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N O LB W

Abstract: Arid areas are widespread globally and support a third of the world’s population’s livelihoods. The in-
creasing population, urbanization, land-use changes, and the climate significantly affect coupled natural and human
systems and threaten environments and socio-ecological land systems. The degradation of drylands poses a se-
vere and widespread threat to the lives of millions of people, especially in developing countries and in the global
environment. This review assesses published literature on dryland socio-ecological systems to reveal current re-
search trends and changes in research themes over time and introduces basic theories and advances in dryland
socio-ecological system frameworks, resilience measurement, and regime shifts. Developing a more general but
adaptable framework and a more practical strategy for long-term coordination and partnership and attaining specific
insights into ecological services should receive more attention and be strengthened in future studies on drylands
sustainability.
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complex, non-linear, and uncertain (Levin et al., 2013). De-
termining the interaction mechanism will allow the resil-
ience and sustainability of SESs to be maintained and en-

1 Introduction

The sustainable management of natural resources requires

sufficient knowledge of the complex relationships between
human and natural systems (Aminpour et al., 2020).
Socio-ecological systems (SESs), known as “coupled hu-
man and natural systems” are integrated systems in which
people interact with natural components (Liu et al., 2007).
Owing to environmental changes and human activities
worldwide, such integrated systems have become more
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hanced, focusing on recent research (Reyers et al., 2018).
Drylands in this article followed the definition of UNCCD,
which describes it as arid land areas where the aridity index
value of between 0.05 and 0.65. It was found in most bi-
omes and climatic zones worldwide (Sapir et al., 2004; Feng
and Fu, 2013), constituting 41.3% of the global land surface
(nearly 6 billion ha) and feeding 2.5 billion people in the
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world (Reynolds et al., 2007; Yirdaw et al., 2017). Moreover,
it is also accounting for approximately 40% of the global net
primary productivity (Wang et al., 2012, Fisher et al., 2015).
The drylands in the world consist of 10% forest, and 90%
grassland and cropland, and the severe degradation would
lead to the provision of ecosystem services. Therefore, food
insecurity, social and political instability and the reduced
resilience of ecosystems to natural climate change are
among the most important issues facing drylands (Reynolds
et al., 2007; Wang et al., 2012; Guissé et al., 2013; Menz et
al., 2013).

Understanding how drylands respond to ongoing envi-
ronmental and social change is crucial for ensuring global
dryland sustainability. Exploring a connected and integrated
dryland socio-ecological system through the explicit analy-
sis of the processes and dynamics between the system’s en-
vironmental and human components will aid in enhancing
dryland vulnerability, maintaining dryland ecological ser-
vices, and meeting the demands of sustainable dryland de-
velopment (Chen et al., 2013).

The following research questions guide this review and
discussions:

« What are the core theories and the latest advances for

the dryland socio-ecology system?

e What are the trends in the dryland SES?

e What are the current research gaps and remained chal-

lenges for the sustainable realization of dryland SESs?

2 Basic dryland SES theories and advances

The SES concept has evolved into a mainstream field of
research that focuses on interdependent linkages between
social and environmental changes and how those interde-
pendent linkages influence the achievement of sustainable
development goals (SDGs) across different systems, levels,
and scales. Revealing the SES feedback mechanism of cou-
pled systems is the scientific basis for maintaining and en-
hancing resilience and sustainability, which is also a core
concept of social-ecological system research (Reyers et al.,
2018). Moreover, SES concepts, such as resilience, adapta-
bility, and transformability, are essential for understanding
the non-linear process of climate change-affected SESs
(Folke et al., 2010).

