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ABSTRACT

Ecological restoration in drylands can be enhanced by understanding the composition and spatial distribution
patterns of natural ecosystems, shaped by landscape geomorphology, species’ microhabitat requirements and
resource availability. This study aims to develop a precision restoration framework using UAV based data and
statistical models, identify suitable microhabitats for native species in degraded areas based on reference eco-
systems, and generate suitability and probability maps to guide species reintroduction. We selected an aban-
doned semi-arid quarry as a case study and identified five native plant species from a nearby natural reference
ecosystem to replicate its ecological conditions. High-resolution orthoimages and Digital Elevation Models
(DEMs) were obtained, and topographic attributes were calculated to model species’ spatial distribution and
topographical suitability. The resulting models were then used to generate suitability and probability maps to
apply in a restoration site, revealing that species’ spatial distributions are strongly influenced by topographically
induced microhabitats, with effects varying among species. The distribution models predicted species presence
with AUC values exceeding 0.90, identifying insolation, hillslope position, and runoff-related variables as key
drivers of species distribution. This methodology enables more precise and efficient ecological restoration
planning in arid zones by optimizing species selection and placement to enhance reintroduction success and

survival rates.

1. Introduction

Drylands are experiencing unprecedented pressure on their natural
resources due to exponential human population growth and changing
consumption patterns (Cherlet et al., 2018). At the same time, global
warming and human activities such as land use changes are contributing
to dryland expansion. These stressors, combined with the inherently
harsh environmental conditions of most drylands, are accelerating land
degradation and intensifying pre-existing ecological and socioeconomic
challenges in these regions (Berdugo et al., 2020; Calvin et al., 2023). As
a result, more than 20 % of global drylands are already degraded, and
this trend continues to accelerate (Martinez-Valderrama et al., 2023).

Dryland degradation induces changes in soil physicochemical prop-
erties and biogeochemical cycling of nutrients (Lal, 2019; Zhang et al.,

2025), leading to increased susceptibility to erosion and decreased pri-
mary production. Consequently, diminished soil water retention ca-
pacity, increased runoff generation, and heightened hydrological
connectivity, promoting enhanced nutrient and sediment loss, have
been consistently documented across global drylands (Reynolds, 2013).
These impacts on soils are also linked to vegetation and biodiversity
losses (Bowler et al., 2020; Maestre et al., 2022), threatening the ca-
pacity of ecosystems to provide services (Tariq et al., 2024). Moreover,
the persistence of degradation drivers hinders the recovery of critical
ecosystems functions and services through the natural reestablishment
of native vegetation (Mayor et al., 2019), highlighting the importance of
active restoration strategies (Moreno-Mateos et al., 2017). For this
reason, dryland ecosystems have become a focal point for global resto-
ration efforts to advance towards SDGs, as emphasized by the UN
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Decade on Ecosystem Restoration 2021-2030 (UNEP and FAO, 2021).

A wide variety of restoration methodologies have been employed in
drylands to recover soil functions, reduce erosion and increase infiltra-
tion. Among these are the application of soil amendments (Hueso-
Gonzalez et al., 2018); the use of mulching and cover crops (Golden
et al., 2023); terracing and conservation tillage practices (Li et al.,
2020); plant translocation and introduction of native and non-native
plant species (Davies and Johnson, 2024); microbial inoculation
(Chaudhary et al., 2020); and the re-establishment of biological soil
crusts or “biocrusts” (Antoninka et al., 2020; Canton Castilla et al., 2021;
Roman et al., 2021). However, the effectiveness of these strategies,
combined or not, is often limited by the harsh environmental conditions
of drylands and by the limited capacity of degraded ecosystems to retain
resources (Maestre and Cortina, 2004; Pineiro et al., 2013). Addition-
ally, degradation and aridity interact, generating potential effects in a
synergistic manner (Safriel, 2017), which often prevents native plants
from overcoming recruitment and establishment while facilitating the
success of generalist invasive plants (Abella and Chiquoine, 2019). To
overcome these limitations, restoration strategies should align with the
principle of ‘Nature Knows Best’, incorporating natural mechanisms to
address the stressors that have evolved over the long term.

According to Sheffer et al. (2013), landscape and vegetation distri-
bution in arid areas are strongly influenced by factors such as soil,
climate and topography. Plants tend to establish in favorable microsites
where they can maximize access to limited resources according to their
growth dynamics, traits, and adaptation mechanisms (Ludwig et al.,
2005). Over time, these microsites can facilitate positive interactions
between species forming heterogeneous spatial patterns that increase
ecosystem resistance and resilience (Kefi et al., 2024). Following this
well-established drylands ecohydrological framework, the effectiveness
and sustainability of future restoration projects in drylands can be
greatly enhanced by analysing and replicating the natural composition
and distribution of vegetation found in undisturbed reference areas with
similar environmental conditions, as these areas reflect the imprint of
long-term coevolution and adaptation to local conditions. However, the
high spatial complexity and heterogeneity of vegetation in drylands
make it difficult to directly apply this perspective to restoration (Bochet
et al., 2010), making high-resolution spatial data essential to accurately
identify the most suitable sites for intervention.

Precision restoration is defined as “the integration of knowledge,
technologies, and methodologies applied across scales, from landscape
to individual plant level, to enhance the establishment and survival of
each planted or sown individual, while minimizing disturbance and
maximizing restoration success (Castro et al., 2021)”. This approach,
supported by advances in remote sensing technologies such as un-
manned aerial vehicles (UAV’s), offers new opportunities to elucidate
the complex interactions between vegetation and abiotic factors that
determine the suitability of environmental conditions for specific spe-
cies in drylands (Ferrari et al., 2021). For example, detailed 3D point
structure derived from UAV photogrammetry, combined with multi-
spectral data (especially RGB and NIR) and LiDAR surveys, provide
detailed spatial and structural information of vegetation, along with
very high-resolution digital elevation models (DEMs) (Arabameri et al.,
2021). These DEMs enable the extraction of detailed terrain attributes
and indices relevant to hydrogeomorphological processes that shape
microhabitats, thus driving the distribution of species according to their
site-specific preferences (e.g. information about hydrological connec-
tivity and the delineation of resource accumulation zones, areas affected
by topographical shading, and potentially erosive areas, among others).
Moreover, by integrating UAV’s remote sensing technologies into pre-
cision restoration process, we can leverage hydrological and ecological
modelling to identify optimum spatial configuration of introduced
plants and simulate various restoration scenarios to increase the effec-
tiveness and sustainability of restoration projects and to optimize
resource allocation (Gillan et al., 2020).

In line with the precision restoration approach, we aim to improve
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restoration success by selecting most appropriate species and planning
their spatial distribution within microsites previously identified as
favorable in the reference ecosystem, thereby aligning species’ ecolog-
ical requirements with site-specific environmental conditions, as a pre-
liminary step of the restoration planning. Accordingly, the main
objective of this study is to develop a robust methodology for ecological
restoration that combines topography-driven microhabitat preferences
and plant species co-occurrence, using an abandoned quarry in Alhabia
as a case study (Almeria, SE Spain). Specifically, the aims are to: i)
identify the most suitable native plant species for restoration and their
landscape distribution patterns, based on interspecific relationships and
their spatial arrangements observed in undisturbed reference ecosys-
tems using an integrated field and UAV remote sensing approach; ii)
develop accurate predictive distribution models to identify the suit-
ability of different microsites based on topographic indices for each
selected species, and iii) evaluate the applicability of the models in the
study area, thereby enhancing the development of effective restoration
guidelines.

