Ecological mechanisms underlying aridity thresholds in global drylands
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. With ongoing climate change, the probability of crossing environmental thresholds promoting abrupt changes in
ecosystem structure and functioning is higher than ever. In drylands (sites where it rains less than 60% of what
is evaporated), recent research has shown how the crossing of three particular aridity thresholds (defining three
consecutive phases, namely vegetation decline, soil disruption and systemic breakdown) leads to abrupt changes
on ecosystem structural and functional attributes. Despite the importance of these findings and their implications
to develop effective monitoring and adaptation actions to combat climate change, we lack a proper understanding
of the mechanisms unleashing these abrupt shifts.

. Here we revise and discuss multiple mechanisms that may explain the existence of aridity thresholds observed
across global drylands, and discuss the potential amplification mechanisms that may underpin hypothetical abrupt
temporal shifts with climate change.

. We found that each aridity threshold is likely involving specific processes. In the vegetation decline phase we
review mainly physiological mechanisms of plant adaptation to water shortages as main cause of this threshold. In
the second threshold we identified three pathways involving mechanisms that propagates changes from plants to
soil leading to a soil disruption: erosive mechanisms, mechanisms linked to an aridity-induced shrub encroachment
and mechanisms linked to nutrient cycling and circulation. Finally, in the systemic breakdown phase we reviewed
plant-plant amplification mechanisms triggered by survival limits of plants that may cause sudden diversity losses
and plant-atmospheric feedbacks that may link vegetation collapse with further and critical aridification.

. By identifying, revising and linking relevant mechanisms to each aridity threshold, we catalogued a set of specific
hypotheses and recommendations based on identified knowledge gaps concerning the study of mechanisms of
threshold emergence in drylands. Moreover, we were able to establish plausible factors that are context dependent
and may influence the occurrence of abrupt changes in time and we created a mechanistic-based conceptual model
on how abrupt changes may emerge as aridity increases. This has importance for focusing future research efforts
on aridity thresholds and for developing strategies to track, adapt to or even revert these abrupt ecosystem changes

in the future.
1. INTRODUCTION

Ongoing climate change is producing changes in
key ecosystem attributes and functions that are af-
fecting human populations worldwide (Stocker et al.
2013). Of particular concern is the fact that climate
warming may entail crossing critical planetary bound-
aries (certain levels of environmental attributes, e.g.,
temperature or precipitation, Rockstrom et al. 2009)
that, when crossed, may increase the risk of generat-
ing large-scale abrupt or irreversible changes (Scheffer
and Carpenter 2003; Scheffer et al. 2015; van Nes et
al. 2016). These boundaries are relevant for ecosys-
tem management and underpin a significant part of
the political frameworks used nowadays to understand
and face the threats imposed by climate change (Rock-
strom et al. 2009; Steffen et al. 2015). In this context,
identifying environmental thresholds (“the point in
which there is an abrupt change in an ecosystem qual-
ity, property or phenomenon, or where small changes
in an environmental driver produce large responses
on the ecosystem”, Groffman et al. 2006) has be-
come of the utmost importance to quantify tangible
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targets defining “safe operational space” of ecosystem
services (Allen 2009). Thresholds in ecosystem struc-
tural and functional attributes have two main facets
that makes them important. First, changes in ecosys-
tems when surpassing a threshold are abrupt, produc-
ing sudden transformation of ecosystems that may af-
fect the livelihood of people that rely on ecosystem
services for their survival (Suding and Hobbs 2009;
Botta et al. 2019). Second, abrupt changes resulting
from crossing thresholds may suppose the change into
an alternative stable state of the system, making this
change hardly reversible once it happens (Scheffer et
al. 2001; Morris 2011; van Nes et al. 2016). This
second facet of thresholds is associated to a particular
phenomenon called catastrophic shift which so far has
been studied mainly using theoretical models (May
1976; Scheffer et al. 2001; Filatova et al. 2016). It is
important to note that experiencing abrupt transfor-
mations do not necessarily entail the existence of sta-
ble states and thus these two facets of thresholds are
not always connected. Empirical studies conducted
along spatial gradients have provided some good ex-
amples of nonlinear patterns of ecosystem attributes
using environmental gradients in arctic (Scheffer et
al. 2012), tropical (Hirota et al. 2011; Verbesselt
et al. 2016; Xu et al. 2016) and dryland (Wang et
al. 2014; Luo et al. 2016; Berdugo et al. 2017, 2020)
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ecosystems. Such approaches evidence the existence of
particular environmental thresholds affecting impor-
tant biotic attributes of ecosystems (e.g., plant cover,
tree cover, soil carbon or soil microbial communities).
Thresholds are, however, more difficult to find when
manipulative experimentation is used (Hillebrand et
al. 2020). This discrepancy between observational
and experimental results is partly underpinned by
the lack of a mechanistic understanding we have on
how thresholds in ecosystems emerge (Kreyling et al.
2014). Indeed, neither the use of mathematical models
nor threshold quantification using spatial gradients is
a good approach for understanding the mechanisms
that trigger abrupt responses of ecosystems, either
because the examination of general patterns present
strong limitations to infer such mechanisms (McIntire
& Fajardo 2009; Damgaard 2019) or because mod-
els simplify assumptions on ecosystem functioning to
be operational (Schaffer 1981). Nevertheless, under-
standing the mechanisms by which a given ecosystem
respond abruptly to environmental changes is key to
better focus potential management of ecosystems aim-
ing at preventing or even reverting such abrupt re-
sponses (Suding et al. 2004; Suding & Hobbs 2009;
Kreyling et al. 2014; Villa Martin et al. 2015). Be-
sides, envisioning mechanisms of threshold occurrence
may reveal the existence of intrinsic ecosystem factors
(such as existing soil microbial or plant community)
or other global change drivers (such as changes in land
use intensity or nitrogen deposition) that may make
the occurrence of thresholds context-dependent. Fur-
thermore, understanding these confounding factors is
key to translate our knowledge of threshold occur-
rence from spatial gradients into temporal changes.
There are two broad types of mechanisms that may
explain the abrupt nature of the change produced by
thresholds. First, some abrupt changes are easily ex-
plained by the nonlinear behaviour of the ecosystem
attribute that is affected (Andersen et al. 2009). For
instance, physiological thresholds in organisms for sur-
viving or recruiting (Ficetola & Denoél 2009; Choat
et al. 2018) trigger an abrupt natural response (e.g.,
death or dormancy) that is nonlinear and that does
not requires additional mechanisms to be explained.
In other cases, abrupt shifts depend on the amplifi-
cation of the ecosystem response through the interac-
tions between different ecosystem features. This in-
troduces the concept of positive feedback, which is
defined as ”an interaction in which a perturbation in
one component of the system causes a change in a
second and the change in the second ultimately leads
to an additional change in the first” (Stocker et al.
2013). These feedbacks reinforce changes triggered by
environmental changes amplifying the response of the
system and unleashing abrupt shifts. Soils and plants,
but also plants and atmospheric drivers often exhibit
positive feedbacks in their interaction (e.g., soil ero-
sion and vegetation cover, (Schlesinger et al. 1990;
D’Odorico et al. 2012)). Identifying the component
of the feedback that is actioned by a particular envi-
ronmental change or disturbance, thus triggering the
loop, and the relevant secondary components that ac-
celerate the response and make it abrupt is key to un-

