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Preface

Drylands cover 41% of the global land surface and support around two-fifths of the
global population. By definition they are a challenging part of the Earth’s terres-
trial environment due to low water availability, long dry spells, and a propensity for
degradation that is hard to reverse; they are under additional stress due to ongoing
climate change exacerbating already extreme conditions for habitability. Yet their
immense area means that drylands are a significant contributor to global function,
through their role in climate regulation and carbon storage, their reservoir of biodi-
versity and their impact on such a large population. Extended periods of limited
water availability result in great vulnerability to global climate changes and anthro-
pogenic disturbances in drylands, and the relatively low human population density
means that dryland social-ecological systems (SESs) are often distant from centres
of governance, business and learning. Around half the human inhabitants of drylands
are directly dependent on ecosystem productivity for their livelihoods, making these
systems harbingers of the impacts of global environmental change.

SESs are complex adaptive systems that are constituted by interactions between
diverse people and elements of diverse ecosystems. In the face of the dynamic inter-
actions and feedbacks among the human and nonhuman elements of an SES, science
still lacks the analytic tools to synthesize knowledge about SESs into explaining and
exploring their social-ecological interactions and processes. In particular, research
on the structure and function of dryland SESs has not received sufficient attention
worldwide.

Given the speed and intensity of climate change and socioeconomic development,
both of which are likely to aggravate issues such as land degradation, poverty, food
and water insecurity in drylands, systematic research on the social and ecological
processes and their interactions in dryland SESs is essential. This research must
operate across sectors, scales, actors in society and countries to capture synergies
among Sustainable Development Goals and manage conflicts that may arise due to
tradeoffs between goals. The extent of the drylands, both physically and socially,
means that the SDGs cannot be achieved globally unless they are also achieved in
the drylands.



vi Preface

This collective book has been prepared by a joint working group committed to
critical research on dryland SESs, as a timely synthesis of up-to-date knowledge in
various thematic fields relevant to dryland SESs. It is meant to organize key salient
concepts and establish a conceptual framework relevant to the interdisciplinary
and cross-cultural understanding of dryland SESs, acknowledging their diverse
geographical and social-ecological contexts and structures. Through synthesizing
research across the world and reviewing scientific evidence for good practices, it
aims to promote collaboration among researchers globally as well as communication
with policymakers, managers and practitioners for sustainable dryland ecosystem
management.

Beijing, China Bojie Fu
Canberra, Australia Mark Stafford-Smith
January 2023
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Chapter 1 ®)
The Global-DEP: A Research gesey

Programme to Promote Sustainability
of Dryland Social-Ecological Systems

Bojie Fu, Mark Stafford-Smith, Chao Fu, Yanxu Liu, Yanfen Wang,
Bingfang Wu, Xiubo Yu, Nan Lu, and Dennis S. Ojima

Abstract In light of the escalating pace and heightened intensity of contempo-
rary climate change and human interventions, a more systematic and comprehensive
approach to research has become imperative for the realization of the Sustainable
Development Goals (SDGs) within dryland regions. In 2017, a collaborative research
consortium comprising experts from diverse nations proposed the Global Dryland
Ecosystem Programme (Global-DEP). This initiative was designed to address the
intricate challenges inherent in the diverse and fragile social-ecological systems
(SESs) of drylands. Drawing from a synthesis of preceding studies on dryland SESs
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and insights garnered from extensive regional consultations, the consortium crafted
the conceptual framework of Global-DEP, with SESs as its fundamental underpin-
ning. Key elements of the frame-work encompass driving forces, impacts, feedback
loops, and scale. The team identified four pivotal themes: (1) dryland SES dynamics
and driving forces, (2) dryland SES structure and functions, (3) dryland ecosystem
services and human well-being, and (4) ecosystem management and sustainable
livelihoods in drylands. The intricate interconnections among these themes were
meticulously examined to delineate 12 critical research priorities. Anchored upon
this conceptual framework and the identified research imperatives, the Global-DEP
science plan was formulated. This plan is poised to expedite actionable interdisci-
plinary research within dryland SESs, tailored to the regional and cultural nuances
of these areas. The final aim is to bolster dryland research endeavors, catering to the
requirements of land practitioners and policymakers, while effectively contributing
to the attainment of SDGs in drylands.

Keywords Global-DEP - Drylands - Social-ecological systems * Drivers Structure
and functions * Ecosystem services + Ecosystem management - Livelihoods

1.1 An Overview of Drylands and SDGs

Drylands encompass land areas characterized by a mean annual precipitation to mean
annual potential evapotranspiration ratio (known as the aridity index) below 0.65. The
aridity index defines four distinct dryland subtypes: hyper-arid (aridity index < 0.05),
arid (0.05 < aridity index < 0.20), semi-arid (0.20 < aridity index < 0.50) and dry sub-
humid (0.50 < aridity index < 0.65). This definition classifies drylands as covering
approximately 41% of the Earth’s land surface, sustaining diverse ecosystems that
deliver essential goods and services to over 2 billion inhabitants residing in these
regions (Millennium Ecosystem Assessment (MEA) 2005).

Drylands are a critical part of the Earth’s systems functioning due to their contri-
bution to the global carbon cycle and their role in climate regulation both regionally
and globally, as well as being a major reservoir of biodiversity (including the orig-
inal genotypes of many key cereals) and host to immense human cultural diversity
(Buisson et al. 2022; Castro et al 2018; Maestre et al. 2022; Safriel et al. 2005;
Wang et al. 2022). Their ability to deliver these services compared to other terrestrial
environments is challenged due to low water availability (Pravalie 2016), long dry
spells (Wang et al. 2012), and hard to recovery from degradation due to the reduced
social-ecological resilience (Cowie et al. 2018; Stafford-Smith et al. 2009). The
hydrological balance plays a central role in dryland regions (Verstraete et al. 2009).
Extended periods of limited water availability result in sparse vegetation cover with
great temporal and spatial fluctuation, and great vulnerability to global environ-
ment changes and anthropogenic disturbances (Safriel & Adeel 2008). An estimated
1 billion of dryland human inhabitants depend directly on ecosystem services for
their livelihoods; despite being attuned to the challenges of dryland conditions when
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undisturbed, this population rapidly becomes vulnerable when these challenges are
exacerbated—becoming a ‘canary in the coalmine’ for global change.

Dryland ecosystems offer a wealth of ecosystem goods and services for human
well-being (Safriel et al. 2005; Stafford-Smith et al. 2009). Ecosystem services (ES)
in drylands are water constrained, highly variable, and vulnerable to environmental
changes; and there are clear trade-offs and synergies among ES such as water supply,
food production and regulation services such as carbon fixation and soil conserva-
tion (D’Odorico et al. 2013). Water crises, land degradation and desertification are
pervasive and have the potential to lead to a collapse of life support systems in the
absence of appropriate conservation and utilization strategies. This presents profound
implications for the livelihoods of marginalized communities on a local scale and
can also trigger migration, unrest, and economic instability at regional and global
levels—extending well beyond the boundaries of dryland areas.

