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ABSTRACT
Habitat fragmentation compounds the threat climate change poses to biodiversity by constraining the dispersal
pathways species need to track shifting climatic envelopes, and biodiversity corridors, spatially explicit linkages
between core habitat patches, have emerged as leading infrastructure for climate adaptation in fragmented
landscapes. This review synthesizes three decades of connectivity science spanning corridor design theory,
connectivity modeling methods, and empirical evidence on range-shift facilitation. We trace the evolution from
structural, least-cost-path corridor delineation toward climate-informed approaches that explicitly map projected
shifts in climatic analogs, including climate-gradient corridors and climate-velocity-based linkage models. We
synthesize evidence from circuit-theory and graph-theoretic connectivity metrics, comparing their assumptions, data
demands, and suitability for climate-adaptive planning. Meta-analytic and observational evidence indicates that
corridors reliably increase inter-patch movement and gene flow, though effect sizes vary substantially with corridor
width, matrix permeability, and target taxon vagility. We examine large-landscape initiatives, including the
Yellowstone to Yukon Conservation Initiative and Europe's Natura 2000 network, as exemplars of
multi-jurisdictional implementation, alongside their governance and monitoring challenges. Corridor effectiveness
depends jointly on structural connectivity and functional permeability for species of concern, and elevational and
latitudinal corridors show differential utility depending on local climate velocity. Persistent research gaps include
limited long-term post-implementation monitoring of climate-driven range shifts within established corridors,
insufficient integration of multi-species dispersal traits into connectivity models, and few studies evaluating corridor
performance under realistic land-use change scenarios rather than climate change alone. We conclude that
biodiversity corridors constitute a scientifically defensible but incompletely validated adaptation strategy, and that
closing the monitoring and multi-stressor evidence gaps is a priority for translating connectivity science into durable
conservation infrastructure.
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1. INTRODUCTION

Habitat fragmentation ranks among the most pervasive
drivers of biodiversity loss, reducing patch size,
increasing edge exposure, and severing the dispersal
pathways that historically allowed populations to persist
through demographic exchange and range adjustment
[1,2]. Climate change now compounds this threat
directly: as species' climatic envelopes shift poleward
and upslope, populations confined within isolated
fragments may find themselves unable to track suitable
climate space, even where such space exists elsewhere
in the landscape [3,4]. This convergence of two of the
dominant anthropogenic pressures on biodiversity has
reframed landscape connectivity, once conceived
primarily as a tool for counteracting the genetic and
demographic costs of fragmentation, as climate
adaptation infrastructure in its own right [26,27].

The conceptual case for biodiversity corridors as climate
adaptation tools rests on a straightforward logic: if
species must move to track shifting climate, and
movement is impeded by inhospitable matrix habitat
between fragments, then maintaining or restoring
structurally and functionally connected pathways should
increase the probability that range shifts keep pace with
climate velocity [26,27]. This logic has motivated a
substantial methodological literature on how to identify,
prioritize, and design corridors, moving from early
least-cost-path and structural-connectivity approaches
toward explicitly climate-informed connectivity models
that incorporate projected climate trajectories rather than
only current habitat suitability [9,10].

At the same time, the empirical evidence base for
corridor effectiveness, and specifically for corridors'
capacity to facilitate climate-driven range shifts as
opposed to genetic exchange or short-distance
movement among stable populations, remains
considerably thinner than the conceptual and modeling
literature that motivates corridor investment, a gap noted
repeatedly across reviews of climate change adaptation
practice in conservation [5,12]. Large-landscape
connectivity initiatives implemented over the past three
decades, most prominently the Yellowstone to Yukon
Conservation Initiative in North America and the Natura
2000 ecological network in Europe, offer real-world test
cases for this logic, but their governance complexity and
the long time horizons over which climate-driven range
shifts unfold complicate direct evaluation [13,14].

This review synthesizes the literature across four
interlocking themes: the theoretical and methodological
evolution of corridor design from structural to
climate-informed approaches; the principal connectivity
modeling frameworks used to identify and prioritize
corridors, including circuit-theory and graph-theoretic
methods; empirical evidence on corridor effectiveness for
movement, gene flow, and range-shift facilitation; and
case studies of large-landscape corridor implementation.
We close by synthesizing cross-cutting patterns and
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identifying the research gaps that most limit confident
application of corridor science as climate adaptation
infrastructure, including thin long-term monitoring, limited
multi-species generalization, and sparse treatment of
corridors under combined climate and land-use change.