derstand, manage or even revert threshold behaviours
(Suding et al. 2004; Villa Martin et al. 2015). It
is important to mention that systems exhibiting pos-
itive feedbacks usually (but not always, (Andersen et
al. 2009)) are strong candidates of exhibiting alter-
native stable states (Holling 1973; May 1976; Scheffer
et al. 2001). Herein we review the mechanisms un-
leashing environmental thresholds using global dry-
lands as a relevant study case. In these areas, thresh-
olds have long been hypothesized by theoretical ap-
proaches (Kéfi et al. 2007b; D’Odorico et al. 2012;
Xu et al. 2015a) and are being empirically evidenced
using space for time substitution approaches (Wang
et al. 2014; Berdugo et al. 2020). By doing so, we
aim at shedding light into potential mechanisms that
unleash environmental thresholds in global drylands
and exemplify a more general working flow that may
be applied to other ecosystems.

1.A. THE CASE OF STUDY: DRYLANDS

Drylands, defined as areas with an aridity index
(AL, ratio between precipitation and potential evap-
otranspiration) below 0.65 (Middleton & Thomas
1992), collectively form the largest biome of Earth
( 41% of terrestrial surface (Cherlet et al. 2018)).
Aridity (referred throughout this review as 1-AI), is
a major driver of ecosystem structure and functioning
across drylands worldwide (Noy-Meir 1973; Maestre
et al. 2016; Berdugo et al. 2020). Therefore, ongoing
(Pravilie et al. 2019) and forecasted (Huang et al.
2015, 2017; Cook et al. 2020; Yao et al. 2020) in-
creases in aridity driven by climate change may have
important impacts on the structure and functioning
of drylands, and thus on their capacity to provide es-
sential ecosystem services for the more than 2 billion
people inhabiting them (Middleton et al. 2011; Cher-
let et al. 2018). Of particular relevance is the fact
that changes imposed by increasing aridity may not
necessarily occur gradually (Schlesinger et al. 1990;
Scheffer et al. 2001; Berdugo et al. 2020). Recent
research evaluating how drylands change along the
wide aridity gradient that can be found worldwide
(environmental gradients) shows three major nonlin-
ear shifts in multiple ecosystem attributes associated
to several aridity thresholds (Wang et al. 2014; Hou
et al. 2019; Berdugo et al. 2020). At aridity values of
0.54 there is a shift in photosynthesis efficiency that,
when observed using remote sensing data at ecosys-
tem scales, marks a segmented pattern decreasing the
negative slope of Normalized Difference Vegetation In-
dex (NDVI) with aridity (Berdugo et al. 2020). When
observed at the plant individual level, the photosyn-
thetic capacity shifts from a positive correlation with
aridity to a negative one around same aridity value
(Berdugo et al. 2020). This marks the vegetation
decline phase. Nonlinear changes in nutrient pools
associated to increasing aridity where first showed by
(Delgado-Baquerizo et al. 2013b), and a threshold of
aridity 0.7 was first suggested by (Wang et al. 2014)
when seeing an abrupt decrease in nitrogen transfor-
mation rates of sites with a climate beyond this aridity
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FIG. 1: Conceptual model on the nature of shifts in drylands when critical levels of aridity are achieved. In this diagram
(adapted from figure 1 in Berdugo et al. 2020) we can see how observable changes in aridity can correlate with predicted
shifts (gray areas) from nonlinear models. The first change (vegetation decline phase) does not match any specific
sudden transition scheme. Instead, several concurrent changes seem to take place close to 0.5 aridity levels related
with physiological adaptation to water stress. By contrast, the other two shifts have been described by mathematical
models involving sudden transitions leading to new ecological states. For the 0.7 point, the best known is the grassland
(G)-shrub (S) transition. For this model (see for example d’Odorico et al, 2011) we can visualize this flip using the
landscape V(x) depicted in the upper part where the possible states (here G and S) are the minima for each aridity
condition. In general, this change in alternative stable states are related with soil-vegetation positive feedbacks (e.g.,
through mycorrhizal; M). Similarly, the systemic breakdown phase has been extensively studied from the perspective
of so called green-desert (GN-DS) transitions where a catastrophic change separates a vegetated (and patterned) state
to bare soil. We hypothesized that this final transition is the result of plant-plant and plant-atmospheric feedbacks

concurring with exceeding physiological limits of the most well adapted perennial vegetation.

value. Later confirmation of the abruptness of these
responses on soil fertility (Berdugo et al. 2017) and
soil micronutrients (Luo et al. 2016) pointed to abrupt
changes in soil properties around this aridity value.
However, more ecosystem features and functions have
been found to change abruptly or non-linearly at
this threshold, including: a) microbial communities
(Delgado-Baquerizo et al. 2020), b) mycorrhizal rela-
tive abundance, c) fungi abundance, d) plant amelio-
ration of soils, e) development of shrublands (Berdugo
et al. 2020), ) plant-plant interactions (Berdugo et
al. 2018) and spatial patterns (Berdugo et al. 2017,
2019) and g) nitrogen in leaves at plant individual
level (Berdugo et al., 2020). This is the soil disrup-
tion phase. Finally, abrupt declines in perennial veg-
etation cover and in perennial plant species richness,
are reported at aridity levels around 0.82 (Berdugo
et al. 2020). These aridity values match those found
in other studies showing drastic turnover in dryland
flora (Ulrich et al. 2014) and a shift in leaf strate-
gies to cope with aridity stress from stress tolerance
to stress avoidance (Carvajal et al. 2018; Berdugo
et al. 2020). This is the systemic breakdown phase.
Such a concurring evidence from independent studies
highlights the existence of systemic (i.e., attaining sev-
eral ecosystem compartments), sequential (as aridity

increases) and global ecosystem thresholds associated
with increases in aridity across drylands worldwide.
According to aridity forecasts (Huang et al. 2015),
up to 22% of emerged lands may cross one or sev-
eral of these aridity thresholds by the end of this cen-
tury (Berdugo et al. 2020). Using the general frame-
work explained above of three consecutive nonlinear
changes of dryland ecosystem attributes with increas-
ing aridity, here we review the plausible mechanisms
associated to each phase as well as their interconnec-
tion to create a more general set of hypotheses re-
garding mechanisms of threshold emergence. By do-
ing so we catalogued a set of recommendations for
future studies, we were able to establish plausible fac-
tors that are context dependent and may influence the
occurrence of abrupt changes in time and we created
a mechanistic-based conceptual model on how abrupt
changes may emerge as aridity increases. We elabo-
rated this conceptual model in figure 1, where some
of the mechanisms are put as examples of the abrupt
shifts depicted per phase. Mechanisms are dissected
individually phase by phase in the next sections and
are summarized in table I .