2. Study area

The study case was located in Alhabia, Almeria Province, southeast
of Spain. The site is situated at 298 m.a.s.l, and exhibits a semi-arid
Mediterranean climate, with a mean annual precipitation of 267 mm
and characterized by prolonged summer droughts from May to
September. Annual potential evapotranspiration is approximately 1466
mm (Junta de Andalucia, 2022). Irregularity and torrentiality are the
features that define the precipitation pattern in the area, with rainfall
peak values typically recorded between November and March. Tem-
perature varies between 9 °C and 23 °C with average values of 16 °C
(data from Junta de Andalucia Tabernas meteorological station 2024).
According to the bioclimatic classification, the natural vegetation in the
study area corresponds to xeric-oceanic Mediterranean bioclimate,
dominated by a semi-arid ombroclimate and thermo-
mesomediterranean thermotype characterized by plant communities
adapted to water scarcity, high temperatures and solar irradiance and
nutrient-poor soils such as sclerophyllous, xerophilous and aromatic
shrubs (Rivas-Martinez, 2007). Soils in the site are classified as Calcaric
Regosols (IUSS, 2022) and are predominantly characterized by two
textures: sandy loam and silty loam (~50-80 % sand, ~20-50 % silt,
and ~1-10 % clay), alkaline pH (~7.5), saturated in carbonates and
with common rock outcrops and soil organic carbon content of ~7
gkg ™! soil. Two different study areas, located 537 m apart, were iden-
tified at this site: an abandoned and degraded quarry previously used for
mineral extraction for construction (36°59'43.22”N, 2°34'12.82”W) and
a nearby natural area representing the unaltered reference ecosystem
before the quarry extraction activity (36°59'30.87”N, 2°34'28.34”"W)
(Fig. 1). In contrast to the reference area, existing vegetation in the
quarry area is mainly composed of invasive and opportunistic species.

3. Methodology
3.1. Methodological framework

Under the umbrella of precision restoration (Castro et al., 2021;
Temmink et al., 2023) and “Nature knows best” (Chapman, 2006), we
proposed a new methodological framework to guide plant species se-
lection and their optimal spatial distribution in future dryland restora-
tion projects. The designed workflow (Fig. 2) integrated field data
collection in reference areas, with UAV remote sensing (Zhai et al.,
2022), high-resolution spatial analysis, and ecological modelling.

The process began with detailed field surveys characterizing vege-
tation composition, species occurrence, and spatial distribution of the
reference ecosystem. From the pool of natural species, the most relevant
(target) species were identified according to their abundance and cover,
and using key indicators such as functional suitability for restoration
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Fig. 1. Location and context of the study area: (a) Study area location (b) Detailed image of reference ecosystem, and (c) aerial image and general overview of the
study area showing the quarry to be restored (in blue) and the reference ecosystem (in pink). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

and practical considerations described in Section 3.2. During these
surveys, UAV flights were also carried out to capture high-spatial-
resolution topographic data. These data were then combined by link-
ing the geolocation of plant individuals and topographic features to
analyze the topographical preferences of each species and their spatial
patterns. This approach reflects the imprint of long term interaction
between climate, microhabitat formation, and species growth forms,
reproduction and stress tolerance according to their traits and adapta-
tion mechanisms. Habitat suitability models were then developed for
each selected plant species based on their current location and projected
onto the areas to be restored, with the aim of identifying the most
suitable locations for them and to replicate the natural arrangement of
species based on their long term coevolution within the landscape to
adapt to local environmental conditions. The following section details
the case study in which this methodology was applied.

3.2. Characterization of vegetation composition and spatial distribution
on the reference ecosystem

3.2.1. Plant composition

In topographically complex arid landscapes, contrasting vegetation
cover and composition across hillslopes are common features reflecting
different species stress tolerance and microhabitat preferences
(Rodriguez-Caballero et al., 2021; Maggioli et al., 2022). To account for
this heterogeneity and to capture the maximum topographical vari-
ability and the microhabitat differences influencing plant species spatial
distribution across landscape, a field survey was conducted to

characterize the species composition of the reference ecosystem on two
hillslopes with contrasting orientations (north-facing: 119.28 m x
37.61 m and south-facing: 106.96 m x 67.68 m). On each slope, we
established three 5 x 5 m plots distributed along a transect, covering
different topographic positions. All perennial plant species within the
plots were identified, while annuals species were excluded from this
study due their lower resource requirements and rapid establishment
under favorable conditions, being less dependent on specific micro-
habitats for survival. Of all the species identified, five were selected for
restoration based on their abundance and cover but also on comple-
mentary criteria widely recognized in restoration ecology (Fundacion
Biodiversidad, 2018; Navarro-Cano et al., 2018; Navarro-Cano et al.,
2019). Specifically, the selection was guided by the following main
criteria: (i) relative abundance and cover in the natural reference area,
ensuring representative of the target community (Jaunatre et al., 2013);
(ii) physiological and morphological adaptations to local abiotic
stressors such as drought, high temperatures, nutrient-poor soils, or soil
salinity/alkalinity (Chaves et al., 2009); iii) contrasting affinities for
different topographical positions, such as sunny or shaded slopes and
flat or steeper areas, to capture the environmental heterogeneity of the
reference ecosystem and in the area to be restored (Chazdon, 2008); (iv)
a complementary combination set of functional traits, belonging to
different functional groups (e.g., legumes, perennial grasses, woody
shrubs) (Bonet, 2004; Navarro-Cano et al., 2018), with diverse repro-
ductive and dispersal strategies (barochory, anemochory, endo-
zoochory, rhizomatous propagation) that facilitate species
establishment and the functional recovery of the degraded area
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Fig. 2. Workflow diagram of the proposed precision restoration methodological framework to guide the selection of plant species and their optimal spatial dis-
tribution in restoration projects in drylands. Abbreviations: DSM, digital surface model; DTM, digital terrain model; GLM, generalized linear model; GBM, gradient
boosting machine; GAM, generalized additive model; RF, random forests; MAXENT, maximum entropy; SP, species.

(Navarro-Cano et al., 2018; Vilagrosa et al., 2014), and species exhib-
iting pioneer and facilitative traits such as the ability to form fertility
islands or act as nurse plants, thereby enhancing microhabitat condi-
tions and promoting the establishment of other species (Maestre and
Cortina, 2004; Pugnaire et al., 2011; Soliveres and Maestre, 2014); v)
tolerance to disturbances such as fire (Pausas and Keeley, 2014), her-
bivory, and erosion (Valladares et al., 2007); and (vi) restoration
background (evidence of effectiveness or potential in previous arid and
semi-arid restoration projects) and practical considerations as the

availability of native plant material and ease of establishment (Palmer
et al., 1997; Fundacion Biodiversidad, 2018; Padilla et al., 2009; Gann
et al., 2019; Buisson et al., 2021). This combination of criteria ensures
the inclusion of species capable of colonizing and persisting under
different environmental conditions, while fulfilling complementary
ecosystem functions (e.g., enhancing nutrient cycling, soil stabilization,
carbon and nutrient inputs, and dynamically promoting the colonization
of nearby unrestored sites) Mota, 1997; Cadotte et al., 2008).

