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Human migrationis both a consequence and a cause of environmental

change. Related scientificand policy discourse focuses largely on
international and urban migration, while rural migration receives far less
attention. This is despite rural mobility being a key adaptive strategy for
smallholders globally in the face of climate, environmental and social
change. The integration of migration studies and land system science may
serve to advance understanding of rural migration processes, and in turn
advance the science of the fields themselves. Such efforts are relevant in
anincreasingly mobile world where new models and theory will be needed
to meaningfully understand migration dynamics within sustainable
socio-environmental systems.

Human migrationis often seen as achallenge in the wake of environmen-
tal and political crises'. Striking examples include displaced residents
fleeing New Orleans following Hurricane Katrina and then slowly return-
ing, refugees escaping conflict and poverty from the Middle East and
Africaarriving on European coastlines, and familiesin camps or deten-
tion centres on the southern border of the United States. Although
refugee scenarios capture broad public attention?, most migration
events are adaptive as opposed to disaster- or conflict-induced and
occur within national borders in response to slow-onset changes"**.
Climate and environmental change continue to shape anincreas-
ingly mobile world®. In response, substantial scientific attention has
been directed towards understanding the complex links between
climate, environmental change, migration and displacement®”’. Sur-
prisingly, however, there is as yet only an eclectic engagement across
disparate subfields of migration studies, the potential for greater
integration of environment within migration theories, and an insuffi-
cient knowledge of migration processes within larger coupled systems

driving socio-environmental change®'° (see Box 1 for definitions of the
key terms used in this Perspective).

Such shortcomings impede the formulation of appropriate pol-
icy responses to challenges associated with migration, for instance,
through land-use planning, economic and agricultural development
and sustainable urban growth>" %, These impediments are especially
problematic for low-and middle-income regions that are expected to
experience relatively strong climaticimpacts, including those affecting
rural smallholders and their interactions with the environment that
can shape migration>".

In this Perspective, we focus on important but understudied
mobility dynamics—internal, domestic migration within rural land-
scapes—inboth the sending and receiving systems (that is, origin and
destination, respectively). Ruralmigration of smallholder farmers and
livestock keepers in response to slow-onset climate and environmen-
tal change often precedes labour migration to urban areas or across
national borders, and therefore hasimportantimplications for global
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BOX1

Definition of key terms to aid in
translation across disciplines

Rural-rural migration. Our focus in this Perspective, the permanent
relocation of households from one rural area to another, often
within national borders (that is, rural migration).

Land systems. Terrestrial socio-environmental systems where
human and natural components interact through land use; they are
also the focus of the interdisciplinary field of land system science™.

Spatial telecouplings. Linkages or interdependencies between
otherwise distinct landscapes or livelihoods, mediated by migrants
or migration processes, and with implications for land use and land
function’**,

Land function. Goods and services that are available to or support
people and livelihoods from their land use at different scales across
space and time".

Structural migration forces. Social, economic, political
and ecological contexts that shape migration decisions
(that is, macro- and meso-level factors).

Migration agency. Ability to make voluntary migration or
non-migration decisions on the basis of individual (that is,
micro-level) factors and context®.

Non-migration. Remaining in place (that is, immobility).

Climate-environment-migration relationships. Ways in which
climate and environmental processes (for example, rainfall or
rangeland productivity) influence migration, and how migration in
turn may affect the environment (for example, land-cover change),
understanding that climate and environment are themselves
interdependent™.

Coupled models. Conceptual, analytical or process models
that include linked submodels representing multiple scales
or processes®°.

For recent reviews on climate-environment-migration relationships
and theories, see refs. 6,10,35.

mobility dynamics’. We focus onarange of rural sending and receiving
systems, from densely populated agricultural areas to thinly settled
frontier regions. This framing understands that migration can medi-
ate land-use intensification and expansion across various systems,
and that households may engage multiple forms of migration within
diversified livelihoods (for example, permanent migration or sending
of temporary migrants for livestock keeping or labour)™".

We approach climate-environment-migrationrelationships from
the perspective of land system science, an interdisciplinary field that
focuses on the multiscalar interactions of human and environmental
processes evident through land use". Our central argument is that
greater attention must be directed towards rural migration, and that
explicitintegration of migrationresearch and land system science can
fillgapsinunderstanding while providing a firm foundation on which
to address many future climate-environment-migration challenges.
Our primary aim is to demonstrate useful conceptual and analytical

tools for this integration, in part by engaging concepts of telecoupled
systems and the interdependencies of structure-agency forces™,
which we illustrate using a conceptual agent-based model (ABM). As
migration cuts across the UN 2030 Agenda for Sustainable Develop-
ment”, such efforts caninformscience and policy around the trade-offs
embedded inland systems change™.