TABLE I: Summary of mechanisms explored for aridity thresholds with triggers and key processes involved in each.
Possibility of exhibiting hysteresis, and thus catastrophic shift is documented as well as relative expected rates of
dynamical change, secondary factors to be studied in each mechanism and the action capacity for hypothetical restoration

or prevention of each mechanism.
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2. MECHANISMS LINKED TO THE
VEGETATION DECLINE PHASE

In the vegetation decline phase, observed changes in
the slope of productivity with increasing aridity sug-
gest a mechanism of adaptation to lack of water or a
replacement in the drivers of productivity from tem-
perature to rainfall at these aridity values. Both are
probably physiological shifts, meaning that the adap-
tation of plants to an increasing water scarcity is the
trigger of this nonlinear change. Indeed some stud-
ies already evidenced that dry-subhumid ecosystems,
whose change into semiarid occur around aridity of
0.6, are less influenced by water and more by temper-
ature (Nemani et al. 2003). Other studies showed also
increasing control of soil moisture on chlorophyll flu-
orescence after aridity values of 0.5 (Liu et al. 2020).
Water availability is not only reduced as aridity in-
creases, but also becomes more variable and unpre-
dictable (Le Houérou 2001). Thus plants must deal
with both seasonal water shortages and more frequent
droughts (Schlaepfer et al. 2017) forcing them to
be active only when “pulses” of water become avail-
able (Noy-Meir 1973; Collins et al. 2014; Feldman
et al. 2018). Several studies have reported concur-
ring evolutionary adaptations in dryland plants that

allow them to tolerate water shortages (Schwinning
and Ehleringer 2001; Bussotti et al. 2014). These
include production of smaller and thicker leaves that
prevent water evaporation through stomatal closure
in unfavourable conditions (Quiroga et al. 2010), ul-
timately reducing the costs of mechanisms to endure
water shortages (Mansfield and Freer-Smith 1984; Re-
ich 2014; Nunes et al. 2017). These adaptations ei-
ther restrict the normal functioning of photosynthe-
sis or allow the functioning in a less efficient manner
under water stress (Mansfield and Freer-Smith 1984).
This implies a reduction of both plant and ecosys-
tem level photosynthetic capacity but allows plants
to thrive and survive under unfavourable periods, thus
increasing the overall ability of the ecosystem to main-
tain its functioning under aridity stress (Schwinning
and Ehleringer 2001). Our hypothesis is that vege-
tation decline phase starts when such water shortage
adaptations become of high relevance forcing plants
to change their leaf traits and producing a commu-
nity turnover. To corroborate this, studying plant leaf
changes at both sides of this threshold is key. This is
difficult because dry-subhumid ecosystems encompass
wide range of ecosystem typologies (from cold to hot
environments, taiga, forests and grasslands) and re-
sponses of ecosystems may be different depending on



ecosystem subtypes studied. Indeed, previous studies
on plant physiology across environmental gradients in
drylands do not show an aridity gradient wide enough
or did not encompass a wide range of ecosystem ty-
pologies of dry-subhumid drylands, thus our knowl-
edge regarding this community turnover is still ham-
pered by lack of comprehensive studies of plant phys-
iology at global scales. If changes in vegetation phys-
iology to accommodate water shortages are the main
mechanism underpinning the existence of vegetation
decline phase, this has two important consequences to
understand how dryland ecosystems may suffer this
threshold in time. First, because plant physiological
adaptation to water stress was achieved through evo-
lutionary scales, it is unlikely that plants in sites un-
dergoing the vegetation decline phase will adapt to
the new aridity conditions to prevent degradation at
timescales of climate change (years-decades, Stocker
et al. 2013). Thus, vegetation decline phase may be
conditioned to ecosystem history and the existing veg-
etation community living in these areas. On this re-
gard, processes such as plant acclimation (Bussotti et
al. 2014; Wang et al. 2020), the immigration of plants
that are well-adapted to water limitation from more
arid places and a turn-over of the plant community
to adapt to the new conditions (Neilson et al. 2005)
are key confounding factors that need to be the fo-
cus of future studies aiming at understanding the pos-
sible occurrence of vegetation decline phase in time.
Second, some studies have already related increases
in atmospheric CO2 (associated with climate change)
with increasing water use efficiency for photosynthe-
sis and observed vegetation greening in drylands (Lu
et al. 2016). This “fertilization effect” of CO2 may
partly counteract the decline in photosynthesis due to
increasing aridity. However, it may not suffice to re-
lief the effect of increasing dryness, as seen in some
recent studies (Bussotti et al. 2014; Brookshire and
Weaver 2015; Penuelas et al. 2017; He et al. 2019).
Indeed, whether there is a critical aridity value where
CO2 fertilization effects on photosynthesis lessen re-
spect to water shortages is yet to be elucidated. On
the other hand, recent studies indicate that increasing
evaporative demand by plants is linked to temperature
regulation in extremely hot environments (Aparecido
et al. 2020), thus it is likely that climate warming it-
self may exacerbate water use in plants, counteracting
CO2 fertilization.

3. MECHANISMS LINKED TO SOIL
DISRUPTION PHASE

Mechanisms behind the soil disruption phase should
explain why soil structure and biogeochemical cycles
are suddenly disrupted at aridity values 0.7 and
why plant dominant growth form switch from forests
or grasslands to shrublands. Besides, these mecha-
nisms need to take into account the inherited declin-
ing photosynthesis from the vegetation decline phase.
Drylands are paradigmatic examples of very complex
plant-soil feedbacks underpinning their functioning
(Ehrenfeld et al. 2005; D’Odorico et al. 2007) and

giving birth to their well-known heterogeneity. Our
hypothesis is that abrupt changes depicted in soil dis-
ruption phase are the result of this complex interac-
tion between soils and plants. By doing an in-depth
revision of the literature, we find three main path-
ways for these feedbacks to occur (see figure 2) and,
probably, several of them act in tandem in response
to increasing aridity.

