002 0.16

14/03/2015 24 0.2 2.4 2.4 0 0.002 0.16

17/03/2015 25 11.8 2.62 4.8 0.13 0.07 10.41

19/03/2015 26 0.8 3.2 4.8 0 0.009 0.65

20/03/2015 27 12.2 8.61 31.21 6.05 0.33 6.08

23/03/2015 28 2 3.43 7.2 0 0.02 1.62

23/03/2015 29 10.6 4.24 12 2.11 0.17 8.8

25/03/2015 30 0.4 2.4 2.4 0 0.005 0.32

07/04/2015 31 0.6 7.2 7.2 0 0.007 0.49

09/04/2015 32 0.2 2.4 2.4 0 0.002 0.16

16/04/2015 33 0.2 2.4 2.4 0 0.002 0.16

26/04/2015 34 0.2 2.4 2.4 0 0.002 0.16

27/04/2015 35 0.2 2.4 2.4 0 0.002 0.16

20/05/2015 36 2.8 33.6 33.6 0 0.02 2.27

11/06/2015 37 0.8 9.6 9.6 0 0.009 0.65

23/06/2015 38 0.2 2.4 2.4 0 0.002 0.16

08/10/2015 39 2.2 6.6 14.4 0 0.02 1.78

18/10/2015 40 9.2 5.52 19.2 1.59 0.14 7.54

20/10/2015 41 31.6 9.03 24 13.77 0.83 17.6

20/10/2015 42 1.4 5.6 7.2 0 0.02 1.14

21/10/2015 43 0.2 2.4 2.4 0 0.002 0.16

26/10/2015 44 18.6 5.58 16.8 6.23 0.43 12.11

27/10/2015 45 0.2 2.4 2.4 0 0.002 0.16

01/11/2015 46 18.4 12.99 81.62 12.62 0.38 5.61

21/11/2015 47 0.2 2.4 2.4 0 0.002 0.16

23/11/2015 48 1.2 2.4 2.4 0 0.01 0.97

Total 220.41 51.99 3.55 160.17

Mean 4.6 4.7 1.1 0.1 3.3
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FIGURE 3 | Cumulative values of runoff coefficient (%) (A), total infiltration (L) (B) and total soil loss (kg) (C) obtained by the LISEM simulations during the 18 rainfall
events used for model calibration and validation.

TABLE 4 | Soil loss (kg) and runoff coefficient (%) obtained for the experimental plot after simulating low and high intensity rainfall events, assuming the presence of
underdeveloped plants (25 × 25 cm), which represent the first stages after restoration.

Plants 25 × 25 cm

Rain intensity 55 mm h−1 Rain intensity 15 mm h−1

Without biocrust With biocrust Without biocrust With biocrust

Erosion (kg) RC (%) Erosion (kg) RC (%) Erosion (kg) RC (%) Erosion (kg) RC (%)

Without vegetation 253.07 92.94 73.18 83.20 68.29 74.90 7.18 35.41

Scenario 1 243.27 91.45 73.18 81.47 64.88 69.04 6.70 33.80

Scenario 2 242.99 91.40 73.15 81.44 64.80 68.92 6.76 33.75

Scenario 3 243.17 91.39 73.22 81.44 64.77 68.58 6.68 33.77

Scenario 4 243.14 91.37 73.27 81.43 64.81 68.69 6.70 33.74

Scenario 5 240.84 91.14 73.04 81.23 63.98 66.92 6.86 33.62

Scenario 6 242.55 91.44 72.88 81.46 64.59 69.24 6.72 33.75

The results of the six vegetation spatial configurations and of the simulation without plants was shown, including two scenarios: with and without inoculating cyanobacteria
in the open spaces.

and this effect increased as rainfall intensity did (Table 4). Total
runoff coefficient during the high intensity simulated event on
the unrestored slope was 93%, with a total soil loss of 253 kg
(Table 4) and a total infiltration rate of 3.88 mm (Table 5). The
introduction of vegetation with a density of one small plant (25
× 25 cm) per m2 reduced runoff coefficient to 91% and erosion
to 241—-243 kg (Table 4). In the different configurations tested,
the vegetation infiltration rate ranged from 21.36 to 23.46 mm
(Table 5). Although all the simulated configurations led to similar
runoff and erosion values, the spatial distribution that promoted
a greater increase in infiltration and a greater reduction in runoff
and erosion was the scenario 5 (plants located in the areas with
high values of WI; Figure 2E), which showed a total runoff
coefficient of 91.14% and a total soil loss of 241 kg (Table 4) with
and average infiltration rate of 4.87 mm (23.46 mm in vegetated
patches; Table 5). The configuration with plants in the lower
section of the slope (scenario 1 in Figure 2), conversely, provided
the worst results with a runoff coefficient of 91.45%, 243 kg of
soil loss (Table 4) and a slight reduction of water infiltration in
vegetated patches (Table 5).