2.1 Conceptual framework

The social-ecological systems framework is a conceptual
framework that provides a list of variables that may interact
and affect outcomes in SESs (Poteete et al., 2010), which
guide the assessment of the social and ecological dimen-
sions that contribute to sustainable resource use and man-
agement (Partelow, 2018). This framework can be structured
into tiers of nested and related concepts and variables
(Fig. 1). The first tiers include the Economic and Political
Settings (S), Resource System (RS), Resource Units (RU),
Governance System (GS), Actors (A), Interactions (I), Ex-

ternal Ecosystems (EE), and Outcomes (O) (Ostrom, 2009).
There are 56 second-tier variables nested within each
first-tier variable (McGinnis and Ostrom, 2014). The out-
comes of responses, in turn leads to shifts in the resource
and governance systems. There are two main conceptual
pillars for SESs. One aims to understand their functioning,
and the other aims to understand all aspects related to the
development, implementation, and transformation of the
system towards normative sustainability goals.

New environmental inputs and social actors will disturb
the original interactions that occur between abiotic or biotic
factors, basic conditions, and human activities in SESs. Al-
though the environmental and social factors are unbalanced,
they all still react and interact with one another. This indi-
cates that the ability of SESs to respond to external drivers
and internal processes shifts to develop along the existing
trajectory. Such abilities are referred to as adaption, a con-
cept of resilience (Folke et al., 2010). The ability of a sys-
tem to absorb disturbances and reorganize to maintain its
structure, function, characteristics, and feedback when
changes occur is referred to as resilience (Walker et al.,
2004). When disturbances are severe, the structure and
function of SESs may change dramatically, suddenly, and
continuously. Once a critical threshold is crossed, SESs will
transition into another steady regime, referred to as a regime
shift (Angeler and Allen, 2016). The input exposure is also
affected by the system’s adjustment and adaptation in turn.
This process demonstrates the vulnerability of SESs to dis-
asters (Turner et al., 2003). The interaction mechanism,
vulnerability, resilience, and regime shift are all essential
concepts within research on the dynamic evolution of sys-
tems and feedback mechanisms in dryland SES frameworks.

2.2 Interaction mechanisms

The interaction mechanisms of dryland SESs currently fol-
low three main trends. The first is the increasing research
scale from regional to global. The second is the increasing
complexity, and the third is a change in the theoretical
framework from neighborhood effects to telecoupling,
which is an integrated framework that reveals socio-economic
and environmental interactions between distant coupled
human and natural systems (Hull and Liu, 2018). This inte-
grated framework can examine flows of information, energy,
matter, people, organisms, and other factors, such as finan-
cial capital and goods and products, around the globe, and
can explain the causes and effects arising from the engage-
ment of diverse agents worldwide.

Several vital factors should be known when considering
dryland SESs’ interaction mechanism. First, the imminent
climate warming in the upcoming decades should be con-
sidered when investigating dryland SES interactions. Fur-
thermore, the concept that “dry gets drier, but more than wet
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Fig. 1 Basic conceptual framework for dryland SESs

Interaction Resilience Vulnerability

Note: Outcomes of resulted from regime shift represent the essential natural and social elements affected locally or spillover. This framework is modified by
summaring different general socio-ecology systems. The general SESs conceptual framework is also applicable to drylands but needs to be adapted and
modified according to their characteristics. More specific applications and examples are described in more details in sections 2.1-2.4.

gets wetter” should be regarded as the more current back-
ground of dryland SESs, rather than the unanimously ac-
knowledged “dry gets drier, wet gets wetter” paradigm
(Pravilie, 2016).

The climate and its interactions with abiotic features (i.c.,
geomorphology and soil texture) significantly influence the
structure and functioning of the dryland ecosystem. Biotic
features, such as species richness, abundance, and spatial
patterns, and their interactions with abiotic factors, play

critical roles as drivers of ecosystem functioning in drylands.

As well as the climate, the links and interactions between
abiotic, biotic, and multifunctional factors play essential
roles in guiding conservation and restoration efforts, im-
proving our ability to forecast and monitor desertification
processes (Guissé et al., 2013; Maestre et al., 2016).
Increases in aridity result in the formation of thresholds
regarding the structure and functioning of drylands (Miguel
et al.,, 2020). Other negative impacts include increases in
water stress and reductions in the abundance and diversity
of vascular plants and soil microbes. Dryland grazing sig-
nificantly and negatively impacts plant cover, species com-
position, soil C and N contents, and primary productivity,
particularly at local and regional scales. Changing the type
of livestock and establishing suitable protection policies
could reduce such impacts. Another negative process is
woody encroachment. Differences in the encroaching spe-
cies, functions, and climatic conditions affect ecosystem

structure and functioning. In the driest areas, woody en-
croachment often occurs with worse negative influences
(Maestre et al., 2016).