3.A. The erosive pathway

The main hypothesis underpinning this pathway is
that aridity modifies soil physical structure (e.g., pro-
ducing changes in soil texture Delgado-Baquerizo et
al. 2013b; Wendling et al. 2019) by mediating in soil
erosive processes and that this change propagates to
other ecosystem features. In this line, there are two
mechanisms linking soil erosion with aridity. The first
mechanisms is related to the interaction between soil
erosion and vegetation, the so-called plant-soil erosion
feedback (Schlesinger et al. 1990). This mechanism
builds on the next rationale: if plants reduce their
cover, soils become vulnerable to erosion and this re-
inforce further reductions in plant cover. This plant-
soil erosion feedback is often adopted in theoretical
studies (Kéfi et al. 2007a) and it is highlighted as a
possible way towards desertification producing alter-
native stable states (Schlesinger et al. 1990; Wendling
et al. 2019). The trigger of this feedback (a reduc-
tion in vegetation cover) is indeed observed at this
aridity level (0.7) across global drylands (Berdugo et
al., 2020), probably because of continuous decreasing
of photosynthetic activity inherited from the previ-
ous phase. This reduction in cover, even if occur-
ring smoothly, may trigger abrupt soil losses. For in-
stance, at cover values of 60% clumps of vegetation are
less likely to occur by chance, exposing more soil sur-
face to erosive drivers (Abades et al. 2014). Indeed,
other studies suggest the existence of thresholds on
the erodibility of soils associated to certain insufficient
plant cover which may imply an acceleration of erosion
(Mora and Lézaro 2013). Some classical studies spot
this threshold in vegetation cover to be around 30%
(Elwell & Stocking 1976; Francis & Thornes 1990).
Another possible mechanism is a change in the rela-
tive importance of erosive agents driven by aridity. It
has been suggested that aeolian erosion increases re-
spect to water-driven erosion as water becomes more
limiting (Ravi et al. 2007), hypothesizing an aridity
level in which aeolian erosion becomes more prevalent
than water erosion (Ravi et al. 2007). Although this
threshold has not been identified yet, it is hypothe-
sized to occur in arid and hyperarid regions (Ravi et
al. 2010), thus matching aridity levels of the soil dis-
ruption phase. The identity of soil erosive drivers de-
termines both the total amount of erosion (Breshears
et al. 2003; Xu et al. 2015b) and the spectrum of
particle sizes that are eroded (Gillette et al. 1974; Za-
mani & Mahmoodabadi 2013). Indeed, strong depen-
dence on soil particle size in wind erosion (Stout 2007)
may imply a bias towards fine particles in wind-driven
erosion that, with time, may change the soil textural
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FIG. 2: Feedbacks hypothetically involved in soil disruption phase and grouped in three potential pathways involving
soil erosion (red), shrub encroachment (green) and biogeochemical pathways (yellow). Red arrows indicate the negative
correlation between processes (i.e. increases in aridity induce reduction of rainfall), while black arrows indicate a positive
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properties (Li et al. 2009; Colazo & Buschiazzo 2015).
In addition, this exchange of erosive drivers has im-
portant consequences on the formation of vegetation
spatial arrangements (Ravi et al. 2008) and is modu-
lated by plant cover (Munson et al. 2011) and plant
life form (Breshears et al. 2003). Thus, this mech-
anism might not be unrelated from plant-soil erosion
feedbacks. Either if initialized or exacerbated by vege-
tation reductions or by changes in erosive drivers, soil
erosion would easily affect other ecological features
than plants or soil texture. For instance, soil texture
affects directly (Bach et al. 2010) and indirectly (by
affecting soil carbon contents, Xiaojun et al. 2013;
Fierer 2017) the soil microbiome. Indeed, erosion is
a major soil carbon depletion mechanism (Naipal et
al. 2018; Lal 2019), being wind erosion an important,
but usually overlooked, driver of soil carbon losses in
drylands (Chappell et al. 2019). Besides, in coarse
textured soils water would infiltrate at higher rates
and become available mostly at deep layers (Mavim-
bela & van Rensburg 2017), thus emerging as a filter
selecting for plants with deep roots (Noy-Meir 1973).
This may derive in an increase of the fitness of shrubs
vs. grasses (because shrubs have deeper roots; Schulze
et al. 1996; Schenk & Jackson 2002; Phillips et al.
2019) and would explain the increasing dominance of
shrublands vs grasslands associated to this threshold
(Berdugo et al. 2020). Because water in deep soil lay-
ers is more stable (Noy-Meir 1973), increases in shrubs

increase in rainfall increases the vegetation cover).

Blue square means that the property is affected by the

vs. grasses may be also an adaptation to increasing
inter-annual fluctuations in rainfall patterns. These
fluctuations increase with aridity (Le Houérou 2001;
Feldman et al. 2018) and, at aridity levels 0.7 reach a
coefficient of variation of 30% (Berdugo et al. 2020).
This coefficient of variation value has been suggested
as a limit for triggering vegetation instabilities (von
Wehrden et al. 2012). Thus, a strong force selecting
for plants with water uptake strategies able to uncou-
ple productivity from immediate climatic conditions is
suggested, and certainly evidenced by a decay of the
vegetation sensitivity to climatic fluctuations in the
soil disruption phase (Berdugo et al. 2020). Shall the
erosive pathway be the main pathway triggering soil
disruption phase, several and important confounding
factors are relevant to investigate. For example, the
increasing occurrence of extreme events (e.g., intense
rainfall or dust storms) with climate change (Katz &
Brown 1992) may speed up soil erosion (Nearing et al.
2004). Soil parent material, disturbances such as land-
use and soil age can also influence soil eco-hydrology
(Jorgensen & Gardner 1987) making this transforma-
tions highly context dependent. Finally, the role of
topography on soil erosive processes introduces a fur-
ther distortion factor at local scales (Xu et al. 2015b).