2. MATERIALS AND METHODS

This review synthesizes findings from the peer-reviewed
landscape ecology, conservation biology, and climate
adaptation literatures on biodiversity corridors and
landscape connectivity, with emphasis on studies
published since the late 1990s that address corridor
design principles, connectivity modeling methods,
empirical evidence of corridor function, or documented
large-landscape corridor initiatives.

I 2.1 From structural to climate-informed corridor design

We synthesize the evolution of corridor delineation
methods, beginning with structural approaches that
identify corridors as contiguous habitat or least-cost
paths between fixed core areas based on current habitat
suitability, —and tracing the development of
climate-informed alternatives, including climate-gradient
corridors aligned with elevational or latitudinal
temperature gradients and climate-velocity-based
linkage models that explicitly connect present-day
climate space to its projected future analog location
[9,10,15,28].

I 2.2 Connectivity modeling frameworks

We review the principal quantitative frameworks used to
model and prioritize connectivity, including least-cost
path and least-cost corridor modeling, circuit-theory
approaches that model connectivity as current flow
across a resistance surface, and graph-theoretic and
network-centrality methods that evaluate the contribution
of individual patches or linkages to overall landscape
connectivity, comparing their differing assumptions about
dispersal behavior, data requirements, and suitability for
multi-species or climate-adaptive applications [17,18,21].
I 2.3 Empirical evidence on corridor effectiveness

We synthesize experimental, quasi-experimental, and

observational  studies, including  meta-analyses,
assessing whether corridors increase inter-patch
movement, colonization, and gene flow relative to

unconnected fragments, and the more limited body of
evidence speaking specifically to whether corridors
facilitate climate-driven range shifts rather than only
demographic exchange among populations occupying
climatically stable habitat [7,8,33].

I 2.4 Large-landscape case studies

We review documented large-landscape connectivity
initiatives, with particular attention to the Yellowstone to
Yukon Conservation Initiative, Europe's Natura 2000
network, and regional corridor networks identified
through protected-area connectivity mapping in North
America, synthesizing evidence on their design rationale,
implementation ~ mechanisms, and  documented
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governance and monitoring challenges [6,13,14,29].
I 2.5 Species range-shift facilitation

We synthesize the literature on observed and projected
climate-driven range shifts and the specific evidence,
where available, on whether landscape connectivity
measurably influences the rate or completeness of
range-shift tracking, drawing on both direct observational
studies of shifting species distributions and
connectivity-explicit projection studies that model future
range-shift pathways [3,19,23,32].

I 2.6 Synthesis approach and limitations

This review does not conduct a formal systematic review
with a pre-registered search protocol or a quantitative
meta-analysis pooling effect sizes across the full
literature; the heterogeneity of study taxa, spatial scales,
connectivity metrics, and outcome measures across the
reviewed literature makes full effect-size pooling of
doubtful validity, and we instead prioritize breadth of
coverage and explicit identification of where findings
converge versus remain contested.

3. RESULTS

Across the corridor design literature, the shift from
structural to climate-informed approaches is well
documented but unevenly adopted in practice. Structural,
least-cost-path corridors remain the dominant approach
in applied conservation planning because they require
only current land-cover and habitat-suitability data,
whereas climate-informed alternatives require
downscaled climate projections and assumptions about
species-specific climate tolerances that are rarely
available at the resolution corridor planning demands
[9,10,15,16,20]. Table 1 summarizes the major corridor
design frameworks synthesized in this review alongside
their principal data requirements and documented
limitations.

Table 1. Corridor design and connectivity modeling
frameworks synthesized in this review.

Principal data needs /
limitations

Framework Core approach

Requires only current
habitat suitability data;
assumes a single optimal
movement route, poorly
matching observed

multi-path animal movement
[18].

Identify lowest-cumu
lative-resistance
path between fixed
core habitat patches
using current land
cover.

Structural /
least-cost-path
corridors

Align corridors with
elevational or
latitudinal
temperature
gradients to enable
tracking of shifting
climate envelopes.

Effective where topographic
climate gradients are steep
and continuous; less
applicable in flat or highly
fragmented terrain
[10,20,30].

Climate-gradient
corridors

Connect present-day
climate space to its
projected future
spatial analog under
a given emissions
scenario.

Requires downscaled
climate projections and
species climate-tolerance
data, rarely available at
needed resolution [9,23,31].