2.3 Measuring resilience

Indicators and system models are typically used to measure
resilience. However, it is difficult to determine resilience
directly due to the complex and non-linear nature of SESs.
Two materials significantly contribute to meeting the short-
comings of the system model and provide strong support for
selecting indicators and identifying boundaries, as well as
the feedback process. One is the Resilience, Adaptation, and
Transformation Assessment Framework: From Theory to
Application published by CSIRO, and the other is Assessing
Resilience in Social-Ecological Systems: Workbook for
Practitioners by Resilience Alliance (Resilience Alliance,
2010; O’Connell et al., 2015). The performance of this dy-
namic system model is better for analysis under various
conditions than individual indicators or system models.
Meyer et al. (2018) developed a mathematical flow-kick
framework that uses dynamic system tools to explicitly
quantify resilience to disturbances based on their magnitude
and frequency. Ingrisch and Bahn (2018) proposed a vari-
able framework that jointly considers the impacts of distur-
bance and recovery rate normalized to the undisturbed state
of the system to avoid disturbance responses across ecosys-
tems and their properties and functions, which allows a
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broadly comparative assessment of resilience.

Although much progress has been made, the measure-
ment and evaluation of resilience are still weak, and flexible
assessment frameworks and methodologies are still lacking.
Therefore, they are still not widely recognized. Two obsta-
cles must be overcome to advance our understanding of
cross-scale resilience dynamics. The first is the lack of

availability and high cost of data with high spatial resolution.

The other is the lack of adequate resources for processing
such data (Council, 2010). Recent studies made some pro-
gress in overcoming these obstacles. Large observation
networks, such as the Chinese Ecosystem Research Network
(CERN) and National Ecological Observatory Network
(NEON), provide large amounts of vegetation, landform,
climate, and ecosystem performance observation data, can
support the measurement of resilience (Fu et al., 2010; Lin-
denmayer et al., 2018; Barnett et al., 2019), the quantifica-
tion of decades of atmospheric nitrogen deposition data (Yu
et al., 2019), the evaluation of resource-use efficiency and
ecosystem service values (Daryanto et al., 2020), and the
monitoring of carbon fluxes at large scales (Chen and Yu,
2019), Related studies will greatly benefit from tools such
as those mentioned above. Developing observation methods
can provide more powerful tools for measuring resilience.
Currently, the Big Earth Data Science Engineering Project
(CASEarth) of the Chinese Academy of Sciences Strategic
Priority Research Program facilitates the development of
new rapid and accurate approaches to monitoring the Earth
(Guo, 2017). This would advance methods of measuring the
cross-scale resilience dynamics and understanding vulner-
ability studies with multiple and nested scales.

It is worth noting that resilience measurements in dryland
are particularly specific. Many recent research efforts have
contributed to the precise dryland measuring. In Mongolia’s
arid rangeland degradation practices, several ecological in-
dicators, including plant cover, standing biomass, palatabil-
ity, species richness, forage quality, vegetation gaps, and
soil surface characteristics, are measured for resilience as-
sessment (Jamsranjav et al., 2018). Such regional cases have
formed lots of globally applicable rangeland degradation
frameworks. Except for the indicators, other contributions
areobservation networks. The MARAS system launched in
2018 consisted of 379 ground monitors in a 624.5km?
semi-arid area of southern Argentina and Chile to record 11
landscape indicators (Oliva et al., 2019). And the related
vegetation and soil characteristics of dryland rangelands
across Patagonia were released this year (Oliva et al., 2020).
Other studies have looked at using the correlation between
the easier-collecting surface indicators and soil multi-fun-
ctionality in further to conduct resilience measuring in glob-
al drylands (Eldridge et al., 2020).