3.B  Shrub encroachment pathway

3.B. Shrub encroachment pathway

The hypothesis underpinning this pathway is that
vegetation shifts towards shrub dominated landscapes
triggered by aridity scales to other ecosystem at-
tributes due to the strong influence of vegetation
type on multiple ecosystem attributes and functions.
Shrub encroachment, also called woody encroachment
or thickening is a global phenomenon especially ap-
parent in drylands, characterised by an increase in
the density and cover of native shrubs, particularly in
grasslands and open woodlands (Goslee et al. 2003;
Eldridge et al. 2011; Andela et al. 2013). Impor-
tantly, shifts in dominant plants towards shrub dom-
inated landscapes is argued to be a critical shift be-
tween two alternative vegetation states underpinned
by feedback processes (D’Odorico et al. 2012). Al-
though not especially linked to aridity increases, but
rather to other forms of land degradation such as graz-
ing (Knapp et al. 2008), shrub encroachment has been
related with climate change (Eldridge et al. 2011; An-
dela et al. 2013), and is explained by a number of
feedback mechanisms with important links to aridity.
There are three main feedbacks hypothesized to act on
shrub encroachment. First, decreasing fire occurrence
may favour shrubs in a grass-shrub competing envi-
ronment because shrubs exhibit slower growth rates
than grasses (D’Odorico et al. 2006), which are also
are more flammable in dry periods (Van Wilgen et
al. 2004). Although a decrease in fire occurrence
is counterintuitive with increasing aridity (Pifol et
al.  1998), the reduction of vegetation cover (and
biomass) reduces the availability of fuel, thus decreas-
ing fire occurrence (Pausas and Paula 2012). Ac-
cordingly, a recent analysis has shown how increases
in drought reduced fire frequency across Africa (Wei
et al. 2020). Second, certain shrubs are favoured
by high near-surface nocturnal air temperatures pre-
venting freezing cavitation (Pockman & Sperry 1996).
Once established, shrubs modify the energy balance
around them by increasing air temperature (compared
to grasses; He et al. 2010) in a process that pro-
motes their own recruitment in detriment of that of
grasses (D’Odorico et al. 2010). Although the ef-
fects of shrubs on microclimatic conditions vary de-
pending on their traits vs. those of the grasses they
replace (Maestre et al. 2009), the higher sensitiv-
ity of shrubs to freezing cavitation suggest that arid-
ity increases, and the increase in temperatures they
bring, may prevent freezing temperatures, initializing
this feedback loop (see for instance the case of Larrea
tridentata, a shrub encroachment prone species from
North America, Pockman & Sperry 2000; Martinez-
Vilalta & Pockman 2002). Third, grasslands often ex-
hibit a continuous cover of the soil surface, protecting
soils more efficiently than shrubs against erosion (Gys-
sels et al. 2005). As grasses exploit predominantly
shallow soil nutrients (compared to shrubs, Schenk
& Jackson 2002), they are more sensitive to erosion-
driven soil losses than shrubs (D’Odorico et al. 2012).
Thus, the change in the erosion dynamics promoted
by the replacement of grasses by shrubs also initial-
ize a shrub-driven soil erosion feedback that further

promotes the establishment of shrubs in detriment to
that of grasses, and then shrubs create islands of fer-
tility by capturing particles that enhance soil fertility
around them (Wezel et al. 2000; Allington & Val-
one 2014), further promoting their growth and sub-
sequent recruitment. The three feedbacks described
above likely act together and cannot be easily sepa-
rated. The third feedback mechanism is of particular
relevance because connects shrub encroachment with
the erosive pathway described above, and may explain
why shrub development may affect the soil system.
However, it must be noted, that shrub encroachment
is not always linked to negative impacts in soil, which
largely depend on the traits of the encroaching shrubs
(vs. those of grasses; Maestre et al. 2009; Eldridge
et al. 2011; Eldridge and Soliveres 2015). Indeed, be-
cause their role on retaining nutrients shrubs can also
act as important ecosystem engineers (Castro et al.
2002; Maestre et al. 2009) increasing the spatial het-
erogeneity of soil nutrients rather than diminishing the
overall carbon stock of the system (Allington & Val-
one 2014). For this reason, probably it is worth start-
ing the exploration of aridity-induced shrub develop-
ment using functional trait approaches. In particular,
examining coordination between relevant plant traits
along aridity gradients may help to unveil trade-offs
between nutrient uptake strategies (with traits such as
root morphology and nutrient content in leaves or nu-
trient resorption), the photosynthetic economic spec-
trum of leaves (with traits such as specific leaf area
or rain use efficiency) and plant development (Glea-
son et al. 2013). By doing this, we may elucidate the
functional structural changes that accompany shrub
development during the soil disruption phase and un-
derstand whether aridity-induced shrub development
is associated to certain type of shrubs with low nutri-
ent content, poor decomposability of leaves or traits
that are less efficient on retaining soil (as suggested
by some authors Gross et al. 2010). A main factor
favouring shrub encroachment is grazing, which en-
hances shrub development through the selection that
herbivores make on plant types (Roques et al. 2001;
Throop and Archer 2007; Daryanto et al. 2013). Be-
sides, grazing may impede soil amelioration mediated
by shrubs (Eldridge et al. 2013), acting on soil biogeo-
chemical cycles and ultimately aggravating impacts of
shrub encroachment. Thus, it is important to note
that, if shrub development is a main trigger of soil
disruption phase, grazed areas may overcome similar
changes than those depicted for soil disruption phase
at lower aridity values.

3.C. The biogeochemical pathway

The hypothesis underlying this pathway is that
aridity imposes limits on biogeochemical cycles ham-
pering the efficiency of nutrient cycling, impoverishing
soils and affecting other ecosystem attributes. These
limits on biogeochemical cycles may occur at two lev-
els. First, microorganisms are key drivers of nutri-
ent cycling and carbon stock regulation in soils (Man-
zoni et al. 2010; Trivedi et al. 2019; Soong et al.
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FIG. 3: Feedbacks hypothetically involved in systemic breakdown phase and grouped in two potential pathways involving
biodiversity feedbacks (green) and atmospheric feedbacks (purple). Rest of legend as in figure 2.

2020). In particular, nutrient decomposition and cy-
cling rates are substantially modulated by water avail-
ability (and thus by aridity; Delgado-Baquerizo et al.
2013b; Wang et al. 2014; Feng et al. 2019; Steidinger
et al. 2019). Some groups of decomposers responsible
for nutrient cycling, such as nematodes, are especially
sensitive to aridity increases and may find a physio-
logical limit in aridity levels around 0.7 (Xiong et al.
2019). The abundance and diversity of soil fungi and
bacteria have also been found to decrease linearly with
aridity across global drylands (Maestre et al. 2015),
but this decrease is uneven across microbial groups,
resulting in a drastic turnover of microbial compo-
sition at this aridity level (Delgado-Baquerizo et al.
2020). In particular, certain key microbial groups re-
lated with nutrient decomposition and redistribution
such as ectomycorrhizal fungi exhibit abrupt decays
in the soil disruption phase (Berdugo et al. 2020).
Ectomycorrhizal fungi produce nitrogen-degrading en-
zymes allowing them a greater access to organic ni-
trogen sources and a more efficient nutrient storage
in the soil than arbuscular mycorrhiza (Averill et al.
2014). Indeed, the relative abundance of arbuscular
vs ectomycorrhizal fungi are thought to be indicative
of contrasting ecosystem nutrient economy typologies
(Phillips et al. 2013; Lu and Hedin 2019). The sec-
ond level at which nutrient cycling may be affected
is through litter inputs into the soil. Litter consti-
tute the most important nutrient source to soils, thus
changes in litter quantity or quality may affect impor-
tantly nutrients in soils. Nutrient inflows into the soil
are paralleled by nutrient outflows in the form of ero-
sion and plant nutrient absorption. Induced by low
productivity rates inherited from vegetation decline
phase and exacerbated by a decline in soil decompo-
sition ability with increasing aridity, plant litter may
become insufficient for the soil to maintain enough fer-
tility, especially under increased soil erosion rates. In
parallel, poor soil nutrient content may impact plant

