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a b s t r a c t 

Land System Science (LSS) has evolved as a core interdisciplinary field within human-environment system re- 
search, with a particular focus on land use and land cover change (LUCC). This article reviews the emergence of 
LSS, explores its roles in social-ecological research on global environmental change and sustainability, and dis- 
cusses its challenges and future directions. We develop a conceptual framework that highlights the role of LSS in 
informing sustainable land management and assessing its impacts on interrelated social-ecological goals (sustain- 
ability, resilience, and quality of life, including wellbeing) for transformative planning and governance. To ensure 
the continued progress of the field and its ability to address evolving global challenges, LSS needs to better imple- 
ment a systems-based approach through novel methodological developments, deepen the understanding of LUCC 
complexities, emphasize strong sustainability, bridge global-local gaps, and enhance the science-policy interface. 
In addition, while LSS is inherently interdisciplinary, its progress requires further broadening and deepening of 
collaboration and integration among contributing disciplines. 
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. Introduction 

The emergence and development of a field of study represent a com-
lex interplay between intellectual inquiry, societal needs, and tech-
ological advancements. In its nascent phase, scholars collaboratively
dentify novel questions or challenges that capture intellectual curiosity,
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he emerging field ( Laudan, 1981 ). Essentially, this has been the case
or land system science (LSS) ( Verburg et al., 2013a ; Verburg et al.,
015 ; Turner II et al., 2021 ), whose emergence was driven by the esca-
ating social-ecological challenges caused by land use and land cover
hanges (LUCC), alongside advancements in geographic information
cience, remote sensing, and other related fields. In particular, LSS
merged as a promising interdisciplinary field of study to address the
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A  
rowing challenges associated with global environmental change and
ustainability. 

Since its emergence, LSS has evolved through multiple intellec-
ual and methodological contributions. Foundational work in LSS em-
hasized the need to understand LUCC as a dynamic process shaped
y proximate and underlying drivers, including demographic, eco-
omic, technological, and institutional factors ( Lambin et al., 2001 ;
eist and Lambin, 2002 ). Subsequent work highlighted the concep-

ual linkages between LUCC, ecosystem services, and human wellbe-
ng ( Millennium Ecosystem Assessment, 2005 ; Crossman et al., 2013 ;

u, 2013 ), building on foundational contributions that established and
dvanced the concept of ecosystem services ( Costanza et al., 1997 ;
aily, 1997 ; de Groot et al., 2002 ). Around the same time, contribu-

ions from political ecology perspectives emphasized the importance
f power relations, governance, and justice in shaping land systems
 Turner II and Robbins, 2008 ; Brannstrom and Vadjunec, 2013 ). More
ecently, studies have underscored the relevance of LSS for sustainability
nd global frameworks, including the Sustainable Development Goals
SDGs) ( Meyfroidt et al., 2022 ; Zhao et al., 2024 ), indicating that LSS
an inform pathways for integrating environmental, social, and eco-
omic objectives. 

Earlier reviews and perspectives directly related to LSS have ad-
anced understanding along complementary dimensions: its key chal-
enges and methodological issues ( Rindfuss et al., 2004 ); its role in
nderstanding LUCC, social-ecological dynamics, and sustainability
 Turner II et al., 2007 ); its methodologies for mapping ( Lam, 2008 )
nd modeling ( National Research Council, 2014 ) LUCC; its concep-
ual integration of social-ecological dimensions and sustainability out-
omes ( Verburg et al., 2015 ); its framing as an interdisciplinary ap-
roach addressing global environmental change and sustainability chal-
enges ( Turner II et al., 2021 ); the key facts about land systems that
an help explain the challenges of achieving sustainability in land use
 Meyfroidt et al . , 2022 ), and its contributions to the SDGs ( Zhao et al.,
024 ). While these reviews and perspectives have contributed to, and
ontinue to shape, the field, there remains a need to examine how LSS in-
egrates conceptual, empirical, and policy-oriented perspectives to link
UCC dynamics with the broader social-ecological goals (sustainability,
esilience, and quality of life, including wellbeing), as well as to explore
he emerging challenges and opportunities that may shape its future tra-
ectory. 

Addressing these gaps, this paper complements existing reviews
nd the current science plan of the Global Land Programme (GLP)
 Global Land Programme Scientific Steering Committee, 2024 ) by offer-
ng a scholarly synthesis of LSS’s emergence, contributions, and evolving
ole in social-ecological research. The general objective is to provide a
omprehensive account of LSS’s trajectory and its relevance to contem-
orary sustainability challenges. More specifically, the paper aims to:
i) trace the historical emergence and intellectual foundations of LSS;
ii) develop a conceptual framework that highlights the role of LSS in
inking LUCC dynamics with social-ecological goals, (iii) synthesize the
ontributions of LSS to social-ecological research and its connections to
he SDGs, and (iv) identify and critically discuss the major challenges
nd opportunities shaping the field’s future trajectory. 

. Review approach 

This paper adopts a narrative review approach ( Sukhera, 2022 ). This
pproach synthesizes published literature on a focused topic, employing
 flexible, non-quantitative method to construct a narrative of the field’s
evelopment and current understanding. Examples of narrative reviews
re available ( Foley et al., 2005 ; Wu, 2019 ). 

In particular, the literature was selected strategically to align with
he manuscript’s objectives, focusing on foundational, conceptual, em-
irical, and policy-oriented contributions that illustrate the emergence,
volution, and current role of LSS in addressing sustainability chal-
enges. Selection criteria were guided by relevance to the key themes
2

f the paper, including LUCC and its drivers and impacts, ecosystem
ervices, human wellbeing, sustainability, and methods and approaches
or LUCC monitoring and modeling. While this approach does not aim
o be exhaustive, it allows for a focused synthesis that integrates con-
eptual, methodological, and empirical perspectives, highlighting major
dvances in the field, together with its challenges and future directions
for its limitations, see Section 6 ). 

. Emergence of LSS 

Like landscape ecology ( Troll, 1939 ; Wu et al., 2024 ), LSS is said
o have developed from Landschaft, a German geographic tradition in
hich the landscape is regarded as the totality of things within a ter-

itory, eventually evolving to encompass the significance of human-
nvironment relationships ( Turner II and Robbins, 2008 ) ( Fig. 1 ). The
dea of LSS first emerged in the late 1980s, initially articulated as a ‘total
arth system’ study ‘in global change’ (p. 531) ( Kates, 1987 ) (see also
 Brannstrom and Vadjunec, 2013 ), p. 3). It later evolved into the Land
se and Land Cover Change project (1994–2005), developed within

he framework of the International Geosphere-Biosphere Programme
IGBP), which was later joined by the International Human Dimensions
rogram on Global Environmental Change (IHDP) ( Brannstrom and
adjunec, 2013 ; Verburg et al . , 2013a ; Verburg et al . , 2015 ). This
roject aimed to enhance global environmental change research by
niting natural and social sciences to investigate the roles of individ-
als and societies in both contributing and adapting to environmental
hanges ( Turner II et al., 1995 ; Gutman et al., 2004 ; Brannstrom and
adjunec, 2013 ). 