Once the species were selected according to these criteria, it was
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essential to further analyze the interactions and associations among
them to understand potential patterns of coexistence and ecological
association. To do this we constructed a correlation-based network
based on species abundance data (Faust, 2012). Pairwise correlations
between each pair of species were calculated using Spearman’s rank
correlation coefficient (Faust, 2012; Berry and Widder, 2014) using the
cor.test function in R (R Core Team, 2024). The results were then clas-
sified as positive significant (indicating concurrence of the specific pair
of species), negative significant (indicating avoidance), or
non-significant.

3.2.2. Identification of presence records of target species and spatial
distribution

Once the target species had been selected, a new field survey was
conducted to record the locations where individuals were present. For
this purpose, five transects were carried out on various slopes of the
reference ecosystem (Fig. 3). Transects were oriented from northeast
(NE) to southwest (SW) orientation in the direction of the maximum
slope of the hillside, to cover the widest possible range of topographic
positions and associated microhabitats. Individuals of each of the
selected target species were georeferenced using a Leica Zeno 20 RTK
GPS, achieving an accuracy of at least 2 cm to align these points with the
spatial resolution of the digital elevation model (DEM) obtained from
the area by drone flights (explained in more detail in Section 3.3.1) and
topographic indices (explained in more detail in Section 3.3.2).

3.3. Calculation of topographical variables

3.3.1. Digital Terrain Model obtention

During the field campaign detailed in Section 3.2.2, a photogram-
metric flight was also conducted on the reference ecosystem using a DJI
Matrice 210 V.2 drone equipped with a Zenmuse 4 k RGB multispectral
camera. Flights were conducted at an altitude of 60 m, with photographs
acquired at 80 % of longitudinal overlap and 70 % lateral overlap. In-
dividual images were merged to create a very high spatial resolution
orthoimage (2 cm) and to obtain a 3D point cloud using PIX4Dmapper
software (Pix4D S.A.). Coordinates acquired with the drone were used
for georeferentiation, along with an additional set of 10 ground control
points measured during the drone survey with the GPS.

The original point cloud was filtered to exclude vegetation points
prior to generating the high-resolution Digital Terrain Model (DTM). For
this purpose, a bare soil and vegetation map was first constructed from
the orthoimages using the object-based image analysis software eCog-
nition 10.1 (Trimble Germany GmbH) and the supervised Support
Vector Machine algorithm (SVM) (Cortes and Vapnik, 1995). Based on
the vegetation map, points corresponding to vegetation were identified
and removed and the obtained 3D filtered point cloud was then used to
develop an initial DTM of 20 cm resolution representing the minimum
height of all points within each pixel by using the interpolation tool

Plants gps
transects

— Transects
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“Multilevel B-Spline from Grid Points” from SAGA 9.3.1 (SAGA). A
smoothing kernel (bivariate quadratic polynomial; Wood, 1996) of 10
pixels was applied to remove DTM artefacts due to interpolation method
and potential non removed vegetation points that may have large effect
on the obtained topographical attributes in very high resolution DTMs
(Rodriguez-Caballero, 2016).

3.3.2. Topographical indices calculation

The obtained DTM was used to compute a set of topographical at-
tributes that are recognized to affect microhabitat conditions and the
spatial distribution of species in semiarid ecosystems (Canton et al.,
2011; Yelenik et al., 2022). Specifically, we calculated slope gradient
and curvature, both, along the direction of the maximum slope (Profile
Curvature, PRF) and parallel to it (Plan Curvature, PLN) which are in-
dicators of runoff flow acceleration and water and nutrients conver-
gence or divergence, respectively. The topographic position index (TPI;
Weiss, 2000) was calculated as an indicator of the hillslope position or
landform (allowing the distinction between ridges, hilltops, valleys or
pediments), and the terrain roughness index (TRL Riley et al., 1999) as
an indicator of surface roughness, which potentially impacts microcli-
mate formation through complex surface morphology. As TPI is a scale-
dependent metric, it was calculated using three kernel sizes (1, 5 and 10
m; (TPI1, TPI5 and TPI10; Wilson and Gallant, 2000). We also estimated
valley depth (VD) as the vertical distance to the channel network
(Conrad et al., 2015), terrain surface convexity (Convexity I) according
to Iwahashi and Pike (2007) and potential incoming solar radiation (Ip)
which accounts for topographic shadowing and slope effects (Fu and
Rich, 2002). Iy is strongly related to potential evapotranspiration and
plays a key effect determining spatial distribution of vegetation in the
region (Rodriguez-Caballero et al., 2021).

In addition to the above-mentioned terrain attributes, we derived
several indicators associated with surface hydrological processes, which
play a critical role in determining the redistribution of runoff water and
related nutrients and sediments within the landscape. We calculated the
convergence index (Convergence I) to quantify the degree of overland
flow convergence or divergence (Koethe and Lehmeier, 1996), with
positive values representing areas where flow tends to converge, pro-
moting water accumulation, and negative values indicating divergent
zones associated with drier conditions. Topflow Accumulation (FA) was
calculated as the potential contributing area of each cell using the
multiple flow direction algorithm (Freeman, 1991), with higher FA
values indicating greater water contribution from upstream areas, and
lower FA or zero values representing minimal or no contribution. FA was
also used to calculate the specific catchment area (SCA), defined as the
local upslope area draining through a given cell per unit contour length.
Based on SCA, we calculated the Topographic Wetness Index (TWI) and
the Length Slope Factor (LSF). TWI, defined by Eq. (1), is related to the
spatial distribution and size of zones of saturation or variable source
areas for runoff generation and shows strong correlations with the

0 50 100 Moters
[E—
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Fig. 3. Orthophoto of natural reference ecosystem (left) with the outline transects carried out in the identification of presence record and georeferencing of target

plants species and the orthophoto of the quarry study site (right).
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distribution of soil water content in many landscapes (Moore and Burch,
1986; Rodriguez-Caballero et al., 2021). LSF is a potential sediment
transport index or erosion risk under specific slope conditions (Moore
and Burch, 1986, Eq. (2)).

TWI = In(SCA/tan(p) ) (€9)]

where TWI is the topographic wetness index; SCA is the specific catch-
ment area (m? catchment area/m of flow width) and B is the local slope
gradient (radians).

LSF = (SCA*cell size/22.13)™*(sin /0.0896)" 2

where LSF is the length slope factor; SCA is the Specific Catchment Area
(m? catchment area/m of flow width); B is the local slope gradient (ra-
dians); m = 0.4, related to the type of flow; n = 1.3, related to slope
steepness.

The process of image acquisition, preprocessing and calculation of
topographical variables was repeated in the quarry area to obtain
comparable DTMs and related topographical variables in both the
reference ecosystem and the area to be restored.