This Perspective is organized into five sections: an overview of
migrationinresponseto climate and environmental change, focusing
onadaptationto slow-onset change; rural-rural migrationasalinkage
across telecoupled land systems, introducing environmental and deci-
sion thresholds; balancing structural and agentic factors that shape
migration as a way to advance integrated science for understanding
land change; the presentation of an agent-based modelling framework
and the simulation of rural migration and land change as a means of
exploring the above concepts; and future directions for addressing
cross-scalar challenges and supporting sustainable and mobile futures.
Notably, we use the ABM as a conceptual illustration of migration
and land change in an agropastoralist system, with technical details
provided in Supplementary Information.

Migration, climate and environmental change
Rural migration will become increasingly relevant as climate and
environmental change reshape areas of marginal farming and range-
land®?*?', The majority of empirical migration studies in low- and
middle-income settings have focused on rural-urban migration, yet
rural-rural migration is also an important adaptive strategy in the
face of changes”?*. Moreover, migration processes are heteroge-
neous within landscapes and communities, meaning that different
households make different decisions, even when exposed to the same
climate-environment and political-economic contexts***. Indeed,
impacts from climate and environmental stressors and diverse struc-
tural forces are mediated by unique household capacities (Fig. 1). For
instance, case studies from across systems have found that rainfall
variability or drought can act as a migration driver but often only for
certain sub-populations, including the poor?”, those with social net-
works*?’ or men*>*°; conversely, these stressors may limit migration
among other cohorts, such as women for the purpose of marriage or
those seeking rural employment'®?,

Existing migration theories provide some scope to consider such
climate or environmental factors'. For instance, the work of Stark and
Bloom?*builds onindividual utility maximization to enable household
diversification amidst declines in land productivity or availability,
including by adapting livelihood strategies through changes to crop
and livestock practices or sending labour migrants. The livelihoods
framework augments this thinking with a more comprehensive view
of household capital assets and diversification strategies, and how
migration may be used to balance environmental capital, risk and
opportunity®. Migration systems theories consider social networks as
key to facilitating flows, including out-migration to urban or interna-
tional labour markets in response to environmental decline or hazard**.

However, thereis potential for further, more explicit integration of
climate and environmental processes (for example, rainfall, vegetation
structure, crop phenology and land-use intensification) into exist-
ing migration theories'>*. We contend that such integration can be
facilitated through engagement with land system science, particularly
when considering migration between rural areas®***’. We posit that land
systems approaches canbring greater precisionto the understanding
of land change and its drivers, which may help to elevate generalized
migration processes from the highly varied climate-environment-
migration relationships evident in the empirical literature. Critically,
suchapproaches must consider these relationships together withother
factors that are acting at difference scales to influence migration (for
example, political economy), the realization of which hasbeen one of
the most notable contributions from recent migration-environment
scholarship®®.
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Fig. 1| Conceptual model of rural-rural migration and land systems.
Voluntary migration decision-making, or agency, includes both migration and
non-migration and is shaped by structural, household and individual factors.
Climate-environment factors intersect with structural forces and can act as
migration triggers or create distinctions and/or inequalities between sending
and receiving areas. Involuntary migration decisions include both forced
migration and non-migration, but these are not our primary focus. Telecouplings

link rural sending and receiving locations through social networks and flows of
migrants and capital assets. Land change is shaped by these telecouplings and
feedbacks among migration and land use. We operationalize this conceptual
modelinto aninteractive ABM to demonstrate the integration of migration
theory and climate-environment factors with land system science. Forms of
migration are adapted fromrefs. 4,38.

Permanent migration from rural sending areas to rural receiving
areas constitutes arelatively small proportion of migrants globally,
yetit remains acentral adaptive strategy and animportant driver of
land change across smallholder systems, particularly in drylands**.
Much of the early empirical work on rural frontier migration viewed
these processes through a simplistic narrative associated with a
general form of land degradation, which under-appreciated indi-
vidual agency or decision-making and was only weakly predictive or
generalizable*°. This degradation narrative saw increasing densities
of smallholder farmers and livestock keepers outstrip the produc-
tive capacity of land before out-migrating to less-densely populated
areas; an extension of this thinking to include climate change yields
predictions of drought- or flood-induced climate refugees, which
as we note above is widely questioned'. Acknowledging harmful or
unproductive narratives, degradation is more meaningfully defined
as the decline or loss of the biological or economic productivity of
land due to human activity*. Similarly, the concept of land function
views the productivity of land systems as the goods and services that
are available to or support people and livelihoods at different scales
across space and time".