nutrition status, as evidenced by the decay in leaf
nitrogen in this aridity level (Berdugo et al. 2020).
This would promote strong fitness filtering force to
preserve nitrogen through plant nutrient strategies
(Delpiano et al. 2020) such as nutrient resorption,
which change with increasing aridity in shrubs (Dren-
ovsky et al. 2010; Delpiano et al. 2020). Moreover,
recent studies suggest that systems strongly depen-
dent on deep soil water availability (e.g., arid shrub-
lands) may show a vertical decoupling of soil nutrient
economy, entailing nutrient impoverishment because
deep soil layers usually contain less nutrients than
shallow layers (Querejeta et al. 2021). These two
later mechanisms may affect litter quality and thus
nutrient cycling. Importantly, both levels of nutrient
cycling mechanisms (litter inputs and soil microbial
activity) are tightly linked and may interact with each
other in unexpected ways. For instance, mycorrhizal
fungi also play an important role on the mobilization
of nutrients to plants (Phillips et al. 2013). Thus,
changes in their dominant type modulate plant re-
sponses to water and nutrient scarcity (Maestre et
al. 2002; Azcén-aguilar et al. 2003; Lu & Hedin
2019). In parallel, resource limitations impede plant-
mycorrhizal symbiosis (Johnson et al. 2010; Jassey et
al. 2018). Besides, the species-specific role of plant-
mycorrhizal symbioses connects tightly the plant and
mycorrhizal communities, so shifting plant communi-
ties usually involve shifts in mycorrhiza and, thus, the
whole nutrient economy mechanisms (Bahram et al.
2020). As a final note, poor nutrient soils show less
stable aggregates associated with certain mycorrhizal
groups (Lehmann et al. 2020) and are more sensitive
to erosion (Xiaojun et al. 2013) connecting biogeo-
chemical mechanisms with the erosive pathway and
closing the cycle among the three pathways described
for the soil disruption phase. Although, as evidenced
here, the biogeochemical pathway is of strategic con-
cern for studying thresholds, their role as a feedback
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mechanism producing abrupt shifts is poorly under-
stood. This is especially apparent in theoretical ap-
proaches, probably due to the notable complexity of
the biogeochemical pathway. In our opinion, focusing
model studies on broad ecosystem nutrient strategies
marked by mycorrhizal types may simplify this com-
plexity and promote a new generation of models that
might be relevant for the study of aridity thresholds.
Secondary factors that may influence mechanisms of
the biogeochemical pathway include the soil legacy.
Soils may sustain effects of plants up to 50 years af-
ter their extinction (Facelli and Brock 2000), support-
ing carbon and its role on driving erosion (Mora and
Lézaro 2013). This memory of soil processes is a rel-
evant but understudied driver of soil functioning, and
is affecting directly dynamical rates of biogeochemical
processes (e.g., soil respiration Hawkes et al. 2017;
Dacal et al. 2019). Both the soil carbon content
(Delgado-Baquerizo et al. 2017b) and soil microbial
communities (Delgado-Baquerizo et al. 2017a) have
been related to past climatic conditions extending soil
legacy effects for centuries. Thus, fertile functional
soils may undergo a soil disruption phase with a given
inertia (inherited from soil characteristics prior aridi-
fication) that may significantly alter the incidence of
abrupt shifts across temporal scales.

4. MECHANISMS LINKED TO THE
SYSTEMIC BREAKDOWN PHASE

Mechanisms linked to the systemic breakdown
phase should explain a massive vegetation collapse,
which include abrupt declines in perennial plant
species richness and cover that occur at aridity lev-
els 0.82. Besides, these aridity values match those
found in other studies showing a drastic turnover in
dryland flora (Ulrich et al. 2014) entailing a shift in
leaf strategies to cope with aridity stress from stress
tolerance to stress avoidance (Carvajal et al. 2018;
Berdugo et al. 2020). Our hypothesis is that there
are physiological limits imposing drastic declines in
vegetation cover, but that this is accelerated through
feedbacks acting at plant-plant and plant-atmospheric
levels. Thus, three different mechanisms may be rele-
vant for this threshold (figure 3).

4.A. Plant physiological limits

The observed 0.82 aridity threshold is likely related
to the physiological limits of plants (likely acting on
survival rates), as soil water potential is bellow wilting
point of vascular plants most of the year at this arid-
ity level (Feldman et al. 2018; Bassiouni et al. 2020).
Observed losses in plant species richness suggest that
there is a strong convergence of these vegetation lim-
its across species, likely driven by the narrowing of the
niche to a sole limiting factor: water. Indeed, some
studies highlight the nonlinear nature of species ex-
tinction due to convergent niche limits (Trisos et al.
2020), which may explain the abrupt loss of species
observed in this threshold. It must be noted that,

at aridity values 0.8, the precipitation inter-annual
variability also increases exponentially (Berdugo et
al. 2020) and this uncertainty in precipitation may
be even more detrimental for plant survival than the
total amount of rainfall received. Some plants may
be able to cope with this variability better than oth-
ers (e.g., exhibiting avoidance strategies (Carvajal et
al. 2018)). Indeed, it should be noted that the con-
founding factors that may influence the incidence of
this phase, especially through temporal scales, are
very similar to those of the vegetation decline phase.
Thus, CO2 fertilization, and plant acclimation limits
are still relevant but should be investigated on survival
rates rather than on productivity or growth. Notably,
the effects of CO2 fertilization in these arid environ-
ments may present strong and complex interactions
with the extreme aridity of these sites (Pefiuelas et al.
2017), thus areas crossing this thresholds are impor-
tant candidates for prospecting research on this inter-
action in the coming years. Importantly, even when
no plants can survive at very high aridity values, some
organisms are able to thrive. For instance, absence
of vegetation often induce development of biocrusts
(lichens, algae and mosses that live in soil surface),
which are able to photosynthetize and to cope with
extreme climates in deserts (Belnap and Lange 2013).
Importantly, these biocrusts have been known to im-
pact ecosystem hydric cycles (Chamizo et al. 2013;
Berdugo et al. 2014), act as facilitators of plant re-
cruitment (Bowker 2007) or ameliorate soil function-
ing losses (Maestre et al. 2011; Delgado-Baquerizo et
al. 2016). Thus, much more attention should be paid
to biocrusts for preserving drylands facing the ecosys-
tem breakdown phase. In these extremes it should also
be noted that microclimatic conditions (existence of
rocks, orientation of slopes, etc...) turn of very high
relevance, providing key refuges for biocrusts and their
associated fauna (Wierzchos et al. 2015).

