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BACKGROUND: New global biodiversity targets
focus on the importance of protecting con-
nectivity, the unimpeded flow of organisms
and natural processes across landscapes and sea-
scapes, as a foundational component of bio-
diversity conservation. The Kunming-Montreal
Global Biodiversity Framework presents hu-
manity’s most ambitious conservation strategy
to date: setting aside 30% of Earth as net-
works of “well-connected” protected areas by
2030. But the term “well connected” has not
been defined and is difficult to quantify, mak-
ing it problematic to ascertain whether actions
will result in the protection and restoration of
well-connected land- and seascapes. Because
ecological connectivity varies across environ-
mental contexts and scales, precise definitions
and measurements have been elusive, render-
ing it difficult to quantify connectivity in ro-
bust and comparable ways that span multiple
species and ecosystems. The clear challenge is
to transform the concept of well connected
from ambiguous to a scientifically grounded,

robust, and quantifiable concept that is eco-
logically and socially meaningful across biomes,
taxa, and scales.

ADVANCES: Recent advances allow the mea-
surement and prediction of organismal move-
ments and connectivity at multiple scales and
highlight relationships between connectivity
and ecological integrity. Connectivity influences
population dynamics, with meta-analyses of
natural and experimental corridors demon-
strating their efficacy at enhancing organismal
dispersal, which in turn affects fitness, abun-
dance, and community diversity. By helping
maintain populations and metapopulations,
connectivity supports the ecological functions
that species’ movements provide, including
provisioning of ecosystem services that benefit
humanity. For example, models and empirical
data show that loss of connectivity can affect
pollination and the natural control of crop
pests. Accumulating evidence also highlights
ongoing and severe losses of connectivity glo-
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Connectivity enables organisms to move and facilitates ecological processes across scales.
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bally, which now require action to bring con-
nectivity back for nature and society.

‘We propose an operational definition of “well
connected” that can be adapted to nearly any
ecosystem or set of focal species (or focal eco-
logical functions) for which data are available.
Specifically, a landscape, seascape, or protected-
area network is well connected if organismal
movement is sufficient to maintain the long-
term persistence of focal taxa, maintain ecolog-
ical functions, and/or sustain the provisioning
of ecosystem services relative to counterfac-
tuals with the same amount of intact habitat
and no barriers to movement. This definition
allows flexibility in assessing counterfactuals
based on real-world scenarios (for example,
nearby undisturbed study areas) or computer
simulations. A variety of existing metrics allow
the measurement of particular aspects of con-
nectivity across space and over time, but there
is a pressing need for additional indicators that
go beyond measuring structural connectivity
to estimate the long-term persistence of spe-
cies and the ecological functions they provide.
Policy-driven action needs robust evidence pro-
vided by a detection and attribution frame-
work demonstrating that connectivity change
results in positive outcomes for biodiversity
conservation.

OUTLOOK: Advances in connectivity science can
guide biodiversity conservation, ecological res-
toration, and climate adaptation. But although
connectivity has been incorporated into recent
conservation plans, much of connectivity science
and science-informed planning is not well
implemented. Perhaps most critically, connec-
tivity is not well integrated into the designa-
tion of protected-area networks, as evidenced
by only ~10% of global protected areas being
structurally connected. As we expand from
~15% global protected area coverage in 2020
toward 30% by 2030, incorporation of struc-
tural and functional connectivity will be crit-
ical to avoid extinctions in isolated parks and
reserves. In addition, a coordinated interna-
tional effort to produce and share data on the
movement of animals, plants, and other taxa
will help ensure that investments in climate
resilience and large-scale conservation and res-
toration will result in anticipated biodiversity
gains. Viewing connectivity as the conceptual
link between biological, economic, and societal
objectives provides a foundation for a strong
connectivity science that informs conserva-
tion planning.
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Global biodiversity targets focus on landscape and seascape connectivity as a foundational component
of biodiversity conservation, including networks of connected protected areas. Recent advances allow
the measurement and prediction of organismal movements at multiple scales. We provide a definition
of connectivity that links movement to persistence and ecological function. Connectivity science can
guide planning for biodiversity, ecosystem services, ecological restoration, and climate adaptation.
Ongoing climate change and land and sea use are closing the window of opportunity for connectivity
conservation. A coordinated global effort is required to implement scientific knowledge and to monitor,
map, protect, and restore areas that promote movement and maintain well-connected ecosystems for

biodiversity in the long term.

nterest has surged in ecological connectivity—

the unimpeded movement of organisms

across landscapes and seascapes—as a foun-

dational facet of biodiversity conservation and

climate adaptation. The recent Kunming-
Montreal Global Biodiversity Framework (GBF)
includes as its first goal that “The integrity,
connectivity, and resilience of all ecosystems
are maintained, enhanced, or restored, substan-
tially increasing the area of natural ecosystems
by 2050” (1). The framework also sets out what
may be humanity’s most ambitious conserva-
tion strategy to date: setting aside 30% of Earth
as networks of connected protected areas by
2030 (the “30 x 30” goal) (2).