Over recent decades, international scientific programmes and initiatives have
addressed drylands as part of their mandates. The UNESCO’s Man and the Biosphere
Programme (MAB) in its early years took the arid and semi-arid zones as one of its
focal ecosystem types and developed a plenty of projects in different regions, espe-
cially in Africa (Vannucci 1982). The Millennium Ecosystem Assessment specifi-
cally assessed the magnitude of desertification (i.e., land degradation in drylands)
and its causal factors (Millennium Ecosystem Assessment (MEA) 2005), signifi-
cantly warning that the conditions of global dryland ecosystems can deteriorate due
to feedback loops between desertification, climate change, and biodiversity loss. The
United Nations Food and Agriculture Organization (FAO) published reports on cereal
production, forest and land use change in dryland (Koohafkan & Stewart 2008; Food
and Agriculture Organization (FAO) 2016).

The year 2015 witnessed a pivotal milestone with the United Nations’ adoption of
“Transforming our World: The 2030 Agenda for Sustainable Development,” delin-
eating 17 Sustainable Development Goals (SDGs) (United Nations (UN) 2015). This
framework provides a structured approach to balance essential human needs derived
from ecosystem services (ES), such as food, water, and energy security, with human
developmental aspirations encompassing poverty eradication, health, equity, educa-
tion, and livelihoods. Addressing these complex trade-offs and potential synergies
across values and governance domains, including infrastructure, urban development,
and consumption patterns, has been a key consideration (Fu et al. 2019).

Drylands emerge as a pivotal resource both vital and interconnected in the attain-
ment of the 2030 Agenda (Stafford-Smith & Metternicht 2021). SDG target 15.3
stands as a unique global objective, aiming to achieve land degradation neutrality
(LDN) by 2030. The objective seeks to maintain or enhance the conservation of
natural capital linked to land resources and the ecosystem services they provide. As
a result, a systematic strategy becomes imperative for meeting human needs while
sustaining the ecosystems and the benefits they yield within drylands across the
globe. Moreover, the SDG target 15.3 cannot achieve only for itself considering the
high links among SDG15 (Life on Land), SDG13 (Climate Action), SDG6 (Clean
Water and Sanitation), SDG1 (No poverty), SDG2 (Zero Hunger), and other perti-
nent SDGs in the context of drylands (Yao et al. 2021). Thus, the success of SDG
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Fig. 1.1 More-or-less depletable services and resources delivered by drylands, loosely classified
into the four categories of ecosystem services (wheel spokes), surrounded by key shared attributes
of drylands (wheel tyre), and surrounding key aspects of governance needed for a GEC (wheel axle)
(Stafford-Smith and Metternicht 2021)

15.3 hinges on addressing numerous other SDGs, including poverty, hunger, water
access, energy, climate, and broader issues of equity, peace, and prosperity (Stafford-
Smith & Metternicht 2021). The SDGs offer an optimal framework for navigating
the intricate landscape of potential synergies and trade-offs encompassing the diverse
array of resources and services offered by drylands (Fig. 1.1).

1.2 Recent Developments in Dryland SES Research

Socio-ecological systems (SESs) are complex adaptive systems arising from dynamic
interactions between ecosystems and human societies (Folke et al. 2016; Preiser et al.
2018). In dryland regions, human inhabitants draw upon local ecosystems to extract
diverse resources, ranging from water to food, all in service of enhancing human
well-being. The management of these ecosystems is profoundly influenced by an
array of factors, including governmental policies, subsidies, payments for ecosystem
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services, and markets spanning local to global scales. These social processes hold
pivotal significance, shaping the very fabric of SESs in drylands—encompassing
their structure, attributes, and intricate interactions (Maestre et al. 2016). While the
ramifications of climate change reverberate globally, adaptive strategies predomi-
nantly manifest at the local or regional level, necessitating the holistic consideration
of ecological, social, and economic stimulants and responses inherent to specific
SESs, particularly within dryland contexts (Scheffer et al. 2015). Evident shifts in
the functioning of ecosystem goods and services serve as society’s barometer of
ecosystem change, potentially inciting societal reactions that, in turn, exert further
impacts on ecosystems, thereby triggering a cycle of iterative feedback and response
(McCollum et al. 2017).

Drylands are thus strongly coupled SESs, which are heavily influenced by people
and by global change, with complex social-ecological interactions and feedbacks
across scales (Reynolds et al. 2007). In light of this, the sustainability of dryland SESs
necessitates a comprehensive approach rooted in an understanding of the dynamic
interplays between nature and society. This entails an equal emphasis on the ways in
which social transformations mold the environment, and conversely, how environ-
mental shifts shape societal dynamics (Clark and Dickson 2003). This understanding
extends to encompass social institutions, cycles, and order (Redman et al. 2004). Here
we build on the recent development of dryland SES research through four lenses:
SES dynamics and drivers, SES structure and function, ecosystem services in SES,
and sustainability of SES.

Between 1991 and 2005, global drylands expanded by 4%, as highlighted by Feng
and Fu (2013). Projections under the pessimistic climate change scenario (RCP8.5)
suggest a further 23% increase in global dryland expansion by 2100, potentially
accounting for 56% of the total global land area (Huang et al. 2016). The dynamics
of drylands are intricate, characterized by multifaceted patterns encompassing both
linear and nonlinear, gradual and abrupt shifts. These transformations are propelled
by intricate interplays between biophysical and socio-economic factors, all under-
pinned by fundamental drivers that encompass abiotic elements (e.g., climate and
soil properties), attributes of biological communities (e.g., diversity and spatial pat-
terns), and human activities (e.g., grazing and agriculture) (Ruppert et al. 2015;
Maestre et al. 2016). Many dryland landscapes have undergone marked degrada-
tion, often transitioning from productive vegetation-pattern states to barren, unpro-
ductive conditions (Zelnik et al. 2013). Widespread catastrophic shifts have been
documented in dryland landscapes globally (Berdugo et al. 2017). Climate change
exacerbates negative impacts on vegetation diversity and coverage, while disrup-
tions in species interaction networks and suboptimal management practices—some
of which manifest slowly—compromise the landscape resilience of dryland SESs in
the face of extreme events (Hoover et al. 2014). Given the sparse nature of dryland
vegetation, the efficacy of vegetation indices in reflecting actual changes becomes
compromised, leading to ambiguous outcomes. A notable instance occurred between
1982 and 2013, when an increased global vegetation index masked the stark fact that
actual vegetation had, in fact, declined on a global scale (Pan et al. 2018).
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With the projected escalation in aridity and the anticipated rise in the frequency
of drought occurrences across global drylands, the prevalence of abiotic factors
governing land degradation, especially hydrological and aeolian soil erosion
processes, could intensify (Ravi et al. 2010). The foreseen increase in aridity linked
to climate change stands to adversely affect the multifaceted functions and services
furnished by dryland ecosystems worldwide (Delgado-Baquerizo et al. 2016). Such
amplified aridity levels have the potential to exacerbate soil erosion, land degrada-
tion, and desertification (Reynolds et al. 2007; Feng and Fu 2013). The employment
of dynamic modeling techniques emerges as essential for gaining valuable insights
into comprehending the trajectories of future dynamics within dryland SESs and the
fundamental driving mechanisms steering these changes (Pelletier et al. 2015).