Climate-velocity-bas
ed linkage models
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Model connectivity
as current flow
across a resistance
surface, capturing
multiple redundant
movement
pathways.

Well suited to identifying
pinch points and prioritizing
restoration; resistance
surface parameterization
remains a key source of
uncertainty [17,22].

Circuit-theory
connectivity models

Represent patches
as nodes and
linkages as edges,
using network
metrics to rank patch
and linkage
importance.

Table synthesizes methodological characterizations reported
across the studies cited in each row; data-need and limitation
summaries reflect qualitative consistency across studies rather
than a pooled quantitative assessment.

Connectivity modeling frameworks show consistent
trade-offs across the reviewed studies. Least-cost path
and least-cost corridor methods are computationally
tractable and widely used but represent movement as
following a single optimal route, an assumption several
studies show departs from observed animal movement
behavior under realistic landscape resistance [18].
Circuit-theory approaches, which model connectivity as
current flow across a resistance surface, better represent
multiple redundant movement pathways and have been
applied successfully to identify pinch points and prioritize
restoration, including in gray wolf connectivity planning
across western North America [17,22]. Graph-theoretic
and centrality-based methods perform well for identifying
structurally critical patches across large protected-area
networks but are more data-intensive to parameterize
realistically at continental scale [21,29].

Scales well across large
protected-area networks;
data-intensive to
parameterize realistically for
many species
simultaneously [21,29].

Graph-theoretic /
network-centrality
models

Modeled connectivity index versus reported species range-shift tracking success
across reviewed case studies, by broad taxonomic group
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Figure 1. Synthesized relationship between modeled landscape
connectivity index and reported species range-shift tracking
success across the case studies and empirical assessments
reviewed, with points distinguished by broad taxonomic group,
illustrating the positive but taxon-dependent association reported
across the connectivity-explicit projection and empirical
range-shift literature synthesized in this review.

Meta-analytic evidence indicates that corridors reliably
increase inter-patch movement, colonization rates, and
gene flow relative to unconnected fragments, with effect
sizes that are consistently positive across the studies
synthesized but that vary substantially with corridor
width, degree of matrix contrast, and the dispersal ability
of the focal taxon [7,8,33]. Evidence speaking
specifically to climate-driven range-shift facilitation, as
distinct from general movement or gene flow, is
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considerably sparser: connectivity-explicit projection
studies consistently find that landscapes with higher
modeled connectivity support faster projected range-shift
completion under future climate scenarios, but direct
empirical confirmation that realized range shifts have
tracked corridor connectivity, rather than projected
connectivity, remains limited to a small number of
well-studied systems [9,10,23].

Table 2. Large-landscape corridor case studies and

frameworks compared across governance model and
documented outcomes.
Documented

connectivity
outcome

Governance
model

Case study /
framework

Spatial scale

Measurable
gains in protected
and connected

Voluntary area over
Yellowstone to mUIt.'_.StakehOIder Approximately multi-decadal
coalition across 3,200 km R X .
Yukon . operating history;
; national, transboundary g :
Conservation . : range-shift-specif
o state/provincial, corridor, .
Initiative - ; ic effects not yet
tribal, and private USA-Canada "
directly evaluated
landholders :
against a
counterfactual
landscape [6,13].
Broad
geographic
coverage
Regulatory / Continental, achieved,
Natura 2000 statutory over 27,000 documented
ecological designation under protected sites  gaps between
network European Union  across EU nominal site
directives member states  designation and
functional
inter-site
connectivity [14].
Identified priority
corridor network
with substantial
overlap with
Protected-area Ar.lallyltlca! National, e>'<|stl|ng informal

L prioritization network of wildlife

connectivity
; framework, not least-cost movement
mapping, ; ; .

g itself an corridors among  routes;
conterminous . . . .
USA implementation large protected  implementation

program areas depends on
subsequent
voluntary or
regulatory action
[29].
Circuit-theory
centrality
analysis
identified priority
Gray wolf . o linkages later
; Species-specific . - ]
regional L Multi-state / incorporated into
. connectivity ] : -
linkage S multi-province regional
A prioritization ) ] .
mapping, informing regional regional linkage conservation
western North 1ing reg network planning; direct
. planning .
America range-shift
facilitation not
separately
measured
[17,22].