3.4. Spatial modelling to predict species distribution

First, for the selection of environmental layers to be used as pre-
dictors in the models, we performed a screening of the topographic at-
tributes extracted from the DTM (see Section 3.3.1) to avoid including
highly correlated variables. Pairwise correlations among all layers were
computed and variables with r values greater than 0.5 were excluded
from further analysis. This process resulted in a final set of morpho-
logical variables (I, Convexity I, PLN, SLF, TRI and TPI) and variables
related with water redistribution (FA, TWI, VD and Convergence I)
predictor variables (see Supplementary Table). Differences in topo-
graphical positions among the selected species were assessed using a
Permutational Multivariate Analysis of Variance (PERMANOVA) based
on a Bray-Curtis distance matrix, calculated from the complete set of
selected variables for each species occurrence records. Pairwise com-
parisons between species were tested using a pairwise Adonis function in
R (Martinez-Arbizu, 2020). Additionally, Non-Metric Multidimensional
Scaling (NMDS) was also calculated to visualize the multivariate dif-
ferences in topographical attributes among the locations occupied by the
different species. Finally, we applied an ensemble of different spatial
distribution models (SDMs) to model the spatial distribution of the
target plant species within the reference area. In contrast to general-
purpose statistical methods, SDMs use presence-only species records
together with background environmental data to estimate the habitat
suitability for each species based on the set of environmental variables.
As current distribution of each species is partly driven by the interaction
between environmental filters and species-specific tolerance ranges, the
resulting habitat suitability reflects their habitat preferences according
to growth forms, functional traits, and adaptative mechanisms.

3.4.1. Model inputs

For each targeted species, presence records identified during the field
survey (see Sections 3.2.1 and 3.2.2) were used as occurrence data for
modelling habitat suitability of each species. An additional set of 10,000
points randomly distributed throughout the study area, excluding sites
within 5 m of the presence records, were generated to avoid pseudor-
eplication and used as background data. The final set of topographic
attributes obtained after the correlation analysis (Io, LSF, PLN, PRF,
Convergence I, Convexity I, TRI, TWI, TPL, FA, VD) were used as pre-
dictors in the models.

3.4.2. Species distribution modelling

For each species, we applied five different algorithms to model
habitat suitability within the reference ecosystem: generalized linear
models (GLM); maximum entropy (MaxEnt; Phillips et al., 2006);
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gradient boosting machine (GBM), generalized additive model (GAM),
and random forests (RF) (Breiman, 2001). Each algorithm was applied
using a 3 k-fold cross-validation process, where the dataset was divided
into three folds; one for validation and two for training. This process was
repeated three times for each algorithm, resulting in the parameteriza-
tion and execution of three models per algorithm using different com-
binations of training and validation datasets. In total, this approach
produced 15 models per species (five algorithms and three k-fold
cross-validations).

The importance of the input variables and the performance of each
model were evaluated for every fold simulation. Model performance was
assessed using the area under the ROC curve (AUC) (Fielding and Bell,
1997). The 15 suitability maps generated for each species, across
different algorithms and fold simulations, were combined into an
ensemble model per species, which combines outputs from multiple
SDMs to generate a consensus projection of habitat suitability that ac-
counts for algorithm-specific uncertainties and improves the robustness
of spatial predictions (Aratijo and New, 2007). More precisely a
weightened mean ensemble was created for each species by averaging
the suitability values of the different models, with weights proportional
to their respective predictive accuracy (AUC values). The overall AUC of
each ensemble model for each species was then calculated to evaluate its
predictive performance.

Finally, to explore potential facilitative or competitive interactions
among species, and to compare them with observed co-occurrence
patterns and habitat similarities, we analyzed the residuals from
species-specific models representing habitat preferences. Pairwise as-
sociations among habitat suitability model residuals of each species
were quantified using Spearman’s rank correlation (Spearman, 1904),
and statistical significance was assessed through a permutation test (999
permutations). Only correlation with p > 0.5 and p < 0.05 were
retained. Positive correlation after accounting for habitat preferences
and environmental filters were interpreted as potential facilitative in-
teractions, whereas negative correlation suggested potential competi-
tive mechanisms (Segurado and Aratijo, 2004).

3.5. Projection and delimitation of the areas in the system to restore

The resulting models were projected to the quarry area designated
for restoration, using the terrain attributes and surface hydrological
processes indicators calculated from the DTM of the quarry area (Section
2.4.2), to obtain an ensemble model and the related suitability map for
each species. Suitability maps were then converted to probability maps,
using a probabilistic approach (Meynard et al., 2019) that assumes the
likelihood of a species occurring in each pixel is related with its suit-
ability in that pixel. This process was implemented using the package
virtual species in R (Leroy et al., 2016). A logistic relationship was fitted
for each species to link suitability to probability, with the alpha and beta
parameters of the function estimated based on the species’prevalence in
the reference ecosystem. As a result, the obtained probability maps
reflect the average probability of presence of the species in the reference
area, which corresponds to their relative abundance at the site. Finally, a
map of maximum probability of occurrence of any of the identified
species was calculated as the maximum of the probability of occurrence
of each species, considering occurrence of one species excluded the
occurrence of the others. This layer was used as a probability layer for
the generation of a set of 7758 random points for plantation locations (1
plant per m?). After that, the species with maximum probability on each
location was identified and selected as the species to be planted in this
specific position. By doing this we can fix the number of plants to be
introduced by ensuring they are introduced in the locations with higher
probability to be present according to the natural distribution of each
native species. Locations already colonized by native species were
excluded from the modelling processes, whereas opportunistic and
invasive were removed before the restoration because they occupy the
niches for the target species and suppress their colonization and survival
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(Halassy et al., 2023; Byun, 2023).
4. Results and discussion

This work presents a precision restoration methodology that com-
bines UAV data and field observations to guide the reintroduction of
native plant species in a restoration area, based on their composition and
habitat preference in the reference ecosystem. This approach pursues
the accurate representation of species diversity, spatial patterns, and key
topographically driven ecosystem processes characteristic of each re-
gion. The premise of the proposed approach is that the species pool,
functional traits and spatial configurations found in natural ecosystems
are the result of long-term adaptation to environmental conditions.
These adaptations enhance the ability of the species to survive under the
prevailing conditions (Bochet et al., 2009) and are key drivers of
ecosystem functioning increasing ecosystem resistance and resilience
(Kefi et al.,, 2024). Thus, by replicating the spatial structure and
composition of reference habitats, we expect this methodology effec-
tively promotes the long-term persistence and success of future resto-
ration projects.

4.1. Plant species selection

Species identification revealed that the reference ecosystem was
mainly composed of species of the families Fabaceae (Anthyllis cytisoides
L. and Genista umbellata L’Hér.), Poaceous (Macrochloa tenacissima L.
Kunth), Lamiaceous (Satureja obovata Lag, Thymus baeticus Boiss. and
Lavandula dentata L.), Asparaguses (Asparagus horridus L.), Amarantha-
ceous (Salsola oppositifolia Desf.) and some endemic Cistaceae species
(Helianthemum almeriense Pau.). From the pool of identified species (see
Supplementary Table 4), five stood out as the most representative of the
reference ecosystem, showing the highest values of relative abundance
and cover: Anthyllis cytisoides, Macrochloa tenacissima, Salsola oppositi-
folia, Helianthemum almeriense and Asparagus horridus (Table 1). Beyond
their dominance, these species also exhibit contrasting tolerance and
adaptations to abiotic stress and microhabitat preferences, comple-
mentary traits such as nitrogen fixation, soil stabilization capacity,
tolerance to disturbance and facilitative interactions that support the
establishment of other plants (see Supplementary Table 1). All together,
these criteria align with the restoration guidelines for the study area,
reinforcing the rationale for their selection, and increasing the likeli-
hood of achieving resilient and multifunctional restored ecosystems, as
already demonstrated in similar projects (Padilla et al., 2009; Gann
et al., 2019; Buisson et al., 2021).