Policies to enhance connectivity are being
advanced within and among countries through
multinational agreements. For example, more
than US$1.2 billion was invested in 2023 alone
to promote the Florida Wildlife Corridor (2), and
a treaty among Brunei Darussalam, Indonesia,
and Malaysia supports connectivity in the “Heart
of Borneo”—one of the most biodiverse areas
of the planet. At more local scales, efforts to
restore connectivity include the demarcation
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of habitat corridors and the creation of wild-
life crossing structures, thousands of which
have been built across the world, many costing
millions of dollars (3).

The need for this focus on connectivity is
clear. Connectivity is critical for the persistence
of many species and the maintenance of eco-
logical functions but is being eroded across the
globe through a variety of human impacts (4).
More than 194 million birds and 29 million
mammals are Killed annually on European roads
(5), and up to 1 billion birds die per year from
building collisions in the United States (6).
Urban sprawl, agricultural expansion, and de-
forestation fragment habitats and increase the
resistance of the landscape to the movement
of plants, animals, and other taxa (7).

In response to this urgency, connectivity
science has advanced rapidly over the past dec-
ade. The number of papers with topic keywords
“(connect™ OR corridor) AND (ecolog* OR hab-
itat OR landscape OR seascape)” increased
threefold from 2014 to 2023 over the previous
decade. But translating these advances in con-
nectivity science to restoration and conserva-
tion practice remains a critical challenge that
requires the implementation of a clear theory
of change (8). What does the 30 x 30 goal
mean that protected areas should be “well-
connected,” and how will we know when this
has been achieved? Although there has been
great emphasis on designating protected areas,
the dialogue is much less advanced with re-
spect to understanding what the vision of well-
connected protected areas specifically entails
and how we can achieve it. Without address-
ing how conditions and human activities in
the areas between protected areas—known
as the “landscape [or seascape] matrix” (9)—
affect connectivity, the conservation benefits
of protected areas will not be realized (10, I1).
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The clear challenge facing the field is to trans-
form the concept of “well connected” from
nebulous to robust, quantifiable, and ecolog-
ically meaningful across a range of biomes,
taxa, and scales.

Here, we review recent progress in connec-
tivity science, identifying key advances and
persistent uncertainties that help or hinder
our ability to reach national and global goals
for connectivity. We clarify what connectivity
means at different spatial scales and provide
an operational definition of “well connected.”
We highlight where connectivity science has
and has not been effectively incorporated into
conservation, restoration, and climate adapta-
tion and call for an international effort to in-
tegrate connectivity into planning.

Connectivity enhances species persistence,
ecological function, and ecosystem services

Species movements are the core processes
underlying connectivity and are key to under-
standing how connectivity affects populations
and ecological functions (Fig. 1). Until the 21st
century, it was notoriously difficult to measure
movement across large distances, limiting the
modeling and prediction of connectivity. But
new technologies have enabled an unpre-
cedented accrual of information on organis-
mal movements from local to global scales (12).
Computational advances and new sensing
technologies (such as remote sensing capabil-
ities, GPS collars, and genome sequencing) are
catalyzing new insights into the movement of
plants and animals while facilitating the mea-
surement of connectivity at large spatial scales,
the identification of habitat corridors, and the
prediction of critical migration pathways. Ad-
vanced models with large datasets can predict
and map potential movement pathways on
the basis of an understanding that is better
than ever before of organismal movement be-
havior (13-15).

Connectivity influences population persis-
tence. Although early debates focused on the
balance between positive and potentially nega-
tive impacts of corridors—the latter including
movement of pathogens, invasives, and fire
(16)—syntheses have shown a lack of consis-
tent negative effects (17-19). Meta-analyses of
natural and experimental corridors have dem-
onstrated their efficacy at enhancing orga-
nismal dispersal (20), which in turn affects
fitness, abundance, and community diversity
(2I). Conversely, loss of connectivity increases
species extinction rates (Box 1) (22-25).