2.4 Regime shifts

Shifts in dryland SESs refer to the movement of system
factors across a threshold and the formation of a new

steady-state, while ecological, economic, or social condi-
tions make it difficult to maintain existing systems (Walker
et al., 2004; Folke et al., 2010). These dramatic, sudden, and
continuous changes in the structure and function of the
SESs are essential for understanding the evolution of SESs
and changes in their resilience (Biggs et al., 2009). Current
studies on such regime shifts mainly focused on the identi-
fication and analysis of driving mechanisms. The influenc-
ing factors, cascades within and across scales, and the re-
ciprocity of regime shifts have also attracted attention (Rey-
ers et al., 2018; Rocha et al., 2018). Methods of identifying
steady-state transitions include statistical and model analy-
ses, which are the main methods involved in regime shift
identification (Filatova et al., 2016). Unlike statistical
analysis that depends on long-term sequence data, model
analysis can identify regime shifts by selecting indicators,
building inner feedback mechanisms, and simulating system
processes. Typical models include equilibrium, agent-based,
and system dynamics models (Wang et al., 2020). The
Stockholm Resilience Centre developed the Regime Shifts
Database (RSDB) to introduce systematic synthesis. It can
act as a wide-ranging information resource for environ-
mental planning, assessment, research, and teaching initia-
tives. The database contains 28 generic types of regime
shifts and over 300 specific case studies (Biggs et al., 2018).
Climate change and agriculture are the most active elements
in research on dryland SESs. However, some anthropogenic
changes also significantly affect the regime shift, such as
reducing soil erosion in the Loess Plateau (Wang et al.,
2016). Nexus approaches provide an efficient method of
studying synergy and detecting trade-offs between pol-
icy-making and governance for implementing integrated
SDGs (Liu et al., 2018).

Specific to the research on regime shift in dryland, the
general approach can be summarized in Fig. 2. For instance,
a comprehensive framework has been proposed in China’s
semi-arid regions to determine the stages of evolution of the
Loess Plateau from a socio-ecological system perspective
(Wu et al., 2020). Furthermore, such frameworks are also
used in other dryland ecological components, such as the
Yellow River’s sand transfer capacity (Song et al., 2020). In
a nutshell, such a workflow can be summarized as looking
for change drivers in a socio-ecological system. And then,
assessing how these drivers have changed their internal
functions and properties. After this, the local and spillover
effects resulting from the above properties changing can be
effectively quantified and assessed. Such quantifications of
its spillover can be used to set a threshold criteria to meas-
ure the regime shift. It should be noted that two indicators
need to be taken into account in order to determine whether
or not a regime shift has taken place through interactions
within the socio-ecological system shown in Fig. 2. One is
the relationship, and the other one is the degree of the com-
ponent of society and ecology.
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Fig. 2 Dryland Regime Shift detecting workflow

3 Dryland SES trends and topics of interest

Studies on SESs are regarded as recognizing an emerging
“third” space that transcends the sum of singular social and
ecological research practices and disciplines (Folke et al.,
2016). Such studies represent a better understanding of the
complex and evolving links between ecosystems and human
societies (Fischer et al., 2015). These coupled and composi-
tive characteristics have resulted in methodological plural-
ism and the formation of a weak coherent methodological
identity in SES studies (Bodin and Tengd, 2012). Although
numerous ambiguities remain, SES research has designed
nomenclatures with integrated social and ecological com-
ponents commonly used in the title, keywords, and abstracts
of such work (de Vos et al., 2019). Changes in these nomen-
clatures reflect changes in the main thematic topic of dry-
land SES research over time. Therefore, we analyzed 1446
articles collected in the Web of Science using keywords
related to dryland SESs. The number of studies published
annually in dryland SES research increased from 1 to 235
between 1986 to 2019, and Science of Total Environment,
Global Change Biology, and Journal of Arid Environments
were the top three journal sources, occupying 2%—3% of all
the publications. Based on the raw number of publications,
Consejo Superior de Investigaciones Cientificas (62 publi-
cations), University of California (54 publications), Chinese
Academy of Sciences (50 publications), and the United
States Department of Agriculture (46 publications) contrib-
uted most to dryland SES research. The lead authors are J.
Julio Camarero and Antonio Gazol of CSIC, who contrib-
uted to almost 2% of all 1446 papers. We then followed the
Co-word method to assess changes in the main topics of
interest over time (Chen, 2017). By counting how frequently
each combination of term words extracted from the key-

