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In dryland ecosystems the biological activity and productivity are mainly constrained by
water availability. Usually defined as areas where mean annual precipitation is 35% lower
than mean annual potential evapotranspiration (i.e., PP/ETP <0.65) (Spinoni et al. 2015),
they represent more than 40% of land surface and support around 35% of human
population (Pravalie 2016), being crucial for global sustainability achievement. By
occupying the main part of Africa, Australia, Southwest of Asia, and West of America
(Figure 1), drylands encompass a wide range of climatic zones including hyper-arid
(PP<100 mm/year, PP/ETP < 0.05), arid (PP=100-250 mm/year, PP/ETP = 0.05-0.2),
semiarid (PP=250-600 mm/year, PP/ETP < 0.2-0.5) and dry subhumid (PP= 600-1200
mm/year, PP/ETP = 0.5-0.65), regions (Spinoni et al. 2015). Overall, these regions are
characterized by low mean annual precipitation which normally occur in casual and
unpredictable events with large variability among years (Noy-Meir, 1973; Maestre et al.,
2021). The high evaporative demand and the unpredictable water pulses modulate
ecosystem structure and processes through soil moisture availability (Loik et al. 2004;
Zhang et al. 2021), with strong influence on biogeochemical cycles (Ahlstrom et al. 2015;
Osborne et al. 2022).
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Il Hyper-arid (PP/ETP < 0.05) [l Arid (PP/ETP = 0.05-0.2) ] Semiarid (PP/ETP = 0.2 - 0.5) __| Dry subhumid (PP/ETP = 0.5 - 0.65)

|| Not a dryland

Figure 1. Dryland classification and its distribution according to FAO and Global Aridity Index database
from Trabucco et al. (2018).

20



Introduction

Several regional and global studies described a negative effect of aridification in dryland’s
vegetation and soils (Berdugo et al., 2020), which can be exacerbated by human activities
(Li et al., 2023; Maestre et al., 2023). Despite research of the effects of global change on
dryland ecosystems are increasing, there are some scientific controversies of how climatic
change will affect drylands extension in the future. On the one hand it is expected that
anticipated shifts on precipitation regime together with increasing air temperature will
intensify climatic aridity (i.e., the difference between PP and ETP) and therefore it will
promote an expansion of drylands about ~10% - ~20% of their current extent by the end
of the century (Huang et al. 2016, 2017; Koutroulis 2019; Yao et al. 2020). On the other
hand, CO; fertilization is forecasted to increase water use efficiency of vegetation (Lian
et al. 2021), which will modify the atmospheric evaporative demand. In addition,
reductions on soil moisture will limit evapotranspiration and water recycling for
precipitation but they may enhance atmospheric moisture convergence which in the end
reduces water scarcity (Zhou et al. 2021). As result, drylands might expand in some
regions while they might reduce its extension in other regions (Berg and McColl 2021).
This controversy emphasizes the importance of ecohydrological processes in drylands by
conditioning land-atmosphere feedback and their potential relevance in a global climate

change context.

Ecohydrological features and functioning of dryland ecosystems

The chronic water shortage that experience dryland ecosystems disables to sustain a
continuous cover of vascular plants, affecting also soil resources and nutrient stocks
(Plaza et al. 2018). Moreover, in response to the harsh environmental conditions
characterizing these regions, plant species often exhibit a wide variety of phenological,
morphological and physiological adaptations to cope water scarcity (Soliveres et al. 2014;
Nunes et al. 2017). This results in a pool of species with a great heterogeneity in the size,
shape and economic traits of the leaves and stems to reduce absorbed solar radiation and
heating, and to avoid transpiration. Others have developed water and nutrient storage
tissues to resist drought. There are also abundant annual forbs presenting fast biological
cycles that allow them to complete their life cycle during the short periods of water
availability (KlimeSova et al. 2023). Perennial species of trees and shrubs presenting
deep-root system to obtain soil moisture from deeper layers and minimize competition

with other species are also common in drylands (Peguero-Pina et al. 2020). This broad
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variety of adaptations and life forms also promote the apparition of biological
relationships among species such as resources facilitation and competition that transform
drylands into highly diverse and complex ecosystems (Maestre et al., 2016). For example,
the above mentioned deep-rooted plants usually improve soil moisture content under their
canopy by pumping up water and nutrients that can be used for other surrounding species

(Sardans and Penuelas 2014; Torres-Garcia et al. 2022).

Reduced vegetation coverage with perennial vegetation frequently forming isolated
patches interspersed with bare soil is another pervasive feature of drylands worldwide
(Rietkerk et al. 2004). Vegetated patches frequently occupy most favourable positions
within the landscape whereas open areas among vegetation are usually covered by
physical soil crusts, stones, or low requirements organisms such us biological soil crusts
(complex poikilohydric communities that live in a close relation with soil particles of the
topsoil and are mainly composed by mosses, lichens, cyanobacteria, microalgae and
bacteria) (Weber et al. 2016; Rodriguez-Caballero et al. 2018). As it is expected, soils in
open areas are usually shallow, and show lower infiltration capacities as result of soil
sealing and physical crusting processes, or the effect of disturbances such as grazing that
induce soil compaction (Ravi et al. 2010; Allington and Valone 2014), or the low organic
matter inputs that hinder soil development (Osborne et al. 2022). In contrast, soil under
vegetated patches is usually thicker with a more developed structure promoted by the
higher inputs of organic matter from plants (Ridolfi et al. 2008; Tolgyesi et al. 2020) and
it presents better hydraulic properties. The magnitude of all these effects varies according
to plant biomass. Moreover, the accumulation of nutrients and water in vegetated patches
together with the reduction of the soil evaporation rates resulting from the higher retention
capacity of these soils, and the shadow generated by the plant canopy, enhances the
biological activity underplant canopy compared with surrounding open areas (D’Odorico
et al. 2007; Maurice et al. 2023) and modulate biogeochemical cycles (Osborne et al.
2022). As a consequence, vegetated patches act as fertility islands in which resources

cumulated (Ridolfi et al. 2008).

Different biotic and abiotic mechanism are involved in the formation of fertility island
including both, biotic processes that promote resource accumulation underneath
vegetation (e.g., plant biomass, roots activity, more abundant and diverse microbial

communities, etc) and abiotic processes including dust trampling, rainfall interception
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and steam flow, and runoff water redistribution processes (Eldidge et al., 2020). The last
one is triggered by the contrasting differences on soil hydrological properties between
vegetated patches and open areas (Mayor et al., 2008; Pueyo et al., 2013), and consists
on the superficial redistribution of the runoff and the related nutrients generated in open
areas to vegetated patches (Puigdefabregas et al. 1999; Puigdefabregas 2005; Okin et al.
2015) (Figure 2). Runoff water redistribution process promotes the creation of a complex
ecohydrological source-sink system that increases water and nutrients supply for the
maintenance of the biotic activity within the vegetated patch. Thus, it favours plant
growth and reinforces the creation and maintenance of fertility islands (Maestre et al.
2016; Wu et al. 2023). Therefore, ecosystem functionality and dynamics are deeply

related to vegetated patches and their interplay with runoff redistribution.

Figure 2. Runoff redistribution process driven by the differences in soil properties between vegetated and
surrounding open areas. Open areas have shallow soil with low infiltration rates and are very efficient in
runoff generation. Runoff water is infiltrated in the adjacent vegetated patches where soil structure is more
developed, and infiltration is favoured. This additional supply of water and nutrients constitute a source of
resources for the biotic activity of vegetation and related organisms (e.g., fauna, microfauna, soil microbes,

etc) with implications on the ecosystem functioning.
Patchiness strategy in response to water scarcity

Dryland’s vegetation patchiness, defined as vegetation patches size, frequency, shape and
spatial distribution within the landscape, is rarely random but exhibit different
configurations in which resources availability for plants are optimized to minimize
environmental stress (Rietkerk et al. 2004; Berghuis et al. 2020). This self-organization
process obeys the Turing instability concept (Turing 1990), in which a uniform system
develops a spatial pattern based on the balance between two opposite processes that push

the system: one promoting the change of the system (activation) while the other one
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counterbalance this change (inhibition). An easy way to understand the Turing instability
concept is to imagine a chemical reaction in which the product of the reaction acts also
as inhibitor of the reaction. The final concentrations of both chemical compounds in the
space (reactive and product) will depend on the balance between the speed generation the
product (activation) and the speed of the product stopping the reaction (inhibition)
(Rietkerk et al. 2021). Thus, in a system with no resource limitations for biological
activity (i.e., without an inhibitor process) vegetation forms a uniform cover as there are
no growth restrictions. As environmental stresses or “inhibition" increase (e.g., aridity,
grazing, fire events, etc) and resources become more restrictive, vegetation adjusts its
cover, biomass and spatial pattern according to the balance between environmental
pressures and processes of resource redistribution that promoted resources accumulation

on vegetated patches (e.g. runoff water redistribution; Siero, 2020).

According to the dominant operating drivers, vegetation spatial patterns have been
usually classified into periodic or regular patterns (i.e., patterns that follow a determine
longwave or space among plants) and irregular patterns (i.e., patterns whose do not follow
a longwave) (Maestre et al. 2016). Periodic patterns are caused mainly by biotics
interactions such as competition among plants for the limited water resource. Some
examples include gaps of bare soil surrounded by dense vegetated patches (e.g., fairy
circles on Namibia), intricate labyrinths, as well as striped or spotted patterns where
vegetation is scarce and surrounded by expansive open spaces (Deblauwe et al. 2008)
(Figure 3). On the other hand, irregular patterns are usually caused by abiotic drivers
limiting plant growth such us topography or soil depth, and are characterized by varying
patches sizes (Maestre et al. 2016). Real drylands landscapes, however, generally
represent intermediate cases where the spatial pattern is the result of the interplay of
abiotic constrains imposed by landscape heterogeneity (i.e., topography or soil depth),
biotic interactions among plants species for resources (i.e., short-range facilitation and
long-range competitive interactions for water and nutrients) and by the resulting source-

sink relationships between open and vegetated areas (Sheffer et al. 2013) (Figure 3).
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Figure 3. Balance between physical and biological factors controlling vegetation spatial pattern in drylands
by conditioning water availability or plant growth. Irregular or disorganized patches usually appear when
physical constrains modulate water availability while periodic patterns such as gaps, bands or spots are

usually governed by biological interactions.