The intricate interplay between structure and function across various spatial scales
unveils how SESs respond to the ongoing wave of global transformations, simultane-
ously playing a fundamental role in determining state shifts within drylands (Maestre
et al. 2016; Mayor et al. 2013; Saco et al. 2018). The structures and functions of
drylands, and how they interact may change significantly, even leading to shifts
among alternative stable states (D’Odorico et al. 2013). When a critical threshold is
crossed, SESs can undergo catastrophic change and reorganize into a different state
(Angeler and Allen 2016; Turnbull and Wainwright 2019). However, the mecha-
nisms that underlie the interactions between structure and function, and the resulting
impacts on the state of SES are still controversial and poorly understood (Loreau and
Mazancourt 2013). We must handle the complexity caused by multiple feedbacks
among biotic and abiotic elements (Mayor et al. 2013; Turnbull et al. 2012), by inter-
actions between structures and functions (Saco et al. 2018; Turnbull et al. 2012), and
by the scale issues that challenge our ability to reveal how the structure and function
of dryland SESs evolve (Berdugo et al. 2017). Climate changes usher in changes
in nutrient input and loss rates, rates of plant photosynthesis, grazing patterns and
intensities, soil fertility depletion, temporal and spatial water availability reductions,
and the occurrence of dust storms; these extreme climatic events can even swiftly
reshape landscape configurations (Lucatello et al. 2020). Consequently, abrupt or
even catastrophic shifts in dryland SESs, accompanied by corresponding losses or
gains in ecological and economic assets, might occur (Ursino 2019). However, the
realm of predicting and confirming abrupt responses to a changing environment
remains inadequately explored, leaving landscape response to stress highly variable
and unpredictable (Zelnik et al. 2013). Regime shifts within dryland SESs can emerge
from gradual or rapid reactions to alterations in external drivers and feedback loops,
culminating in gradual, abrupt, or catastrophic outcomes (Saco et al. 2020). Although
regime shifts within single dimensions are often addressed on an ecosystem scale
due to the relatively straightforward relationships between variables, the nonlinearity,
intricacies of feedback systems, and the presence of behavioral thresholds in dryland
SESs render comprehensive and realistic predictions challenging (Burthe et al. 2016).

Beyond the provisioning of essential services like food, freshwater, and fuel, the
critical regulating services such as soil conservation, hydrological regulation, and
cli-mate regulation, alongside the cultural services offered by the distinctive biodi-
versity, ecosystems, and landscapes of drylands, stand as paramount indicators of
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human well-being within dryland SESs (Fu et al. 2013). Global shifts in the envi-
ronment have profoundly reshaped the provision of ecosystem services in drylands,
along with their intricate supply-and-demand dynamics and the inherent trade-offs
that manifest across diverse scales (Lu et al. 2018). To quantitatively assess alter-
ations in dryland ecosystem services across spatial and temporal scales, an array
of mapping and scenario analysis tools have been devised for regional simulations
of ecosystem services (Hu et al. 2015; Smith et al. 2011). The interactions within
dryland SESs encompass multifaceted dimensions, encompassing service types (e.g.,
food, water, energy, and services related to ecological security), beneficiaries (e.g.,
farmers, retailers, and environmentalists), locations (e.g., upper or lower reaches of
watersheds), and temporal periods or generations (Seppelt et al. 2011). These interac-
tions are further shaped by public infrastructure elements like roads, dams, drinking
water pipelines, and cultural amenities, which facilitate residents in remote regions to
access the supply or transportation of local ecosystem services to areas with demand
beyond the realm of drylands (Castro et al. 2014; Miyasaka et al. 2017).

Human well-being emerges as a state intricately intertwined with specific environ-
mental conditions. It encompasses material circumstances, freedom of choice, health,
social relations, security, inner tranquility, and spiritual experiences—all essential
for maintaining a high quality of life (Summers et al. 2012). Through intensive land
use practices encompassing cultivation, grazing, deforestation, resource extraction,
and excessive utilization of freshwater resources, human activities within dry-lands
can potentially induce various forms of land degradation and water resource deteri-
oration. These impacts are often exacerbated by climate change, leading to conse-
quential effects on the delivery of ecosystem services (D’Odorico and Bhattachan
2012). Elevated levels of human well-being can indirectly yield benefits to ecosystem
services, as the adverse consequences on ecosystem services are frequently mediated
by institutional, cultural, and governance factors, along with conflicts. These medi-
ating factors might operate more effectively at higher levels of human well-being
(Lucatello et al. 2020).

Under the influence of degrading factors, dryland ecosystem services come
under pressure, curbing human access to necessities like food, water, energy, and
ecological security, thereby compromising sustainable livelihoods to varying extents
across distinct dryland SESs (Keesstra et al. 2018). In recent times, nature-based
solutions (NBS) have gained prominence as approaches aimed at safeguarding,
sustainably managing, and restoring natural or altered ecosystems to effectively and
adaptively address societal challenges. NBS stands as a prospective framework to
reverse the trajectory of degradation evident in dryland ecosystems, which threatens
both biodiversity and human well-being. NBS aligns conservation and development
objectives, offering a pathway to counteract the detrimental effects of degradation
(Cohen-Shacham et al. 2019; Keesstra et al. 2018).

The primary biophysical constraints challenging the sustainability of dryland
SESs encompass natural resource limitations and ecosystem degradation, with high
emphasis on water scarcity and encroaching desertification (Huber-Sannwald et al.
2012). Social and economic constraints, such as limited access to markets and
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resources, weak governance structures, and inadequate information about alterna-
tive production technologies, further curtail the available options for inhabitants of
drylands (van Ginkel et al. 2013). The disparity between the supply and demand
of ecosystem services in drylands stands as a significant hurdle for landowners,
producers, land managers, land use planners, and policymakers. This challenge is
amplified as land quality sits at the juncture of ecosystem functioning and human
security, encompassing vital elements like clean water, air, food, and energy—the
bedrock of livelihood development in dryland SESs (Reed et al. 2015). Consequently,
there exists a pressing need to guide and facilitate transdisciplinary and participa-
tory research efforts aimed at combating land degradation and harmonizing dryland
ecosystem services. This calls for collaboration from all stakeholders, including
academia, governmental and nongovernmental organizations, civil societies, local
stakeholders, and policymakers, with a goal to foster collective knowledge gener-
ation, continuous system monitoring, reevaluation, and capacity enhancement in
dryland stewardship across all tiers (Challenger et al. 2018).To cultivate resilient
livelihoods within dryland SESs, innovative approaches are essential from all partic-
ipants—ranging from primary producers to policymakers—to identify, quantify, and
address the driving forces and interactions that shape and constrain the development
and progression of dryland livelihoods (King et al. 2018).

Good governance in drylands involves institutions for decision making by a
range of stakeholders, including individuals, both in formal positions of power and
as ‘ordinary’ citizens, households, communities and organizations (Lopez-Porras
et al. 2018). Building capacity in education, health, gender equality, technology, and
comprehensive analysis is also closely related to promotion of dryland SES gover-
nance (Reed and Stringer 2016; Cherlet et al. 2018; Middleton 2018). This in turn
helps regions and countries ensure future water, food, energy, and ecological security,
to mitigate climate change, and to advance the capacity for good governance (Griggs
etal. 2013). The SDGs can be regarded as a major governance instrument to combat
desertification, drought, and land degradation that combine and scale up established
socioeconomic principles (Rica et al. 2018); and the logic of analysing the intercon-
nections between SDGs permits the potential to mainstream sustainability (Bautista
et al. 2017).