4.B. Biodiversity feedbacks

At least part of the diversity loss found in this phase
might be due to feedbacks occurring at the community
level (i.e., on plant-plant interactions). Two mecha-~
nisms are important in this regard. First, interac-
tions between plants shape their abundance and oc-
currence through competition and facilitation (Corn-
well and Ackerly 2009). This structure of interactions
may be highly organized in complex networks (Saiz
and Alados 2011; Saiz et al. 2018), making the re-
sponses of a given plant species strongly depend on
the responses of accompanying species. On one hand,
the strong filtering force imposed by water scarcity
may lead to a niche convergence that is usually asso-
ciated to increasing frequency of competitive interac-
tions between plants (the limiting similarity principle,
(MacArthur & Levins 1967)) and this may boost di-
versity losses due to competitive exclusion (Suding et
al. 2003; Adler et al. 2010). This may occur at the
community level, as suggested by increases in com-
petition cf. facilitation as aridity increases in some
studies (Berdugo et al. 2018, 2020), but also at local
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FIG. 4: Illustration on possible states in a landscape model simulating grasslands, shrublands, forests and deserts and
their transitions depending on aridity. They depict how different initial conditions of the ecosystem (amount of trees,
shrubs and grasses) may affect to the future evolution of the whole system. In low aridity regions, three different
vegetation configurations may be stablished (forest, grasslands or shrublands) or even for external drivers the desert

state (red dot).

The final configuration will be the result of a continuous competition between the different plant

species to be stablished (the different background colours indicate the conditions that leads the system to evolve towards
configuration). Once the aridity is increased, less states can be achieved, and the previous situation of the system can
lead the system to became decertified even if grassland or shrubland are possible configurations for that aridity index.

or individual scale in time, as suggested by some ex-
periments in which imposed water shortages increases
competitive exclusion (Alba et al. 2019). On the other
hand, facilitative interactions are key for survival of
the less adapted plants even in extreme environments
(Berdugo et al. 2018), which makes plant-plant inter-
action networks nested on key species whose loss may
produce cascading extinctions (Thébault et al. 2007;
Dunne & Williams 2009; Rocha et al. 2018). These
cascading effects can even act through trophic levels,
involving groups other than plants (Jones et al. 1996;
Wright et al. 2004; Cuddington et al. 2011) and even
affect microbial diversity (Saleem 2015). Thus it is
important to understand species-species interactions
in these communities, especially their strength and
hierarchy, and studies aimed at understanding com-
munity interactions through networks in extreme en-
vironments are still insufficient and usually not as-
sessing physiological limits of plants (something key
in these very high aridity levels). Second, plant di-
versity is linked to higher levels of soil nutrient cy-
cling and fertility (Maestre et al. 2012; Lefcheck et
al.  2015), but also to productivity and ecosystem
stability (Isbell et al. 2015; Garcia-Palacios et al.
2018). Thus, reductions in diversity may induce insta-
bilities at the ecosystem level and drastic reductions
found in the breakdown phase may produce an accel-
eration of this collapse. Although this biodiversity-
ecosystem functioning (BEF) relationship is relevant
in all phases, it is key to investigate whether there
might be a critical diversity point in which function-
ing decays on critical values at this particular aridity
level. Indeed, some studies have uncovered an increase
in the importance of BEF relationships as aridity in-
creases (Garcfa-Palacios et al. 2018), pointing in this
direction.
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4.C. Plant-atmosphere feedbacks

Previous studies have suggested that a strong feed-
back between plants and atmospheric processes may
promote the formation of desert-like conditions (Tex-
ier et al. 1997, 2000). These feedbacks build on the
rationale that plants can have an important effect on
climate at regional scales, usually increasing rainfall.
Thus, reductions of plant cover, especially if abrupt,
induce certain changes in the atmosphere that may
prevent rainfall formation. This effect can be direct
and indirect. First, vegetation may contribute to wa-
ter recycling at local scales through evapotranspira-
tion, thus increasing air humidity and enhance rainfall
(Savenije 1995; Trenberth 1999). This is an important
mechanism if air humidity is contributed importantly
by vegetation recycling of water (Savenije 1995; Nieto
et al. 2006), which may be the case in continental
semi-deserts (Eltahir & Bras 1996; Yosef et al. 2018;
Branch & Wulfmeyer 2019). Second, this modulation
may be indirect by increases in land roughness (Sud
et al. 1988) and soil water infiltration and availabil-
ity (Shukla & Mintz 1982; Alfieri et al. 2008) and
by reductions in dust emissions (Ravi et al. 2011)
and albedo (indeed, exponential increases in albedo
are found in this aridity level (Berdugo et al. 2020)
induced by vegetation at the landscape scale. Cli-
mate models that take into account these factors have
shown that decreasing vegetation ultimately leads to
a reduction of soil water incomes into the atmosphere,
and thus reduce precipitation at regional scales (Xue
2006). Indeed, some models have shown that these
feedbacks may be strong enough as to create alter-
native states associated with desertification (Wang &
Eltahir 2000a, 2000b; Zeng & Neelin 2000). All these
feedbacks point to a strong control of vegetation on
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TABLE II: Knowledge gaps and recommendations envisaged for thresholds mechanisms.

Mechanisms
Threshold Knowledge ga Reccommendation
affected e
Investigate interactions between CO2
" i i t
. How communities of plants not increases and~ drying trends on plan
Vegetation photosynthesis

decline phase Plant physiology

adapted to water scarcity may respond
to increasing dryness

Investigate migration processes and turnover
change of the community in response to
increasing dryness

Biogeochemical

Dissentangle relative importance of the

Manipulative experiments on litter
decomposition, soil microbial communities and
plant community changes to assess its impact

pathway .. . . -
o . three pathways on driving the soil on the soil carbon cycling
Soil disruption + shrub . . . . o . . . P .
disruption, aiming at identifying the  Models explicitly simulating soil, with special
phase encroachment . . . . . .
athwa most sensible, the most propagating  emphasis on soil loss (erosion), plant-soil
p. Y and the most deep mechanisms feedbacks (biogeochemical pathway) and plant
+ erosive pathway .
morphological changes (encroachment) and
their relationships
Physiological limits Do niche convergence scale through Investigating physiological niche convergence
+ Biodiversity plant-plant interaction networks to limits in conjunction with plant-plant interaction
feedbacks drive massive extinction of species? matrix
Is there a limit on diversity loss Investigating the nonlinear nature of BEF at
Svystemic Biodiversity unleashing instabilities in ecosystem the brink of systemic breakdown phase,
erak down feedbacks functioning a relevant driver of abrupt  especially aiming at meassuring productivity
i vegetation collapse? and temporal stability as ecosystem functions.
Investigate rainfall patterns at regional scales
Plant-Atmospheric Are vegetation-atmosphere feedbacks & . P . . € .
. across the globe in relation with afforestation
feedbacks globally important? .
practices.
. . Asses the response of biocrust across aridity
. . . How do biocrusts respond to systemic . . .
Physiological limits gradients spanning he systemic breakdown
breakdown phase?
phase at global scales.
Field experiments and manipulative
experiments of climate change aiming at
What is the role of vegetation and soil crossing these thresholds should be
All Legacy effects legacy effects on driving abrupt summarized globally to assess legacy effects

responses?