During this time, LUCC research matured gradually, becoming more
ntegrative and focused on both the drivers and impacts of land change,
n collaboration with other related fields ( Verburg et al., 2015 ). This
ubsequently led to the emergence of Land Change Science (LCS)
 Gutman et al., 2004 ; Rindfuss et al., 2004 ; Turner II et al., 2007 ) as
 distinct, interdisciplinary research field that engages scientists across
he social, economic, geographical, and natural sciences ( Verburg et al.,
013a ; Verburg et al., 2015 ). The scientific literature indicates that the
erm LCS first appeared in 2002 ( Fig. 1 ), in a 2001 conference paper by
urner II (2002) . Recognizing the growing importance of land use and

and cover as a coupled human-environment system, LCS has ultimately
merged as a fundamental element in global environmental change and
ustainability research ( Rindfuss et al., 2004 ; Turner II et al., 2007 ). 

LCS is defined as an “interdisciplinary field [that] seeks to under-
tand the dynamics of land cover and land use as a coupled human-
nvironment system to address theory, concepts, models, and applica-
ions relevant to environmental and societal problems, including the
ntersection of the two ” … It seeks to improve: (i) observation and mon-
toring of land changes underway throughout the world, (ii) understand-
ng of these changes as a coupled human–environment system, (iii) spa-
ially explicit modeling of land change, and (iv) assessments of system
utcomes, such as vulnerability, resilience, or sustainability ” (p. 20666)
 Turner II et al., 2007 ). 

The progress of LCS largely aligns with the Global Land Project
2006–2015), which succeeded the LUCC project ( Fig. 1 ). In 2016, the
lobal Land Project was renamed into the Global Land Programme

GLP). The GLP is currently part of the Future Earth, a global initia-
ive to strengthen the interface between policy and science. Launched
t the 2012 UN Conference on Sustainable Development (Rio + 20),
uture Earth is “a network of scientists, researchers, and innova-
ors ” that focuses on systems approaches to improving “understand-
ng of complex Earth systems and human dynamics ” and promoting
evidence-based policies and strategies for sustainable development ”
 https://futureearth.org ). 

In the latter half of the 2000s, the term LSS began appearing more
requently in the scientific literature ( Reenberg, 2006 , 2009 ; Turner II
t al., 2007 ; Turner II, 2009 ), marking the transition from LCS to LSS.
ccording to the scientific literature, the term LSS first appeared in 2006

https://futureearth.org
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Fig. 1. Overview of the emergence and development of 
LSS. This approximate timeline was created based on vari- 
ous sources ( Turner II and Robbins, 2008 ; Brannstrom and 
Vadjunec, 2013 ; Verburg et al., 2015 ), including the Global 
Land Programme ( https://glp.earth ). 
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Fig. 2. A conceptual framework . The framework illustrates the role of LSS in 
informing sustainable land management strategies and assessing their impacts 
on social-ecological goals for transformative planning and governance. The solid 
lines depict direct influences or inputs, whereas the dashed lines depict feed- 
back. The upper part of the diagram is based from the resilience–sustainability–
quality of life nexus ( Estoque and Wu, 2024 ). 
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 Fig. 1 ), in the introductory paper of a Special Issue by Reenberg (2006) ,
temming from a workshop organized by the Danish Network for Land
ystem Science (LaSyS) in October 2005. In general, the emergence
nd progress of LSS have been driven by environmental and socioeco-
omic imperatives and supported by technological and methodological
dvancements. 

At its core, LSS is an interdisciplinary research field that investi-
ates the complex interactions between human societies and land sys-
ems, focusing on LUCC as a key process shaping the Earth system
 Verburg et al . , 2013a ; Verburg et al., 2015 ; Turner II et al., 2021 ;
eyfroidt et al . , 2022 ). It (i) integrates biophysical, social, economic,

nd institutional perspectives to analyze the drivers, dynamics, and con-
equences of land system changes across multiple spatial and temporal
cales, and (ii) contributes to understanding and addressing global en-
ironmental challenges by linking local land-use realities with broader
ustainability goals. The knowledge generated through this integrative
nalysis is essential for informing sustainable land management, policy
evelopment, and governance ( Verburg et al . , 2013a ; Verburg et al . ,
015 ; Turner II et al., 2021 ; Meyfroidt et al., 2022 ). Here, land sys-
ems are coupled human-environment systems shaped by dynamic in-
eractions among biophysical and socioeconomic processes, which drive
UCC patterns and trajectories across spatial and temporal scales. 

. Role of LSS in social-ecological research 

.1. LSS in a broader context 

The pursuit of the three interconnected social-ecological goals,
amely sustainability, social-ecological resilience, and quality of life,
ncluding wellbeing ( Fig. 2 ), has become essential for human sur-
ival, development, and adaptation to environmental and socioeco-
omic changes ( Estoque and Wu, 2024 ). Critically assessing the dynamic
nterplay between these goals, along with the factors influencing them,
an promote transformative governance and planning. Understanding
his multifaceted relationship is essential for empowering planners and
ecision-makers to navigate the complexities of our rapidly changing
orld and address the challenges posed by interrelated social and envi-

onmental changes ( Estoque and Wu, 2024 ). 
In the nexus of social-ecological goals ( Fig. 2 ), sustainability focuses

n land management strategies that meet current needs without com-
romising the ability of future generations to meet their own, inte-
rating environmental integrity, economic prosperity, and social equity
 WCED, 1987 ). Social-ecological resilience encompasses the capacity to
dapt or transform in response to unexpected changes while supporting
uality of life ( Folke et al., 2016 ). Here, quality of life includes wellbeing
nd refers to a more comprehensive view of an individual’s or a commu-
ity’s overall life experience, encompassing not just mental, emotional
nd physical states, sense of happiness, life satisfaction, and fulfillment
wellbeing), but also factors like social relationships, economic stabil-
3

ty, and environmental conditions ( Costanza et al., 2007 ; Estoque et al.,
019a ). 

Building on this, the framework presented in Fig. 2 integrates in-
ights from resilience theory, sustainability science, and land system lit-
rature, reflecting how LSS informs sustainable land management under
ynamic feedback conditions. In this framework, land use is fundamen-
al to addressing sustainability challenges, including biodiversity con-
ervation, climate change mitigation and adaptation, health, and food,
ater and energy security ( Meyfroidt et al., 2022 ; IPBES, 2024 ). Sus-

ainable land management strategies, such as land use zoning, forest
estoration, sustainable agriculture, and sustainable urban development,
re essential for achieving the above-mentioned social-ecological goals.
SS plays a crucial role in informing these strategies ( Fig. 2 ). In particu-
ar, by focusing on the coupled human-environment system, LSS enables

https://glp.earth
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Fig. 3. Pathways linking LUCC to the SDGs. This diagram illustrates the three 
main pathways —direct, semi-direct, and indirect —through which LUCC influ- 
ences the SDGs. The direct pathway captures immediate social and biophysical 
effects, the semi-direct pathway highlights socio-ecological and economic inter- 
actions, and the indirect pathway reflects long-term systemic and governance- 
related impacts. Note : The classification of the SDGs into these pathways is in- 
tended as a heuristic guide rather than a rigid categorization. Because each SDG 

includes multiple targets and indicators, their links to LUCC may vary in strength 
and immediacy. The categories should be interpreted as indicative framings 
to support discussion, not as definitive assignments. Credit for the SDG logos: 
www.logos.aiesec.org/sdgs . 
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nterdisciplinary researchers to identify patterns and processes (such
s deforestation, agricultural expansion, and urbanization), drivers (in-
luding biophysical and socioeconomic factors), and impacts (including
lterations in ecosystem services and biodiversity loss) of LUCC. 