Indicators of the ecohydrological functioning of drylands

There exists a close link between spatial organization, environmental conditions and
ecosystem functioning in drylands (Meron 2018). This, together with the high amount of
freely and available remote sensing images have led to using changes vegetation spatial
pattern as early warning signals for monitoring shifts in drylands functioning (Kéfi et al.
2007, 2014; Meloni et al. 2017; Génin et al. 2018). This approach is based on the concept
of ecosystem stability that assumes that different biotic and abiotic relationships,

modulating plant growth, promote the creation of a stable state for a given context of
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environmental conditions. An increase in the environmental stress may induce changes in
the different processes underlying the spatial organization of vegetation triggering the
evolution of the system to a different state (Hu et al. 2022). In this context, ecosystems
with regular spatial pattern clearly reflect changes on environmental pressures. They
show a well-documented succession from uniform fully cover to gaps, labyrinths or
stripes patches (depending on the slope of the terrain) and finally after the persistence of
isolated spots of vegetation, vegetation patches completely disappear (Deblauwe et al.
2011; Meron 2018; Ghandhi et al. 2019). For ecosystems with irregular spatial patterns,
the patch size distribution (number and size of plant patches) is often used as early
warning signal of shifts in ecosystem structure and functioning. Under low-stress
conditions, there are a wide variety of patch sizes, including large size vegetated patches,
and the frequency of patch size distribution typically follows a power-law curve (Kéfi et
al. 2014; Génin et al. 2018). As stress increases, larger patches tend to disappear, and the
shape of the patch size distribution varies from a power law to a truncated-power law or
an exponential function. This information can be also combined with additional generic
indicators describing vegetated patches distribution such as their variance, skewness and
near-neighbour correlation, as these indicators have been also reported to change before

critical transitions between alternative stable states (Hu et al. 2022).

In addition to the analysis of the patch size structure, ecologists and hydrologists have
developed different indices and metrics to incorporate ecohydrological relationships
between the spatial pattern of vegetation and runoff water redistribution processes for
assessing drylands functioning (e.g., Debra P.C. Peters et al., 2007; Saco et al., 2020).
These include indices that aimed at evaluating the capacity of an ecosystem to connect
the resources generated in the open spaces, and indices to quantify the capacity of the
vegetation structure to retain this extra runoff water and related nutrients in the
surrounding fertility islands (Berghuis et al. 2020). Both types of indicators, and other
based on the same concept, have been applied on a wide range of drylands and conditions
worldwide to effectively assess the effect of hydrological connectivity on ecosystem
functioning (Moreno-De Las Heras et al. 2012; Lazaro et al. 2015; Saco et al. 2020;
Calvo-Cases et al. 2021; Crompton et al. 2023). For example, Ludwig et al., 2007
proposed the landscape leakiness index (LI) which determines the potential leakiness of
water and soil sediments in a landscape based on satellite images and digital elevation

models (DEMs). In a nutshell, LI uses the DEM to identify flow direction and considers
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vegetated patches as obstacles for runoff and estimates the potential retention of runoft
and sediments within the system (ecological approach) by comparing its leaks with the
maximum and minimum potential leakiness (that is with fully vegetated and without
vegetation) under same topographical conditions. Other example of an ecohydrological
index, with the other approach, defined in drylands, is the Flowlength (FL) proposed by
Mayor et al. (2008). It also uses a DEM to derive the flow direction and vegetation maps
for characterizing source-sink dynamic functioning by assuming that vegetated patches
are sinks for the runoff and sediments are yielded by bare areas (sources). But, in contrast
to the LI, which estimates landscape or ecosystem capacity to retain resources, FL reflects
the connectivity of open spaces by determining the length of the runoff generated in each
pixel, being a good indicator for runoff generation and sediment losses at different scales
(hydrological approach), rather than an index of the increased resources on vegetation

patches.

Although hydrological connectivity and ecosystem leakiness are related with topography
and the spatial distribution of vegetated patches, they represent different process (i.e. the
potential magnitude of runoff water transport within the system VS the potential capacity
of the system to retain water and related resources), and should be considered together as
the analysis of one of them is only partial with no information about the other one.
However, they have mostly been used as separate indicators for the quantification of the
hydrological connectivity between source areas within the landscape and the resource
retention capacity of vegetation patches. Therefore, additional effort is needed to develop
new metrics able to link processes (connectivity and retention) which condition the
allocation of resources within the landscape, the magnitude of water redistribution
processes and the resource retention by vegetation patches. This is key to understand the
relevance of water redistribution processes for drylands functioning and to incorporate

these processes in the assessment of drylands health.

The biomass of the vegetated patches has a relevant effect on the resource storage and
soil properties of the fertility islands and in turn in the sink power of these patches. Thus,
the monitoring is a key issue to properly characterize runoff redistribution processes in
drylands. In addition, the current high availability of free remote sensing images
constitutes an interesting opportunity for easily monitoring vegetation state and biomass

in drylands. However, the high spatial heterogeneity characterizing dryland’s structure,
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in which vegetation patches usually do not overcome pixel size joins the fact that
vegetated patches are usually composed by a dynamic mixture of dry and green vegetation
transforming the monitoring of biomass in dryland into a challenge (Smith et al. 2019).
To overcome it, several approaches combining spectral information of vegetation with
structural information from satellites have been developed at different spatial scales
(Andela et al. 2013; Galidaki et al. 2017; Forkuor et al. 2020), and usually combined with
field information to increase the accuracy of biomass monitoring. These approaches
generally offer good results for woody vegetation such as trees (Estornell et al. 2011) or
scrubs (Estornell et al. 2012; Li et al. 2015) but they frequently fail on the characterization
of grasses or plants clumps (Muumbe et al. 2021) due to their complex morphology and
reduced size. As consequence, the correct characterization of plant biomass in patchy
grassland ecosystems is currently one of the main challenges for drylands monitoring and
modelling. Thus, developing accurate methodologies able to detect variations in the
photosynthetically active biomass in response to variable environmental conditions, it is
of great value for monitoring the ecohydrological functioning of drylands, especially if
they are easily combined with indices of spatial structure and connectivity of the

landscape.

Drylands and climate change

Water limited ecosystems are one of the most threatened biomes by ongoing global
change. Currently, several negative effects have been reported for drylands worldwide
when aridity increases, increasing their vulnerability to desertification (Wang et al. 2022;
Sun et al. 2023). According to Berdugo et al., 2022, increases in aridity promote a
vegetation decline in which vegetated patches tend to expand the distance among them.
An additional outcome of aridification is the decrease in the primary productivity, the
photosynthetic rate of vegetation and the NDVI (Normalized Difference Vegetation
Index). The reduction of plant coverage and the replacement of species for those more
adapted to water scarcity (usually low size plants) diminish litter inputs into the soil
exacerbating the loss of nutrients from soil by erosion (D’Odorico and Bhattachan 2012).
Thus, aridification also has a negative effect on soil physicochemical properties and on
biogeochemical cycles, reducing nutrient pools in the soil such as the amount of organic
carbon, nitrogen, or their enzymatic activities (Delgado-Baquerizo et al. 2013; Plaza et

al. 2018; Moreno-Jiménez et al. 2019). In addition, aridification also reduces soil
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microbial diversity and its abundance, inducing shifts in microbial communities on soils
(Delgado-Baquerizo et al. 2017) and ultimately allowing the development of fungal
pathogens (Maestre et al. 2015), thus amplifying the stress for the remaining vegetation.
All these negative effects of aridification on dryland soil and vegetation occur in a non-
linear manner when an aridity threshold is reached (Berdugo et al. 2020, 2022a; Zhang et
al. 2023). Moreover, human activities such as grazing interact with climatic drivers and
can modify the occurrence of this threshold, inducing a faster breakdown of the system

(Maestre et al. 2022; Li et al. 2023).

Reduced vegetation coverage in response to aridification will also suppose an increase in
hydrological connectivity and runoff production that may provide local water gains for
remaining vegetation, ameliorating environmental conditions for vegetation survival
(Mayor et al. 2019). Conversely, hydrological connectivity can also imply water losses
for vegetation when a dysfunctional spatial pattern for trapping runoff arises. Then, the
effect of runoff water redistribution on ecosystem response to aridification will be
modulated by the capacity of the system to retain extra runoff from open areas (Saco et
al. 2020) which could be also influenced by external factors such soil properties or human
disturbances. For example, by influencing soil properties related with water and nutrient
dynamics, such as water holding capacity, hydraulic conductivity or soil chemistry
(Muioz et al. 2023), lithology may facilitate or hinder water and nutrient uptake for
vegetation, conditioning its growth and therefore its relationship with runoff
redistribution. On the other hand, human disturbances, like grazing, usually involve
reductions on vegetation cover and alteration of its spatial distribution that promote soil
erosion and its impoverishment and may also modify the effect of run off redistribution

on plant performance ( Maestre et al., 2016).

Understanding the net effect of water redistribution on the different ecosystems
components and its interplay with other factors modifying water availability is currently
a crucial gap to assess the effect of aridification on drylands (Pueyo et al. 2013; Okin et
al. 2015; Saco et al. 2020). For example, to understand the response of vegetation to
aridification we should consider the complex relationships between vegetation biomass,
soil moisture availability and the related biogeochemical cycling through soil microbial
activity in vegetated patches (Plaza et al. 2018; Osborne et al. 2022). Combining

manipulative experiments with information recorded by remote sensors able to
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encompass wide parts of the landscape could be useful to achieve this goal. Moreover,
integrating information at different spatiotemporal scales is also a promising way to
understand drylands dynamics because the different ecosystem components frequently
have different sensitivity to aridity and other global change drivers (Berdugo et al. 2022b)
and induce different responses that only can be interpreted and detected when the

ecosystem is monitored at different scales.
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Hypothesis

The role of runoff water redistribution for the maintenance and functioning of vegetation
in drylands has been widely claimed but very few studies have measured its effect on
vegetation productivity, biomass, cover, and the associated soil microbial activity. In
addition, it has been hardly addressed across different environmental conditions
simultaneously. The review of literature suggests that the effect of runoff water
redistribution on ecosystem functioning is influenced by aridification (or other
environmental disturbances) and may have two opposite effects. On the one hand, it may
buffer water deficit for plants by supplying runoff water from the surrounding open areas.
On the other hand, an appreciable rise in runoff may involve a loss of resources (water
and nutrients) for plants if the vegetated patches are not able to trap it, amplifying
environmental stresses for its survival. During the las decades, several factors influencing
runoff water redistribution have been identified and some models have forecasted its role
on ecosystem functioning. However, experimental evidence quantifying the effect of
water redistribution on the response of dryland’s ecosystems to aridification is scarce, and
there are no studies evaluating the relevance of water redistribution processes for the
different ecosystem components (i.e., vegetation and related soil microbial communities).
Moreover, as far as we know, no study has considered simultaneously other abiotic
factors, such as soil or terrain properties, that modulate the influence of water

redistribution with increasing aridity.