across different environments
Models simulating transition phases on
different initialization conditions

atmosphere, thus suggesting that a transformation to-
wards deserts is achieved rapidly at very high aridity
levels and, most importantly, spanning vast spatial
scales (Wang & Eltahir 2000b; Yoshioka et al. 2005).
This feedback also suggests that actions on systemic
breakdown phase need to be done rapidly, otherwise
increases in aridity itself may accelerate and reach
very stable states impossible to revert such as deserts.
On the other hand, preserving ecosystems at the brink
of systemic breakdown phase, or even increasing their
biomass through afforestation, may counteract arid-
ity increases (Yosef et al. 2018; Branch & Wulfmeyer
2019).
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5. CONCLUDING REMARKS AND FUTURE
DIRECTIONS

We reviewed the possible mechanisms that may
cause aridity thresholds and we provide important in-
sights on existing knowledge gaps that preclude a com-
plete understanding of how thresholds emerge (Ta-
ble II). Our review allows a general understanding
on how drylands transform as aridity increases and
explicitly considers the mechanisms that may be un-
leashing observed abrupt ecosystem responses (Fig-
ure 1). In the vegetation decline phase, we identified
mainly plant physiological mechanisms in response to
water scarcity as the main trigger. Here the major
uncertainties rely on how plants will adapt to water
scarcity in a context of rapid climate change. This re-
sponse may be determinant to understand how plants
will undergo this phase through time and may be con-
ditioned to other factors such as ongoing increases in



atmospheric CO2 concentration. Because an impor-
tant proportion of world humid areas are currently
transforming into drylands (around 3.5% of world sur-
face according to the latest forecasts, Pravalie et al.,
2019) it is key to elucidate how increasing dryness
will affect physiology of communities maladapted to
water scarcity. For instance, the reduction in the pho-
tosynthetic capacity of plants at the vegetation de-
cline phase may be determinant on initializing smooth
cover reductions, unleashing responses in the soil dis-
ruption phase if vegetation cover decreases bellow
a given point. Thus, if vegetation decline phase is
smoothed or stabilized, the soil disruption phase may
never happen even if aridity exceeds the 0.7 threshold.
The opposite is also true: lack of viable populations
of drought-adapted plants may unleash more drastic
changes than depicted through spatial gradients in the
vegetation decline phase, and derive in modifications
of the aridity levels at which the next phase occurs.

The main gap of knowledge we have about the
mechanisms operating soil disruption phase is that
we do not know the main source of the changes
among the three pathways identified: erosive path-
way, shrub encroachment pathway or biogeochemi-
cal pathway. Future studies should be able to dis-
entangle these pathways and find which pathway is
actioned more easily by aridity increases (i.e., is more
sensible to aridification), which one involves a higher
number of ecosystem attributes (i.e., is most prone
to propagate across ecosystem attributes) and which
ones unleashes the most abrupt responses. This can
be done using experimental approaches in manipula-
tive experiments that need to take into account re-
sponses of soil microbial communities as a relevant
(but usually understudied) trigger of abrupt ecosys-
tem responses. Models lack here also clear precedents
simulating both vegetation and soil changes, probably
because the high complexity underpinning the func-
tioning of plant-soil-microbiome feedbacks. Here we
synthetized the main mechanisms and provide basic
guidelines to simplify model assumptions. We think
that models about soil disruption phase should ex-
plicitly model, soil disruption (exemplifying erosion),
plant-soil dependence (exemplifying biogeochemical
feedbacks) and plant morphological changes (exempli-
fying shrub-grass transitions). In the systemic break-
down phase, major knowledge gaps exist on the inter-
action between convergence of plant niche limits for
survival and the structure of plant-plant interactions,
which should be studied in conjunction. Also, limits
on biodiversity ecosystem functioning (notably stabil-
ity and productivity) should be investigated to assess
whether part of the observed abrupt collapse of vege-
tation found is due to processes of niche complemen-
tarity. Vegetation-atmosphere feedbacks are also key,
and the research done in this regard still lacks global
assessments focused on this threshold. Experiments
of afforestation already ongoing in deserts may pro-
vide a promising starting point that needs to be sum-
marise at global scales. Finally, we still do not know
how other organisms that colonize extreme environ-
ments, such as biological soil crusts, may respond to
this threshold. This may provide a promising restora-

12

tion tool that is currently being investigated at the
theoretical level (Conde-Pueyo et al. 2020) but that
lacks sufficient background from field and experimen-
tal approaches under very high aridity conditions. Al-
though investigating mechanisms of thresholds one by
one is good for a first approximation, more attention
should be paid on how the phases are consecutively
affected. For example, erosive feedbacks discussed
in the soil disruption phase have been highlighted as
a manifestation of desertification (Schlesinger et al.
1990; D’Odorico et al. 2013). However, the fact that
vegetation is not reduced to zero in the soil disrup-
tion phase, might be related with the existence of
shrubs (and some trees, Brandt et al. 2020), able
to survive soil depletions by reaching water from deep
soil layers. In other words, the presence of shrubs
and trees can prevent desertification. If so, it might
well be that ecosystems surpassing the soil disruption
phase at aridity levels of 0.7 undergo massive vege-
tation mortality and pass directly to the responses
expected for systemic breakdown phase if vegetation
with access to deep water sources is not present. To
enlighten this, we can understand the entire aridity
gradient as a scenario where different stable states ex-
emplifying landscape types contract and expand their
attraction basins as aridity increases. This is exem-
plified in Figure 4 using a vegetation-transition model
with forests, shrublands, grasslands and deserts. This
model, although still lacking some key mechanisms
related to soil, can show how resulting landscapes de-
pend strongly on the initial landscape apart from the
simulated aridity, which only defines the basins of at-
traction. This exercise exemplifies well a relevant un-
derstudied driver of abrupt transformations, which is
the legacy effects of ecosystems. Legacy effects pro-
vide ecosystems with a certain memory and inertia
that is a relevant secondary factor for all the arid-
ity thresholds reviewed here. Understanding in de-
tail these legacy effects of soil and vegetation is key
for assessing the potential risk of experiencing abrupt
temporal transformation as they make threshold oc-
currence at one particular site highly context depen-
dent. For approaching legacy effects, although there
are several manipulative and field experiments assess-
ing legacy effects of plants and soils, we need an effort
for summarizing them across different aridity levels in
order to assess whether memory effects of vegetation/-
soil are dependent on aridity or change depending on
the phase they operate. Given the current forecasts
concerning the pace of global warming, an unprece-
dented scientific effort will be required to both ex-
pand our understanding of the fragilities of drylands
and design ways to delay or event revert, their forth-
coming collapse. This review provides a framework
to a mechanistic understanding of aridity thresholds
in drylands and points to future research directions
by identifying key gaps of knowledge whose resolu-
tion may contribute to save the capacity of drylands
to provide essential ecosystem services to millions of
people in a more arid and unpredictable world.
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