The interplay between LSS and social-ecological goals is under-
cored by a feedback loop, where the outcomes of these goals provide
aluable insights for transformative planning and governance aimed at
ustainable land management strategies ( Fig. 2 ). In this context, out-
omes or impacts also serve as drivers of change. Such insights are
ritical for informing future scientific inquiries and policy adjustments.
o illustrate, alongside the ongoing loss of global tropical forest cover
 Vancutsem et al., 2021 ; Estoque et al., 2022 ), rapid urbanization in the
lobal South ( Randolph and Storper, 2023 ), and global forest restora-

ion effort ( Chazdon and Brancalion, 2019 ), the ‘30 by 30’ goal of the
onvention on Biological Diversity is shaping the global natural land-
cape. The Kunming-Montreal Global Biodiversity Framework outlines
 suite of targets to conserve biodiversity ( www.cbd.int/gbf ), acknowl-
dging its multifaceted nature ( Díaz et al., 2019 ). Among these targets,
he ‘30 by 30’ goal aims to protect 30% of terrestrial and marine areas
y 2030, forming part of a broader, integrated approach that addresses
ultiple facets of biodiversity. LSS can significantly enhance the imple-
entation of this initiative by assessing the socio-ecological feedbacks

nd real-world impacts of newly designated protected areas, thereby in-
orming necessary scientific inquiries and policy adjustments. Examples
f such feedbacks include critiques on the consequences for vulnerable
ommunities ( Schleicher et al., 2019 ; Venier-Cambron et al., 2024 ). The
ocio-ecological systems approach of LSS would aim at the co-design of
mplementation, accounting for biodiversity benefits and social systems
ependent on local land resources. 

Such assessments are particularly vital for addressing challenges
hat emerge when conservation efforts prioritize easily quantifiable tar-
ets, such as the percentage of surface area, over equally important,
et less tangible, dimensions of conservation. These include justice,
uman rights, community inclusion, equitable management, balancing
he focus between how much to conserve and how to conserve, and
trengthening the protection of existing protected areas ( G.D. Li et al.,
024 ; Oliva and García Frapolli, 2024 ). By examining these broader di-
ensions, LSS offers critical insights into the effectiveness of conser-

ation efforts and their alignment with overarching social-ecological
oals ( Oliva and García Frapolli, 2024 ; Venier-Cambron et al., 2024 ).
owever, while LSS plays an important role in generating knowledge

o inform sustainable land management strategies across scales, its ac-
ual influence on policy and planning outcomes remains contingent on
nstitutional uptake and context-specific application (more on this in
ection 5.4 ). 

The framework presented ( Fig. 2 ) is intended as a heuristic syn-
hesis of key relationships rather than a fully operationalized model.
y emphasizing the cyclical and iterative feedbacks between LSS and
ocial-ecological goals, the framework reflects a dynamic environment
n which knowledge evolves in response to emerging challenges and
onditions. In doing so, it highlights how transformative governance
nd planning can ensure that land management strategies remain both
ffective and responsive to societal and ecological needs. 

.2. Connections between LSS and the SDGs 

LSS plays a crucial role in the generation and validation of knowl-
dge that underpins efforts to achieve the SDGs. As LUCC lies at the
ore of LSS, effectively addressing LUCC is key to unlocking the full po-
ential of LSS in advancing sustainability. However, although LUCC is
 major driver, its influence on the SDGs is not uniform or straightfor-
ard, as it manifests through different pathways, with impacts often cas-

ading through interconnected systems. Conceptually, LUCC can affect
he SDGs via three distinct pathways: direct, semi-direct, and indirect
 Fig. 3 ). 
4

The direct pathway refers to situations where LUCC exerts an imme-
iate and tangible influence on the core targets or indicators of an SDG,
ypically through processes such as deforestation, land degradation, or
and conversion. The semi-direct pathway describes situations where
UCC influences SDGs through interconnected socio-ecological systems,
ypically mediated by economic activities, institutional arrangements,
r biophysical feedbacks such as livelihood shifts and pollution dynam-
cs. The indirect pathway captures how LUCC influences SDGs through
ong-term, systemic, or governance-related mechanisms, including ef-
ects on social equity, education, conflict, or global cooperation, which
ay not be immediately visible but can have far-reaching consequences.

t is important to note, however, that this conceptual classification is not
bsolute, as each SDG encompasses a broad range of targets and indica-
ors that vary in their sensitivity to LUCC. For example, while the ‘water’
imension of SDG 6 is closely linked to LUCC ( Fig. 3 ), its ‘sanitation’ tar-
ets are less directly affected; similarly, although SDG 14 is categorized
nder indirect impacts, specific targets such as marine pollution from
errestrial runoff could be considered more direct. Our aim is not to
rovide a definitive mapping but to propose a heuristic framework that
ighlights typical pathways of influence. 

With this classification and its caveats in mind, the SDGs most af-
ected through the direct pathway include SDG 2 (Zero Hunger), SDG 6
Clean Water and Sanitation), SDG 11 (Sustainable Cities and Communi-
ies), SDG 13 (Climate Action), and SDG 15 (Life on Land) ( Fig. 3 ). For
xample, LUCC is a key contributor to anthropogenic GHG emissions
SDG 13) via deforestation and land degradation ( IPCC, 2019 , 2022a ),
hile also offering mitigation opportunities through forest conserva-

ion and reforestation ( Chazdon and Brancalion, 2019 ; Dinerstein et al.,
019 ). It undermines biodiversity, ecosystem integrity, and land produc-
ivity ( IPBES, 2019 , 2024 ) (SDG 15), and directly affects the availability

http://www.cbd.int/gbf
http://www.logos.aiesec.org/sdgs
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nd suitability of land for agriculture, thereby influencing food security
 Verburg et al., 2013b ; IPBES, 2024 ) (SDG 2). LUCC also alters water
vailability and quality (SDG 6) through changes in runoff, infiltration,
nd pollution ( IPBES, 2024 ; Shadmehri Toosi et al . , 2025 ), and reshapes
he spatial structure of cities and affects urban sustainability ( Seto et al.,
012 ; Estoque et al . , 2021 ) (SDG 11). 