Land system science, through interrogation of land function,
may support a more sophisticated integration of environmental and
climate change within a conceptual and theoretical understanding
of migration processes. Yet, as with migration science, the develop-
ment of a unifying theory within land system science has remained
elusive*. Meyfroidt and colleagues®® have put forward a useful con-
cept of middle-range theories, that is, contextual generalizations that
articulate causal mechanisms leading to land systems change. Such
generalizations that describe land-use expansion and intensification
may hold particular relevance for rural migration, as smallholders
increasingly engage with external markets in developing rural areas
and frontiers®. Also relevant are livelihood transitions as households
age and shift production strategies on the basis of available labour and
inresponse to economic and political structures®** or as households
balance access to livestock and crop markets with land function via
migration'>*, Most importantly, perhaps, is the theoretical focus on

mechanisms of complex interactions that drive land-cover and land-use
patterns, such as nonlinear dynamics** and spatio-temporal displace-
ment of interactions*.

Empirical work in land system science supporting contextual
generalization and causal attribution has largely been pursued by
incorporating multiple social and environmental components within
grounded data analysis and modelling"*, providing potential frame-
works for the testing of migration theory. Key areas of contribu-
tioninvolve reconciling various scales of remotely sensed data with
in situ social and ecological data, which is essential in associating
land-change signals with drivers, such as land-cover change linked to
livelihood intensification, diversification and expansion* or toin-and
out-migration*®, Land-cover and -use signals may directly character-
ize land function, the measurement of which can potentially differ-
entiate environmental, climate and social factors that shape diverse
migration decisions and associated migration processes (for example,
urbanversus rural streams, return migration and non-migration). For
instance, landscapes of sedentary agropastoralists may experience
declining land function due to high stocking rates and subsequent
declinesin forage conditions and woody plant encroachment®. Phe-
nological signals of these trends, potentially assessed alongside
government settlement and protected-area policies, mayilluminate
past and future migration dynamics at various scales. Although chal-
lenges persistin resolving spatio-temporal scales of remote sensing,
environmental and human data*’, there has been steady progress in
reconciling the opportunities and limitations of such data integra-
tion*’. In addition, whereas remote-sensing-based data products may
bewidely available at scale, data describing the human components
in land systems (for example, from household surveys) are often
resource-intensive to collect, even at a limited scale. Non-primary
human data sources (for example, Demographic and Health Sur-
veys (DHS), Integrated Public Use Microdata Series (IPUMS) and the
WorldPop open population repository) may provide alternatives, but
researchers must resolve issues of data quality, representativeness
and scale to productively contribute to the development of model-
ling and theory***’,
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Advanced land systems models have the potential to unpack
multiscalar processes that shape land change—such as those linking
distinct landscapes or organizational levels—although caution with
these models is necessary to keep in check claims of validity and gen-
eralizability*>*°. Computational process models, such as ABMs, may
serve as particularly useful tools for interrogating interdependent
top-down and bottom-up land system processes’ that are inherent
inrural migration, afeature that we aim toillustrate with our concep-
tual model exploration presented below. Coupling ABMs or decision
models tomodels that capture phenomena at other scales represents
potential productive future avenues for understanding land change.
Examplesinclude micro-scale ecosystem process models toilluminate
the impacts of land-function change on migration, or macro-scale
spatial equilibrium models to simulate migration flow responses to
labour differentials within environmentally impacted market sys-
tems’’. Such approaches must be attentive to linkages across spatial
units and potential feedbacks (that is, telecouplings)*.

Rural migration and telecoupled land systems
Migration featured prominently in early land-use and land-change
research, forinstance, as a proximate cause of expanding deforestation
frontiers, withimplicitlinks to resource-limited migrant sending areas
or (re)settlement policies****. Advances towards a more integrative
land system science involve explicit interactions of human and bio-
physical processes across scales***>**, which we propose can provide
afirm footing for a more explicit and systems-based understanding
of rural migration.

Telecoupling describes linkages among land systems dynamics
across space and time'®, representing a key area of engagement for
migration research”. For instance, international migration links send-
ing and receiving areas through social networks and remittance flows*".
These telecouplings can shape landscapesin migration-sending areas,
primarily through investment of financial capital altering rural land
use” as well as adaptation to reduced household labour through more
market-oriented production****. Likewise, households and communi-
ties sending migrants from higher density or degraded rural areas to
lower-density rural or frontier regions maintain livelihood connections
through similar relational and capital ties?. Such ties facilitate the flow
or management of flexible livestock and agricultural assets along with
human capital, which all mediate land use®. Trends or trajectories in,
forexample, livestock forage conditions and crop marketsinasending
area will shape corresponding changes in a migrant-receiving area,
mediated by livelihoods and land use. In addition, sending-receiving
system interactions can have both negative and positive spillover
effectsatdifferent scales®, such asincreased grazing pressure on pro-
tected areas adjacent toreceivingareas orincreased crop production
supporting national-scale food security as land use in receiving areas
intensifies. Importantly, aland system science perspective seeks to
understand feedbacks among migrant-linked sending, receiving and
spillover systems that together shape socio-environmental change®*".