The general hypothesis of this thesis is “runoff water redistribution plays a key role on
dryland ecosystem functioning by supplying an extra input of water and nutrients for
vegetation and underlying soils, but its effect is modulated by climatic conditions and by
other biotic and abiotic factors conditioning the capacity of vegetated patches to trap
runoff such as soil properties or by human disturbance”. Accordingly, we hypothesize that
the effect of runoff water redistribution buffering aridification will be stronger in more
arid areas. However, this buffer effect may be constrained by the effects of soil

disturbance on hydrology.

Physicochemical soil properties controlling water availability in soils, such as soil
hydraulic conductivity, water holding capacity or soil temperature, are usually legacies of

the underlying lithology. In addition, soil chemistry, through pH, electrical conductivity,
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and ultimately nutrient availability, plays a key role on plant composition. Thus, different
lithologies may involve contrasting soil moisture regimens and different plant
communities under the same climatic conditions. As result, we hypothesized that the
effect of aridification and the impact of runoff water redistribution on the ecosystem
response to aridification (plants and the underlaying soil communities) will vary among
lithologies driven by the contrasting hydrological behaviour legacy. More precisely, we
expect alterations in the spatial pattern of vegetated patches in response to increased
aridity that differ between contrasting lithologies. Lithology legacies also may involve
different shifts on plant composition and soil microbial response with aridification as
outcome of the interplay of different water availability regimes and vegetation turnover
on soil carbon pools. For example, lithologies that foster the development of soils
characterized by low infiltration or water retention capacity are expected to experience
more pronounced impacts of increased aridity. This includes significant changes in the
spatial pattern of vegetated patches with smaller and isolated vegetated patches becoming
more abundant to ensure efficient water redistribution. Furthermore, higher reductions on
photosynthetic biomass, photosynthetic rates and shifts on plant species composition by
promoting low size species and lower microbial activity in their underlying soils are

expected.

In addition, human disturbances such as grazing, or land abandonment have been reported
as factors influencing the spatial arrangement of drylands because their impacts on
vegetation and soils. Thus, we hypothesized that, by affecting the capacity of the
ecosystem to trap and retain runoff water and related nutrients, human disturbance may
play a key role determining the direction and magnitude of the effect of increased runoff

generation on the survival and growth of vegetation.
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Aims

The overall purpose of this thesis is to understand the effect of runoff water redistribution

on the response of vegetation and underlaying soil in dryland ecosystems to aridification

to elucidate if this supply of resources can buffer the expected negative effects of climate

change in drylands.

For achieve that we proposed the following specifics aims:

1.

To explore the potential role of the legacy of lithology on soil properties in the
response of drylands to aridification by evaluating its effect in controlling the
response of vegetation (cover, spatial structure, and composition) and soil
microbial biomass to aridification (Chapter I).

To develop a new easily applicable measurement of the ecohydrological
functionality of drylands hillslopes based on the Balance between runoff water
Connectivity and potential Water Retention Capacity (BalanCR) (Chapter II).
To evaluate the relevance of runoff water redistribution and associated
mechanisms as driver of drylands functioning and vulnerability to aridification
induced by climate change under different disturbance conditions (Chapter I1T).
To develop a new non-destructive methodology for monitoring spatiotemporal
dynamics of above ground (i.e., total) and green biomass of M. tenacissima L.
plants (Chapter IV).

To experimentally explore the effect of runoff water redistribution on plants and

soil functioning when aridity increases and how lithology may modulate it

(Chapter V).
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General Methodology

This PhD thesis has been developed along three different aridity gradients covered by
Macrochloa tenacissima steppes in the Southeast of Spain, which is one of the dominant
ecosystems of the Mediterranean drylands. Warming rates induced by the ongoing climate
change are higher on the Mediterranean region than the global average (Lionello et al.
2014; Urdiales-Flores et al. 2023), making mediterranean dryland’s excellent candidates

to understand the effect of aridification on drylands.

Since each chapter has its own methodology, the purpose of the following sections is to
introduce an overview about the different methods applied during this thesis, avoiding

excessive details and technical terminology.

Study object: Macrochloa tenacissima steppes

Macrochloa tenacissima (L.) Kunth (= Stipa tenacissima L.), or Alpha grass steppes cover
more than 32.000km? between the North of Africa and the South of Europe (Cortina et al.
2006; Maestre Gil et al. 2007). They span in semiarid and arid areas with high insolation
rates that are associated to elevated atmospheric evaporative demand values and, in
which, mean annual precipitation usually ranges between 200-400 mm, occurring mainly
in autumn and spring (Aidoud 2006; Ramirez et al. 2007). These ecosystems have been
traditionally strongly related with human activities as have been usually used as grazing
areas and to obtain natural fibbers (Belkhir et al. 2012). Therefore, its capacity to provide
ecosystem services directly affects the welfare of rural societies, especially those located
in North Africa (Cortina et al. 2006). M. tenacissima is the predominant plant species in
these steppes thanks to its wide range of adaptations to cope with water scarcity. Examples
of these adaptations are the capacity of leaves to bend on themselves during dry periods
to reduce stomata water losses, the lateral spread and shallow root system adapted to
ensure water access, or the high proportion of necromass (i.e., dead leaves and
inflorescences) composing the tussock that reduces water losses by evaporation and
induces water infiltration by slowing down incoming runoff (Pugnaire et al. 1996;
Maestre Gil et al. 2007; Belkhir et al. 2012; El-Abbassi et al. 2020). Together with these
morphological and physiological adaptations, runoff water redistribution has been also

reported as a major spatial process involved on the functioning and survival of
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Macrochloa tenacissima steppes (Sanchez and Puigdefabregas 1994; Puigdefabregas et
al. 1999; Puigdefabregas 2005). All these factors also allow M. ftenacissima plants to
facilitate the establishment of other plant species, contributing to the high biodiversity of

these steppes (Maestre et al. 2001).

During the last decades the extension of M. fenacissima steppes has decreased around
63%, from the historical ~ 86.000 km? to the actual ~32.000 km? (Cortina et al. 2006).
Cover reduction results from overgrazing and land degradation in north Africa and human
disuse in Spain and other European countries. Despite the adaptation strategies of the
vegetation inhabiting M. tenacissima steppes to cope with water stress, their extension is
also forecasted to decrease even more by the end of the century as outcome of the current

global change (Ben Mariem and Chaieb 2017).

Space for time substitution approach

To determine the effect of runoff water redistribution in vegetation and soil performance
and therefore ecosystem functioning against increased aridity, we applied a space for time
substitution approach. We selected three aridity gradients that encompass a wide range of
aridity levels (from 0.17-0.27), see methods in Chapter I and Chapter III respectively for
further details) within the natural distribution of M. tenacissima steppes in the region.
Space for time substitution approach has been frequently used to investigate the effect of
climatic shifts on ecological processes. Recently, it has been suggested that regional
studies along climatic gradients should be combined with spatially distributed temporal
series of information in a common statistical analysis to increase results reliability about
ecological processes (Damgaard 2019). This is because this methodology also involves
the associated spatial processes, and biotic and abiotic interactions, that usually appear

when climatic conditions change in real ecosystems (Blois et al. 2013).

Attending the type of information obtained in each aridity gradient, they can be classified
in two experimental aridity gradients over two contrasting lithologies (limestone and mica
schist) where manipulative experiments and field measurements on plants and soils were
conducted; and a remote sensing aridity gradient over limestone lithology where

information was obtained from bibliographic reviews and remote sensing).
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Experimental aridity gradients

Two experimental altitudinal-aridity gradients, consisting in four study hillslopes each one,
were settled on contrating lithologies in the province of Almeria (SE Spain, Figure 4). These
aridy gradients were used to conduct field measurements and manipulative experiments to
assess the effect of runoff water redistribution on plant functioning and on the underliying
soil response in natural M. tenacissima steppes in a context of aridification. The selection
of two contrasted lithologies (limestone and mica schist) with contrasting hydrological
properties allowed us to determine the influence of the lithology legacy modulating the
runoff water redistribution effect on soil and vegetation performance under different aridity
levels. The information recorded in these aridity gradients was used for the development of

Chapter I, Chapter 11, Chapter IV and Chapter V.

One of the experimental aridity gradient was settled on a limestone lithology (L). It
spanned between 22 to 807 m.a.s.l in Sierra de Gador, where 4 plots (hillslopes) named
L4, L3, L2 and L1 (ordered from the lowest to the uppest one) were located (Figure 4).
Mean annual precipitation varies between 194 mm/year (aridity index: 0.13) to 337
mm/year (aridity index: 0.22) from the lower to the upper part of the gradient. Soils in
this gradient are Calcaric Regosols characterized by loam (L1) to sandy loam (L2,1.3,L.4)

textures with moderate sand content.

The other experimental altitudinal-aridity gradient was stablished over mica schist
lithology (M). Soils developed there are Eutric Regosols with sandy loam textures that
are characterized by less water retention capacity than those developed on limestones
lithologies. In addition, these soils on mica schist bedrock have darker colours which may
induce higher soil temperatures and a faster water evaporation. Mica schist gradient spans
from 298 m.a.s.l in Sierra Alhamilla (plot M4) to 1046 m.a.s.] in Sierra de los Filabres
(plots M3, M2, M1) (Figure 4), with mean annual precipitation varying between 193
mm/year (aridity index= 0.17) at the lowest part to 373 mm/year at the highest upper parts
(373 mm/year, aridity index= 0.27).