1.3 Global-DEP and Its Conceptual Framework

In recent decades, a plenty of frameworks for understanding Social-Ecological
Systems (SESs) have been put forth, with Ostrom’s framework standing out as one
of the most widely employed (Ostrom 2009; McGinnis and Ostrom 2014). The
SES framework offers valuable insights into evaluating the intertwined social and
ecological facets contributing to sustainable resource utilization and management.
This framework can be applied in a spatially explicit, quantitative manner to iden-
tify opportunities and trade-offs when striving for the sustainability of intercon-
nected SESs (Leslie et al. 2015). Several other frameworks have also emerged, each
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engaging with varying aspects of the SES perspective. One such framework is the
Composition-Structure-Process-Service framework, designed to dissect the under-
lying mechanisms driving Ecosystem Services (ES) production. Functioning as an
application-oriented linking framework, it bridges landscape patterns, ecosystem
processes, and ES, while also embracing landscape design for sustainable ecosystem
management across different scales (Fu et al. 2013). An enhanced iteration of this
framework, named the Pattern-Process-Service-Sustainability framework, has been
refined to incorporate the dynamics of interconnected natural and human systems
(Fu & Wei 2018). Another integrated framework synthesizes the core tenets of the
ES cascade concept and the Driver-Pressure-State-Impact-Response (DPSIR) frame-
work. This amalgamation aims to position ES within a broader SES context, encom-
passing the cycle of ES provision, societal feedback, and analytical depiction of
social-ecological interactions. It aims to serve as a valuable instrument for policy
development that promotes the sustainability of dryland ecosystems and thereby
safeguards the livelihoods of their associated users (Nassl and Loffler 2015).

The Dryland Development Paradigm (DDP), introduced by Reynolds et al. (2007),
has gained considerable influence as a guiding framework for dryland development.
Drawing on empirical analyses within dryland systems science, Stringer et al. (2017)
derived an updated version of the DDP (DDP#2). This iteration comprises three
integrative principles and advocates a shift away from a research-for-development
approach. The DDP emphasizes the need to always consider both human and envi-
ronment aspects of dryland systems, but also to avoid careless generalization, high-
lighting for research to be concerned with the diversity of global drylands and their
social-ecological characteristics. For example, Safriel et al. (2005) highlighted the
interrelationships between major ES, between ES and biodiversity, and between ES
and the livelihoods that ecosystems support across the aridity gradient. As another
example, Stafford-Smith et al. (2011) formalized a conceptual systems model of key
migration processes in drylands globally, which recognizes a series of factors at local
and broader scales that contextually affect how critical ES are to local livelihoods and
how these then interact with what adaptive capacity households may have to stay or
move. Furthermore, Huber-Sannwald et al. (2012) amalgamated the DDP and other
conceptual frameworks, coupling them with an exhaustive analysis of biophysical,
socio-economic, and historical data. Their study assessed challenges and opportuni-
ties for livelihood development within the Amapola dryland ecosystem, a semi-arid
region in Mexico. Their findings called for an effective, flexible, and viable policy
framework that could enhance the biotic and cultural diversity of drylands locally,
ultimately transforming drylands across the globe into a resilient biome, in the face
of global environmental and social shifts.

The Global Dryland Ecosystem Programme (Global-DEP) was approved as a
key international cooperation project under the International Partnership Program
(IPP) of Chinese Academy of Sciences (CAS) in August 2017. It is an international
cooperation initiative jointly proposed by Prof. Bojie Fu from the CAS and Dr Mark
Stafford-Smith from the Commonwealth Scientific and Industrial Research Orga-
nization (CSIRO) in Australia, with an aim of developing an actionable research
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plan to address the challenges facing diverse and fragile dryland SESs. A Scien-
tific Committee was established to orchestrate the development of the program’s
Science Plan, and a dedicated Secretariat was put in place to provide essential tech-
nical support. In addition, the program created four thematic work groups and five
regional work groups, featuring principal investigators from CAS as well as counter-
parts from nations such as the United States, Spain, Senegal, and Australia, among
others (Fig. 1.2).

The conceptual framework of the Global-DEP was meticulously crafted by amal-
gamating insights from diverse disciplines and examining previous frameworks.
This framework, grounded in the perspective of SES, underscores the impera-
tive of comprehending several pivotal components. These encompass the drivers
shaping SES, the intricate interplay of SES structure and functions, the critical realm
of ecosystem services and its impact on human well-being, and the management
responses required to actualize the SDGs. The framework draws attention to the
interlinked and multi-scale nature characterizing dryland SESs, an insight resonant
with the DDP. This recognition culminates in the proposition of a cohesive quartet
of research themes, propelled by the forces of global environmental transforma-
tions and globalization. These research themes are strategically oriented towards
achieving SDG objectives through a dynamic interplay of responses and feedback
loops weaving together ecological and social facets (Fig. 1.3). This fundamental
framework, though presented in a simplified manner, was further expanded upon
by Fu et al. (2021). Its significance lies in its ability to engage researchers span-
ning ecology and social sciences, both converging on the realm of dryland SESs.
Additionally, this framework provides the bedrock for the formulation of both the
scientific and actionable agendas of Global-DEP.
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1.4 Research Themes and Priorities

Based on the overarching framework of helping dryland SESs meet the SDGs, each
of the four themes raises specific research priorities as described below.

Theme I: Dryland social-ecological system dynamics and driving forces

The dynamics inherent in dryland SESs are a product of the intricate amalgamation of
diverse linear and non-linear patterns, coupled with both gradual and sudden shifts.
These dynamics are propelled by an interplay of biophysical and socio-economic
factors. This thematic exploration seeks to unveil the critical variables essential for
comprehending these large-scale dynamics, thereby fostering an overarching under-
standing of the distinctions among distinct dryland SESs. Such insights serve as a
fundamental platform for discerning transferrable findings across different locales
and projecting the trajectories of pivotal drivers shaping SES dynamics in other
thematic domains.

Research priority 1.1: what are the essential dryland variables (EDVs) of the
macroscopic dynamics of dryland SES?

Essential variables are the minimum set of variables required to characterize
change in a system (Reyers et al. 2017). Essential variables for climate, biodiver-
sity, water, socio-ecological systems and SDGs have been proposed successively in
recent years (Reyers et al. 2017). Social-ecological activities in drylands are domi-
nated by water availability; and the responses of dryland SES to climate change and
anthropogenic disturbances can be reflected by changes in land cover (Maestre et al.
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2016). Dryland landcover is particularly characterized by sparse and patterned vege-
tation and soil biocrusts. Research to identify these sensitive essential variables and
to enhance the monitoring of their dynamics is essential to underpin understanding
of the driving forces behind them (Li et al. 2021), and to improve management of
dryland SES.

Research priority 1.2: what are the driving forces of the macroscopic dryland SES
dynamics?