As expected, during the simulated low-intensity rain, runoff
and erosion were lower than the observed during the high

intensity event (Table 4). The effect of vegetation was also lower.
During the low intensity rain, all scenarios with introduced
vegetation showed higher infiltration rates than the unrestored
scenario devoid of vegetation (4.61–4.96 mm in the restored
hillslope vs. 3.77 mm in the unrestored slope; Table 5).
Furthermore, plants presented higher infiltration rates compared
to bare soil for all the tested scenarios (21.71–27.39 vs. 3.77 mm of
bare soil; Table 5), showing a water infiltration volume between
166 and 228 L. The model also predicted 64–65 kg of soil loss by
water erosion in all the vegetation spatial configurations during
the low-intensity rain vs. 68 kg of soil loss in the scenario without
plants (Table 4). During the low intensity rain, the best spatial
configuration was also the scenario 5 (Figure 2E), which showed
a runoff coefficient of 67%, a total erosion rate of 63.98 kg
(Table 4) and a mean infiltration rate in vegetation patches of
27.39 mm (about 228 L; Table 5).

Detailed analysis of the spatial distribution of infiltration and
erosion under the simulated high-intensity (Figure 4) and low-
intensity (Figure 5) rains for the restoration with small plants
showed that runoff was generated mainly in bare soil areas
and the greatest infiltration occurred in vegetated areas. The
differences in infiltration rate between open areas and vegetation
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TABLE 5 | Infiltration rates (mm) obtained in the open spaces and in the vegetation patches after simulating low and high intensity rainfall events, assuming the presence
of underdeveloped plants (25 × 25 cm), which represent the first stages after restoration.

Plants 25 × 25 cm

Infiltration rate (mm)

Rain intensity 55 mm h−1 Rain intensity 15 mm h−1

Without biocrust With biocrust Without biocrust With biocrust

Without vegetation Open spaces 3.88 9.68 3.77 9.69

Vegetation —– —– —– —–

Total 3.88 9.68 3.77 9.69

Scenario 1 Open spaces 3.88 9.68 3.77 9.69

Vegetation 21.97 20.97 23.08 15.00

Total 4.70 10.19 4.64 9.93

Scenario 2 Open spaces 3.88 9.68 3.77 9.69

Vegetation 21.84 20.89 22.80 15.00

Total 4.73 10.21 4.66 9.94

Scenario 3 Open spaces 3.88 9.67 3.77 9.69

Vegetation 22.25 21.12 24.20 15.00

Total 4.73 10.21 4.71 9.93

Scenario 4 Open spaces 3.88 9.67 3.76 9.69

Vegetation 22.24 21.18 23.52 15.00

Total 4.75 10.22 4.70 9.94

Scenario 5 Open spaces 3.88 9.69 3.77 9.69

Vegetation 23.46 22.34 27.39 15.00

Total 4.87 10.32 4.96 9.96

Scenario 6 Open spaces 3.89 9.69 3.77 9.69

Vegetation 21.36 20.53 21.71 15.00

Total 4.71 10.20 4.61 9.94

The results of the six vegetation spatial configurations and of the simulation without plants was shown, including two scenarios: with and without inoculating cyanobacteria
in the open spaces.
Total values per plot are represented in bold.

were more evident during high-intensity rain (Figure 4A) than
under low-intensity event (Figure 5A). The highest erosion rates
occurred in the areas of preferential runoff flow and decreased
notably under the plants, especially during the intense events
(Figure 4C), with less marked differences during low-intensity
rain (Figure 5C).

In the simulations with larger plants (50 × 50 cm),
representing later stages of the ecosystem restoration, runoff
coefficient and erosion showed a higher decrease with respect to
the bare soil in both the low-intensity (from 75 to 54–59% and
from 68 kg of soil loss to 55–58 kg) and high-intensity rain (from
93 to 87–89% and from 253 kg to 213–220 kg) (Table 6). Thus,
water retained in the hillslope increased as plants had higher size.
During the heavy rain, total infiltration rate in the scenario with
low size plants was∼4.7 mm (Table 5), whereas the scenario with
higher size plants infiltrated∼7 mm (Table 7).