By maintaining populations or metapopu-
lations across the landscape, connectivity can
support the ecological functions and ecosys-
tem services (ecological functions that ben-
efit humans) that these species perform. For
example, loss of connectivity can reduce the
diversity and abundance of insects that provide
benefits to agriculture (26, 27). Habitat corridors
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Fig. 1. Connectivity enables organisms to move and facilitates ecological processes such as seed dispersal across scales. [Figure was prepared by 5W

Infographics.]

can facilitate the persistence of disturbance-
intolerant species that benefit humans (28),
such as forest trees that provide clean water and
carbon storage (29). Moreover, areas that pro-
vide connectivity can enhance habitat quality
for species that live in the landscape matrix,
such as pollinators (30). As a result, connec-
tivity is now explicitly incorporated into the
assessment of ecosystem services.

Brodie et al., Science 388, eadn2225 (2025)

Connectivity is taxon-, context-, and
scale-dependent

Assessing connectivity for different species or
ecological processes must be matched to the
appropriate scale (Fig. 1). This has complicated
our understanding of what aspects of connec-
tivity to protect, which actions will be the most
beneficial to conservation, and over what scales
to monitor connectivity change. In table S1, we
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clarify this lexicon to distinguish the different
types of connectivity so as to facilitate com-
munication and implementation.

Measures of connectivity differ in whether
organismal movements are addressed explic-
itly or implicitly. The most common measure of
connectivity used in models is structural con-
nectivity: the physical contiguity of habitat fea-
tures regardless of organism-specific responses
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Box 1. Case studies of connectivity on land and at sea.

There may be no other region where the success of conservation efforts depends as heavily on maintaining
a well-connected network of protected areas than the Central Indian Tiger Landscape. Despite the 16 reserves
generally being relatively small (~1300 km?) and the surrounding landscape being densely populated by
humans (~250 people km ), the 400,000-km? network sustains a high-density tiger (Panthera tigris) pop-
ulation of ~1200 individuals—a quarter of the global population (115). These populations are still functionally
connected but show spatial genetic structure, likely owing to increasing land cover changes that block
connectivity (10). Connectivity is sustained by secondary forests, but many of these are at risk of being
modified or cleared. Road and railway developments intersect habitat corridors and do not always have
adequate mitigation. The high density of both humans and tigers leads to human-wildlife conflict. Yet
efforts to protect corridors, mitigate linear infrastructure, and promote human-wildlife coexistence help
support the region’s connectivity for tigers and, secondarily, other sympatric species. Scientists have
identified nearly 25,000 km? of important corridor locations along with threats to current and future
connectivity (75, 94). This also allows ecological restoration efforts in the area to optimally benefit
biodiversity by targeting important corridor areas and creating buffer zones for small protected areas.
Last, the identification of key connectivity areas allows the regulation of development so that tiger movements
across the landscape can be maintained to substantially contribute to the viability of this globally important
metapopulation (10).

Connectivity is also important at sea. The Philippines is one of the most biodiverse nations on Earth, with an
incredible marine diversity. Its suite of marine protected areas was largely developed on the basis of local
conservation and fisheries concerns rather than larger, seascape-scale considerations. A recent map of larval
connectivity for branching corals, urchins, and grouper fish (116) suggests high dispersal among different
reefs in the country but shows that many of the most important areas for connectivity are not covered by
protected areas or “other effective area-based conservation measures” (1). This highlights the importance of
incorporating connectivity into marine protected area planning. More broadly, it also draws attention to the
need for marine connectivity indicators that can incorporate complexities such as the directional yet dynamic

flow of ocean currents that are not issues in terrestrial systems.

to those features (31). In contrast to this species-
agnostic approach, functional connectivity links
habitat features to species responses. Notably,
the meaning of functional connectivity varies
across scales, from “home range connectivity,”
in which individuals meet their daily needs, to
“dispersal connectivity,” in which individuals
move away from their natal ranges, to “migra-
tory connectivity,” in which individuals track
seasonal or ephemeral resources over long dis-
tances (Fig. 1). Moreover, the various aspects of
connectivity are all dynamic; costs and bene-
fits of movement and the location of movement
routes vary across seasons or years (32-34,).
Because species differ so widely in dispersal
traits, connectivity varies across taxa. A land-
scape that is well connected for species with
high dispersal capabilities, or high tolerance
for moving through degraded areas, might be
impermeable to less-mobile species or special-
ists that require contiguous habitat. This varia-
bility is critical for assessing species’ ecological
functions and is an important hurdle for as-
sessing and managing connectivity because it
requires species- or guild-specific data that can
be difficult to obtain. Allometric scaling of dis-
persal across species (35) offers the potential
for predicting functional connectivity for rare
or poorly understood species (36). However,
this approach has yet to be widely adopted.
Identifying connectivity “archetypes” of species
that have similar movement capacities accord-
ing to allometric relationships is an urgent need

Brodie et al., Science 388, eadn2225 (2025)

and may help scale modeling from dozens to
thousands of species.