Climate change and human activities notably loom as pivotal drivers of dryland
SES dynamics, amplifying the risks of land degradation and desertification (MEA
2005). Moreover, dryland SESs are usually water-limited by definition. Remote
sensing technology provides many key water-related products that can assist the
macroscopic study of dryland SES dynamics, including patterns over space and time
of soil moisture, precipitation, evapotranspiration, water stress of vegetation, and
evapotranspiration partition (Wang et al. 2012). As an entry point to understand the
contextualized contributions of climate change and human activities, the research
frontier is to identify how these factors together determine the development and
degradation of drylands across spatiotemporal gradients of water availability.

Research priority 1.3: what are the future trajectories of macroscopic changes in
dryland SES?

Extreme climate events will become more frequent, widespread and intensified
under projected trends of global warming, resulting in significant changes in dryland
(Huang et al. 2017). With population growth, human activities, such as grazing, also
impose greater pressures on dryland SES. Although a variety of models have been
proposed and applied to simulate land use transformations in drylands, there is still a
high uncertainty across models and scenarios. Tackling the intricate questions under-
lying future dryland SES trajectories necessitates predictive work encompassing
varied climate scenarios, human interventions, and desertification trends based on
observed trends in the foundational EDVs.

Theme II: Dryland social-ecological system structure and functions

Intrinsic to the stability and resilience of SESs in drylands are the intricate inter-plays
of their structures, functions, and interactions. A comprehensive grasp of state shifts
in local dryland SESs goes beyond predictions based solely on isolated indicators due
to the substantial spatiotemporal variations, sensitivity, and vulnerability to natural
and human-induced disturbances. This thematic exploration strives to uncover the
intricate biotic and abiotic mechanisms governing regime shifts in dryland SESs.
By adopting both comprehensive and context-specific viewpoints, this theme aims
to elucidate how these SESs evolve under diverse circumstances, addressing queries
about tipping points and alterations in regimes that could have profound ramifications
for the provisioning of ES across varied dryland SESs.

Research priority 2.1: how do ses structure, functions and their interactions
change in drylands?

Understanding interactions between the structure and functioning of dryland
SES at multiple spatial scales can substantially improve our understanding of how
drylands respond to ongoing global environment changes. The ecosystem structure
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of drylands interacts with function through multiple feedbacks, particularly hydro-
logical feedbacks (D’Odorico and Bhattachan 2012). Therefore, connectivity, scale,
and threshold behavior in hydrological systems are of common concern in dryland
landscapes. The research frontier is revealing how ecohydrological and socioeco-
nomic processes drive the evolution of SES structures, functions, and their interplay
in diverse and scale-dependent dryland contexts.

Research priority 2.2: how do dryland SES structures and functions respond to
climate change?

The intricate interplay between structure and function across various spatial scales
affords insights into the SES responses to global transformations and how these
dynamics underpin shifts in SES states (Fu et al. 2021; Maestre et al. 2016). Given
the geographical heterogeneity inherent in different dryland SESs, predicting the
trajectories of local dryland changes necessitates an in-depth comprehension of the
mechanisms and resilience maintenance strategies in the face of climate change.
This entails exploring how these structures and functions recalibrate under shifting
climatic conditions.

Research priority 2.3: what is the SES mechanism for regime shifts in drylands?

Regime shifts, irreversible or sustained alterations, often bring detrimental
impacts to drylands (Scheffer et al. 2015). These shifts can stem from gradual changes
or swift responses to external drivers and feedbacks. Addressing these shifts necessi-
tates a deep dive into the context-specific social-ecological feedback loops embedded
in drylands, where threshold behaviors come to the forefront. Fostering a compre-
hensive understanding of these shifts involves developing holistic indicators, models,
and multi-variable approaches capable of prognosticating the likelihood of regime
shifts in dryland SESs moving forward.

Theme III: Dryland ecosystem services and human well-being in a changing
environment and society

The intricate relationships between ES and human well-being in diverse dryland
settings present a complex challenge. Discerning the dimensions of human well-
being most pertinent to dryland ecosystems, as well as how changes in ES impact
well-being within specific SESs, stands as the core objective of this theme. This
exploration seeks to identify pathways that harness the value of ES for livelihood
enhancement, catering to a wider array of beneficiaries both within and beyond SESs.
This theme is set to propel the necessity for comprehensive monitoring to prevent the
occurrence of collapse thresholds and amalgamate context-specific insights into the
connections between ES and human well-being, thus influencing local management
and policy choices in drylands.

Research priority 3.1: how do dryland ecosystem services change across space
and time?

Dryland ES have high spatial and temporal variability due to the high variability
in natural and social conditions, such as ecosystem type, climate, extreme events
or disturbances, and economic development level. Enhancing our ability to model
and predict the changes in these services across different scales in space and time
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is pivotal. This involves refining model structures, incorporating modules or param-
eters that account for the unique characteristics of dryland ecosystems, and gener-
ating more reliable estimates of ES at the local level. The research frontier includes
biophysical modeling of ES at multiple scales, ES valuation not limited to monetary
value, identification on the key drivers of ES change, and then simulating ES change
in future scenarios.

Research priority 3.2: what are the interactions between multiple ecosystem
services and supply—demand relationships?

Understanding the trade-offs and synergies resulting from interactions among
various ES is essential for devising adaptable land use strategies within dryland
SESs. Due to the spatial heterogeneity of ecosystems and population distribution in
drylands, both the supply and demand of ES have high spatial variability (Castro et al
2014). With spatially heterogeneous and temporally dynamic human needs, the trade-
offs between ES and people can be exacerbated, causing complex interactions among
multiple beneficiaries, locations, and human generations. Therefore, the research
frontier is to explore all the potential tradeoffs among the multiple dimensions of
human demand for ES, particularly considering the future needs for ES under dryland
environmental change; as well as to understand the supply—demand mismatches of
dryland ES at different scales, and then track the potential dryland ES flows that
depend on socioeconomic and environmental teleconnections.

Research priority 3.3: how are dryland ecosystem services linked to human well-
being?

Clarifying how changes in ES alter their contribution to human well-being is
key to the entangled dryland challenges, and to promoting the resilience of these
SESs and finding solutions that balance ecological protection and socioeconomic
development. This entails deciphering the ideal blend of natural and social capital for
fostering well-being and understanding how other forms of capital, like technology
and infrastructure, play a role in bolstering ES within dryland SESs. The research
frontier is to understand the pathways and mediating factors that enable ES to deliver
human well-being, to quantify the relationship between ES and human well-being, to
optimize landscapes to produce ES, and to understand how best to provide payment
for ES.

Theme IV: Ecosystem management and sustainable livelihoods in drylands

The immense diversity of global drylands — encompassing varying environments,
degradation levels, social and cultural dimensions, and human reliance — under-
scores the necessity for nuanced and contextually-tailored management objectives
and strategies. This theme is designed to forge connections between community
development and ecosystem management, ensuring the attainment of SDGs within
dryland SESs. Drawing upon insights from other themes, it aspires to proffer manage-
ment and policy alternatives, while simultaneously pinpointing the EDVs, a contex-
tual grasp of tipping point dynamics in ES provisioning, and the pathways by which
these services translate into human well-being across distinct geographical contexts.