SDGs primarily affected through the semi-direct pathway include
DG 1 (No Poverty), SDG 3 (Good Health and Well-being), SDG 7
Affordable and Clean Energy), SDG 8 (Decent Work and Economic
rowth), and SDG 12 (Responsible Consumption and Production)
 Fig. 3 ). For instance, LUCC and access to land can either exacerbate
r alleviate poverty (SDG 1), depending on how costs and benefits are
istributed ( Fedele et al . , 2021 ; IPBES, 2024 ). Access to land and rights
o land-based resources are an important determinant of household well-
eing, and restrictions in access can exacerbate poverty and limit eco-
omic opportunities ( Fedele et al . , 2021 ). Human health (SDG 3) is in-
uenced by LUCC ( IPBES, 2024 ) through its effects on air ( Wong and
eddes, 2021 ) and water quality ( Locke, 2024 ), the spread of vector-
orne diseases ( Ferraguti et al., 2023 ), and vulnerability to natural haz-
rds ( Agarwal et al., 2023 ). Land is also a critical resource in energy
ransitions (SDG 7), particularly for siting renewable energy infrastruc-
ure and bioenergy production, which can intensify land competition
 Meyfroidt et al . , 2022 ; Vera et al . , 2022 ). LUCC affects employment and
ncome opportunities in land-based sectors such as agriculture, forestry,
nd ecotourism ( Nahuelhual et al . , 2014 ; Appelt et al . , 2022 ) (SDG 8)
nd reflects broader patterns in the sustainability of production and
onsumption systems (SDG 12), especially within global supply chains
 Meyfroidt et al., 2010 ; Lambin et al . , 2018 ). 

SDGs primarily impacted through the indirect pathway include SDG
 (Quality Education), SDG 5 (Gender Equality), SDG 9 (Industry, Inno-
ation, and Infrastructure), SDG 10 (Reduced Inequalities), SDG 14 (Life
elow Water), SDG 16 (Peace, Justice, and Strong Institutions), and SDG
7 (Partnerships for the Goals) ( Fig. 3 ). For example, education (SDG 4)
ay be disrupted when LUCC leads to land loss or displacement, re-
ucing household investment in schooling and negatively affecting stu-
ent performance ( Hua and Li, 2023 ). LUCC, such as the expansion of
ommercial agriculture, can deepen gender inequalities (SDG 5) by re-
ucing women’s access to land and diminishing their role in land man-
gement and decision-making ( Chrisendo et al . , 2020 ). LUCC in peri-
rban areas can indirectly influence land demand and urban expansion
atterns, thereby shaping the planning, provision, and distribution of
nfrastructure (SDG 9) ( Campos et al., 2018 ). Inequalities (SDG 10) are
eepened when LUCC disproportionately affects Indigenous peoples and
ther marginalized groups ( Schleicher et al . , 2019 ). Marine ecosystems
SDG 14) are indirectly influenced by LUCC through long-term alter-
tions in watershed management, coastal land-use policies, and cumu-
ative environmental pressures that affect their resilience and productiv-
ty ( Sakamaki et al . , 2022 ). Moreover, weak institutions, insecure land
enure, and overlapping land rights are frequently associated with land-
se conflicts, which often involve contested LUCC and can affect gover-
ance outcomes (SDG 16) ( de Jong et al . , 2021 ). Addressing these chal-
enges requires international cooperation and multi-stakeholder gover-
ance mechanisms (SDG 17) that support more equitable and sustain-
ble land systems ( Verburg et al . , 2015 ; Meyfroidt et al . , 2022 ). 

. Challenges and future directions 

The ten facts about land systems ( Meyfroidt et al . , 2022 ) provide
oundational insights that should guide future research in LSS, offering
ore principles for scientists, policymakers, and practitioners to address
hallenges in sustainable land management. Building on these facts and
onsidering the interactions between LSS and social-ecological goals
 Fig. 2 ), we identify five key challenges and directions for advancing
SS: (1) reinforcing the systems lens in LSS, (2) decoding the web of
UCC, (3) embedding strong sustainability in LSS, (4) bridging global-
ocal gaps and enhancing the science-policy interface, and (5) advanc-
5

ng LSS through cross-disciplinary collaboration. These challenges and
irections highlight pressing and often underexplored challenges, aim-
ng to stimulate innovative research and support the operationalization
f sustainability principles across diverse land system contexts. 

.1. Reinforcing the systems lens in LSS 

LSS was initially focused on the drivers of land change and their
ocial-ecological impacts (i.e., LCS), but recent developments have in-
reasingly emphasized land management, governance, and sustainabil-
ty solutions in a global context ( Verburg et al . , 2013a ; Meyfroidt et al . ,
022 ). Accordingly, the transition from LCS to LSS ( Fig. 1 ) reflects the
mperative to adopt an integrated socio-ecological perspective that cap-
ures the interplay between drivers and impacts, the interactions be-
ween social and ecological systems, and the telecoupling dynamics
cross areas ( Verburg et al . , 2013a ; Verburg et al . , 2015 ). However, one
ould argue that this transition reflects a shift in emphasis, from ‘change’
o ‘system,’ both of which are already integral to the field. Moreover,
ecent work appears to place greater emphasis on governance and po-
itical aspects of land systems, with relatively less focus on the physical
omponents critical to their functioning. 

Nevertheless, the systems-based approach recognizes that LUCC is in-
uenced by a complex interplay of ecological, social, economic, and po-

itical factors ( Verburg et al . , 2013a ; Verburg et al . , 2015 ; Turner II et al.,
021 ; Meyfroidt et al . , 2022 ). Over the past decades, the dominance of
eo-liberal economic systems has driven continued resource extraction
nd technological developments that have enabled more intensive use of
and, contributing to widespread cropland expansion, urbanization, and
eforestation. Yet intensification of land management practices, partic-
larly in arable farming ( Pellegrini and Fernández, 2018 ), has in re-
ent decades contributed more to increases in food production than the
xpansion of agricultural land ( Ritchie, 2022 ). While such intensifica-
ion can enhance food supply, it often entails significant negative envi-
onmental and socioeconomic consequences ( Rasmussen et al . , 2018 ).
hese subtler changes are more difficult to capture and, as a result, have
istorically received far less attention than more conspicuous land cover
onversions; a systems-based approach can potentially help reveal their
omplexity. 

Building on this recognition of complexity, it is notable that de-
pite numerous global initiatives in recent decades, including the Mil-
ennium Development Goals, the Millennium Ecosystem Assessment, the
PCC assessments, the SDGs, the Paris Agreement, and forest conserva-
ion and restoration pledges, the issue of tropical deforestation ( Gómez-
ompa et al., 1972 ; Shukla et al., 1990 ) has persisted and remains inad-
quately addressed ( Vancutsem et al . , 2021 ; Lambin and Furumo, 2023 ;
mith et al., 2023 ; Pan et al . , 2024 ). This underscores a persistent chal-
enge of aligning global scientific insights with local governance reali-
ies, as further elaborated in Section 5.4 . It also reflects a resilient sys-
em of tropical deforestation that resists meaningful change and per-
etuates high rates of forest loss. The enduring nature of this problem
oints to deep-rooted structures in socioeconomic systems that sustain
t. A systems perspective, particularly through LSS, is therefore crucial
or effectively diagnosing the underlying drivers of tropical deforesta-
ion. However, even within LSS, fully integrating governance, social,
nd biophysical factors to capture the resilience of tropical deforesta-
ion remains a major challenge. 