In both gradients, climatic conditions (i.e., mean annual temperature, mean annual
precipitation and aridity index) were deeply related with altitude, with a decrease in

aridity as altitude increases.
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An unmanned aerial vehicle (UAV or drone) flight survey was conducted on each study
plot to obtain high resolution orthoimages and Digital elevation models (DEMs) (Figure
5). These images were used to obtain high resolution vegetation maps, by supervised
classification methods, to calculate vegetation patch spatial descriptors. The vegetation
maps were used further in combination with the DEMs to develop a new ecohydrological
indicator for potential water redistribution. Perennial plant diversity and composition
were also measured in each study plot during field surveys to characterize the changes of
the plant community to aridification in both gradients (see methods in Chapter I for
further details).

Finally, a runoff exclusion experiment was set up in each study plot along the two
experimental aridity gradients, to experimentally determine the effect of runoff water
supply on the response of vegetation patches and the underlaying soil microbial activity
to aridification. For that, in each plot along the gradient, 6 paired plants of M. tenacissima
plants with a similar size were selected in different hillslope positions (upper, medium,
and lower) trying to encompass a wide range of water redistribution conditions. One of
the plants in the pair was settled as control while the other one was runoft excluded.
Runoff exclusion was done by installing metallic sheets deeply inserted into the soil
located in the upstream part of the plant acting as a shield to divert the runoff and thus
prevent its infiltration in the soil under the plant (Figure 5). A total of 48 M. tenacissima

plants and underlying soils were periodically monitored.

For plant response monitoring, a new non-destructive methodology for above ground
biomass estimation based on plant volume and its spectral response was developed (see
Chapter IV). Accordingly, the spectral response of vegetation under the two different
treatments was also measured with a field spectroradiometer as a proxy of green biomass.
Concurrently to the spectral response measurements, photosynthetic rates at leave scale

were determined using a portable LICOR Li-6800 (Figure 5).

Moreover, soil organic carbon, basal respiration and substrate induced respiration, using

glucose as substrate were analysed under M. fenacissima canopy at different time spans.
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Run off exclusion treatment

Control plants

Soil monitoring
(Microbial activity)

Photosynthetic rates

Green biomass monitoring

Figure 5. Schematic representation of the different information acquired in the experimental aridity

gradients.

39




General Methodology

Remoted sensed aridity gradient

The remote sensed aridity gradient spanned over a ~100 km latitudinal aridity-disturbance
gradient between Murcia and Alicante in the SE of Spain (Figure 4) and included 14 study
hillslopes of M. tenacissima steppes. Aridity values ranged between 0.17-0.24 along the
gradient, which correspond to 299-350 mm/year respectively. The selection of these study
sites was based on the work by (Maestre and Cortina 2004) since they comprised
contrasting signs of degradation, significant variations on aridity and reduced variability
associated with vegetation, slope gradient and soil type. All study areas were located on

limestone lithology with similar soil type (loamy-silty loam Lithic Caciorthid).

High resolution orthoimages from the National Plan of Aerial Orthophotography of Spain
(PNOA) were used to determine the study area within each study hillslope and to identify
the 10 x10m SENTINEL-2 pixels corresponding to these areas. Temporal series
(2016/10/01 — 2020/09/30) of the normalized difference vegetation index (NDVI) with
monthly resolution were obtained for each pixel as a proxy of vegetation performance
and dynamics. In these areas we also calculated the potential water redistribution,
according to the new runoff water redistribution index developed in the Chapter II, and
we combined it with the effect of topography on the potential incoming solar radiation,
climatic information and information of Human disturbance obtained from Global Human
Influence Index v2 database (Wildlife Conservation Society - WCS and CIESIN 2005) to
model NDVI dinamics.

Finally, we obtained climatic predictions for the analysed aridity gradient for two
contrasted Shared Socioeconomic Pathways (SSPs245 and SSPs585) and 3 climate
models (GFDL-CM4, ACCESS-CM2 and IPSL-CM6A-LR) included within the 6th
IPCC report (see methods in Chapter III for further details) and we applied the obtained

models to predict the future response of Mediterranean M. tenacissima steppes.
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Abstract

Context Macrochloa tenacissima (L.) Kunth (= Stipa tenacissima L.), also defined as
Alpha grass steppes, form the main dryland ecosystems throughout the Mediterranean
region. Recent studies suggest that ongoing climate change will lead to a sequence of
changes in them, including modifications in the composition of vegetation and reduction
in vegetation cover and biomass, which will diminish plant derived organic inputs into
the soil. These changes are expected to affect the spatial arrangement of vegetation and
the ecosystem’s water-nutrient balance, as well as the microbial populations in the
underlying soil. In addition, the lithological legacy affecting soil hydrological properties
might modulate the effects of aridity.

Objectives With this study, we wanted to evaluate the interactive effects of the lithological
legacy on soil water availability and aridification on vegetation cover, spatial structure,

and composition, and on soil microbial biomass.

Methods We combined field data, including plant composition and soil physicochemical
and biological properties, with unmanned aerial vehicle (UAV) images collected at eight
study sites along two different altitudinal-aridity gradients with contrasting lithologies in
a space-for-time substitution approach to explain the role of lithological legacies on soil
properties in aridification. High-resolution UAV images were used to determine the
vegetation cover and three spatial metrics related with the hydrological connectivity
within the study areas. Soil microbial biomass was estimated using the substrate-induced

respiration method.

Results Aridification was critical to explaining changes in vegetation coverage, diversity,
richness, and spatial distribution, reducing plant cover, and promoting dominance of small
round isolated vegetation patches. By modulating soil physicochemical properties,
lithology interacted with aridity controlling the variations in plant composition and the
changes in soil microbial biomass along the altitudinal aridity gradients. This may have also

affected nutrient cycling, thus determining the response of the ecosystem to aridification.

Keywords: Unmanned aerial vehicle, Vegetation, Spatial pattern, Stipa tenacissima,
Soil microbial biomass, Dryland, Spain
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Introduction

Drylands comprising hyper-arid, arid, semiarid and dry subhumid regions cover more
than 41% of the terrestrial land surface (Pravalie 2016) and support almost 40% of the
human population (Cherlet et al. 2018), who directly benefit from their ecosystem
services and goods (Lu et al. 2018; Liao et al. 2020). Drylands are defined as water-
limited ecosystems (Noy-Meir 1973), where the frequency, duration and intensity of
rainfall govern vegetation and soil biological activity (Ackerly 2003; Weltzin et al. 2003;
Zhang et al. 2016; Brandt et al. 2019; Peguero-Pina et al. 2020). The variety of dryland
biomes (e.g., arid steppes, grasslands, tropical and subtropical savannas, dry forests, etc.),
their complex topography (Suggitt et al. 2018), heterogenous lithology and long historic
human land use (Bonkoungou 2001) have transformed them into very heterogeneous
ecosystems that have become biodiversity hotspots (Maestre et al. 2021). In spite of the
wide diversity of plants and high endemism rates, drylands usually have sparse vegetation
cover forming patches comprised of various plant species (D’Odorico and Bhattachan
2012; Ghandhi et al. 2019). Plants are known to improve their surrounding environment,
especially soil, by affecting the soil organic nutrient pool. Moreover, plant roots and stems
modify soil surface properties, creating preferential flows. Along with the effect of
increasing organic matter, this improves soil porosity and structure, enhancing infiltration
and water storage (Pugnaire et al. 2011). Vegetation patches are therefore considered
fertile islands that act as runoff sinks compared to open areas, which are frequently
covered by stones or physical and biological soil crusts, all of them with lower infiltration
rates than vegetated areas (Mayor et al. 2008; Cantén et al. 2011). During most rainfall
events, runoff is generated in open areas and redistributed to vegetation where run-on is
infiltrated, promoting vegetation survival, growth, and development (Ludwig et al. 2005;
Rodriguez-Caballero et al. 2018). This greater water availability in soil under vegetation
patches also favours soil microbial activity (D’Odorico et al. 2007; Kaouthar and Chaieb
2009), thus intensifying nutrient cycling from litter and other vegetation inputs. As a
result, most drylands can be considered complex coupled ecohydrological systems in
which the spatial distribution of vegetated and unvegetated areas modulates water and
nutrient redistribution by runoff, while at the same time, water redistribution drives

ecosystem functionality (Okin et al. 2015; Bautista and Mayor 2021).
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Aridification in water-limited ecosystems leads to abrupt changes in multiple ecosystem
attributes, including less productive vegetation, cover and biomass, and shifts in plant
composition (Berdugo et al. 2020). Expected reduction in plant-derived organic soil
inputs able to alter microbial activity and nutrient cycling will intensify environmental
stress on vegetation. Moreover, as vegetation cover declines, small and isolated vegetated
patches are also expected to become more abundant, and their spatial arrangement will
be modified (Meloni et al 2019). This may have important implications for
ecohydrological connectivity and ecosystem functioning (Lin et al. 2010; Génin et al.

2018), thus affecting its resilience (Mayor et al. 2013).

Several important soil properties modulating water availability are a legacy of the
lithology or parent material. Thus, in addition to climatic drivers, lithology is another
major environmental factor with important implications for dryland vegetation
composition, structure, and functioning. For example, by affecting soil texture, porosity,
or structure (Martinez-Hernandez et al. 2017), lithology indirectly controls plant soil
moisture availability dynamics and soil microbial activity (Regiiés et al. 2017; Dacal et
al. 2022), which in turn affect carbon input into the soil, microbial diversity and
composition (Moyano et al. 2013; Company et al. 2022), and nutrient cycling. Thus, the
lithological legacy may buffer or amplify the potential cascading effects of climate change
induced by aridification in drylands. However, the effects of the interaction between these
key drivers on vegetation composition, structure, functioning and soil microbial biomass
in drylands have not been analysed, or considered in studies on the response of these

ecosystems to climate change.