In contrast to results obtained with small plants, scenario
3 (plants in staggered pattern; Figure 2C) was the one that
showed the best results with a total soil loss of 55.56 kg and
a runoff coefficient of 54% in the low intense rain, and a total
soil loss of 213 kg and a runoff coefficient of 87% in the intense
rain (Table 6). Infiltration rate followed the same pattern with
values of total infiltration of 7.12 mm during the heavy rain and

6.91 mm in the low intense rain in configuration 3, and 6.27 and
6.15 mm in configuration 5, in the high- and low-intensity rain,
respectively (Table 7).

Biocrust Effects on Runoff and Erosion
Simulations considering the positive role of active biocrust
recovery by cyanobacteria inoculation in soil physicochemical
and hydrological properties led to modifications in the
hydrological response of the hillslope, and especially on erosion,
which was significantly reduced compared to that obtained for
bare soil at the same conditions (Tables 4, 6). During the
intense event, the infiltration rate in the open areas between
plants was increased by the cyanobacterial cover, going from
3.88 to 9.68 mm (Table 5), while soil loss was considerably
reduced from values of 241–243 to 72–73 kg (Table 4).
During the low intense event, biocrust inoculation decreased
the runoff coefficient from values of 67–69 to 33–34% and
soil loss was negligible in all different spatial configuration
tested (Table 4). Thus, water infiltration rate increased from
3.77 mm in the soil without biocrust inoculation to 9.69 mm
in the inoculated soil (Table 5). As in the simulations without
biocrust inoculation, the best configuration was the scenario 5
(plants in areas with high WI values, Figure 2E), which led
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FIGURE 4 | Maps of the spatial distribution of the total accumulated infiltration (L) and total soil loss (kg) obtained after simulating a rain of 55 mm h-1 for 30 min on
the restored slope with low size plants (25 × 25 cm), representing the first stages after restoration. The maps correspond to the scenario 5 with plants located in the
areas with higher WI (Figure 2E), which in the simulations gave the best results of: (A) infiltration without cyanobacterial inoculation; (B) infiltration with
cyanobacterial inoculation; (C) soil loss without cyanobacterial inoculation; (D) soil loss with cyanobacterial inoculation.

to a runoff coefficient of 81% and a total soil loss of only
73 kg in the case of heavy rain (Table 4). In addition, this
configuration was the one that produced the greatest infiltration
in the vegetation patches (22.34 mm), which was very similar
to that obtained in the simulation without inoculated biocrust
(23.46 mm) (Table 5).

Regarding the configurations with larger plants combined
with biocrust inoculation, runoff coefficient, erosion and
infiltration rate followed the same pattern as in the simulations
with small plants. Furthermore, in the case of the intense rain,
soil loss was even lower than its equivalent for smaller plants,
with values of 66–68 kg as compared to 72–73 kg (Tables 4, 6).
Likewise, total infiltration rate during the heavy rain increased
as vegetation was more developed, showing values of 11–12 mm
with the larger plants (Table 6) and 10 mm with the smaller
plants (Table 4).

The modeled spatial distribution of infiltration and erosion
in the configurations including soil inoculation with biocrust
followed the same patterns to the configurations without biocrust
(Figures 4B,D). However, in this case, differences between the
interplant soil and vegetation were much smaller, especially
for water erosion.

DISCUSSION

In dryland ecosystems, most runoff and sediments are generated
during the sporadic intense rains, which are responsible for water
and sediment redistribution along the landscape (Cantón et al.,
2011; García-Ruiz et al., 2015). We simulated runoff and erosion
in a degraded hillslope during several rain events occurring
between July 2014 and December 2015 using the LISEM model.
This is challenging due to the difficulty of simulating the
hydrological and erosive response in semi-arid areas where
ground cover and soil properties are highly heterogeneous and
this variability affects infiltration, runoff and sediment yields
(Cantón et al., 2002). Despite the lack of detailed information
of total erosion and spatial distribution runoff and erosion
records to calibrate the model, our model was able to predict the
threshold for runoff generation of 3 mm observed in a nearby
area with similar hydrological properties (Rodríguez-Caballero
et al., 2015) and the real erosion measured on the slope during
the study period, with an error of just 17.8%, thus demonstrating
its potential as a tool for planning of restoration actions.