To provide meaningful insights into the structural dynamics of tropi-
al deforestation, this systems-based approach must engage with deeper
ocietal drivers. These include, for example, behavioral change, power
ynamics, market concentration, and even capitalism itself, issues of-
en examined in political ecology and land governance research but not
et fully integrated into the LSS framework. These drivers are illustra-
ive rather than exhaustive and reflect systemic dimensions increasingly
mphasized in recent literature. For instance, while preliminary efforts
ave examined the actors and power dynamics in agri-food networks
 Williams et al . , 2023 , 2025 ), much remains to be done. Confronting
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uch critical issues is essential for addressing vested interests and in-
titutional failures, such as mismanagement and corruption ( Carr et al.,
005 ; Morpurgo et al . , 2023 ), that underpin unsustainable land use prac-
ices. Linking this deeper understanding with the direct drivers and mon-
toring of LUCC will further enhance a systems-based approach. 

.2. Decoding the web of LUCC 

Inherent to the issue about ‘system’, another critical challenge and
irection for future research in LSS lies in unraveling the complex pro-
esses driving LUCC. This section highlights two complex processes that
rive LUCC: the links between land use displacement and trade (both
lobal and regional/local), and the dynamics between urban and rural
reas. While existing studies offer valuable insights ( Meyfroidt et al.,
010 ; Pendrill et al . , 2019 ; van Vliet, 2019 ; Randolph and Stor-
er, 2023 ), further research is essential to deepen our understanding
f these interactions and their implications for sustainable land man-
gement. 

Land use displacement refers to the shifting of land use activities,
uch as agriculture or deforestation, from one area to another, often
ue to restrictions or conservation measures in the original location
 Meyfroidt et al., 2010 ; Weinzettel et al . , 2013 ). At the global level,
and use displacement is largely driven by international market demands
or commodities like soy, palm oil, or beef. Hence, these global mar-
ets can prompt countries to clear forests or convert natural landscapes
nto farmland to meet export needs. Global trade dynamics often lead
o large-scale LUCC, contributing to deforestation, biodiversity loss, and
HG emissions. Forest conservation policies in temperate regions, cou-
led with local economic conditions such as high prices of timber and
elated products, can influence international demand for tropical tim-
er and other tropical forest products, resulting in forest loss being dis-
laced to developing countries in the tropics ( Meyfroidt et al., 2010 ;
endrill et al . , 2019 ; Estoque et al . , 2022 ). This forest loss displacement
as important implications, as forest habitat loss in the tropics cannot be
ompensated ecologically by forest habitat gains in temperate regions
 Pereira et al . , 2010 ; Estoque et al . , 2022 ). In other words, the inter-
onnectedness of global supply chains means that LUCC in one part of
he world can have far-reaching social-ecological consequences in other
laces ( Meyfroidt et al., 2010 ; Leijten et al . , 2023 ). 

At a regional or local level, land use displacement occurs due to shifts
n market dynamics, policy changes, or local governance decisions. Re-
ional trade patterns, domestic market demands, local policy changes,
nfrastructure development, and the growth of regional markets can
rive communities to alter land use practices, for example, transition-
ng from forested areas to agricultural or urbanized land ( Estoque and
urayama, 2016 ; Appelt et al . , 2022 ). These LUCC often disrupt lo-

al livelihoods, particularly in rural and indigenous communities, af-
ecting their cultural landscapes and social fabric ( Chrisendo et al . ,
020 ; Appelt et al . , 2022 ). Such LUCC can also result in environmen-
al degradation, such as the loss and deterioration of ecosystem services
 Estoque and Murayama, 2016 ; Hasan et al . , 2020 ). 

Many studies have examined land use displacement and its connec-
ions to global and local trades. For example, land use displacement has
een studied through forest transition, focusing on how deforestation
ressures shift to other countries via timber imports and trade using
egression techniques ( Meyfroidt and Lambin, 2009 ; Meyfroidt et al.,
010 ). In another study, spatial and economic flows of land-based re-
ources driven by affluence were traced using global datasets to show
ow consumption in affluent areas shifts land use to less affluent regions
 Weinzettel et al . , 2013 ). Additionally, a land-balance model, trade
odel, crop attribution model, and deforestation footprint analysis were
sed to track forest-risk commodity flows, revealing how deforestation
riven by consumption in one area shifts to other regions ( Pendrill et al . ,
019 ). Another study combined deforestation footprint analysis, input-
utput modeling, trade flow analysis, and spatial mapping techniques to
ink nations’ consumption to deforestation in tropical regions, emphasiz-
6

ng how global demand increasingly threatens tropical forest ecosystems
 Hoang and Kanemoto, 2021 ). Several studies have also focused on sup-
ly chains ( Garrett et al., 2013 ; Lambin et al . , 2018 ; zu Ermgassen et al . ,
020 ), including the Trase initiative ( https://trase.earth ). 

However, the issue of land-use displacement at both global and local
evels remains insufficiently addressed. LUCCs are inherently complex
nd span multiple scales, making it difficult to capture their drivers,
rajectories, and feedbacks comprehensively. Furthermore, scientific re-
ults are often not communicated in accessible or actionable formats,
reating a gap between knowledge and policy application (more on this
n Section 5.4 ). A recent review also highlights persistent gaps in land-
se spillover research, in which land-use spillover is defined as unin-
ended land-use changes in one area resulting from policy interven-
ions or decisions made elsewhere, including inconsistent definitions
nd measurement methods, weak integration into policy frameworks,
nsufficient multi-scale analysis, and limited geographic and sectoral
overage ( Ramírez-Mejía et al . , 2025 ). Hence, a crucial avenue for fu-
ure research is to leverage LSS to deepen understanding of land-use
isplacement, including spillover effects, to better inform sustainable
and management strategies. 

Urban-rural relationships also create complex LUCC dynamics
hrough resource flows, population movement, and economic activities.
rban areas depend on rural regions for essential resources like food,

aw materials, and land for expansion ( Gebre and Gebremedhin, 2019 ;
stoque et al . , 2021 ). This demand can lead to LUCC in rural areas,
uch as deforestation, agricultural land expansion, farmland conver-
ion or infrastructure development. While urban growth brings bene-
ts like improved infrastructure, education, and market access, it also
laces pressure on rural ecosystems and can lead to loss of natural area
 Estoque and Murayama, 2016 ; van Vliet, 2019 ) and drive biodiversity
oss and land degradation ( Seto et al., 2012 ; Estoque et al . , 2021 ), ero-
ion of cultural traditions and local ecological knowledge ( Rangel et al.,
024 ), and have large ecological footprints ( Wackernagel et al . , 2006 ;
u, 2010 ). Rural areas may also experience depopulation as peo-

le migrate to cities in search of better opportunities ( Estoque et al . ,
019b ; Santos and Fernández Fernández, 2023 ), further reshaping local
conomies and cultures. 