Although dryland ecosystems properties and processes (e.g., vegetation composition,
cover and structure, soil microbial composition and activity, biogeochemical cycling, etc.)
may respond differently to low water availability, they are closely interconnected. Thus,
the effects of aridification in one of them may trigger changes in others, which hinders
analysis of dryland response to climate change. On this basis, to properly evaluate the
influence of lithology on dryland ecosystems’ response to climate change, the most
relevant ecosystem properties and processes should be quantified simultaneously under
different climatic and environmental conditions. This can be done by the synergistic use
of traditional field and laboratory work with novel remote sensing approaches

(Rodriguez-Caballero et al. 2022; Berdugo et al. 2020). Such techniques provide high
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spatial resolution information able to reflect the importance of local environmental factors
without losing the valuable information contained at landscape scale. For example, while
soil properties and vegetation composition can be determined in the field, remote sensing
imagery can provide continuous information over larger areas of the territory, enabling
proper assessment of vegetation performance, coverage, and spatial distribution (Smith
et al. 2019). However, the spatial resolution of most satellite products is very often too
coarse for accurate characterization of the inherent spatial heterogeneity of drylands,
where vegetation patches tend to be smaller than pixel size (Dawelbait and Morari 2008;
Smith et al. 2019). Unmanned Aerial Vehicle (UAV) imagery can overcome this limitation
by increasing the spatial resolution from meters to centimetres, precisely characterizing
the shape and size of vegetated patches (Kaneko and Nohara 2014; Al-Ali et al. 2020;
Getzin et al. 2022). This is very useful in detecting changes in vegetation response to

environmental drivers.

In this study, we proposed a space-for-time substitution (SFT) design along altitudinal-
aridity gradients on contrasting lithologies to evaluate the hypothesis that “Lithological
legacy modulates the resilience of dryland vegetation and underlying soil communities to
aridification by modifying the soil environment (e.g., water availability, nutrient pools,
etc.).” Our objective was therefore to explore the potential role of the legacy of lithology
on soil properties in the response of drylands to climate change by evaluating its effect in
controlling vegetation response properties (cover, spatial structure, and composition) and

soil microbial biomass to aridification.

Methods

Spatial framework and study areas

We focused our study on semiarid steppes dominated by Macrochloa tenacissima (L.)
Kunth (previously Stipa tenacissima L.) or Alpha grass steppes, hereinafter M.
tenacissima. They are one of the most representative ecosystems in the Mediterranean
basin, covering more than 32.000 km? between the Northwest of Africa and Spain,
including a wide range of soil properties and lithologies, predominantly limestone and
mica schist (Aidoud 2006; Maestre et al. 2007). M. tenacissima is a grass well adapted to
survive under the harsh environmental conditions that characterise drylands regions such

as long periods of water stress, high solar insolation and shallow soils (Ramirez et al.
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2007a). The plant structure of M. tenacissima together with the huge number of dead
leaves in the tussock, promote the interception of runoff fluxes, making the
ecohydrological connectivity a key process regulating the growth and survival of M.
tenacissima (Puigdefabregas et al. 1999; Puigdefabregas 2005; Rodriguez-Caballero et
al. 2018).

Eight hillslopes along two altitudinal-aridity gradients on two different lithologies in the
province of Almeria (Southeast of Spain) were selected as study areas (Fig. 1). The
selected hillslopes include the natural climatic range of distribution of M. tenacissima in
the region. One of the altitude gradients was settled over limestone soils and the other one
on soils developed from a mica schist bedrock, which are usually foliated rocks that
promote the formation of soils with coarse fragments and lower water holding capacities
than the limestone soils. Each altitudinal-aridity gradient included four study areas (Fig.
1) and all of them were characterised by low developed and shallow soils. The study areas
(or plots) on the limestone gradient (L) are located between 22 m.a.s.l (Las Amoladeras,
plot L4) and 807 m.a.s.l (Sierra de Gador, plots L3, L2, L1) while plots on the mica schist
gradient (M) span between 298 to 1046 m.a.s.l., from Sierra Alhamilla (plot M4) to Sierra
de Filabres (plots M3, M2, M1) (Fig. 1, Table 1). Mean annual precipitation, mean annual
temperature and the mean f maximum annual temperature were obtained for each study
area (Table 1) using the Climatic Atlas from Agencia Estatal de Meteorologia (AEMET
250 m of spatial resolution, http:// agroc limap. aemet.es), which offers interpolated data
of mean temperature and mean precipitation for all Spain using records from 1971 to
2000. Aridity index (AI; ratio between mean annual precipitation and mean annual
evapotranspiration, dimensionless) was obtained from Global Aridity Index Dataset (30
arc seconds of spatial resolution [~ 1 km at the equator]; Trabucco and Zomer 2018).
Aridity index shows higher values in less arid areas (higher altitude) and decreases as
aridity increases, ranging between 0.17-0.27 in the limestone lithology altitudinal

gradient and between 0.13—0.22 in the mica schist gradient (Table 1).
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Fig. 1 Location of study areas in province of Almeria (Southeast of Spain). Dots symbolize study areas

over different lithologies (orange for mica schist and blue for limestone lithology). Arrows indicate aridity

and altitude gradients, being aridity index higher (less aridity and therefore more precipitation) in the areas

with higher altitude. Background image of land surface was obtained from © Google Earth 2022.

Gradient  Study area  Altitude (m.a.s.l.) Tmax (°C) Tmean (°C) PP (mm) Al
Limestone L1 807 19.5 14.6 337 0.22
Limestone L2 652 21.2 16.2 269 0.19
Limestone L3 258 23.0 17.9 215 0.17
Limestone L4 22 23.6 19.5 194 0.13
Mica schist M1 1046 23.5 15.4 373 0.27
Mica schist M2 764 23.8 16.2 322 0.21
Mica schist M3 620 23.6 16.6 243 0.18
Mica schist M4 298 23.2 18 193 0.17

Table 1 Climatic characterization of study areas where Tmax, Tmean and PP are the annual mean of

maximum temperatures (°C), the mean annual temperature (°C) and the mean annual precipitation (mm)

during 1981-2010, respectively. Al is the Aridity Index (dimensionless) obtained from (Trabucco and

Zomer 2018). Note that higher values of Al reflect more humid conditions and therefore less aridity.

Altitude is expressed in meters above sea level (m.a.s.1.).
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Vegetation cover and spatial pattern with UAV image

High resolution UAVs images were acquired for each study area using a Mavic Pro 2—DJI
drone with a Hasselblad L1D-20C RGB (20 Megapixels) camera at 80 m above ground
surface. The numbers of pictures necessary to characterise each plot depended on hillslope
length, ranging between 146 and 450 to ensure a 90% of longitudinal overlap and 70% of
lateral overlap between photographs. Individual images were merged to create a very
detailed orthoimage of each plot using PIX4Dmapper software. Images were georeferenced
by using the coordinates of a set of ground control points, that varied from 4 to 6 depending

on the plot size and recorded using a Leyca Zeno 20 GPS with 1 cm of accuracy.

Detailed maps of vegetation and open soil were built from the RGB orthoimages at 20
cm of spatial resolution by applying the supervised classification algorithm of Maximum
likelihood using ArcMap 10.5. To do this, we identified 150 training points of each of the
two cover classes (vegetated patches and open soil patches) by visual interpretation of the
orthoimages from each study area. Additional sets of 50 points per class (validation
points) were identified at each site and later used to build the confusion matrices to
calculate the kappa indices and the overall accuracy of the classifications. Classification
maps with kappa index lower than 0.9 were discarded and new training points were
acquired to ensure a precise mapping of both cover classes. Resulting classification maps
were used to calculate the total cover of perennial vegetation and open spaces as the sum
of all pixels classified as vegetation and bare soil respectively, and to calculate three
spatial indices related with the level of aggregation, the size and the shape of the patches
of'each class: (i) the aggregation index, which is related with the adjacencies of each patch
and reflects how close are the patches of the same class each other, thus representing the
connectivity between them. For example, in a natural system, a high aggregation index
for open spaces means that runoff sources are well connected; (ii) the mean area of all
patches, which is an area and edge metric associated with the composition of the
landscape reflecting the patches size. As water availability conditions become more
stressful, the mean area of vegetated patches is expected to be lower as outcome of
competition for runoff water between plants; and (iii) the patch circularity, which is a
shape metric related with the patch’s compactness, defined as the ratio between patch area
and the smallest circumscribing circle of the corresponding patch. Overall, the shape of

vegetated patches is more irregular when competition for resources between different
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patches is lower whereas they tend to form isolated circular patches as aridity increases
(Deblauwe et al. 2011), thus lower values of the circularity index are expected in wettest
high-altitude areas. Spatial distribution indices at the class level (average values of
vegetation and soil patches) were calculated for each site using the Landscapemetrics
package in R (R version 4.0.2), see (Hesselbarth et al. 2019) for further details about

indices calculation and description.

Perennial vegetation composition, richness, diversity, and evenness

Composition, richness, diversity, and evenness of the different study sites were measured
during a field survey in the 8 study areas. In each study area we delimited three 5 x 5 m
sampling plots on a transect along the hillslope. We identified and counted all individuals
of the different perennial plant species appearing within each plot. Relative abundance of
each of the perennial plant species found in each plot was calculated by using Eq. (1)

before further analysis:

Relative abundance = 1:—‘ (Eq.1)
T

where n; is the number of individuals of each species recorded in each plot and Nr is total

number of individuals recorded on the plot.

In addition, for each study area, we calculated three biodiversity indices per plot: species
richness (S), Shannon—Wiener index (H') and Pielou index (J). Species richness (S)
represents the number of species detected in each plot without considering species
abundances (Moore 2013). Shannon—Wiener index (H') determine how similar are the
abundances of different species in a community and was computed following Eq. (2)

(Shannon 1948):
H' =-=%,pi In (p) (Eq.2)

where H' is the Shannon—Wiener index, S is the number of species, pi is the proportion of
one species in the community. Pielou index (J) represents the evenness of species and

was calculated following Eq. (3) (Pielou 1966):

Hl

] = T (Eq.3)

where J is the Pielou Index, H’ is the Shannon—Wiener index and S is the number of

species or richness.
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Soil sampling and analysis

Soil sampling was conducted under M. fenacissima canopies. In each study area, six M.
tenacissima plants were selected along the hillslope trying to encompass the plant size
range in the corresponding study area (48 soil samples in total). For each plant, composed
soil samples from the first 5 cm depth were taken considering both sides (left and right
side) of each tussock to avoid orientation bias in soil properties. Soil samples were
immediately transported in plastic bags to the laboratory at the University of Almeria,
where they were air dried, sieved at 2 mm and stored at 4 °C for further analysis. Soil
bulk density was also measured in the field, under 5 different plants by using standard

coring technique.