We posit that such feedbacks willbecomeincreasingly important
as climate and environmental changes affect livelihoods and risk in
potential sending areas and as prospective receiving or frontier areas
shift and dwindle, so-called closing frontiers®. Migration thresholds
represent a key concept for future development in the context of tel-
ecoupled systems. Adaptive migration can be conceptualized as a
decision thatis prompted whenathreshold is reached”, shaped by the
influence of social and environmental factors that pose risk or oppor-
tunity™. Such factors accumulate, leading up to a threshold, beyond
which decisions are made, probably first to adapt in situ livelihoods
and subsequently to migrate. The threshold concept has described
individual migration decision-making, such as cumulative environ-
mental stress triggering a person to move. Thresholds also describe
a‘tipping point’ in a mobility system, beyond which population-level
shifts become nonlinear, which is particularly relevant to adaptation

and climate policy’®*. Our interests are in slow-onset climate and
environmental changes that lead to migration thresholds among rural
migrants, in addition to the occurrence of these and other structural
migration factors, such as political economy, and their balance with
individual decisions or agency (see next section). It follows that such
changes and their associated migration thresholds can thus be predic-
tive of coupled dynamicsinrural receiving areas, a concept that we seek
toillustrate with our conceptual ABM presented below.

More precise understanding of land change within telecoupled
migration systems, including migration thresholds associated with
environmental and climate factors, can support improved causal
attribution®*°, Following Liu and colleagues’®, the key components
of telecoupling that influence socio-environmental outcomes are:
spatially distinct systems, defined as sending, receiving and spillover
systems that are impacted by linked or telecoupled dynamics; flows,
defined as the movement(s) of material (for example, migrants or
capital) or immaterial (for example, information) elements between
systems; agents (or actors), defined as entities such as people or insti-
tutions whose actions directly or indirectly influence flows; causes,
defined as factors that shape agent actions or flows, either directly
or indirectly, such as adverse trends in rainfall, temperature or land
function associated with rural migration or non-migration®>°*%; and
effects, defined as the socio-environmental consequences or outcomes
oftelecoupled processes, which occur across scales and ofteninclude
complex dynamics such as feedbacks and nonlinearities or thresholds,
among others. Specified in this way, the telecoupling framework can
articulate multifactor influences on migration decisions, and how
those decisions propagate across sending and receiving areas. A key
pointis that we view rural migration telecouplings as linking regions
and landscapes, rather than much of the existing work that addresses
global or larger-scale telecouplings.

Structure and agency in migration decisions
Recentwork has articulated atensioninscholarship between, on the
one hand, a focus on agency of migrants, particularly in traditional
land-change science, and, on the other, a focus on causal structural
factors such as environment and political economy, dominant in
human geography subfields®®'. Migration must be understood as
adynamic, heterogeneous process®, and whereas some migration
may bereduced to an adaptive decision by autonomous agents, such
decisionsare structured by context®”*2, Even so, and despite the recent
surge of migration-environment research described above, there has
beenonly a passing engagement of structure-agency balance within
broader migration theories’. Pathways towards a better understand-
ing and prediction of migration processes likely involve addressing
structure-agency relationships in theoretically informed empirical
frameworks'*»*,

Recent conceptual thinking has shown promise in articulating
migrant agency as integrated and interdependent with structural
forces. Forinstance, de Haas® proposes a‘meta-theoretical framework’
in which agency in migration decision-making is viewed as a func-
tion of individuals’ aspirations and capabilities, which are shaped by
structures suchas policy, wealth or conflict differentials. Notably, this
thinking enables the prediction of outcomes that include forced and
voluntary non-migration and migration alike*. Such framing seeks
to avoid overly deterministic assumptions of both functionalist (for
example, neoclassical, utility-maximizing or push-pull) and structural
theories (for example, political-economic or world systems), in other
words seeking a balance across multiscale drivers that have clear rel-
evance indiverse migration systems. It remains to be seen whether, as
described by de Haas®, the past qualitative and quantitative failures to
capture these multiscale factors and theirinterplay can be overcome to
adequately understand and predict migration outcomes as meaning-
fully embedded within broader social change. We see environmental
and climate change as viewed in land systems (or socio-environmental
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Fig.2|Decision complexity underlying the MLSM. The ABMis built on
candidate, theorized relationships between predictive factors and migration
outcomes, which are represented as dark response curves on the left, within

the more general decision framework presented in Fig. 1. Note that the model
accounts for the interactions of these factors that influence migration decisions,
and then subsequent feedbacks whereby migration influences structural factors
of both the sending and receiving systems. The model enables alternative
response curves (for example, dashed lines) or additional factors to be tested