The simulations during the calibrating period show how
the presence of spontaneous vegetation on the study hillslope
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FIGURE 5 | Maps of the spatial distribution of the total accumulated infiltration (L) and total soil loss (kg) obtained after simulating a rain of 15 mm h-1 for 30 min on
the restored slope with low size plants (25 × 25 cm), representing the first stages after restoration. The maps correspond to the scenario 5 with plants located in the
areas with higher WI (Figure 2E), which in the simulations gave the best results of: (A) infiltration without cyanobacterial inoculation; (B) infiltration with
cyanobacterial inoculation; (C) soil loss without cyanobacterial inoculation; (D) soil loss with cyanobacterial inoculation.

TABLE 6 | Soil loss (kg) and runoff coefficient (%) obtained for the experimental plot after simulating low and high intensity rainfall events, assuming the presence of
mature plants (50 × 50 cm), which represent the vegetation after several years since restoration.

Plants 50 × 50 cm

Rain intensity 55 mm h−1 Rain intensity 15 mm h−1

Without biocrust With biocrust Without biocrust With biocrust

Erosion (kg) RC (%) Erosion (kg) RC (%) Erosion (kg) RC (%) Erosion (kg) RC (%)

Without vegetation 253.07 92.94 73.18 83.20 68.29 74.90 7.18 35.41

Scenario 1 213.48 87.31 66.37 78.82 55.94 54.44 6.70 25.78

Scenario 2 216.31 87.88 66.31 79.17 57.31 58.51 6.76 27.99

Scenario 3 213.08 87.05 66.72 78.68 55.56 53.95 6.68 28.87

Scenario 4 214.50 87.35 66.66 78.86 56.42 56.85 6.70 29.13

Scenario 5 219.81 88.61 66.12 79.60 58.50 58.99 6.86 30.67

Scenario 6 218.70 87.78 68.27 79.32 55.95 58.24 6.72 29.24

The results of the six vegetation spatial configurations and of the simulation without plants was shown, including two scenarios: with and without inoculating cyanobacteria
in the open spaces.

effectively reduces the runoff generation and water erosion
(Figure 3), as previously obtained by Chen et al. (2018).
Vegetation acts as a runoff sink, infiltrating not only the water
that falls directly in the form of precipitation, but also the runoff

generated upstream (Ludwig et al., 2005; Puigdefábregas, 2005).
This effect can be enhanced by the capacity of vegetation to
trap wind-borne sediments, which may result in changes in
soil properties such as soil coarsening that may also increase
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TABLE 7 | Infiltration rates (mm) obtained in the open spaces and in the vegetation patches after simulating low and high intensity rainfall events, assuming the presence
of mature plants (50 × 50 cm), which represent the vegetation after several years since restoration.

Plants 50 × 50 cm

Infiltration rate (mm)

Rain intensity 55 mm h−1 Rain intensity 15 mm h−1

Without biocrust With biocrust Without biocrust With biocrust

Without vegetation Open spaces 3.88 9.68 3.77 9.69

Vegetation —– —– —– —–

Total 3.88 9.68 3.77 9.69

Scenario 1 Open spaces 3.89 9.70 3.89 9.69

Vegetation 21.18 20.62 20.36 17.77

Total 6.98 11.65 6.83 11.13

Scenario 2 Open spaces 3.89 9.70 3.78 9.69

Vegetation 21.03 20.55 18.88 16.55

Total 6.67 11.46 6.22 10.80

Scenario 3 Open spaces 3.88 9.67 3.76 9.69

Vegetation 21.43 20.78 20.78 15.00

Total 7.12 11.73 6.91 10.67

Scenario 4 Open spaces 3.88 9.67 3.76 9.69

Vegetation 21.22 20.71 19.04 15.00

Total 6.96 11.63 6.47 10.63

Scenario 5 Open spaces 3.89 9.71 3.78 9.69

Vegetation 21.62 21.00 21.50 15.00

Total 6.27 11.22 6.15 10.40

Scenario 6 Open spaces 3.90 9.63 3.79 9.69

Vegetation 20.15 19.68 18.07 15.02

Total 6.72 11.37 6.26 10.61

The results of the six vegetation spatial configurations and of the simulation without plants was shown, including two scenarios: with and without inoculating cyanobacteria
in the open spaces.
Total values per plot are represented in bold.

soil infiltration (Gonzales et al., 2018). Besides, vegetation
increases water storage capacity and organic carbon and nutrient
inputs, promotes biological activity and accelerates plant litter
decomposition and nutrient turnover rates, thus resulting in the
formation of “islands of fertility” that greatly differ from the
nearby bare ground areas (Puigdefábregas, 2005).