From the selected target species (Table 1), A. cytisoides was the most
representative, while in terms of coverage, it ranks third in extent.
A. cytisoides is a perennial shrub belonging to the legume functional
group and capable of creating “fertility islands” that improve nutrient
cycling, increase soil organic matter, improve soil structure, provide
protection against soil erosion, and facilitates recruitment of other
species (Alcantara et al., 2024). Moreover, its symbiotic association
relationship with nitrogen-fixing bacteria in root nodules, together with
arbuscular mycorrhizal fungi (AMF), helps to maintain nodule meta-
bolism during periods of drought, improving their survival and preser-
ving the beneficial ecological functions described above (Goicoechea

Table 1
Summary of target species including relative abundance and fractional coverage
in the reference ecosystem.

Target species Relative abundance Coverage
Anthyllis cytisoides (Ac) 0.154 0.163
Machrocloa tenacissima (Mt) 0.139 0.232
Salsola oppositifolia (So) 0.133 0.239
Helianthemum almeriense (Ha) 0.076 0.075

Asparagus horridus (Ah) 0.044 0.024
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et al., 2004). Regarding its growth and reproductive strategy,
A. cytisoides exhibits a dual regeneration capacity through basal
resprouting and sexual reproduction by seeds, which allows it to recover
rapidly after disturbances such as fire and to persist under variable
environmental conditions (Sabre et al., 2017; Saiz-Blanco et al., 2025;
Zomer et al., 2025). Due to its ecological versatility and representa-
tiveness, A. cytisoides is commonly employed in conventional restoration
and slope stabilization projects (Haase, 1997; Calderon Lopez, 2025),
and several restoration studies have reported high establishment and
significant success with this species in similar ecosystems, with plant
survival rates of ~50 % (Luna et al., 2017 ; Requena et al., 2001).

S. oppositifolia and M. tenacissima were also very abundant and ac-
count for nearly 50 % of total coverage (~24 % each), due to their big
canopy size. S. oppositifolia is a perennial halophytic shrub well adapted
to semiarid Mediterranean environments, showing remarkable physio-
logical adaptations to aridity and salinity. It exhibits traits associated
with a Ca photosynthesis and succulence, enabling high water-use effi-
ciency and sustained carbon fixation under high irradiance and drought
stress (Voznesenskaya et al., 2013). This species, which provides shadow
due to the large size, presents an anemochoric dispersal strategy that
gives it a strong capacity for colonization. It also has a marked ability for
basal regrowth after cuts or disturbances due to perennial buds at the
base (Simé6n Calvo et al., 1996; Lopez Jiménez et al.,, 2002).
M. tenacissima is a perennial grass that exhibits a robust vegetative
propagation strategy through extensive rhizome systems and basal
tillering, which enables rapid resprouting after disturbances such as fire,
grazing, or erosion (Vallejo, 2012; Pérez-Anta et al., 2024). Their
interconnected rhizomatous network allows clonal expansion and
colonization of adjacent bare areas, contributing to soil stabilization and
the recovery of degraded slopes (Maestre and Cortina, 2004). This im-
proves carbon inputs and soil structure, increases infiltration capacity,
reduces runoff and erosion and acts as an efficient sediment trap,
capturing and retaining fine materials (Sanchez and Puigdefabregas,
1996). Moreover, both species act as nurse plants forming fertility
islands (Navarro-Cano et al., 2018), which contributes to the recovery
functions of these systems and favouring the establishment of other
species. Besides, they have been commonly used in Mediterranean
ecosystem restoration projects under semiarid conditions, with survival
rates of 70-85 % in many cases (Luna et al., 2022; Morcillo and Bautista,
2022) due to their great adaptive capacity to colonize degraded envi-
ronments and their ability to withstand both prolonged droughts and
hlgh To.

The remaining two species selected were: H. almeriense which is an
endemism of the southeastern of Spain, specifically of the arid region of
Almeria, and A. horridus (Ah) which shows the lowest relative abun-
dance and cover among the target species. Both species are among the
five most dominant and exhibit high tolerance to environmental
stressors, although to a lesser degree compared to the rest of target
species (Salinas and Guirado, 2002; Amodeo et al., 2024). H. almeriense
is a small, highly branched shrub with linear-lanceolate leaves that, as
A. cytisoides, can establish a mycorrhizal association that increases sur-
vival by favouring tolerance to hydric stress (Morte et al., 2010). Its
small seeds are mainly dispersed by gravity (barochory) and, second-
arily, by surface runoff. As it is an endemic species and its stock in
nurseries is limited, very few restoration projects have been carried out
using it. A. horridus is a perennial spiny shrub and develops a deep and
extensive root system that allows access to subsurface water and pro-
vides strong anchorage in unstable soils. This species regenerates
vegetatively through rhizome sprouting and has a remarkable capacity
to resprout after disturbances (Pausas et al., 2004) and its berries
facilitate zoochorous seed dispersal by birds, contributing to its spread
and colonization of degraded habitats (Antoninka et al., 2020; Hamza
et al., 2020).
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4.2. Analysis of the spatial distribution patterns

The analysis of the spatial distribution of each species, based on field-
recorded occurrences, their associated topographic attributes and spe-
cies interactions revealed distinct spatial patterns among species, across
the study area (Fig. 4). A synthesis of these patterns is presented in
Fig. 4a. Clear clustering patterns of the different species are observed,
with strong associations between A. horridus with H. almeriense,
A. cytisoides and S. oppositifolia, as well as between A. cytisoides and
H. almeriense. These patterns are largely explained by topographic
conditions and their indirect effect on microenvironment formation, as
supported by the Permanova and NMDS analysis (Fig. 4b).
M. tenacissima and S. oppositifolia, which occupy the left side of the
Fig. 4b, show preference for mid-to-high hillslope convex positions (high
values of TPI, Convexity I, and positive PRF and PLN) with low water
flow convergence and accumulation (low values of TWI and FA and
positive values of Convergence I), and likely shallower soils than in the
lower parts of the hillslopes where sediments accumulate. This can be
explained because both species are the most drought tolerant of the
selected pool and require lower water inputs, optimizing water use and
reducing evapotranspiration even with high I,. However, they exhibit
distinct adaptations that allow them to coexist and lead to a differenti-
ation in the optimal spaces they occupy, optimizing resource use while
minimizing competition (Pugnaire et al., 2004). S.oppositifolia domi-
nates the highest Iy locations of these positions compared to
M. tenacissima and the rest of species. This can be explained by Salsola’s
C4 photosynthetic metabolism (Schiissler et al., 2017), which is more
efficient under intense sunlight and high temperatures, allowing it to
thrive in these conditions (Padilla et al., 2009; Murshid et al., 2022). As
a C3 plant, M. tenacissima is slightly less tolerant to I than S. oppositifolia
showing significantly lower values of Iy (Fig. 4b), so to avoid stomatal
water losses and photo damage, it folds back its leaves over themselves
during dry and sunny periods. In terms of root structure, the two species
differ significantly. S. oppositifolia develops deeper roots that facilitate
accessing deeper water resources in the soil, while M. tenacissima has a
relatively shallow and highly branched root system that spreads hori-
zontally, acting as soil stabilizers and retainers (Gyssels et al., 2005),
which facilitates their location on steeper areas than S. oppositifolia. This
advantage is maximized by the tussock structure of M. tenacissima,
usually characterized by a high proportion of necromass (i.e., dead
leaves and inflorescences), which promotes runoff water infiltration,
reduce water losses by evaporation and provides refuge and self-shading
for other species (Pérez-Anta et al., 2024).