(forexample, labour markets or amenities), potentially showing emergent
interactions or system-level outcomes. Climate-environment factors interact
toshape structural differences between the sending and receiving sites, and are
assessed together with other factors at eachiteration (that is, agents assess the
relative benefits of multiple candidate locations compared with their current
location). An adapted model trained on empirical data can be used to assess
theorized relationships or the relative influence of diverse decision factors.

systems) to be central to this deeper understanding; specifically, such
framing can advance stronger theoretical-empirical linkages® and our
understanding of complex processes such asemergent and nonlinear
dynamics within migration systems'.

Because land systems science offers developing tools and theories
tounpack causes and consequences associated with land change, there
is significant potential to better quantify and understand climate-
environment-migration linkages, thus articulating their various roles
as structural and mediating processes. We propose one such method
of sensitivity analysis to do just this with the conceptual ABM below.
Indeed, quantifying multiscalar and multifactor causes of land change,
forinstance, declining land function or the degradation of drylandsin
agropastoral systems, enables us to counter deterministic explanations
of driversand impacts of rural migration. And as discussed above, this
enables us to define decision mechanisms for associating specific
environmental signals or trends with an individual’s or a household’s
migration decision (that is, threshold), which is contingent on their
aspirations and capabilities that amount to agency.

Modelling rural migration and land change

We operationalize our conceptual model (Fig. 1) into asimple ABM—the
migration-land systems model (MLSM)—to illustrate the integration
of migration and land systems fields, specifically through a discus-
sion of (1) sending- and receiving-system telecouplings and (2) indi-
vidual and structural decision-making factors. The intent is to propose
future avenues for theory development and theory testing®, with an
eye towards understanding system complexity****°. To this end we
present the MLSM as aninteractive tool to demonstrate the synthesis
of concepts and facilitate future dialogue (see stylized experiments
linked through Supplementary Information). We situate this exercisein
therapidly changinglandscapes and agropastoralist migration system

of East Africa, although our goals are conceptual and illustrative rather
than intending to simulate or recreate empirical dynamics*®.

ABMs are useful and powerful tools for explaining large-scale
processes through thebehaviour of individual- or agent-scaleinterac-
tions with their surroundings®, and as such are particularly well-suited
forexploring climate-environment-migration relationships®*. ABMs
have been used in land change science, but those applications lack a
groundingin theory and have been limited by a reliance on economic
decision factors over social processes®. Moreover, the limited num-
ber of ABMs that explore migration under-engage with environmen-
tal dynamics and insufficiently capture system complexity, such as
through feedbacks or telecoupled processes®, although there are
notable exceptions*$%¢,

Migration and land change ina conceptual ABM

We present the MLSM to illustrate simplified migration dynamics,
drawing on an agropastoralist system in Tanzania, East Africa. Rural
migration (thatis, permanent relocation fromonerural areato another)
and associated land use is the most significant driver of land change
in Tanzania®**. Accelerated by successive droughts since the 1970s,
farmers and herders have expanded from areas of high rural density
or marginal productivity in the north to low-density areas in central
and southern regions®®. Whereas migration decisions are strongly
influenced by environmental factors (for example, available land or
rainfall) and mediated by social networks, the resulting migration
patterns are shaped by other structural forces, such as settlement
policies, inter-ethnic conflict and developing cash-crop markets**5,
The agropastoralist expansion is described as ‘leapfrog migration™,
where households migrate to the edge of frontier areas and settle to
conduct rain-fed farming and central-place grazing; as population
density increases with further in-migration, some households then

Nature Sustainability | Volume 7 | September 2024 [ 1092-1101

1096


http://www.nature.com/natsustain

Perspective

https://doi.org/10.1038/s41893-024-01396-6

out-migrate to more distant, less-settled areas when productivity of
the landscape can no longer support their livelihoods. However, as
settlement subsumes the remaining frontier areas, thereisincreasing
migration within and among moderate- to higher-density rural areas.
Owing to rapid urbanization and rural land change, along with highly
uncertain climate futures, Tanzania has been elevated as a focal case
for future climate and migration policy®.

Model simulations are conducted to help conceptualize
migration-mediated landscape telecouplings and to explore how
climate-environment factors and individual agency within the send-
ing system candrive land function changes in the receiving systems.
To do this, the model aggregates factors into an agent-level deci-
sion function—agents assess candidate destination options against
their current location via social networks—with each factor having
a tunable influence on migration outcomes, drawn, for instance,
from theory or empirical observations within the migration litera-
ture (Fig.2). Notably, we consider interacting climate-environment
factors to be structural®® because they shape differentials between
sending and receiving systems, but we acknowledge their hetero-
geneity and that they may act variably as triggers or exogenous fac-
tors in different systems®. Supplementary Information presents a
model overview, technical description and details of the simulations
presented below.