Addressing these interlinkages between urban and rural areas, along
ith governance mechanisms to mitigate their impacts ( Gebre and Ge-
remedhin, 2019 ; Ros-Tonen et al., 2021 ; Huang et al., 2024 ), is crucial
or designing effective, sustainable land management strategies that pro-
ote balanced development and enhance social-ecological resilience.

urthermore, land policies are often site-specific due to geographic, cul-
ural, and socio-political factors, and may not be directly transferable to
ther locations ( Ostrom, 2011 ; Ros-Tonen et al., 2021 ). This reinforces
he importance of linking global knowledge with local conditions and
ealities (see also section 5.4 ) to design land use policies and land man-
gement strategies that are responsive to specific geographies, cultures,
nd socio-political realities ( Verburg et al . , 2013a ; Sievers et al . , 2024 ).

Up to now, urban and rural dynamics have often been investigated
y different research groups, focusing mostly on their respective do-
ain of interest. However, in many cases, we are talking about a gra-
ient between urban and rural land systems that cannot be separated.
n this regard, LSS can play a vital role in analyzing urban-rural dy-
amics and their effects. For example, by examining resource flows, mi-
ration patterns, and socioeconomic activities between urban and ru-
al areas, LSS can help reveal the socio-ecological impacts of urban-
zation ( Seto et al., 2012 ; Estoque and Murayama, 2016 ), including
armland loss, rural depopulation, and ecosystem degradation. It can
lso help identify opportunities to enhance rural infrastructure, improve
arket access, and support sustainable urban expansion. By addressing

hese dynamics holistically, LSS, through new forms of land use plan-
ing such as land system architecture ( Turner II, 2016 ; Frazier et al.,
019 ) and geodesign ( Goodchild, 2010 ; Huang et al., 2024 ), for exam-
le, can potentially enable the formulation of policies that balance urban
nd rural needs, protect rural environments, and foster sustainable de-

https://trase.earth
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elopment and enhance resilience and wellbeing across interconnected
andscapes. 

.3. Embedding strong sustainability in LSS 

Weak sustainability assumes that human-made capital can substitute
or natural capital, whereas strong sustainability recognizes that many
ssential aspects of nature and its services (i.e., the critical natural cap-
tal) are irreplaceable and must be preserved ( Daly, 1995 ; Ekins et al.,
003 ; Wu, 2013 ). Consequently, weak sustainability provides an attrac-
ive pathway for policy makers as it does not require transformative
hange in underlying structures and behaviors. However, weak sustain-
bility is not viable in the long run ( Daly, 1995 ). Strong sustainability
equires a deep understanding of the relationship between biodiversity,
cosystems, and human wellbeing under global environmental change.
SS is, therefore, key to advancing from weak to strong sustainability.
ocusing more on strong sustainability entails maintaining irreplaceable
ritical natural capital, which requires respecting biophysical limits and
rotecting biodiversity and ecosystem integrity in dynamic landscapes
onstantly altered by human activities. 

Recent advancements in strong sustainability have focused on em-
edding environmental limits within policy frameworks and decision-
aking processes. A key development has been the conceptualization

f planetary boundaries ( Rockström et al . , 2009 , 2024 ) and the more
ecent safe and just Earth-system boundaries ( Rockström et al . , 2023 ;
upta et al . , 2024 ), which represent, respectively, primarily biophysi-
al limits to keep Earth stable and an integration of planetary boundaries
ith justice considerations to aim for a safe and just future for both peo-
le and planet. Environmental accounting practices are also gaining mo-
entum, aiming to enable governments and corporations to track the
epletion of natural capital ( Sundarasen et al., 2024 ). However, land
ystems are often depicted by forest area, net primary productivity, and
ther broad-scale metrics of land condition; hence, a more comprehen-
ive representation of the complexity and functioning of land systems
n a socio-ecological context is needed. At regional and urban scales,
andscape sustainability science (also abbreviated as LSS) has emerged
s a strong sustainability approach for linking landscape pattern, bio-
iversity, ecosystem function, ecosystem services, and human wellbe-
ng, while closing the loop through landscape planning and governance
 Wu, 2013 , 2021 ; Opdam et al . , 2018 ; Fang et al . , 2024 ). 

The SDGs are important initiatives that contribute to strong sustain-
bility by promoting sustainable land management, biodiversity con-
ervation, and guiding climate action for mitigation and adaptation.
he resurgence of nexus thinking is another important development

n the field, ensuring that land system policies consider cross-sectoral
ynergies and trade-offs, creating more holistic solutions for long-term
ustainability ( Estoque, 2023 ; IPBES, 2024 ). Achieving strong sustain-
bility through LSS requires an integrated approach such as this one,
ut one that explicitly encompasses ecological limits, governance sys-
ems, and human values. One critical implication of this perspective
s the need to better understand how local places and regions can
ontribute to keeping the world system within planetary or safe and
ust boundaries and how local actions add up to global sustainability
 Rockström et al . , 2009 , 2023 , 2024 ; Gupta et al . , 2024 ), or how global
oundaries scale back to local and regional commitments ( Dearing et al . ,
014 ; McLaughlin, 2018 ; Bai et al . , 2024 ). 

Another key focus is considering land as a commons, challenging the
ominant private ownership model and emphasizing community-driven
and management ( Creutzig, 2017 ). Within LSS, this necessitates the de-
elopment of models that treat land as a shared resource, promoting
ooperative stewardship and equitable governance frameworks. Equally
mportant is understanding reciprocal contributions between people and
ature, which strengthen positive feedback loops that enhance ecosys-
em integrity and human wellbeing ( Ojeda et al . , 2022 ). This perspective
xtends beyond what nature provides to people, emphasizing what peo-
le can contribute to nature, thereby supporting transformation path-
7

ays that recognize humans as integral to ecological systems and align-
ng with the concept of social-ecological systems ( Ostrom, 2009 ). 

Additionally, examining the impacts of digital economy ( Liu et al . ,
024 ), such as land changes, energy demands, pollution and biodiver-
ity loss, can help incorporate indirect consequences of technological
dvancements into sustainability efforts. Similarly, further integrating
ultural values and human behavior into land system models can foster
ransformative governance approaches that address not only empirical
ut also ethical and ontological questions associated with sustainabil-
ty ( Olausson, 2024 ). Cultural values, particularly those embedded in
ndigenous and local knowledge systems, alongside human behaviors
uch as a deep sense of care ( Olausson, 2024 ), can provide alternative
odels to economic-centric governance, reinforcing pathways toward

trong sustainability. Foresight of this kind has to go beyond explor-
ng large-scale policy options and consider more transformative scenar-
os. Current foresight processes are said to suffer from a continuity bias
 Raskin and Swart, 2020 ; Rothman et al . , 2023 ), which tends to over-
ook not only potential discontinuities but also transformative changes,
uch as shifts in land governance arrangements, that could contribute
o achieving strong sustainability. 