Unlike the previously mentioned species, H. almeriense and
A. horridus occupy the right side of the NMDS graph (Fig. 4b), corre-
sponding with concave, smooth areas where water accumulates (nega-
tive Convergence I values, low TPI, and high TWI), coinciding with the
most favorable low hillslope positions in the study area (highest VD)
(Fig. 4b; Supplementary Fig. 1). Their preference for areas with the
lowest Io (Fig. 4b; Supplementary Fig. 1) shows slightly lower drought
tolerance compared to other species and indicates contrasting estab-
lishment strategies in areas with easy access to water resources.
H. almeriense is prim on shadier, north-facing slopes with lower evapo-
transpiration. Its thin, shallow roots rely on moisture retention zones
(Morte and Honrubia, 1997), and its mycorrhizal associations enhance
water and nutrient uptake by extending hyphae beyond the root zone to
access surrounding soil moisture (Morte et al., 2010). These associations
are most effective in relatively humid conditions, helping the species
survive during droughts. In contrast, A. horridus develops thick, deep
roots that access water stored in deeper soil layers, especially in valley
recharge zones. Its photosynthetic cladodes minimize water loss,
allowing it to tolerate higher Iy, such as south-facing slopes (Kenza et al.,
2022).

Finally, A. cytisoides which is located in the center of the NMDS graph
(Fig. 4b) shows a more generalistic distribution, occupying middle
hillslope positions (intermediate values of TPI and valley depth) with
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steep slope, rougher topography (higher TRI, LSF values than
M. tenacissima and S. oppositifolia) and intermediate values of profile
curvature (Fig. 4; Supplementary Fig. 1). These sites have low-
intermediate values of I and FA, but do not represent areas of conver-
gence of water flows (Convergence I values close to 0, see Fig. 4 and
Supplementary Fig. 1), resulting in low runoff inflows but with high
erosion potential due to steepness. The preference of A. cytisoides for
these intermediate positions over steep slopes can be explained because
it is a deciduous summer leguminous shrub that has extensive deep root
system (~2.5 m) (Domingo et al., 1991), which allows it to establish in
steep and erosion-prone areas, improving its stability and also allowing
its access to water reserves. To cope with limited surface runoff inputs,
A. cytisoides can form a tripartite symbiosis with nitrogen-fixing bacteria
and AMF (Goicoechea et al., 2004), improving nutrient and water up-
take on poor and degraded soils. During dry-season periods of water
stress, they prioritize conserving plant architecture over growth and
reproduction. Leaf senescence, enhanced by mycorrhizal colonization
(Goicoechea et al., 2001), reduces water loss through evapotranspira-
tion, while young stems remain photosynthetically active.

4.3. Model assembly

The Species Distribution Models (SDMs) of the different species
showed relatively high accuracy with AUC values around 0.70 on
average (Supplementary Table 2), coinciding with previous studies
describing a microhabitat control on species distribution and composi-
tion in topographically complex drylands landscapes (Casalini et al.,
2019; Rodriguez-Caballero et al., 2021). Best predictions were obtained
for RF and GBM algorithms and for the species with lower relative
abundance (e.g. A. horridus, H. almeriense and M. tenacissima) (Supple-
mentary Table 2), whereas S. oppositifolia, which occupies the areas not
colonized by the others, showed the poorest results. This may be a result
of a generalist’s capability to persist in a wide range of microclimatic
conditions that are not easily defined by the selected topographical
variables (Antoninka et al., 2020; McCune et al., 2020).

Boxplots of the relative importance of the different variables for the
different species (median and 25 % and 75 % quantiles of the different
algorithms and random partitions used for predicting the presence of the
target species), are shown in Fig. 5. We can observe that each species
exhibits distinct preferences for specific topographic conditions, align-
ing with their natural distribution described in Section 4.2. Overall,
these results confirm the consistency between the most relevant pre-
dictors identified by the models and the specific habitat preferences of
each species.

For M. tenacissima, the models identify Iy, LSF, TRI and VD as the
most influential attributes shaping its distribution within the system,
which aligns well with its natural arrangement in convex positions on
medium-upper slope positions and low LSF values. The lower potential
for water redistribution in these slope positions is counterbalanced by
the ability of M. tenacissima to form mounds, together with its dense
tufted structure, tightly packed leaves and extensive lateral root system,
that stabilize the upper soil layers and enhance the capture of water and
nutrients, thereby promoting its persistence. These areas correspond
with areas with low VD and TRI. Finally, although TRI and TPI and VD
are key for both species, for the M. tenacissima model, attributes such as
Ip and LSF are more critical to define its distribution patterns, while
these factors are less limiting for S. oppositifolia.

Io and VD are identified as the key variables influencing the distri-
bution of A. cytisoides, and H. almeriense (Fig. 5a,b). Their preference for
north-facing slopes with low solar exposure (Supplementary Fig. 1) is
related with the high importance attributed to Io in the models.
Regarding VD, although it is important for both species, its implications
differ. H. almeriense tends to prefer deeper areas also because of the
resources accumulation, whereas A. cytisoides is more commonly found
in middle hillslope positions, as shown in Fig.s 4a and 5. A. horridus
shows a strong association with Convergence I, Convexity I, and PLN, as
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Fig. 4. Summary of spatial arrangement and co-occurrence patterns among target plant species in the reference area (A), NMDS representation of similarities in
microtopographical variables between presence records of the different species (B), Pairwise co-occurrence of the species showing significant species co-ocurrence
and associations (*) and their relative strengths (C), and Pairwise analysis of habitat suitability model residuals of the different species illustrating the direction and
magnitude of species relationships after accounting for environmental effects. Ellipses delimit species dispersion in NMDS space and different letters indicate sig-
nificant differences in microtopographical attributes based on the PERMANOVA analysis (p = 0.001). Arrows summarize pairwise relationships: solid yellow = co-
occurrence, dashed red = microhabitat sharing, and dotted green = facilitation. Arrow width is proportional to the absolute effect size. (For interpretation of the
Eeferences to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Boxplot of relative importance (relative weight) of topographic attributes for each target species according to the average contribution of predictors across
different algorithms. Boxes represent the interquartile range (25th-75th percentiles), the horizontal line inside each box indicates the median (50th percentile), the
cross marks the mean value, and whiskers extend to the 5th and 95th percentiles. The attributes include Area Solar Radiation (Ip), Length Slope Factor (LSF),
Convergence I, Convexity I, Plan Curvature (PLN), Profile Curvature (PRF), Topographic Wetness Index (TWI), Terrain Roughness Index (TRI), Valley Depth (VD),
and Flow Accumulation (FA).

highlighted in Fig. 5. These variables are closely linked to the species’
distribution, which is mainly influenced by hillslope morphology. It
favors smooth, concave areas (low Convexity I) and high values of TWI
and TRI, indicating a preference for moderately sloped locations where
water tends to accumulate, thus providing favorable conditions for
growth, as discussed in Section 4.2.6.