At the hillslope scale, runoff interception by
vegetation produces a decrease in hydrological connectivity,
which ultimately reduces the loss of water, soil and nutrients
out of the system, increasing ecosystem productivity (Ludwig
et al., 2005). However, the hydrological response of the slope
is not controlled only by the responses of the different covers
(vegetation and bare soil), but it is also affected by the interaction
between them, which ultimately depends on their spatial
distribution (Peters et al., 2004). Due to the importance of spatial
arrangement of source and sink areas, there are differences in
the runoff and erosion response of the experimental hillslope
under different vegetation spatial distributions tested during the
simulation phase (Tables 4, 6). Nevertheless, considering that all
these spatial distributions try to maximize water uptake by the
vegetation and reduce the hydrological connectivity, differences
among the tested spatial configurations are not very marked.
As shown in Tables 5, 7, among all the configurations analyzed

the one that maximized infiltration and greater reduced erosion
was the scenario 5 (Figures 4, 5) with vegetation located in
the areas with the greatest water accumulation (higher WI).
This is because plants in this configuration are located in the
areas where topography favors the runoff redistribution from
bare areas and its storage (WI increases as slope gradient
decreases) into the vegetated patches, in a similar way as
observed in natural drylands where vegetation occupies the
most favorable positions within the landscape (Bonachela et al.,
2015; Rodríguez-Caballero et al., 2019). This spatial distribution
and associated source-sink interactions between open areas
and vegetation increases water availability for plants (Ludwig
et al., 2005; Magliano et al., 2015). As water scarcity is the main
limiting factor for vegetation survival in traditional dryland
restoration (Valdecantos et al., 2014), this extra runoff water
contribution is expected to favor vegetation growth and may
minimize the death of the reintroduced plants during the first
years of restoration, as was already observed during field water
capture experiments in the same study site (García-Ávalos et al.,
2018). Moreover, water redistribution processes promote pulses
of plant growth and increase vegetation potential to capture
water and nutrients during future rainy events, as we can see
when we compare the simulations with 25 cm plants with the
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FIGURE 6 | Accumulated runoff of the scenario with vegetation located in the greatest water accumulation areas in a simulation with small plants (25 × 25 cm) and
soil covered by biocrust, under low-intensity rain (15 mm h-1). The vegetation (lower part of the slope) collects the runoff from the soil covered by biocrust.

one with 50 cm plants (Tables 5, 7). However, the capacity of
vegetation to capture and store the extra contribution of water
by runoff is limited (Rodríguez-Caballero et al., 2014), especially
in the initial stages of the restoration, when the plant is small.
Thus, under high intense and high magnitude rain events,
infiltration capacity of vegetation could be exceeded, and this
may explain the similar infiltration rates obtained in the high
and low intensity runoff simulations representing initial stages
of plant development (Table 5). This phenomenon gives rise
to a threshold in the hydrological and erosive response of the
hillslope, which will increase with vegetation development, and
above which water and associated sediments and nutrients are
no longer retained by vegetation, getting these resources out of
the system. Indeed, a rainfall threshold of 20 mm was found in
a nearby area with similar soil types and vegetation (Rodríguez-
Caballero et al., 2014), but also in more mesic environments
(Nadal-Romero et al., 2018).

Results obtained from runoff and erosion simulations
(Figures 4, 5) also corroborated the importance of biocrust
recovery for water and erosion control (Gao et al., 2020). It is
well known the key role that biocrusts play in hydrological and
erosion processes in drylands (Rodríguez-Caballero et al., 2013;
Chamizo et al., 2016; Eldridge et al., 2020). Biocrusts increase
soil aggregation and soil porosity (Menon et al., 2011; Miralles-
Mellado et al., 2011; Bowker et al., 2018), surface roughness
(Rodríguez-Caballero et al., 2012), water retention capacity (Wu
et al., 2013; Chamizo et al., 2016; Eldridge et al., 2020) and
soil stability (Chiquoine et al., 2016). Improvement of these soil
properties translates into greater infiltration and lower erosion
when compared with bare soil areas, which due to the poor soil
structure and low organic matter contents of dryland soils, are
often prone to physical crusting (Chamizo et al., 2015). Physical
crusts are known to reduce hydraulic conductivity and increase
runoff and consequent erosion (Nciizah and Wakindiki, 2015).
For this reason, biocrust recovery following a disturbance is
a key step to improve soil hydraulic properties and above all,
to increase soil stability and its resistance to erosive forces by
water and wind (Knapen et al., 2007; Zhao et al., 2014; Fick
et al., 2019). In this study, we have simulated the effect of