Telecouplings and system thresholds

We conducted simulations to helpillustrate how migration-mediated
telecouplings canshapeland function and subsequent migrationinthe
context of environmental variability and slow-onset changes, while
being attentive to emergent thresholds (Figs. 2 and 3). Relative to
the receiving system, the sending system was initiated to experience
three scenarios of higher, lower and drought-onset rainfall patterns
(Fig. 3a-c). For each of these rainfall scenarios we monitored agent
contentedness in the sending system (that is, individual migration
decisions; Fig.3d-f) and land function changes in the receiving system
(Fig.3g-i) for threelevels of social network strength (that is, informa-
tion sharing across systems).

The simulations illustrate migration complexity and how
land-function effects via telecouplings may emerge under certain
rainfall and social network conditions. Whereas agents remain content
inthe sending system with minimal out-migration observed under high
rainfall conditions (Fig. 3a,d,g), their decisions are patterned by the
strength of social networks under low rainfall and drought-like condi-
tions. There is remarkably low sending-system contentedness at the
low-network level, which equates to forced non-migration (Fig. 3e,f).
Land-function effectsinthereceiving sites (that is, increase in biomass
grazed) respond to declining rainfall in the sending sites. When the
sending sites experience low rainfall (Fig. 3b), land function changes
rapidlyinreceivingsites before stabilizing (Fig. 3h), due to in-migration
of people and livestock; thatis, land change inreceiving areasis coupled
with rainfall in the sending site, even enabling land-change effects in
thereceivingsite to be forecasted by environmental conditionsinthe
sending site. Social network strength amplifies these land-function
responses in the low rainfall scenario, suggesting that the mediating
effects of social ties vary with environmental and climate stress. When
the sending site experiences a slow-onset drought-like rainfall change
(Fig. 3c), multiple threshold-type responses in coupled land function
areevidentin the receiving site (Fig. 3i).

In this particular illustration, telecouplings between systems as
viewed through impacts on land function are sensitive to climate-
environment change. These dynamics can be replicated by readers
through aninteractive, simplified web-based model (Supplementary
Information). Inthe model’s current configuration, rainfall acts astrong
driver of flows of migrants and cattle and the subsequent effects onland
function. However, evenin this simplified form, social networks medi-
ate system couplingsin different ways, seemingly most strongly under
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Fig.3| ABM simulations exploring system telecouplings and thresholds under
various climate scenarios. Agents are distributed on patches with available
biomass in the sending (high-density) and receiving (low-density) systems.

Each month, agents may experience a decline in cumulative contentedness that
results from a combination of unfavourable structural conditions (for example,
rainfall declines and effects on biomass, experience of conflict) interacting with
agent-specific factors (for example, land and livestock ownership, social capital).
Below aminimum contentedness threshold, agents assess the conditions in multiple
alternative patches, via their social networks, to inform a decision of migration
(or non-migration). a-c, Simulations impose high (a), low (b) and slow-onset or
drought-like (¢) rainfall scenarios in the sending system. d-f, Contentedness is
tracked across the scenarios of high (d), low (e) and drought-like () rainfall for
agents with high (green), moderate (red) and no social networks (grey); agents
without social networks experience effective non-migration and the lowest levels of
contentedness but only in lower rainfall conditions (e). g-i, Land-function impacts
inthe receiving system are influenced by sending-system rainfall (high (g), low (h)
and drought-like (i)) and mediated by social networks as translated through migrant
decisions; threshold dynamics are coupled to the sending-system rainfall and
migrant decisions, particularly under slow-onset drought (i).

low rainfall conditions, but not under slow-onset drought conditions.
Thatis, strong social networks under the lowest rainfall conditions in
the sendingsite forecasted the most prominent land-functionimpacts
inthereceiving site.

Moreover, the model enables further interrogation of emergent
threshold responses. Initial migrant flows (within the first few months)
areobserved in high- and low-rainfall scenarios withmoderate to strong
social networks, followed by stabilization (Fig. 3g,h). However, as we
model migration decisions as the outcomes of cumulative information
and experiences, the drought-onset scenario causes multiple deci-
sion thresholds to be breached as drought stress accumulates, which
are observed through land-function impacts in the receiving system
(Fig. 3i). Notably, these dynamics emerge from the underlying theo-
rized or conceptualized relationships among the multiple factors that
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Fig.4 | ABM sensitivity results to assess the relative structure-agency
influences on migration outcomes. a-c, Standardized regression coefficients
for two patch- or system-specific structural factors (mean annual rainfall and
social conflict) and two agency-related factors (individual land ownership and
individuallocal social networks) from 500 unique MLSM runs to predict total
migration outcomes (a), the time of maximum migration rate (b) and the time

taken for 60% of total migrations to occur (c). Coefficient values from the analysis
indicate the sensitivity of migration outcomes to variationin the key factors,

as estimated via regression models fitted to unique combinations of migration
factor values generated from Latin hypercube sampling of factor distributions
thatreflect natural ranges. Coefficient estimates are plotted with 95% confidence
intervals.