Overall, the transition from weak to strong sustainability requires
 paradigm shift in how we perceive natural resources and ecosystems.
dvancing strong sustainability in LSS entails integrating ecological and
ocial limits, governance systems, and human values, while adopting
trategies that account for environmental, social, and economic dynam-
cs. Through such an integrated approach, as emphasized by the safe
nd just Earth-system boundaries framework ( Rockström et al . , 2023 ;
upta et al . , 2024 ), we can better support the preservation of irreplace-
ble natural systems and the pursuit of long-term sustainability. 

.4. Bridging global-local gaps and enhancing the science-policy interface 

A persistent and increasingly critical challenge in LSS lies in the
isconnect between global-scale knowledge production and the local-
cale contexts where land-use decisions are most often made. While
SS has advanced in developing spatially explicit models ( Mas et al . ,
014 ; National Research Council, 2014 ; Verburg et al., 2019 ), identify-
ng land change drivers ( Lambin et al . , 2001 ; Meyfroidt et al . , 2022 ),
nd producing globally relevant scenarios ( Kubiszewski et al . , 2017 ;
opp et al . , 2017 ), more efforts are needed to ensure that these outputs
ffectively inform meaningful, context-sensitive local policies or prac-
ices. Progress has been made in several areas, including downscaling
trategies that translate broad insights into local narratives and generate
patial data at finer resolutions ( Verburg et al . , 2006 ; Kubiszewski et al . ,
017 ; Estoque et al . , 2019c ), participatory scenario modeling and co-
esign frameworks that involve stakeholders in envisioning future land-
se trajectories ( Suchá et al . , 2022 ; Neuhoff et al., 2023 ), including
odeling that consider spatial planning and policies ( Liang et al . , 2018 ;
omingo et al., 2021 ), and the integration of land use and spatial data
ith institutional and cultural contexts ( Siqueira-Gay et al., 2019 ; Ros-
onen et al., 2021 ). 

Despite these advances, persistent challenges remain in addressing
cale-dependent patterns and processes, institutional frameworks, and
olitical priorities ( Turner II and Robbins, 2008 ; Verburg et al . , 2013a ;
eyfroidt et al . , 2022 ). Scientific knowledge generated at global or re-

ional levels is also often perceived as too abstract, distant, or tempo-
ally misaligned to meet the urgent, place-specific concerns of local plan-
ers and communities ( Verburg et al . , 2013a ; Sievers et al . , 2024 ). At
he same time, local practices and values remain underrepresented in
lobal assessments and modeling frameworks ( Brondizio et al . , 2016 ;
razier, 2024 ). Bridging this global-local divide requires methodologi-
al innovation and careful attention to the alignment of knowledge with
ecision-making contexts. In particular, downscaling approaches need
urther development, addressing challenges not only related to data res-
lution and scale, but also to regional adaptability. 
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Strengthening the science-policy interface is critical for enhancing
he societal relevance of LSS. Scientific outputs are not always commu-
icated in ways that are accessible or actionable for decision-makers
 Turnhout et al., 2016 ; Beier et al . , 2017 ). At the same time, policy-
akers, particularly at higher levels, often face technical complexity,

ime constraints, or misalignment of policy cycles ( Turnhout et al., 2016 ;
eier et al . , 2017 ). To address this, LSS should further emphasize knowl-
dge translation through policy-relevant briefs, scenario visualizations,
patial dashboards, decision support systems, and the use of boundary
rganizations or knowledge brokers ( Beier et al . , 2017 ; Rodela et al . ,
017 ; Wiegleb and Bruns, 2023 ). Science can also play a proactive role
n shaping and establishing boundary organizations, such as IPCC and
PBES, whose global assessments serve as pathways for linking research
nd policy ( Wesselink and Hoppe, 2020 ; Wiegleb and Bruns, 2023 ). Sim-
lar efforts are needed at national and regional scales to better account
or contextual factors and translate generic scientific insights into ac-
ionable interventions. 

To realize its transformative potential, LSS must embrace a dual am-
ition: generating rigorous knowledge while fostering action-oriented
ngagement. This requires a shift from producing knowledge about land
ystems to producing knowledge for land sustainability transformations.
n the same time, it also calls for greater reflexivity among researchers
egarding their roles as active participants in co-producing solutions
 Anguelovski et al . , 2025 ; Kallergi and Landeweerd, 2025 ). 

Finally, contextualizing global insights locally is further complicated
y fragmented, contested land governance systems shaped by unequal
ower dynamics ( Brondizio et al., 2009 ; Ostrom, 2011 ). Integrating in-
titutional analysis and critical perspectives, such as the institutional
nalysis and development framework ( Ostrom, 2011 ) and the gover-
ance network theory ( Klijn and Koppenjan, 2012 ), can help uncover
tructural conditions shaping land use decisions. By embedding these
imensions with attention to power, equity, and historical legacies, LSS
an extend its relevance to a broader array of actors and foster more
nclusive and just land system transformations. 

.5. Advancing LSS through cross-disciplinary collaboration 

The LSS community is primarily composed of geographers, many of
hom work at the intersection of social and environmental issues and
re informally referred to as ‘betweeners’ or ‘tweeners’. This ‘tweener’
erspective bridges disciplines and can help develop solutions that con-
ider the broader implications of spatially explicit social and environ-
ental processes, addressing challenges such as urbanization, deforesta-

ion, and biodiversity loss. To advance strong sustainability, LSS should
eepen collaboration with ecology, including landscape ecology, conser-
ation biology, and restoration ecology, and integrate insights from hy-
rology, climatology, and other environmental sciences. Without these
nvironmental insights, assessing and understanding the ecological im-
acts of LUCC becomes difficult. 

To further strengthen this holistic perspective, LSS should also em-
ed systems thinking deeply into land change research, particularly in-
egrating the functioning of social and institutional systems within land
ystems. Advances in this area have largely been led by social scientists,
ut differing research approaches and methodologies across disciplines,
ncluding tensions between theory, context specificity, and generaliza-
ion, often hinder genuine integrative analysis. As a result, efforts across
isciplines often coexist without genuine integration, limiting the poten-
ial for achieving true conceptual synthesis. LSS should prioritize the co-
volution of fields to illuminate dynamic interactions, spatiotemporal
elations, and feedback between environmental, social, and economic
ystems. Methodological innovation is crucial to enhancing collabora-
ion and is foundational to all aspects of LSS, including reinforcing sys-
ems thinking ( Section 5.1 ), capturing LUCC complexity ( Section 5.2 ),
dvancing strong sustainability ( Section 5.3 ), and addressing global-
ocal gaps and improving science-policy interface ( Section 5.4 ). Across
hese areas, developing and refining transdisciplinary tools, participa-
8

ory approaches, and spatially explicit modeling techniques remain es-
ential for operationalizing LSS’s transformative potential. 

Furthermore, while LSS incorporates knowledge from diverse fields,
ncluding geography, remote sensing, landscape ecology, landscape
rchitecture, political ecology, and sustainability science, constraints
ithin research project review and funding systems often hinder deeper

nterdisciplinary integration. In practice, funding and publication pres-
ures often steer disciplines back toward their core domains, constrain-
ng the collaborative potential of LSS. Addressing these systemic barriers
s crucial to fostering innovative interdisciplinary approaches that move
eyond disciplinary silos and enable holistic solutions to land change
hallenges. 