In each soil sample we measured the following soil properties: soil texture using
Robinson’s pipette method (Gee and Or 2002), soil organic carbon content (SOC) using
the Walkley—Black protocol modified by (Mingorance et al. 2007), soil water retention
capacity at 0.33 atm (or field capacity, WC0.33) and 15 atm (or wilting point, WC15)
suction pressures using Richard’s membrane method (Klute and Klute 1986). Available
water for plants (AW) in the upper 5 cm, was determined by the difference between
WCO0.33 and WCI15. The substrate induction respiration method (SIR; Bailey et al. 2002)
was also applied as a proxy of the microbiological biomass (MB) by using the Q-Box
SR1LP Soil Respiration Package (https:// qubit biolo gy. com/). As MB usually presents
higher spatial heterogeneity than the rest of studied soil properties, we analysed 3
replicates per soil sample. A preincubation, consisting in keeping the sample dry during
24 h at room temperature within a 100 ml laboratory sealed bottle, was performed to allow
soil microbial organisms to recover their activity after cold storage. We prepared 15 g of
soil per replicate and added 0.15 g of D- (+)-glucose dissolved in 1.12 ml of distilled
water as substrate (dissolution of 134 gr/L). SIR method was carried out at 60% of
WCO0.33 and 25 °C during 6 h, to ensure microbiological soil response was not limited by
temperature, substrate, or water. Afterwards, CO> concentration on each sample was
measured and from this value we determined microbiological biomass by using the Eq.

(4) proposed by (Anderson and Domsch 1978):

MB (ugg~?! soil) = 32.8 x COygr (ul CO2 g~soil h™1) + 3.7 (Eq.5)
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where MB is the microbial biomass and COjsir is the CO; concentration obtained from

SIR analysis in pl CO, g 'soil h™!.

Data analysis

As a preliminary step before data analysis, a correlation analysis was performed to
explore the relationships among altitude, climatic variables, and Al. By doing this, we
found that all climatic variables and Al were strongly correlated with altitude (R2 > 0.9).
As we moved from lower to upper areas of both altitudinal-aridity gradients there was an
increase in Al, as a result of the increase in mean annual precipitation and the decrease in
mean annual temperature and maximum daily temperature (Table 2). For this reason, and
because altitude usually has lower uncertainty than the interpolated climatic variables
obtained from regional and global dataset, we used altitude as surrogate of aridity along

the two altitudinal-aridity gradients in subsequent analysis.

Altitude Al PP Tmax
Altitude - - - -
Al 0.94 (p <0.05) - - -
PP 0.94 (p<0.05) 0.93 (p<0.05) - -

Tmax  -027 (p=021) -0.15(p=048) -0.3 (p=0.15) -
Tmean -0.94 (p <0.05) -0.85(p<0.05) -0.88 (p<0.05) 0.55(p<0.05)

Table 2 Correlation coefficients between climatic variables (PP, Tmax and Tmean), aridity index (AI) and
altitude. Al: Aridity Index (dimensionless), PP: Mean annual precipitation (mm), Tmean: Mean annual
temperature (°C) and Tmax: The annual mean of maximum temperatures (°C) Values in bold shown

significant relationships (p < 0.05)

The effects of altitude and lithology on vegetation cover and on the three indices
describing the spatial structure of vegetated and open soil patches were analysed by
applying general linear models (GLMs) using lithology (limestone or mica schist) as the
fix factor and altitude as the continuous predictor. As our main objective was to analyse
the interaction between aridity and lithology, we explored all possible models resulting
from the combination of altitude, lithology, and the interaction between them, selecting
the most plausible one according to the Akaike information criterion (AIC) value using
the Stats package in R (R version 4.0.2). Before data analysis we tested data normality
assumption by applying the Shapiro-Wilks test.

The influence of lithology and altitude on the perennial plant community composition

(relative abundance of the different species) was tested using a Permutational Multivariate
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Analysis of Variance (PERMANOVA). In addition, a non-metric multidimensional
scaling ordination (NMDS) of the relative abundance of the different species was done.
The maximum number of interactions was established at 500 and the Bray—Curtis method
was used to determine species composition similarity/dissimilarity between study areas.
From NMDS results, Spearman non-parametric coefficients were calculated between
NMDS axis and environmental descriptors of gradients (climatic variables, Al, altitude).
Both, PERMANOVA and NMDS ordination were performed in the Vegan package
(Oksanen et al. 2020) in R. Biodiversity metrics along the two altitudinal-aridity gradients

were also explored by performing boxplots for each study area.

Differences in soil properties between study areas were tested using a one-way ANOVA
and the Tukey’s Honest Significant Difference method (Supplementary Materials Fig.
S1). For AW, the averaged value of each plot was also determined. Finally, the effect of
aridity and lithology on MB was determined using a GLM analysis considering lithology

as the fix factor, the altitude as the predictor and the interaction between both.

Results

Changes in vegetation cover and spatial structure along altitudinal-aridity gradients

The analysis of vegetation maps derived from UAVs showed significant changes in the
area covered by vegetation and bare soil along the altitudinal-aridity gradient in both
lithologies (mica schist and limestone). As expected, vegetation cover increased from
lower (more arid) to higher (more humid) areas on both gradients. More precisely, it
ranged from 39.4% in the lower areas to 76.9% at the top of the limestone gradient and
from 38.1% to 80.1% on the mica schist one. The area covered by bare soil showed the
opposite pattern, with decreasing values in response to increasing aridity along the two
altitudinal gradients (Fig. 2A). Even though at any given altitude, vegetation cover was
always greater on the limestone gradient, lithology and its interaction with aridity had no
effect on vegetation cover, and altitude (i.e., aridity) was the only factor significantly

affecting the cover of vegetation and bare soil (Table 3).

The spatial structure of vegetation and soil patches also changed along altitudinal-aridity
gradients. As vegetation cover increased with altitude, the mean area of vegetated patches
and the value of the aggregation index also did, whereas patch circularity decreased (Fig.

2B-D). Soil patches were the opposite pattern, with decreasing size and aggregation index
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values and a progressive increase in circularity. Similar to vegetation coverage, the
various indices describing the spatial structure of vegetation and soil patches were
significantly influenced by altitude, whereas the effect of lithology and its interaction with
aridity were weak and not significant in most cases, with the exception of the aggregation

index for vegetated patches (Table 3 and Fig. 2).
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Fig. 2 Relationships between the coverage and spatial metrics of vegetated and soil patches and the altitude
and lithology along study areas. Solid lines represent de GLM adjusted for each index while shadow areas

represent the standard error (blue: vegetation, red: soil patches).

Vegetation composition, richness, and diversity along altitudinal-aridity gradients

Perennial plant species identified during the field surveys are shown in Supplementary
Materials, Table S1. Thirty-seven perennial plant species were identified along the entire
limestone gradient, ranging from 12 species in plot L3 to 18 in the highest plot (L1). Mica
schist gradient shows a similar number of species (30 species), ranging from 7 species in
M2 to 15 species in M4. PERMANOVA results, show that species composition varied
with altitude (i.e., aridity) and lithology, and the interaction between these two factors
was also significant, which means that the effect of aridity differed in the two lithologies
(Table 4). This is also observed in the NMDS ordination (stress value = 0.187) where a
clear effect of altitude and lithology on plant composition appeared (Fig. 3). Although M.
tenacissima was present in all the study areas and another 13 perennial plant species were

also common to both lithologies, the rest of the species differed between the gradients.
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Coverage Aggregation index Circularity Mean of patch area
Vegetation Partial Partial Partial Partial
patches F p-value cta F p-value cta F p-value cta F p-value cta
square square square square

Altitude 36.33 0.002 0.883 47.86 0.001 0.917 10.43 0.023 0.676 13.45 0.010 0.692
Lithology 2.35 0.186 0.320 7.46 0.041 0.599 - - - - - -
Interaction - - - - - - 3.61 0.116 0.419 - - -

Soil

patches

Altitude 36.33 0.002 0.883 22.71 0.003 0.791 21.71 0.006 0.813 4.46 0.079 0.426
Lithology 2.35 0.186 0.320 - - - - - - - - -

Interaction - - - - - - 4.75 0.081 0.487 - - -

Table 3 Summary of General Lineal Models (GLMs) of the coverage and spatial metrics of vegetated and
soil patches in response to altitude, lithology, and their interaction along the two altitudinal-aridity
gradients. Values in bold shown significant relationships (p value < 0.05) and the eta-square value represent

the relative importance of each factor.

On the limestone gradient, species such as Thymus hyemalis Lange, Helianthemum
almeriense Pau or Teucrium sp. were common in the lower study areas, while they tended
to be replaced in the higher areas by other species such as Thymus baeticus Lacaita, Cistus
clusii Dunal, Fumana thymifolia (L.) Webb or Phlomis purpurea L. (see Supplementary
Materials, Table 1 for details). The lower and more arid study areas of the mica schist
gradient were characterized by the presence of species such as Launaea lanifera Pau,
Anthyllis cytisoides L., Sedum sediforme (Jacq.) Pau or Staehelina dubia L. and they were
replaced by species such as Asphodelus sp., Retama sphaerocarpa (L.) Boiss or Genista
umbellate (L’Hér.) Dum. Cours in the higher, more humid study areas. M. tenacissima
abundance also decreased from the lower to higher areas on both altitudinal aridity

gradients (Supplementary Materials, Table 1).

Permanova analysis Relative abundance

R? F p value
Altitude 0.18 5.05 0.01
Lithology 0.14 6.93 0.01
Interaction 0.15 5.61 0.01

Table 4 Summary of PERMANOVA analysis of the effects of altitude, lithology, and their interaction on

the plant community composition. Values in bold show significance relationships (p value < 0.05).
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Fig. 3 NMDS ordination of perennial plant species detected in the 8 study areas during field surveys. Each

field transect is represented by the name of the study area while red numbers represent plant species (see

Supplementary Materials, Table 1 for details). Dotted ellipses represent limestone (orange) and mica schist

(blue) lithologies and red arrows the trend of change of the climatic variables. Changes in altitude (m.a.s.l.)

are symbolized by blue contour lines.

Plant diversity and richness also varied in response to aridity on both lithologies (Fig. 4).