shape the migration outcomes showninFig.2. We posit that the MLSM
or similar models canbe usefulingenerating candidate hypotheses for
testing in empirical contexts*®*, and therefore help to facilitate greater
theoretical engagement with environmental and climatic processes'®*.

Relative influence of structure and agency

We illustrate a sensitivity analysis of simulated migration events
as a candidate method to examine how variation in structural and
agency-related factors influences migration decisions and systems
outcomes, which offers general insight into examining structure-
agency dynamics more broadly. We monitored how the magnitude
andrate of migration within the MLSM are sensitive to variationintwo
structural factors (social conflict and rainfall differentials) and two
agency-related factors (individually varying land ownership and local
social networks) operating within the sending system (Supplementary
Information). The analysis yields coefficient estimates thatindicate the
relative influence of specific factors on migration outcomes, thereby
enabling interpretation of structure and agency influences while
embracing system complexity.

Inour conceptual model, bothstructural and agency factors drive
the total number of long-distance migrants, with rainfall, followed
by the strength of local social networks, having the strongest influ-
ence (Fig. 4a). Total migration increases with declines in rainfall and
declinesinlocal social network strength. Both measures of migration
rate (Fig. 4b,c) were only moderately sensitive to the four predictors.
Larger migration volumes occurred later in the simulation whenrainfall
declined in the sending site, with other variables showing relatively
weak and uncertain relationships.

The point of the sensitivity exercise presented here is not to infer
adiminishedrole for certain factors, suchasanindividual’s own capa-
bilities or a population’s experience with social conflict, in driving
migration decisions. Instead, the exercise demonstrates that amodel
conceptualized following a specific migration system, or trained on
empirical data, canbe used to explore structure-agency dynamics and
therelative influence of a variety of factors. Moreover, insofar that the
decision function captures both the complexity of interacting factors
and the notable stochasticity of migration responses, such modelling
and evaluation approaches may represent significant gains over a
standard analysis of migration drivers (for example, vialinear regres-
sion) when applied in empirical contexts*®°',

Broader implications of the conceptual ABM

As we aim to demonstrate using the MLSM above, such systems mod-
elling has unique potential to advance the development of theory
for climate-environment-migration linkages®*, while fostering pro-
ductive synthesis among the migration and land system sciences.
Central to these potential gains is a more explicit understanding of
the complexity of underlying processes, such as interdependencies
among rainfall, conflict, individual capabilities and land function, that
together influence various forms of migration®’. Recent advances with
ABM approaches have demonstrated productive avenues with similar
decision complexity informing migration, for instance, by modelling
environmental stress or hazard that shapes livelihood options and
thelikelihood (or not) of rural return migration from urban centres, in
systems where labour migration dominates*®*”, Our illustration using
aconceptual agropastoralist system is relevant to drylands globally,
which cover more than40% of the Earth’sinhabited surface and where
landscape sustainability isinherently tied to farming, livestock-keeping
and migration®. Although our ABM aims to highlight land system link-
ages across rural sending and receiving systems that are associated
predominantly with agropastoralist livelihoods, it is feasible that
extensions of the model could capture the urban labour migration of
individuals to support household diversification and herd maintenance
(for example, in West African systems®) or rural non-farm migration
where urban labour markets or infrastructureis limiting (for example,
in other regions of East Africa’®).

More broadly, as frontiers dwindle across diverse rural systems,
migration will continue to shape land-use intensification in various
ways and in response to a suite of migration drivers and system cou-
plings. Furthermore, shifts in global economic and political forces, as
evident in Amazonia in recent years’, illustrate how rural migration
rapidly responds to structural forces, opening opportunitiesin newly
accessible rural areas and with significant consequences for land sys-
tems (a point we revisit below and in conclusion).

Anticipating and managing future land use is central to sustainabil-
ity planning and efforts that aim at predicting, mitigating and adapting
to climate change'’. However, abrupt regime shifts in land systems can
invalidate the predictions of future land use emerging from models
and theory thatinadequately engage the ongoing global redistribution
and growth of human populations®®. Our simulationillustrates how, in
the context of slow-onset changes, migration can serve as a conduit
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for precipitating regime shifts in telecoupled landscapes, as seen
throughthreshold responsesinland function. Simultaneously, it shows
migration as an outcome of interactions among diverse structural-,
agency-and social-network-related factors, further underscoring the
complexity andinterdependencies of migration and the resulting land
system changes.