Research priority 4.1: how can sustainable ecosystem management schemes be
developed in drylands?
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While instances of site-specific practices for sustainable ecosystem management
exist, the development of universally effective strategies for diverse drylands remains
a challenge. Nature-based solutions (NBS) offer a promising avenue, encompassing
actions that shield, sustainably manage, and restore natural or modified ecosys-
tems. These approaches, adaptable to shifting external circumstances and contex-
tual nuances, can guide ecosystem management principles in drylands. To advance
this, key steps include quantifying EDVs pertinent to dryland NBS, devising novel
management techniques that accommodate uncertainty and extended timeframes,
evaluating the limitations of NBS in the variable dryland climate, and compre-
hensively factoring in trade-offs, complexities, and impending climate shifts when
applying NBS in these regions.

Research priority 4.2: how can livelihood be maintained in drylands?

Livelihoods are diverse across dryland ecosystems, but their differentiation and
variation are based on adaptive responses to local environmental and social condi-
tions. Site-specific environmental knowledge and the aspirations of resident popula-
tions remain largely unconsidered within expert assessments and management strate-
gies in dryland SES. Understanding the prime drivers of livelihood changes—deter-
mined by EDVs—is crucial. Equally important is grasping how development strate-
gies and socio-economic changes can fortify livelihood resilience and robustness,
especially in times of mounting uncertainty and risk. The research frontier includes
identifying the ecological capacity for livelihoods in different drylands, quantifying
the responses of livelihood-related indicators and livelihood resilience to climate
change in drylands, and developing strategies to enhance livelihood capital.

Research priority 4.3: how can sustainable governance be promoted in specific
dryland SES contexts?

The SDGs serve as a significant global governance tool to combat land degrada-
tion, desertification, and drought. The relations between SDGs and their intercon-
nections with drylands governance (Stafford Smith and Metternicht 2021) should be
fully explored, since measures to promote access to food (SDG 2), water (SDG 6),
and energy (SDG 7), if applied under an unsustainable governance regime, could
be counterproductive in enabling sustainable consumption and production (SDG
12), could aggravate climate change (SDG 13), and could undermine conservation
outcomes relevant to SDG 15 (Safriel 2017). Therefore, the research frontier includes
evaluating and setting priorities for achieving SDGs in specific dryland SES contexts,
and construction of a cross-scale and multilevel dryland SES case study database to
help explore sustainable governance pathways.

1.5 Summary and Perspectives

The development of the conceptual framework and research priorities forming the
cornerstone of the Global-DEP Science Plan for dryland SESs has been a collabora-
tive effort, marked by substantial consultations during Scientific Committee meetings
and regional workshops conducted in China, Australia, and Africa. The out-comes
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of these endeavors have been disseminated through special issues in international
journals, which has circulated the program’s concepts, data, and case studies (Fu
et al. 2021). A pivotal stride towards the integration of the Global-DEP into the
broader landscape of land system science has been the establishment of the Global
Dryland SES working group under the aegis of the Global Land Programme (https://
glp.earth/). This strategic move solidifies the linkages with the broader commu-
nity of land system scientists, further facilitating cross-disciplinary and international
collaborations.

In light of the escalating challenges confronting rapidly transforming dryland
SESs, the paramount objective of Global-DEP remains to encapsulate pivotal
concepts relevant to interdisciplinary comprehension and cross-cultural insight into
dryland SESs. Its overarching structure is designed to resonate with the diverse
contexts of drylands, enabling it to act as a responsive tool for fostering research
collaboration, policy dialogue, management practices, and sustainable livelihoods in
these ecosystems.

Though the above-presented conceptual framework constitutes a simplified depic-
tion of dryland SESs, Global-DEP diligently follows a standardized approach aimed
at informing transformative policies and practices across these systems, while
engaging researchers, policymakers, practitioners, and local stakeholders on a global,
regional, and local scale. The programme operates with the intention of incorpo-
rating feedback and engagement from diverse locales, capitalizing on local knowl-
edge, and considering the perspectives, opportunities, and challenges experienced
by stakeholders in drylands.

The fluidity of the conceptual framework reflects its adaptability to the evolving
research landscape and the dynamic demands of sustainable development in global
drylands. To this end, the Global-DEP framework is set to undergo regular updates
and revisions to align with research progress and evolving requirements. This iterative
approach ensures that the framework remains a living synthesis of research priorities,
continually guiding efforts toward enhancing the well-being of dryland ecosystems,
landscapes, and livelihoods in the face of an ever-changing environment and the
imperative of sustainable development.
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Chapter 2 ®)
Dryland Dynamics and Driving Forces i

Bingfang Wu, William Kolby Smith, and Hongwei Zeng

Abstract Drylands are the largest biomes on Earth, yet also one of the most vulner-
able to climate change and human activities. Dryland ecosystems in the world are
characterized by unique and distinctive features and are known to be particularly
sensitive to natural and anthropogenic disturbances. Understanding the dynamics
of dryland ecosystems and their direct and indirect drivers in socio-economic and
natural terms will not only provide facts and knowledge about the dynamics and
drivers of future trajectories, but also provide scientific guidance for the develop-
ment of appropriate measures to improve the resilience of dryland ecosystems in
response to human-driven climate change. We first provide an overview of the pecu-
liar nature of dryland land cover, which features spare and patterned vegetation,
soil biocrust, and man-made solar energy surface. We specifically highlight new
opportunities for remote sensing observations and discuss their potential to provide
new insights into dryland ecosystem functions and services. We next discuss the
importance of and trends in water availability with emphasis on the different plant
water utilization strategies found across global drylands, non-rainfall water absorp-
tion, water availability estimation, and hydrological impact of land cover changes.
Together these factors determine the development and degradation of drylands across
global gradients of water availability. We then outline the role of climate change,
population increase, and human activities in driving dryland changes. We end with
a forward-looking perspective on future dryland research.
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2.1 Introduction

Dryland are the largest biome on Earth (Schimel 2010), yet one of the most vulnerable
to climate change and human activities (Smith et al. 2019; Reynolds et al. 2007). The
basic dryland landscape has long been sculpted by the interaction between low but
highly variable annual rainfall, high frequency of droughts and heat waves (Huang
et al. 2017), and human activities (e.g., soil cultivation, livestock grazing, and fire
use). Thus, drylands are characterized by unique and distinctive features (Wu et al.
2021b), including nutrient-poor soils (Ci and Yang 2010), spare vegetation cover
(Tarnita et al. 2017), biocrust (Antoninka et al. 2020), and distinct water utilization
strategy (Wang et al. 2017c). These traits further influence ecosystem functions and
services and reduce the resilience of ecosystem to changes in specific drivers, by
providing low annual productivity (Smith et al. 2019), and regulating atmospheric
carbon dioxide concentrations (Biederman et al. 2017; Ahlstrom et al. 2015). As a
result, dryland ecosystem is regarded as a complex coupled human-environmental
system (Reynolds et al. 2007). Drylands are a major component of the land surface
and play an important role in global environmental change and ecological sustain-
ability (Maestre et al. 2016; Lian et al. 2021; Li et al. 2021a), and a better under-
standing about drylands will help develop appropriate measures that can address
anthropogenic climate changes.