As expected, mean weight ensemble improved model performance,

Table 2

Values of the area under the receiver operating characteristic (AUC) of the
ensemble models in the reference ecosystem. Suitability and suitable areas
(identified as those with suitability above the maximum suitability plus speci-
ficity threshold) values for each target species in the reference ecosystem and in
the study site (Quarry).

with AUC values above ~0.9 in all cases (Table 2). This, along with the Specie 5:;:;?:; S.ll;f:l;}illity eRce(f:;::; S:;:ge
better generalization and transferability capacity of ensemble modelling suitability suitable areas areas
compared to individual models, underscores the effectiveness of the A. cytisoides 0.377 0.201 24.009 0.105
proposed modelling strategy to identify habitat suitability of the target H. almeriense 0.379 0.247 97.400 0.003
species in the area, and to guide their reintroduction in future restora- A. horridus 0.197 0.247 7.983 0.511
tion projects. The high predictive accuracy obtained in this study can be S. oppositifolia 0.390 0.535 33.784 5.484
largely attributed to the strong explanatory power of terrain attributes, M. tenacissima 0.320 0.308 30897 1.508
which effectively capture key environmental gradients shaping species

distributions in semiarid landscapes. However, it is important to note by low slope gradients or abandoned agricultural lands, local topo-
that model suitability and the influence of topographic variables in the graphic attributes like insolation, landscape index, TPI, TRI or slope
models, depend on each specific study case and species selection. For gradient are expected to have a lower impact than attributes related
instance, in less topographically complex areas, such as areas dominated with runoff and nutrients redistribution processes, such as TWI or LSF.
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Conversely, these, hydrological indicators tend to have stronger relative
weight in arid and semiarid ecosystems ‘ecohydrologically coupled’
ecosystems, where resource redistribution by runoff is high (Rodriguez-
Lozano et al., 2023; Rodriguez-Lozano et al., 2025). Additional envi-
ronmental variables, particularly soil properties, may also play a
prominent role in determining species distribution patterns. However, in
this case study, soil properties were not included as explicit predictive
variables in the model because post-mining soils in the study area are
highly homogeneous, and lack much of the natural heterogeneity pre-
sent in reference ecosystems. Thus, the relevance of including soil
properties as predictors, in this study case, is limited, since their varia-
tion across the area is minimal and largely captured by topographic
variables. Indeed, over the past three decades, numerous studies have
demonstrated strong correlations between soil properties and terrain
attributes, which have been widely used as predictors in digital soil
mapping and landscape modelling (see Bishop-Taylor et al., 2019, and
references therein). It is also well established that the spatial resolution
of DTMs influences the strength of these relationships, particularly in
physiographically complex terrains (Dobos et al., 2000; Thompson et al.,
2001). High-resolution DTMs, such as those derived from UAV imagery,
provide a highly accurate representation of terrain’s shape, thereby
improving the correspondence between terrain metrics and soil prop-
erties. In more complex landscapes with contrasting lithologies that
result in variations in soil texture, nutrient availability or salinity, soil
variables may become more determinant. In such contexts, explicitly
incorporating soil parameters could enhance model performance and
ecological realism, complementing the information derived from topo-
graphic predictors.

Habitat suitability maps obtained by the different ensemble models
developed for each of the five selected species are shown in Fig. 6 for the
reference ecosystem. Though abundance suitability relationships should
be considered with caution, we found that spatial pattern and suitability
values fit with species concurrence and preference for specific micro-
habitats and topographical positions.

A

Anthyllis cytisoides

Helianthemum almeriense
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S. oppositifolia, which is the species with the highest coverage and
one of the most drought resistant (Murshid et al., 2022; Table 1), also
showed the highest habitat suitability (average habitat suitability in the
reference area ~ 0.39) (Table 2), with higher values on top of the slopes
(Fig. 6d) and obtaining values close to O in the valley areas. In contrast,
(Fig. 6¢) A. horridus, the most restricted species in terms of cover and
abundance (Table 1), showed the lowest suitability values (~ 0.2)
(Table 2), with suitable areas mainly confined to the deeper landscape
zones near the wadi (Fig. 6¢). A. cytisoides and H. almeriense also showed
relatively high suitability values (~0.38) (Fig. 6a, b). Although their
suitability values are comparable to those of S. oppositifolia, their highest
values are concentrated exclusively on the northern slopes.
M. tenacissima had a mean suitability of 0.32, with the highest values
occurring on mid-to-upper slopes, while lower values were observed in
the valley and the top-slope areas.

Finally, we found a strong positive correlation of the residuals of
habitat suitability models for A. cytisoides and H. almeriense (Fig. 4d),
indicating that they tend to occur on locations that are not explained by
their preference for different microenvironments. This pattern suggested
a facilitative interaction between both species (i.e. A. cytisoides, im-
proves local soil fertility, provides shade shelter, and promotes moisture
retention, creating favorable microsites for H. almeriense which is the
species with higher water requirements and lower temperature and ra-
diation tolerance). Such facilitative mechanisms are consistent with
patterns already described in Mediterranean semiarid ecosystems,
where nurse shrubs improve microhabitat conditions and promote the
establishment of stress-sensitive species (Pugnaire et al., 2011). Future
studies could formalize these relationships using joint species or joint
species—trait distribution models (Pollock et al., 2014; Ovaskainen and
Abrego, 2020), which explicitly account for co-occurrence and
trait-mediated dependencies among species. Nevertheless, these ap-
proaches require high-resolution abundance or co-occurrence data and
involve complex hierarchical structures, making them difficult to
implement and interpret in restoration projects that typically rely on

Asparagus horridus

D E

Salsola oppositifolia

Macrochloa tenacissima
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Fig. 6. Habitat suitability maps (0-10,000 scale) of target species (a) Anthyllis cytisoides, (b) Helianthemum almeriense, (c) Asparagus horridus, (d) Salsola oppositifolia,

(e) Macrochloa tenacissima on natural reference ecosystem.
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limited field data and simpler predictive frameworks.

4.4. Projection on the restoration area

The quarry area showed distinct topographical conditions compared
to the reference habitat due to terrain modification resulting from
extraction activities (See Supplementary Fig. 2). This is a common
feature in exploited quarry areas to be restored (Milgrom, 2008).
Consequently, a significant proportion of the target area displayed
substantial differences in most UAV-derived topographical variables
relative to the reference system. In particular, surface roughness (TRI)
was significantly reduced in the quarry. The flattening of the terrain
reduces topographic complexity, minimises the presence of microhabi-
tats (e.g., runoff water accumulation areas) and reduces the topo-
graphical shadow areas. As a result of these topographical alterations
and associated changes in microhabitats, habitat suitability decreased
for two of the selected species (A. cytisoides, H. almeriense) (Table 2;
Fig. 8; Supplementary Fig. 3). Conversely, species preferring areas with
higher Iy (S. oppositifolia and A. horridus; Fig. 5) exhibited an opposite
trend, while M. tenacissina showed minimal variation in suitability
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(Fig. 8; Supplementary Fig. 3). The increase in habitat suitability is
remarkable in the case of S. oppositifolia and can be mainly explained by
its greater ability to colonize and persist in open areas with high
insolation.

Though habitat suitability was increased in the case of species with
higher preference for non-shaded areas, the already described alteration
in the landscape morphology after the quarry extraction (Supplementary
Fig. 2; Fig. 7) leads to a large proportion of the area showing low suit-
ability (Supplementary Fig. 3) and probability (Fig. 8) values the other
species. Indeed, according to the binary classification of suitable areas
(Table 2) following the maximum sensitivity plus specificity criteria, 23
% of the area to be restored is not suitable for any of the species, and
more than 50 % is only suitable for S. oppositifolia. Moreover, the species
composition (Table 3) and distribution in the area to be restored (Fig. 9)
differed from the reference site.