biocrust recovery in the interplant soil by artificially promoting
biocrust formation through soil inoculation with cyanobacteria.
This strategy has provided successful results in biocrust recovery
and promotion of vegetation succession in desertified areas from
China (Lan et al., 2013). In all the simulations in which biocrust
presence was included, there was a decrease in runoff, and
especially in water erosion (Tables 4, 6). However, similar to
the results found in the simulations where biocrust effect was
not considered, there were important differences depending on
the properties of the rainy event. During the low intense event,
which was close to the infiltration capacity of the recovered
biocrust, almost no runoff was generated in the open areas
between vegetation, slightly reducing the contribution of water
toward downslope vegetation (Table 4). This water is used by
biocrust organisms to reactivate their metabolic activity, fixing C
and N (Belnap et al., 2005; Aanderud et al., 2018; Miralles et al.,
2018; Williams et al., 2018). Fixed nutrients are incorporated into
the soil in the form of organic matter and biomass, increasing
soil fertility and stability (Ferrenberg et al., 2017; Bao et al.,
2019). During rains of similar intensity but greater magnitude,
surface saturation of the first centimeters of soil, which is the
layer affected by biocrust presence (Chamizo et al., 2012a), is
expected (Rodríguez-Caballero et al., 2013). Under this situation,
runoff is generated, and the runoff flow will redistribute part of
the nutrients fixed by the biocrust along with the water toward
the vegetated areas, increasing their productivity and ability to
survive (Figure 6). In any case, runoff generation over biocrust-
covered soils is more frequent during intense events, in which
rainfall intensity exceeds biocrust infiltration capacity, and runoff
occurs (Dunkerley, 2011; Rodríguez-Caballero et al., 2013; Zhao
et al., 2014). Part of this runoff is reinfiltrated into the vegetation,
but most of it runs on downslope, in a similar way to what
happens in the scenario without biocrust (Figure 4). However,
contrary to the scenario lacking biocrust, when modeling biocrust
active restoration, erosion is strongly reduced (Figure 4 and
Table 6).

These findings demonstrate the potential of biocrust
inoculation for the restoration of degraded arid and semi-arid
areas, where vegetation growth is limited by water availability,
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and ecosystem recovery to the original stage before disturbance
may take a long time (Kidron et al., 2008). Under these
conditions, soil inoculation with cyanobacteria to restore the
biocrust can prevent erosion during the first stages of soil
restoration, while maintaining water supply to downslope
vegetation when it is located in strategic positions to maximize
water capture coming from biocrust areas. To correctly locate the
vegetation, we can rely on runoff and erosion simulation models,
which efficiently allow evaluating the effect of different spatial
configuration of ground covers, helping optimize restoration
practices. Although based on simulated and not real measured
data, it is important to highlight the value of this type of exercise
prior to a restoration since it will allow us to quickly identify
the most efficient strategy before its implementation in the field,
being a very useful and low-cost tool for land managers. However,
more effort and long-term field measurements on restoration
experiments are necessary to calibrate and validate this or similar
models in a wide range of environmental conditions.

CONCLUSION

Application of a spatially distributed runoff and erosion model on
a degraded hillslope allowed to identify the most optimal spatial
configuration of vegetation to reduce runoff and erosion and
increase water availability to the introduced plants. Among all
the vegetation spatial configurations analyzed, those that locate
the plants in the areas that have a greater contribution area
and low to moderate slope gradients were predicted as the most
efficient in reducing runoff and erosion and increasing water
availability to plants. Although the effect of vegetation in the
reduction of runoff and erosion was higher for larger plants, the
modeling also foresees an appreciable influence of the recently
introduced young plants. Moreover, according to our modeling
results, active biocrust restoration by cyanobacteria inoculation
reduced runoff and especially erosion. Although runoff decrease
reduced the water input to vegetation, the higher amount of water
that infiltrates in the interplant soil improves moisture conditions
and provides a substantial benefit to the activity of soil microbiota
and microfauna, and the activation of biogeochemical cycles,
which has also indirect beneficial effects to adjacent vegetation.

Overall, all these results highlight the importance of
accounting for the eco-hydrological interactions between
biocrust-source areas and vegetation-sink areas when planning
restoration strategies in drylands and demonstrates the potential
of spatially distributed runoff and erosion models as a powerful
tool to design restoration actions in drylands in order to
increase its success.
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