The three diversity metrics studied (H', J, S) showed an increasing trend along the

altitudinal-aridity gradient on the limestone lithology, where the highest plots were the

most diversified. On the mica schist gradient however, the relationship between the

different test indices and altitude was not clear, as there was very little diversity in plot

M2 plot compared with the rest (Fig. 4).
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Fig. 4 Boxplots representing the median values with upper and lower quartiles of diversity metrics of the
different plots on each study area derived from fields surveys. Whiskers represent the range or the
variability outside the quartiles. Background colours symbolize lithology (blue: limestone, orange: mica

schist).

Changes in soil properties along the altitudinal-aridity gradients

Overall, lithology, altitude and their interaction had a clear effect on soil physicochemical
properties (see Supplementary Materials, Fig. S1 and Table S2). Fine particles (clay and
silt) were higher in the limestone soil than in the mica schist soils and they decreased in
the limestone soils as aridity increases, whereas in the mica schists soils no change have
been shown in response to aridity. As a consequence, water retention capacity was
stronger in the limestone gradient than in the mica schist at both pressures WC0.33 (0.33
atm) and WC15 (15 atm) and tended to decrease as aridity increases in both lithologies.
On the contrary, Bulk density was greater in most arid areas and in the mica schist gradient
where sand content was higher (Supplementary Materials, Fig. S1). Soil organic carbon
(SOC) was higher in the limestone gradient than in the mica schist and decreased with
increasing aridity in both altitudinal aridity gradients. The decreases in SOC from higher
to lower areas on the altitudinal aridity gradient is more pronounced in the mica schist

gradient than in limestone soils (Supplementary Materials Table S2).

According to the GLM results, MB in the soil under M. tenacissima canopies is was
significantly affected by altitude-aridity, lithology and their interaction (GLM analysis:
R? =0.74, p value < 0.05; Table 5). Whereas MB in the limestone gradient was ~ 220 pg
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g ! soil in all study areas (ranging from 55 to 470 nug g 'soil), MB in the mica schist
gradient increased with altitude (aridification) (Fig. 5). As a result, while soil MB under
M. tenacissima tussocks located in the most arid plots of the two altitudinal gradients
were very similar, the highest mica schist plot it was about four times greater (~750 £+ 228

ug g 'soil) than in uppermost limestone plot (~ 175 + 50 g g 'soil) (Fig. 5).

MB
F p value Partial eta-square
Altitude 221.17 <0.05 2.25e-05
Lithology 23.52 <0.05 4.08e—01
SOC 112.37 <0.05 3.02e-01
Interaction 46.95 <0.05 2.57e—01

Table 5 Summary of General Lineal Models (GLMs) between soil microbial biomass under plant canopy
(MB) and altitude, lithology, and their interactions along study areas. Values in bold show significance

relationships (p value < 0.05). Partial eta-square showed the magnitude of the effect.

300 600 900
Elevation (m.a.s.l.)

Fig. 5 Relationships between estimated microbial biomass (ug g 'soil) under plant canopy with altitude
over the two altitudinal-aridity gradients. Limestone gradient is represented by red colour while the mica

schist one is represented in blue.
Discussion

Dryland species are morphologically and physiologically adapted to survive under the
harsh environmental conditions characterising these ecosystems (Noy-Meir 1973). This
is the case of M. tenacissima, which overcomes water scarcity by maintaining a large
proportion of dead leaves (necromass) in the tussock (Rodriguez-Lozano et al. 2021).
Necromass protects green leaves and the underlying soil from incoming solar radiation,
reducing water loss from transpiration and evaporation (Maestre et al. 2007). Other
physiological and morphological adaptations, such as shallow roots, stomata located on
the underside of leaves and protected by pubescent epidermis, and the ability of leaves to

curl up during dry periods, protect the plant from desiccation (Maestre et al. 2007;
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Ramirez et al. 2007b). These adaptations, as well as the spatial distribution of plants
maximising runoff interception, ensure survival of vegetation during the long hot dry
periods that characterise these regions (Puigdefabregas 2005; Ramirez et al. 2007a). Run-
on redistribution from open areas to vegetated patches in M. tenacissima steppes not only
supplies water and nutrients to plants, but also promotes changes in the underlying soil
that increase its water holding capacity, soil organic carbon content and nutrient cycling
through microbial activity under the plant canopy (Gauquelin et al. 1996; Pugnaire and
Haase 1996), making M. tenacissima tussocks resource islands that facilitate the growth
and survival of other plant species and soil microorganisms (Reynolds et al. 1999;
Maestre et al. 2001, 2003; Maestre and Cortina 2002). However, in spite of its
mechanisms and adaptations for coping with aridity, recent studies have suggested that
aridification may lead to a reduction in the overall range and productivity of M.
tenacissima steppes by the end of the century (Vicente-Serrano et al. 2012; Ghiloufi et al.
2016; Ben Mariem and Chaieb 2017). As already described in other dryland ecosystems
(Berdugo et al. 2022), our results show that this could be the result of the negative
response of soil microbial communities and vegetation to more limited water availability.
Moreover, the negative response of soil microbial communities and vegetation observed
is modulated by the legacy of lithology on soil properties. Soil microbial biomass (Fig.
5) and vegetation composition (Fig. 3) on the two different altitudinal aridity gradients
showed contrasting responses to aridification, which may have important implications for

the spatial pattern of vegetated patches and system ecohydrological functioning.

According to Berdugo et al., (2022), the first and most visible effect of aridification in
global drylands is a decline in vegetation productivity. This is followed by soil disruption
as a direct consequence of water scarcity for soil processes and microorganisms, and
indirectly as a result of the impact of aridity on plant-derived organic inputs into the soil,
which diminish as a consequence of the decline in plant productivity (Delgado-Baquerizo
et al. 2013, 2016; Maestre et al. 2015, 2016; Plaza et al. 2018; Moreno-Jiménez et al.
2019; Hanan et al. 2021; Berdugo et al. 2022). In agreement with these findings, our
results show that aridification reduced the amount of SOC, and the soil water retention
capacity, whereas bulk density increased with aridity (Supplementary Materials, Fig. S2).
In the most arid areas, the loss of fine particles from increased water and wind erosion in
response to the reduced vegetation cover (Wang et al. 2016) could potentially contribute

to this pattern as well. It is also worth mentioning that the reduction in SOC with increased
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aridity was more relevant in the mica schist altitudinal-aridity gradient than in the
limestone one (Supplementary Materials Table S2). This suggests that different plant
composition on the gradients along with contrasting soil water retention capacity and

residence time, promote different soil organic carbon dynamics in soil.

SOC response to the combined effect of lithology and aridification was consistent with
the response of soil microbial communities to both factors. For example, in our study
areas coarser and darker mica schist soil, had a lower water retention capacity
(Supplementary Materials, Fig. S1). As water is the main limiting factor for soil microbial
activity in drylands (Rey et al. 2011), this could cause microbial communities inhabiting
these soils to be less resistant and resilient in a climate change context than those in
limestone soils (Lal 2020). Thus, whereas MB generally decreased with increasing aridity
along the mica schist gradient, it was not affected by aridity in the limestone gradient
(Fig. 5). However, MB was lower in limestone than on the mica schist gradient, mainly
in high altitude plots (Fig. 5). This was unexpected as water retention capacity and
available water were higher in the limestone soils (Supplementary Materials, Fig. S1).
This could be explained by the differences in the soil microbial community induced by
the interaction of different plant composition and water dynamics between limestone and
mica schist soils (Fig. 4). Different plant species provide different organic carbon inputs
into soil (Ibanez et al. 2014; Throop et al. 2020), thus configuring SOC pools with
contrasting proportions of labile and recalcitrant carbon and complexity. These
differences in SOC pools along with the variability in water availability between
lithologies, constrain the activity of soil microorganisms and configure different
ecological carbon acquisition strategies as proposed by Morrissey et al. (2023). Soils of
the mica schist gradient induces faster soil water loss from evaporation and less water
retention with respect to the limestone gradient. As a result, water residence times in the
mica schist soils are shorter. This may favour the presence of microbial communities
adapted to easily assimilable carbon forms such as glucose, which is the substrate used in
SIR measurements. This behaviour is especially relevant in study areas at higher altitudes
where SOC pools are larger, evaporation is lower and the differences in plant composition
are more prominent. However, further analysis with different substrates is needed to

confirm this hypothesis.
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The detailed analysis of vegetation composition along the two different altitudinal aridity
gradients revealed over 54 perennial plant species (Supplementary Materials, Table S1).
This wide variety of species, which provides a heterogenous organic matter pool for soil
communities, was not homogenous along the two gradients and varied in response to
aridity and lithology, as it is also affected by the interaction between these two factors.
Species richness, diversity and evenness increased as aridity decreased and resources
became less restrictive (Fig. 3), coinciding with previous results from other drylands
(Ulrich et al. 2014; Bekai et al. 2019). Aridification and its interaction with lithology
legacies also modulated the life form and plant traits in both altitudinal aridity gradients.
Species composition in the most arid areas of both gradients was mainly determined by
aridity tolerance, with predominance of small species, such as Helianthemum almeriense
Pau, Thymus hyemalis Lange, Launaea lanifera Pau or Sedum sediforme (Jacq.) Pau.
(Supplementary Materials, Table 1), well adapted to drought and high insolation, and not
very selective for lithology. From lower to the higher of the two altitudinal-aridity
gradients, water and nutrient availability for plants increased, and shrub species were
larger with more cover. In this situation, lithology interacts with aridity promoting higher
differentiation in species composition between both gradients. For example, in higher
areas of the limestone gradient, species such as Phlomis purpurea L., Cistus clusii Dunal,
Ulex parviflorus Pourr or Fumana thymifolia (L.) appear, which usually show
predilection for basophilic soils that are common in limestone lithologies. Species with
dense and extensive superficial root system able to use water stored in the soil surface
were also common (e.g., Brachypodium retusum (Pers.) P. Beauv.), as well as species
adapted to the relatively high salt concentrations (e.g., Frankenia corymbosa Desf.,
Hammada articulata (Moq.) O. Bolos & Vigo, Salsola genistoides Poiret and Salsola
oppositifolia Dest). The higher carbonate content common in limestone soils usually
increases salt content in the surface layer, as corroborated by the average conductivity of
soils on the limestone altitudinal-aridity gradient (0.29 + 0.31 dS/m), whereas the average
was lower (0.12 £ 0.06 dS/m) in mica schist soils. On the other hand, species such as
Retama sphaerocarpa (L.) Boiss, and grasses morphologically adapted for acquiring and
storing water during dry periods (i.e., Thapsia sp. and Asphodelus sp.) were common on
the mica schist gradient, where water limitation is longer and more intense. For example,
Retama sphaerocarpa (L.) Boiss, is characterised by a deep pivotal root system that may

be functional more than 20 m deep (Haase et al. 1996), and can thus follow the
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characteristic rock foliation of mica schist to reach deeper water, while Asphodelus sp.
and Thapsia sp. use their roots to hold water during wet periods, making these species

more independent of soil surface moisture.