Case studies of large-landscape corridor initiatives
illustrate both the promise and the implementation
difficulty of corridor science applied at operational scale.
The Yellowstone to Yukon Conservation Initiative,
spanning multiple jurisdictions across the United States
and Canada, has documented measurable gains in
protected and connected area over its operating history,
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though evaluation of its effect on climate-driven range
shifts specifically is complicated by the multi-decadal
time horizon over which such shifts unfold and the
absence of a comparable unconnected counterfactual
landscape [6,13]. Europe's Natura 2000 network
illustrates a regulatory rather than voluntary connectivity
model, achieving broad geographic coverage but facing
documented challenges in ensuring functional, rather
than only nominal, connectivity between designated sites
[14]. Table 2 compares these and related case studies
across governance model, spatial scale, and
documented connectivity outcomes.

4. DISCUSSION

Read together, the literature synthesized here supports a
qualified endorsement of biodiversity corridors as climate
adaptation infrastructure: the theoretical rationale is
strong, connectivity modeling methods have matured
substantially, and general evidence that corridors
increase movement and gene flow is robust, but direct
empirical evidence that corridors measurably facilitate
climate-driven range shifts, as opposed to movement
and exchange among populations occupying climatically
stable habitat, remains thinner than the field's conceptual
confidence in corridors would suggest [1,3,7]. This
distinction matters because the policy case for corridor
investment as climate adaptation specifically, rather than
as general biodiversity conservation infrastructure, rests
on the former rather than the latter.

The consistent finding that corridor effectiveness
depends jointly on structural connectivity and functional
permeability for the species of concern, that is, on
whether a structurally connected pathway is actually
traversable by the focal taxon given its habitat
requirements and behavioral responses to matrix habitat,
is, in our assessment, one of the more consequential and
underappreciated conclusions in this literature for
practitioners, since it implies that single-species or
coarse-filter corridor designs may systematically
overstate connectivity benefits for taxa with narrower
habitat tolerances or lower matrix permeability than the
design species [9,11,18]. This has direct relevance for
the coarse-filter versus fine-filter debate in connectivity
planning, where landscape-naturalness corridor models
and focal-species corridor models have been shown to
identify only partially overlapping priority areas [15].

The governance and monitoring challenges documented
across the Yellowstone to Yukon and Natura 2000 case
studies point toward an implementation gap that the
modeling and design literature has not fully addressed:
identifying an optimal corridor network is a substantially
different task from securing the multi-jurisdictional
land-use agreements, funding continuity, and long-term
monitoring needed to realize and sustain that network's
function over the multi-decadal time horizons relevant to
climate adaptation [6,13,14]. The scarcity of long-term
post-implementation  monitoring data  specifically
addressing  whether established corridors have
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measurably influenced climate-driven range shifts is, in
our view, the single most significant evidence gap limiting
confident translation of connectivity science into
adaptation policy.

Several limitations in the underlying evidence base
should temper how these synthesized patterns are
applied. First, the great majority of empirical
corridor-effectiveness studies address temperate-zone
vertebrates, particularly mammals and birds, over
relatively short post-establishment time frames; evidence
for invertebrates, plants, and tropical taxa, which differ
substantially in dispersal mode and climate sensitivity,
remains comparatively thin, and generalization of the
patterns synthesized here to those taxa should be
treated as tentative [4,19]. Second, most connectivity
modeling studies evaluate corridor performance under
climate change alone, holding land use constant,
whereas real landscapes face simultaneous climate and
land-use change, and the smaller body of evidence
incorporating both stressors jointly suggests that
land-use change can erode projected
climate-connectivity gains substantially [24,25]. Third,
most corridor case studies lack a rigorous counterfactual
comparison landscape, making causal attribution of
observed connectivity ~ outcomes  to corridor
establishment, as opposed to other concurrent
conservation or land-use trends, difficult to establish with
confidence.

5. CONCLUSION

The literature synthesized in this review shows that
biodiversity corridors rest on a strong theoretical and
methodological foundation as climate adaptation
infrastructure, with connectivity modeling frameworks
that have matured considerably over three decades and
robust general evidence that corridors increase
inter-patch movement and gene flow. Direct evidence
that corridors measurably facilitate climate-driven range
shifts specifically, however, remains limited relative to the
field's conceptual confidence, and large-landscape
implementation case studies reveal persistent
governance and monitoring challenges that complicate
rigorous evaluation. Closing the evidence gaps identified
here, particularly long-term  post-implementation
monitoring of climate-driven range shifts, multi-species
and multi-taxon generalization, and joint evaluation of
corridors under combined climate and land-use change,
should be a priority for the next generation of connectivity
science aimed at supporting durable climate adaptation
infrastructure.
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