Particularly, unsuitable areas (white areas in Fig. 9a) correspond to
the edges of quarry terraces, showing very steep (up to 70°) slopes. In
these areas that are unsuitable for the introduction of any of the selected
species, consideration should be given to the application of land modi-
fication techniques to reshape the landscape and create more favorable
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Fig. 7. Comparative histograms of habitat suitability for target plant species (A-E). The colours represent the distribution of suitability in the two study areas:
reference ecosystems (red) and the quarry to be restored (blue). The dashed red line indicates the habitat suitability threshold for each species. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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A Anthyllis cytisoides B Helianthemum almeriense

C Asparagus horridus D Salsola oppositifolia

E Macrochloa tenacissima

Max. Probability A

0 ]
0 20 40 Meters
| I B

Fig. 8. Habitat probability maps (0-1 scale) of target species (a) Anthyllis cytisoides, (b) Helianthemum almeriense, (c) Asparagus horridus, (d) Salsola oppositifolia, (e)
Macrochloa tenacissima on the quarry study site.
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Table 3
Total number of individuals for each species and their relative abundance (%)
modelled on the quarry study site.

Species Total individuals Relative abundance(%)
A. cytisoides 2225 28 %
H. almeriense 554 7 %
A. horridus 704 9%
S. oppositifolia 2023 26 %
M. tenacissima 2252 29 %

microhabitats (Moreno De Las Heras, 2009; Moreno De Las Heras et al.,
2011). Geomorphic restoration approaches aiming at reproducing nat-
ural drainage networks and hillslope profiles that mimic landform
conditions of reference ecosystems (Heras et al., 2008; Hancock et al.,
2020) have proven effective in reducing erosion and promoting micro-
habitat creation for vegetation establishment in mining landscapes (e.g.,
Zapico et al., 2018; Martin Duque et al., 2021). Therefore, our Precision

Anthyllis cytisoides
Helianthemum almeriense

Asparagus horridus

Salsola oppositifolia i
Macrochloa tenacissima 310 Altitud

e (MASL)

wessssm 330
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Restoration approach may maximize benefits for revegetation design in
dryland areas affected by mining and quarrying activities when it is
combined with Geomorphic approaches for landform design.

Precision Restoration and Geomorphic Restoration can be also
combined with other ancillary strategies that enhance soil surface sta-
bilization and vegetation establishment. For example, our Precision
Restoration approach focuses on the identification and introduction of
key perennial plant species, but the introduction of annual species,
particularly grasses, can offer complementary solutions for rapidly
establishing vegetation cover. These species, characterized by their
short life cycles and low water and soil requirements, may help stabilize
bare soil patches and reduce erosion, at the same time improving soil
fertility and soil seed stocks in early stages of restoration (Clemente
et al., 2016). Precision Restoration and Geomorphic Restoration can be
also combined with strategies that enhance soil surface stabilization and
vegetation establishment. One of these is the inoculation of native bio-
crusts using mosses (Antoninka et al., 2016) and nitrogen-fixing

0
| S E—

10 20 Meters

Fig. 9. (a) Maximum Probability scale (0-1) (in green) and (b) Maximum Suitability Map for each target species on the quarry site. The different points colours
correspond to different plant species. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

14



J. Fernandez-Galera et al.

cyanobacteria, which can improve soil fertility and water retention in
arid environments (Munoz-Rojas et al., 2018; Roncero-Ramos, 2022).
Biocrusts also enhance soil stability, reduce wind and water erosion, and
create favorable conditions for the establishment of other plant species
by increasing moisture availability and nutrient cycling (Gufwan et al.,
2025). This technique can be particularly beneficial in quarry areas
under arid and semiarid conditions, where soil quality is poor, water
availability is limited and bare soil patches can be particularly extensive
(Garcia-Avalos et al., 2018; Cantén Castilla et al., 2021). Also, the
introduction of individuals from other native species identified in the
reference ecosystem should be also considered, particularly in associa-
tion with those that form fertility islands, such as A. cytisoides,
M. tenacissima and S. oppositifolia. These nurse species can facilitate the
establishment of other plants by improving microhabitat conditions and
enhancing overall species richness and ecosystem multifunctionality
(Soliveres et al., 2021). Beyond these specific target species, exploring
broader facilitation networks among native plants not selected as target
species could further enhance successional processes and strengthen the
long-term stability and resilience of the restored ecosystem. This strat-
egy promotes successional ecological interactions that are key for the
long-term recovery of the degraded landscape.

Additionally, extractive activities, induce substantial changes in soil
properties, such as compaction, major textural modifications (e.g.,
textural thickening or the accumulation of fine deposits), severe organic
matter depletion, and in some cases the accumulation of contaminants
such as salts or heavy metals. These factors will inevitably influence the
suitability identified from a topographic perspective and must be thor-
oughly evaluated and included in the assessment of habitat suitability to
ensure the success of restoration efforts.

Achieving long-term restoration success in dryland environments,
which is critical to advance towards SDGs (Stringer et al., 2022), may
require integrating restoration methodologies with complementary
strategies and techniques. For example, incorporating UAV-derived
topographic analysis into restoration planning, followed by medium-
to long-term monitoring, offers a highly effective way to optimize
restoration efforts (Padro et al., 2019). Overall, our Precision Restora-
tion framework provides a good example of the integration of UAV
monitoring techniques for revegetation design in drylands, optimizing
restoration efforts for an arid quarry in a practical approach that offers
scalable and replicable solutions for other degraded dryland landscapes.
Indeed, UAVs provide high-resolution data on terrain variations, vege-
tation cover, and erosion patterns, enabling adaptive management that
addresses evolving challenges throughout the restoration process (Xie
et al., 2024). Their precision allows practitioners to identify priority
intervention areas, target microtopographic variations, and make data-
driven decisions to reduce resource waste and maximize project out-
comes. Moreover, by replicating plant composition and spatial patterns
resulting from the long-term natural adaptation to the local environ-
mental conditions of each site, the proposed methodology may support
achievement of higher levels of Climate Resilient on restored areas.
Thus, it not only deal with the need to protect, restore and promote
sustainable use of terrestrial ecosystems (SDG 15) but also to combat the
impacts of climate change (SDG 13) as it represents an opportunity for
climate resilience restoration based on the principle of ‘Nature Knows
Best’.

5. Conclusions

Our results demonstrate the potential benefits of the proposed
framework integrating topographic features and species-specific
microhabitat requirements into restoration planning, particularly in
dryland quarry sites. Thus, this work highlights that: (i) Species distri-
bution and co-occurrence in natural drylands is strongly modulated by
topography and its influence on microclimate and variables related with
runoff, nutrients and sediments redistribution. This can be accurately
characterized from UAVs and used to develop suitability models able to
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distinguish contrasting microhabitat preferences of different species
across the landscape. Moreover, obtained models can be easily projected
into areas to be restored to identify suitable microsites for the individual
plant species before implementation of the restoration project which
may significantly enhance its success. (ii) These improvements can be
achieved with minimal additional cost compared to traditional resto-
ration approaches, which typically focus solely on cost-minimization or
generalized ecological conditions. (iii) The selection of priority areas for
species based on their habitat preferences is suggested as an adaptive
solution that provides multiple benefits, such as promoting ecosystem
resilience and multifunctionality. Furthermore, UAV technologies and
automated sampling methodologies offer a promising future for dy-
namic monitoring and adaptive management in restoration projects.
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