words, abstracts, and titles of different articles occurred in
published literature, we could identify the research terms
that appeared most frequently in recent years, which were as
follows: climate change, resilience, drought, and vulnerabil-
ity (Fig. 2). We subsequently clustered all term words and
labelled each cluster using the term words occurring with
the highest frequency. The most extensive research cluster is
related to ecosystem services, landscape functioning, and
semi-arid agriculture soils. The typical research terms indi-
cate that extreme drought, drought resistance, drought se-
verity, and tree species have received more interest since
2017. Pine trees in European drylands are the main object of
interest in terms of tree species (Szmidla et al., 2019).
However, traditional research topics, such as disturbance
and ecosystem functioning, are decreasing in prevalence.
The rapid increase in term words used in the cited literature
is likely to offer insight into emerging trends.

4 Challenge and perspectives

The increasing aridity worldwide affects the structure and
functioning of dryland ecosystems (Miguel et al., 2020).
Understanding how drylands respond to ongoing environ-
mental change is crucial for ensuring global sustainability
(Maestre et al., 2016). A high number of publications have
indicated how climate change or drought events affect so-
cial-ecological processes in dryland SESs and have
achieved significant progress. However, with the changing
environment and neo-dryland SES research trends, some
specific points could be considered as a more general set of
concluding remarks for future research related to dryland
SESs to resolve current research gaps. A more general but
adaptable dryland SES framework should be developed. By
modifying the definitions of variables, indicators to measure
them, data collection, and analysis methods, a more tailored
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dryland SESs framework can be produced that could be
suitable for different types of dryland systems, such as irri-
gation land, forests, and grazing land.

Current studies on resilience, sustainability, vulnerability,
and feedback mechanisms are mainly theoretical and simu-
lated scenarios. The development of approaches to simulat-
ing the coupled dryland SES process under different sce-
narios, establishing appropriate land-use allocation plans,
and the formation of optimized strategies to coordinate re-
gional natural and social needs still face numerous chal-
lenges in practice. Moreover, previous dryland SES studies
mainly focused on framework and policy management.
However, specific insights must be strengthened. Dryland

Challenge remain

4 N

« Insufficient integration of natural
element processes

¢ Social elements are not process-oriented

o Lack of an integrated understanding of
natural systems by social elements

* Ecosystem research scales out of sync

¢ To fully integrate human well-being
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Natural and social feedbacks remain in the
conceptual framework only, cutting deep
mechanisms and coupling methods
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factors in sustainability models

¢ Decision support systems fail to make
full use of economic big data
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ecology services and functioning should be consistently
taken as the basis when exploring dynamic processes, driv-
ing mechanisms, and coupled feedback mechanisms in dry-
land SESs.

For instance, the main challenges of dryland SES can be
summarized as Fig. 4. An overarching scientific issue is the
dryland’s regional dynamics and sustainable development of
coupled human and natural systems. The three sub-points
underneath this can be summarized as coupling process and
structure, dynamic mechanisms and function, and sustain-
able realization. Correspondingly, under each of the scien-
tific questions, there are challenges for subsequent research
to solve. For example, the integration of natural element

Core scientific question

Human-Nature system dynamics

and regional mechanisms of
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Fig. 4 Core scientific questions and challenges for dryland SESs
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processes in dryland needs to be more enhanced sufficiently.
Social elements should be well integrated when under-
standing natural systems such as Forest and grassland deg-
radation. The major challenge for dynamic mechanisms is
that natural and social feedback remains in the conceptual
framework only, cutting deep mechanisms and coupling
methods. Lacking integration and synthesis of sustainability
models and un-useful adopting of economic data are the two
main challenge for sustainable realization of dryland SESs.
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