The ability to integrate cross-scale and -disciplinary explanatory
variablesis arecognized strength of the ABM approach®***, While our
modelleveragesthis strength, italsorefinesand centres the representa-
tion of key less-tangible drivers of migration, such as contentment and
socialembeddedness™*'. Migration is widely accepted as an adaptive
strategy in the face of accelerating environmental change, yet there
is also growing recognition that the importance communities attach
to culture, livelihood and sense of place may override the adaptive
advantages of migration, leading to voluntary non-migration**.In our
model, the ability to control the strengths of variables that together
contribute to an agent’s level of contentment enables the testing of
hypotheses related to the emergence of complex forms of vulner-
ability and land transformations that result from non-migration or
low-agency migrations®.

Future directions for meeting global challenges

Atpresent, significant attentionis directed towards the climate-envi-
ronment-migration nexus. Although migration fields work to move
beyond the framing of climate refugees*, much of the science still
underappreciates the complexity of migration within broader sys-
tems, including the dynamic nature of people and land use*?. Such
framing restricts the ability to make predictions and inform policy
solutions to associated challenges®”. Our central aims in this paper
are to elevate rural migration to help facilitate a greater integration
of migration and land system science. Doing so may help to promote
reciprocal advancements, including a better understanding of mul-
tiscalar socio-environmental dynamics that involve migration while
embedding climate-environment processes within migration theory.

Thisintegration will help to articulate the cross-cutting nature of
rural migration with multiple, interacting dimensions of sustainability,
including poverty alleviation, food security, land and biodiversity con-
servation and climate change adaptation and mitigation. Migration
ofteninvolves land systems or socio-environmental trade-offs, which
areincreasingly telecoupled across sending, receiving and spillover or
external systems'>***°, The complexity of migration processes that we
describe points to the need for better unpacking of migration-linked
trade-offs within land systems, especially as they relate to global sus-
tainability policy initiatives such as the Sustainable Development Goals
(SDGs), the Intergovernmental Panel on Climate Change (IPCC), the
Intergovernmental Science-Policy Platform on Biodiversity and Eco-
system Services (IPBES) and the Half-Earth Project, and in particular as
global drylands continue to expand under current and future climate
change. For example, comprehensive decarbonization pathways nota-
bly rely onthe extensive transformation of rural agricultural landscapes
toforestedlandscapes, whether or not they may have been previously
forested™. This and other types of extensive policy-driven landscape
changeintheservice of sustainability invite critical attention from the
migration community. Future research agendas have much to offer
when focused explicitly on migration intersections across sustain-
ability challenges, many of which originate with changing land use and
land function within larger coupled systems”.

The simulation of complex migration processes remains difficult,
particularly when the goalis to project future migration amidst signifi-
cantuncertainty. However, recent work demonstrates the potential for
and utility of various approaches, from structuring broad narratives
around urbanization, development, governance and climate change
trajectories (for example, the Shared Socioeconomic Pathways) to pre-
dictive modelling frameworks*'>¢"°, Advanced land systems models
have a clear role to play, yet challenges posed by feedbacks and other

multiscalar dynamics, suchas we describe with telecouplings, remain
evident, as do problems with validationand broader relevance’*®. Cou-
pling together models built at distinct scales, such as ecosystem and
migrant-agent models, as well as to climate or development scenarios,
may help toadvance experimentation and simulation of interdepend-
ent top-down and bottom-up processes. Indeed, these efforts will
require embracing the tension between structure and agency if we are
to understand their varying influence on migration and non-migration
across the range of volition.

Migration futures will likely hold new realities. We emphasize
theimportance of an expanded understanding regarding the various
forms of migration®*®!, and we highlight rural migration as essential
within this future thinking. Indeed, urban-rural migration has proved
sensitive to recent economic shocks, as shown during the COVID-19
pandemic, and future climatic changes such as sea-level rise have
the potential to displace coastal urban residents to rural interiors®,
although not uniformly®’. Such population shifts have significant
implications for rural livelihoods and land systems, as do policy
changes thatalter land access and rural migration calculus like those
we note above in the Brazilian Amazon’®. Yet future environmental
andsocial changes that act as migration drivers must be balanced with
in situ adaptation and agency*®*, and a systems-based approach for
resolving bottom-up and top-down forces will be critical for shedding
light on the complexity that is inherent in future migration. Despite
uncertainties around form and impact, integrated migration and
land system science approaches will be essential for unpacking the
complexities and informing policy challenges around migration and
land change.
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