Abiotic factors (e.g., precipitation and temperature), biome attributes (e.g., diver-
sity, spatial patterns, and species invasion), and human activities (e.g., grazing,
farming, and urbanization) are widely considered as the main drivers of dryland
ecosystem dynamics, which represent a sophisticated social-ecological system
(Maestreetal. 2012,2016; Lian et al. 2021; Li et al. 2021a). Specifically, reduction of
dryland resilience can partly be attributed to the negative impacts of extreme climate
events, as it could lead to declines in vegetation diversity and cover (Delgadoba-
querizo et al. 2013; Dannenberg et al. 2019), thereby disrupting species interaction
networks (Burkle et al. 2013). CO, is an important dryland change driver as well,
which produces important feedbacks to the local and regional hydrological cycles
by promoting plant growth and ameliorating plant water stress (Lian et al. 2021;
Gonsamo et al. 2021; Donohue et al. 2013). As the most important sources of liveli-
hoods in drylands and the direct impact of human activities on dryland ecosystems,
grazing and soil cultivation are major contributors to land degradation and desertifica-
tion in drylands (Evans and Geerken 2004; Reid et al. 2005). Rapid urbanization and
ecological conservation and restoration are also human activities that have impacted
drylands, with the former ordinarily causing a loss of species diversity, carbon stocks,
and ecosystem services (Tian and Qiao 2014; Liu et al. 2019b), but also having a posi-
tive effect on poverty alleviation, and the latter enhancing greening and ecosystem
services (especially in the drylands of northern and northwestern China), but also
generating considerable local water stress (Li et al. 2021a).

The intensifying variability of precipitation in drylands and the risk of global
warming increase the threat to ecosystem recovery in drylands compared to other
humid areas (Huang et al. 2016; Berdugo et al. 2020), as modelled by the future
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climate scenarios, which predicts the dryland area will increase by 11-23% by the
end of this century (Huang et al. 2016; Pravilie 2016). High variability of precipi-
tation would reduce the soil moisture and suppress the growth of vegetation in dry
season, and the increasing air temperature accompanied by abundant solar radia-
tion result in high potential evapotranspiration (Reynolds et al. 2007) and further
intensify local water stress, increasing the risk of land degradation. As the nature of
low fertility of dryland soils, both tillage and grazing could cause quick and major
impacts to dryland ecosystem. Thus, human resource extraction usually exacerbates
land degradation in drylands as well (Li et al. 2021a; Evans and Geerken 2004).
Considering the increase of global temperature and population, the risk of land degra-
dation and desertification in dryland regions is rising, as drylands are particularly
sensitive to rapid rates of physical and social change. Effective government poli-
cies are particularly important due to the growing economic and social demand for
rangelands and irrigated farmlands, which will influence the attributes of drylands
and the functional interactions in dryland landscapes (Garcia-Palacios et al. 2018;
McCollum et al. 2017). Regional decision-makers need to consider rapid changes in
precipitation, water scarcity status, and temperature changes when proposing adap-
tation strategies for local ecosystems and socioeconomic development (Zhang et al.
2021). The dynamic process of dryland ecosystems and its direct and indirect driving
forces in both socioeconomic and natural aspects should be studied, because these
factors play a critical role in revealing the changing trends of dryland ecosystems at
macro scales and thus provide the facts and knowledge about the future trajectories
of dryland ecosystems dynamics.

In this chapter, peculiar dryland land cover and water availability and their changes
and drivers are reviewed, synthesized, and discussed, particularly in relation to remote
sensing application, for an understanding of research progress and future directions
to cope with anthropogenic climate change. Diversity is absolutely the significant
feature of drylands in the world, which cover about 41% of Earth’s land surface and
hold to more than 38% of total global population. Although large space has been
devoted to discussing vegetation pattern, biocrust, photovoltaic black surfaces and
plant water strategies in this chapter, we do not try to find their common features,
but rather to integrate diversity into the whole description.

2.2 Peculiar Dryland Land Cover and Changes

One of the most distinctive features that distinguishes dryland ecosystems from other
ecosystems is their unique and diverse land cover, which is the dynamic mixture of
herbaceous, shrubs, trees, biological soil crusts (biocrusts), and bare ground. Land
use/cover and its changes (LUCC) have been explored extensively (Liu et al. 2020;
Li et al. 2017; Chen et al. 2015; Wu et al. 2017), but with little attention given to
unique land cover types and their characteristics in dryland regions. In this section,
the peculiar nature of dryland land cover is reviewed with a focus to highlight new
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opportunities for remote sensing observations and their potentials to provide new
insights into the functions and services of dryland ecosystems.

To adapt to the harsh arid environment and water scarcity, the vegetation in dryland
areas has evolved self-organizing patterns, the special spatial pattern ranging from
patches to stripes to labyrinths (Mander et al. 2017; Tarnita et al. 2017), as the result
of mutual compromise between dryland vegetation and the environment. Researchers
have studied the self-organizing patterns for their potential value in indicating the
transition of dryland ecosystems toward desertification (Konings et al. 2011; Ludwig
et al. 2007, 2002), however, recent study points out that the self-organizing pattern
should be regarded as a signal of resilience instead of evade tipping point (Rietkerk
et al. 2021).

Biocrusts, a kind of photochemical soil commonly existing on the surface of
drylands worldwide, are another uniquely prominent feature in drylands (Belnap
2003; Ferrenberg et al. 2017; Smith et al. 2019). Biocrusts are mainly formed by
the interaction of bacteria, fungi, and algae with soil particles to develop a thin,
dense, shell-like community of organisms on the soil surface (Ngosong et al. 2020;
Ferrenberg et al. 2017). Biocrusts reflect the unique form of non-rainfall water use
strategy by dryland organisms (Wu et al. 2021b), which largely changes the redis-
tribution of surface water in deserts and sandy lands, and plays an important role
in carbon and nitrogen cycling and soil organic matter formation (Reed et al. 2012;
Darrouzet-Nardi et al. 2015; Rodriguez-Caballero et al. 2018).

In addition, as one of the most important man-made surfaces in dryland ecosys-
tems, photovoltaic panels (PVs) are highly valued and rapidly expanding in drylands
due to their ability to provide large amounts of green energy to humans. PVs alter the
albedo in deserts and change the radiation balance at the surface, indirectly affecting
local hydrological cycle and climate change (Arnds et al. 2017). However, the current
feedback mechanisms of PVs on land—atmosphere interactions, and the impact of
PVs on local environment and ecology are yet understood (Barron-Gafford et al.
2016). As a power means of earth observation, remote sensing has been able to accu-
rately identify the distribution of PVs nationwide and worldwide (Yu et al. 2018;
Kruitwagen et al. 2021), providing strong support for the exploration of the impact
mechanism.