Turning to a major application domain, LSS is particularly relevant
o addressing climate change, as LUCC is a key contributor to GHG
missions, making it important for mitigation efforts ( IPCC, 2022a ),
hile land use and land cover, through nature-based solutions, also
lay crucial roles in helping humans adapt to the impacts of climate
hange ( IPCC, 2022b ). Additionally, LSS provides critical insights into
ow LUCC affects local and regional climate processes. For example,
eforestation can alter precipitation patterns ( Smith et al., 2023 ), while
rban expansion can intensify urban heat island effects ( Estoque et al.,
017 ). In turn, climate change impacts natural ecosystems ( IPCC, 2019 ).
he LSS community, therefore, should also enhance collaboration with
he climate science community. 

The well-known Shared Socioeconomic Pathways (SSPs) ( Popp et al . ,
017 ) that dominate the climate science community have been featured
n major global assessment reports, including the 2018 Special Report
n Global Warming of 1.5 °C and the 2023 Sixth Assessment Report by
he IPCC ( www.ipcc.ch ), as well as the 2019 Global Assessment Report
n Biodiversity and Ecosystem Services by the IPBES ( www.ipbes.net ).
hese SSPs were developed primarily using coarse integrated assess-
ent models, which simulate broad socioeconomic and environmen-

al futures, including land-use change. However, the SSPs have been
riticized for being overly narrow, focusing primarily on climate mit-
gation and adaptation while insufficiently addressing key sustainabil-
ty challenges, such as biodiversity loss ( Lazurko et al . , 2025 ), as well
s human-nature relationships, particularly those affecting ecosystems
nd biodiversity ( Alexander et al . , 2023 ). Critics have also pointed out
hat the SSP portfolio lacks critical indicators such as income distri-
ution, spatial population dynamics, human health, and governance
 van Ruijven et al . , 2014 ). Additionally, it assumes economic conver-
ence and the absence of major growth disruptions in the developing
orld, resulting in an overly optimistic lower band of growth projec-

ions, which may lead to impact assessments that underestimate the full
uman and material costs of climate change, particularly for the poor-
st and most vulnerable societies ( Buhaug and Vestby, 2019 ). The SSPs’
rojections of future land use (and land use change) are also limited,
s they lack a spatial dimension and therefore need to be spatialized
r downscaled ( Fujimori et al . , 2018 ; Estoque et al . , 2019c ; Gao and
esaresi, 2021 ). The projections also address only net changes, without
eflecting the gross losses and gains across land use classes ( Chen et al . ,
020 ; Estoque et al . , 2020 ). At the same time, such projections focus
nly on broad changes without addressing the more complex changes
n land systems, including changes in management and landscape con-
guration. 

In LSS, various modeling techniques have been developed ( Mas et al . ,
014 ; National Research Council, 2014 ) to simulate spatially explicit
and changes and assess their impacts under different scenarios. These
ools employ classified historical land use and land cover data and var-
ous methods for quantifying and spatially allocating LUCC to project
and dynamics and guide decision-making. Emerging technologies, such
s deep learning and large language models, are increasingly being ex-
lored to enhance data-driven analysis, improve prediction accuracy,
nd support scenario development ( C.Q. Li et al . , 2024 ; Zeng et al . ,
025 ). In this regard, LSS can complement coarse integrated assessment
odels and extend their capabilities to enhance socioeconomic scenar-

http://www.ipcc.ch
http://www.ipbes.net
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os by integrating additional dimensions and providing a more spatially
xplicit and holistic understanding of land system dynamics, encompass-
ng both social and ecological systems. While land use is not exclusive to
he LSS domain, the LSS community appears to have had limited, if any,
nvolvement in the development of the global future land-use scenarios
nder the SSPs. 

. Limitations 

As a narrative review, this paper does not provide an exhaustive
r systematic account of all contributions to LSS. Literature was pur-
osefully selected to align with the paper’s objectives, which may intro-
uce biases in coverage and emphasis. Despite efforts to include diverse
erspectives, certain fields and knowledge systems may be underrepre-
ented. The framework presented, which links LSS in general, and LUCC
ynamics and sustainable land management in particular, to social-
cological goals such as resilience, sustainability, and quality of life, has
et to be empirically tested. These limitations mean the synthesis should
e viewed as a critical overview rather than a definitive account, while
till offering a transparent foundation for future research and debate.
imilarly, the classification of the SDGs as direct, semi-direct, or indi-
ect in terms of how they are impacted by LUCC is heuristic, as the links
etween specific SDG targets/indicators and LUCC may vary. 

. Conclusions 

This article reviews the emergence of LSS, examines its roles in
ocial-ecological research, and discusses its challenges and future direc-
ions. Rooted in the integration of human-environment systems, LSS has
atured into a vital interdisciplinary field, addressing the complexities

f LUCC in the context of sustainability and global environmental chal-
enges. Its progress has been driven by socioeconomic and ecological im-
eratives and supported by technological and methodological advance-
ents. The transition from LCS to LSS represents a significant shift in

mphasis from a ‘change’ (LCS) to a broader ‘system’ perspective (LSS),
oth of which are intrinsic to the field, emphasizing the intricate inter-
ctions within social-ecological systems. LSS has become instrumental
n advancing social-ecological research, particularly in identifying and
romoting sustainable land management strategies that are essential for
chieving sustainability, fostering social-ecological resilience, and en-
ancing quality of life, including human wellbeing. 

For LSS to continue progressing and contributing meaningfully to
hese goals, future research should prioritize the following: (1) embrac-
ng a systems-based approach that captures the complexity, feedbacks,
nd emergent properties of land systems; (2) deepening the understand-
ng of LUCC across scales and sectors; (3) grounding research more
rmly in the principles of strong sustainability, particularly by recog-
izing the non-substitutability of critical natural capital; (4) bridging
lobal-local gaps through context-sensitive analysis, multiscale integra-
ion, and an enhanced science-policy interface to ensure knowledge is
ctionable and timely; and (5) promoting more deliberate and genuine
ntegration across disciplines, moving beyond parallel contributions to-
ard intellectual synthesis and co-production. Advancing LSS requires
 sustained commitment to systems thinking, transdisciplinary integra-
ion, and context-sensitive knowledge co-production. By bridging epis-
emological divides, linking global and local perspectives, and aligning
esearch with societal needs, LSS can more effectively guide land system
ransformations toward sustainability and resilience, ultimately enhanc-
ng quality of life, including human wellbeing. 

Hence, LSS carries direct practical and policy implications by pro-
iding an evidence base for designing context-sensitive policies, guiding
ustainable land management, and informing transformative planning.
he framework presented operationalizes this role by structuring how

ntegrated LSS insights on LUCC are translated into actionable knowl-
dge. This approach enables the effective integration of scientific evi-
9

ence into sustainable land management to advance social-ecological
esilience, sustainability, and quality of life, including wellbeing. 
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