Finally, as in other dryland ecosystems (Ghiloufi et al. 2016; Berdugo et al. 2022), our
results showed an overall trend of decreasing plant cover and increasingly open bare areas
from the wettest (high altitude) to the most arid study plots (low altitude) (Fig. 2A). As
biotic competition for the limited water resources increases and the photosynthetic
activity, cover, and biomass of vegetation decrease (Berdugo et al. 2020), the spatial
arrangement of vegetation also changes (Fig. 2). Previous studies have described
significant changes in the size distribution of vegetated patches in response to
aridification (Kéfi et al. 2007; Scanlon et al. 2007; Berdugo et al. 2017; Meloni et al.
2017, 2019; Génin et al. 2018). However, these studies were based on isolated field
samplings which can only provide information on the existing situation, or traditional
remote sensing imagery, which cannot correctly characterize the inherent spatial
heterogeneity of M. tenacissima steppes, as the pixel size is frequently larger than the size
of most of individual patches (Rodriguez-Caballero et al. 2014). Consequently, most
small patches are underestimated (Meloni et al. 2019). We overcame this limitation by
using very high-resolution vegetation maps derived from UAV imagery (20-cm
resolution). This also made it possible to go a step further and measure other important
spatial metrics, such as patch shape and aggregation or connectivity between patches.
These spatial indicators are strongly related to the ecohydrological functioning of M.

tenacissima steppes and cannot be properly evaluated at the spatial resolution of

Finally, as in other dryland ecosystems (Ghiloufi et al. 2016; Berdugo et al. 2022), our
results showed an overall trend of decreasing plant cover and increasingly open bare areas
from the wettest (high altitude) to the most arid study plots (low altitude) (Fig. 2A). As
biotic competition for the limited water resources increases and the photosynthetic
activity, cover, and biomass of vegetation decrease (Berdugo et al. 2020), the spatial
arrangement of vegetation also changes (Fig. 2). Previous studies have described
significant changes in the size distribution of vegetated patches in response to
aridification (Kéfi et al. 2007; Scanlon et al. 2007; Berdugo et al. 2017; Meloni et al.
2017, 2019; Génin et al. 2018). However, these studies were based on isolated field

samplings which can only provide information on the existing situation, or traditional
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remote sensing imagery, which cannot correctly characterize the inherent spatial
heterogeneity of M. tenacissima steppes, as the pixel size is frequently larger than the size
of most of individual patches (Rodriguez-Caballero et al. 2014). Consequently, most
small patches are underestimated (Meloni et al. 2019). We overcame this limitation by
using very high-resolution vegetation maps derived from UAV imagery (20-cm
resolution). This also made it possible to go a step further and measure other important
spatial metrics, such as patch shape and aggregation or connectivity between patches.
These spatial indicators are strongly related to the ecohydrological functioning of M.
tenacissima steppes and cannot be properly evaluated at the spatial resolution of available
resources. Our results could also have been affected by the small number of study areas
per lithology type analysed (only four sites on each gradient) and by the limited range of
aridity in them. The most drastic decline in vegetation coverage induced by aridification
is expected to occur during ecosystem breakdown, which has been described on the edge
between semiarid and arid climates (Berdugo et al. 2022), corresponding to the most arid
place included in this study. However, differences in soil texture modified the occurrence
of aridity thresholds in multiple ecosystems attributes (Li et al. 2023). Therefore, it is also
possible that lithology could modulate ecosystem resistance to aridification by controlling
soil texture and related hydrological properties, thus promoting (i.e., mica schist soils) or
buffering (limestone soils) the occurrence of this threshold. However, we could not
corroborate this, as the threshold of ecosystem disruption is not within the time ranges

represented at our study sites.

Current climate studies forecast a global increase in aridity due to global change that will
be especially critical in the Mediterranean region (Giorgi and Lionello 2008; Lionello et
al. 2014). In the Mediterranean, the IPCC predicts an increase in the mean annual
temperature of 2—5 °C by the end of the century, with an increase in ETP and longer
droughts. All these changes, are expected to promote a cascade of negative effects altering
ecosystem functioning by limiting soil carbon pools, modifying soil microbial activity,
and decreasing vegetation cover and diversity (Zeng et al. 2021; Berdugo et al. 2022) as
well as changing vegetation spatial patterns (Meron 2018). According to our results, the
lithological legacy plays a key role in controlling not only the individual response of
ecosystem components (vegetation, soil microorganisms, etc.) and traits to climate
change, but also all their potential feedback mechanisms. All these complex interactions

between climate, lithology and the different ecosystem components will also interact with
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changes in the system’s ecohydrological functioning due to variations in the spatial
structure of vegetation (Mayor et al. 2008; Okin et al. 2015). This in turn will determine
ecosystem resistance and resilience to climate change and induce them to tipping points
that could shift the ecosystem to a degraded state. Thus, the effects of lithology must be
considered in management plans and adaptation strategies aimed at preventing the
negative impact of climate change. For example, the integrative response of the plant soil
system between different lithologies should be considered in future naturalization and
restoration activities for climate change mitigation and adaptation, and in management of
human activities that determine the response of the system to aridification (e.g., grazing;

Li et al. 2023).

Conclusions

Our results demonstrate that a combination of UAV images, field and laboratory work
provides a better understanding of the effect of aridification and its interaction with
lithological legacies on soil properties determining water availability to biological activity
in drylands. UAV images make this possible by providing spatially continuous
ecosystem-level information with spatial resolution sufficient to correctly delimit the
small patches that are frequently undersampled by the analysis of available free remote
sensing images. Using this method, we found that aridification in M. tenacissima steppes
reduces vegetation cover and perennial plant diversity and promotes changes in the plant
community composition and the spatial distribution of vegetation in the landscape.
Although lithology showed only a low direct effect on the response of vegetation cover
and spatial structure by modulating soil properties related to water availability, its
interaction with climatic drivers (aridity) is crucial to ecosystem resilience, as it
modulates plant community composition and adaptations and the response of the
underlying microbial soil biomass to aridification, potentially affecting also nutrient
cycling for the vegetation and reflecting the complex interactions that govern dryland
functioning. Microbial soil communities in limestone soils, which are characterised by
higher water-holding capacity, do not vary in response to variations in aridity, suggesting
that lithological legacies can cushion water limiting conditions for biological activity by
promoting other carbon assimilation strategies that make soil functionality less dependent
on the following water input. Thus, lithology should be considered in future studies on

drylands response to aridification and in predictive models aimed at elucidating the
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response of drylands to ongoing climate change, not only because of their direct effect on
soil microbial populations, but also due to their indirect effect on the response of

vegetation by altering plant nutrient cycling.
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Supplementary, Fig. S1 Soil properties along the two altitudinal-aridity gradients. Pink dots represent the

mean value of AW (available water) in each study hillslope.
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ID Specie Ll L2 L3 L4 MI M2 M3 M4
1 Anthyllis cytisoides L. X X X
2 Artemisia barrelieri Besser X X X X X
3 Asparagus horridus L. X X X X X X X X
4 Asphodelus sp. X
5 Ballota hirsuta Benth. X X
6 Brachypodium retusum (Pers.) P. Beauv. X
7 Cheilanthes acrostica (Balbis) Tod. X
8 Cistus clusii Dunal X X
9 Eryngium campestre L. X
10 Fagonia cretica L. X X
11 Ferula communis L. subsp. catalaunica (C. X

Vicioso) Sanchez Cuxart & Berna

12 Frankenia corymbosa Desf. X X
13 Fumana ericoides (Cav.) Gand. X
14 Fumana thymifolia (L.) Webb X X
15 Genista sp. X
16 Genista spartioides Spach X X
17 Genista umbellata (L’Hér.) Dum. Cours X X
18 Globularia alypum L. X
19 Hammada articulata (Moq.) O. Bolos & Vigo X X
20 Helianthemum almeriense Pau. X X X
21 Helianthemum syriacum (Jacq.) Dum. Cours. X X
22 Helianthemum violaceum (Cav.) Pers. X
23 Hyparrhenia hirta (L.) Stapf X
24 Hyparrhenia sp. X X
25 Launaea arborescens (Batt.) Murb. X
26 Launaea lanifera Pau X X X
27 Lavandula multifida L. X
28 Lavandula stoechas L. X
29 Lobularia maritima (L.) Desv. subsp. maritima X
30 Macrochloa tenacissima (L.) Kunth X X X X X X X X
31 Phagnalon rupestre (L.) DC. X X X X
32 Phagnalon sp. X
33 Phlomis lychnitis L. X X
34 Phlomis purpurea L. X
35 Pinus halepensis Mill. X
36 Polygala monspeliaca L. X
37 Retama sphaerocarpa (L.) Boiss. X X X
38 Rhamnus lycioides L. X
39 Ruta angustifolia Pers. X
40 Salsola genistoides Poiret X X
41 Salsola oppositifolia Desf. X
42 Satureja obovata Lag. X
43 Sedum sediforme (Jacq.) Pau X X X X
44 Sisymbrium irio L. X
45 Staehelina dubia L. X
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ID Specie L2 L3 L4 MI M2 M3 M4
46 Stipa capillata L. X

47 Teucrium pseudochamaepitys L.

48 Teucrium sp. X X X

49 Thapsia sp. X

50 Thymelaea hirsuta (L.) Endl. X X X
51 Thymus baeticus Lacaita X

52 Thymus hyemalis Lange X X X
53 | Thymus zygis L. subsp. gracilis (Boiss.) R. Morales X

54 Ulex parviflorus Pourr.

Supplementary, Table 1. Perennial plant species recorded during field transects in the different study areas

along the two altitudinal-aridity gradients with contrasting lithology (L: Limestone, M: michasquist).
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