2.2.1 Vegetation Pattern and Changes

Vegetation in many drylands is patterned regularly. These spatial patterns are promi-
nent in dryland ecosystems, where they are often manifested as bare soil embedded
in patches of vegetation (Okin et al. 2015). These patterns include regular vegeta-
tion strips alternating with bare ground, vegetation spots and labyrinths, and regular
bare ground gaps within contiguous vegetated areas (Couteron and Lejeune 2001;
Klausmeier 1999), such as tiger bushes in Sahel (Rietkerk et al. 2004; Klausmeier
1999), fair circles in the Namib Desert (Juergens 2013) of Africa, cyclic vegetation
patterns in southern Australian deserts (Fatchen and Barker 1979), desert shrub in
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Fig. 2.1 a Desert shrub in Tengger Desert, China. b Fair circle in Namibia desert. ¢ Tiger bush in
northern Sahel

north-western China (Fig. 2.1), and sparse desert scrub vegetation in the tropical
deserts of Mexico. Although some common understandings have been reached that
large-scale regular spatial pattern may result from local biological interactions in
homogeneous landscapes (Hassell et al. 1991), the specific interaction mechanism
in different dryland ecosystem is still controversial. Thus, different hypotheses and
models have been proposed and simulated to explain the existence of these patterns
(Tarnita et al. 2017; Zhao et al. 2019; Juergens 2013; von Hardenberg et al. 2001).

The spatial pattern of vegetation self-organizes under harsh environmental condi-
tions, related to the amount of rainfall provided to the surface according to some
studies (Mander et al. 2017; Tarnita et al. 2017). If environmental conditions deteri-
orate, the ecosystem may tip to a barren degraded state. Therefore, the spatial self-
organization of vegetation in drylands can be used as a warning signal for tipping
toward an alternative stable state (Kefi et al. 2007). Early warning signals based
on spatial patterns are thus highly important (Scheffer et al. 2009) as indicators for
imminent tipping (Rietkerk et al. 2004) where degradation may become irreversible
(or difficult to reverse). However, recent researches are prone to consider these spatial
patterns as signal of ecosystem resilience instead of warning signal of critical transi-
tions, because they are observed to stay stable for a wide range of conditions, allowing
complex systems to persist beyond a tipping point (Rietkerk et al. 2021). In any case,
the vegetation pattern is important for the evolution of complex ecosystems.

These patterns may positively affect essential ecosystem functions, such as
ecosystem productivity in Savana (Pringle et al. 2010). The vegetation pattern is
self-organized through scale dependent feedback, associated with the modification
of a range of plant functional traits (Zhao et al. 2019). During the formation of
spatial self-organization, vegetation can optimize nutrient utilization and enhance
individual competitiveness by regulating the root-to-shoot ratio and other traits.
Furthermore, vegetation could create better microhabitats for benthos through the
formation of self-organization, increasing their total abundance and species rich-
ness, thus improving ecosystem productivity and stability. In addition, these patterns
could enhance the landscape function in arid and semi-arid rangeland regions from
the aspect of landscape as well (Bastin et al. 2002). Through the trapping and retaining
of rain water, soil particles, and organic matter from vegetation patch, these patterns
provide more favorable habitat for vegetation and fauna. Thus, the landscape with
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such vegetation patterns is considered more functional and healthier and these vege-
tation patches’ spatial pattern can be regarded as indicators to measure the health of
arid and semi-arid landscapes (Bastin et al. 2002; Ludwig et al. 2002, 2007).

The composition, structure, and function of dryland ecosystems often vary greatly
over short lateral distances, reflecting the high spatial heterogeneity of moisture,
which typically varies with elevation, soil type, and distance from water sources
(Biederman et al. 2017). Vegetation on the soil surface both intercepts and redis-
tributes surface water and promotes water infiltration, and it also enhances the direct
and potential evaporation of stored water from soil. Thus, its spatial distribution has a
strong influence on the spatial variation of moisture, which has been used to explain
the formation of spatial self-organization of vegetation in drylands. On the one hand,
vegetation enhances the infiltration of water into the soil and promotes the growth
of vegetation to a certain spatial extent. On the other hand, competition for water
among vegetation inhibits its further expansion (Rietkerk et al. 2002). In addition,
the structure and composition of vegetation are influenced by seasonal to annual
variations in water availability (Dakos et al. 2011; Gremer et al. 2015). Frequent
or intense droughts can fundamentally alter the structure of vegetation ecosystems
because long-term limited water availability inhibits further vegetation growth (van
der Molen et al. 2011), while high-intensity fluctuations in water in space and time
make vegetation ecosystems highly vulnerable to global environmental changes and
anthropogenic disturbances (Safriel and Adeel 2008).

However, changes between the formation or disappearance of these patterns and
water availability are not in real time, with hysteresis phenomenon, in fact, pervasive
(van de Koppel et al. 2002). Such changes imply that both spotted vegetation patterns
and bare ground at very low rainfall levels in the drylands represent the steady state
of the respective ecosystems (von Hardenberg et al. 2001). The disappearance of
spotted vegetation indicates a complete loss of effective root networks and enhanced
water infiltration mechanisms, while bare ground may be re-covered with vegetation
only when rainfall levels greatly exceed the formation level of spotted vegetation
patterns (Scheffer 2020).

Therefore, the spatial patterns of the surface and patch-size distributions are inter-
esting elements to be observed by high-resolution satellite data (Xu et al. 2015) or
multi-angular data since they determine the partition of water and allow for a diag-
nosis of the state of ecological functioning. In addition, the spatial distribution of
vegetation in the form of spaced clumps (clumped vegetation) produces anisotropic
radioactive reflectance that significantly alters the surface albedo. The specific
bidirectional reflectance distribution functions they present are thus beneficial to
differentiate surfaces with clumped vegetation from others (He et al. 2012).

However, multi-angle satellite data such as Multi-angle Imaging Spectro
Radiometer (MISR) (Chopping et al. 2008) and Compact High Resolution Imaging
Spectrometer onboard the Project for On-board Autonomy (CHRIS-PROBA)
(Verrelstet al. 2008) have dropped out of use, and only a few satellites such as ZY-3 are
currently available to provide this type of measurement (Wang et al. 2021). ZY-3 was
launched in January 2021 and carries three high-resolution panchromatic cameras
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and an infrared multispectral scanner (IRMSS). Positioned in the forward, longi-
tudinal, and rearward views, respectively, these cameras allow three-dimensional
mapping and can be used to map spare vegetation distributions. Recently, there has
been a sharp increase in high-resolution satellite data with short payback periods
taken from different viewing angles, allowing for multiple perspectives of the same
target. Thus, they can be used for the observation of spare vegetation patterns. In
addition, by obtaining old aerial photographs, such as declassified photographs from
military satellites like the Corona series, it has become possible to track changes
in vegetation patterns in drylands since the 1960s (Andersen 2006), which might
provide surprising information (Li et al. 2021a).

2.2.2 Biocrust and Changes

Biological soil crust (BSC) is a photoautotrophic community composed of algae,
bacteria, lichens, mosses, and other microorganisms that widely grow and develop
in vegetation interspaces. They are the most characteristic pioneer organisms in
drylands, accounting for 40-70% of the living cover (Belnap et al. 2016), and devel-
oped a thin layer of shell organisms on the surface of soil or rock by the interac-
tion between fungi, green algae, cyanobacteria, lichens, and mosses and soil parti-
cles (Fig. 2.2) (Lan et al. 2017). BSC is often used as one of the major indica-
tors of ecosystem stability and degraded ecosystem restoration evaluation and plays
an important role in improving soil physical properties and promoting ecological
restoration (Root et al. 2017; Couradeau et al. 2019; Zhou et al. 2019). Therefore, it
isnecessary to avoid its degradation or disappearance (Zh