Critically, protecting habitat connectivity is
not the end goal but rather a means of sup-
porting or restoring the long-term persistence
of biodiversity or ecological functions (Fig. 2).
Therefore, a key outcome of connectivity is its
influence on these attributes (19, 37). Connec-
tivity assessments can feed into our under-
standing of how organismal movements affect
population persistence, through population
or metapopulation models (38), or ecological
functions, through ecological function anal-
ysis (39). Together, these methods allow for
the prioritization of patches and corridors for
maintaining not just organismal movements
but ultimately biodiversity.

Despite these advances, additional work is
needed to clarify the relationships between
structural connectivity, functional connectiv-
ity, and species persistence (Fig. 3). Although
evidence highlighted above demonstrates that
connectivity can influence population dynam-
ics, under what conditions persistence is
dependent on movement remains unclear.
Large-scale connectivity assessments gener-
ally address structural connectivity [for exam-
ple, (40-42)] under the assumption that intact
habitat structure will support organismal move-
ments. But how much, under what conditions,
and for which taxa structural connectivity ac-
tually predicts functional connectivity is not
well understood, and discrepancies between

25 April 2025

the two could arise for a variety of reasons. For
example, what humans consider to be a struc-
turally intact habitat, such as forest cover, might
not actually meet a given species’ require-
ments and so would not facilitate functional
connectivity (Fig. 3) (43). The spatial context of
structurally intact habitat also matters; corri-
dors that are too narrow or permeated by edge
effects may not support the movement of many
species (44). Moreover, overhunting, human-
wildlife conflicts, or other nonhabitat human
influences could render it impossible for par-
ticular taxa to move through a given landscape
or seascape, even though the habitat is struc-
turally intact (45)—a phenomenon called “an-
thropogenic resistance” (Fig. 3) (46). Structural
and functional connectivity can also have var-
iable influence on persistence. Without func-
tional connectivity to support recolonization
or rescue effects, species living in metapopu-
lations will go extinct (47). Other taxa may be
adapted to living in isolated populations and
so can persist even without connectivity (48).
Last, in an applied context, connectivity
assessments often focus on either the habitat
patches (such as protected areas) being con-
nected or the areas between them (the landscape
matrix). Habitat patches are often envisioned
as a network with connections between them,
for which graph theory and related network
analyses can quantify patches’ contribution to
connectivity [for example, (49)], resulting in
maps of priority patches for protection or res-
toration. Conservation interventions that fo-
cus on the matrix often involve demarcating
corridors, guided by spatially explicit func-
tional connectivity maps, or encouraging land-
use practices that foster movement (50, 51).
Tools should be selected to allow the assess-
ment and mapping of movement costs and
barriers (52), supporting strategies to prevent
movement into risky areas (for example, through
the use of fencing) (63) or reduce mortality
risks (for example, reducing wildlife-building
collisions) (54). Seamless and scalable ap-
proaches are needed that combine these per-
spectives to measure the contributions of both
habitat and matrix to persistence (55, 56).

Quantifying connectivity

Defining “well connected”

Only by being able to characterize connectivity
in measurable terms will we be able to assess
whether we have successfully met the 30 x
30 objective for well-connected protected areas.
Existing indices allow the quantification of
connectivity in a variety of ways but do not
stem from clear criteria for how to determine
whether a landscape or protected-area network
could be considered well connected. Build-
ing on prior work that has linked connectivity
to species persistence (37), ecological functions
(including ecosystem services) (26, 57, 58),
and the use of counterfactual cases (59, 60) to
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Fig. 2. Connectivity theory of change. [Figure was prepared by 5W Infographics.]

interpret the biological and social outcomes of
planning and action for connectivity, we pro-
pose an operational definition that can be
adapted to nearly any ecosystem or set of
focal species (or focal ecological functions)
for which data are available.

A landscape, seascape, or protected-area net-
work is well connected if organismal move-

Brodie et al., Science 388, eadn2225 (2025)

ment is sufficient to maintain the long-term
persistence of focal taxa, maintain ecological
functions, and/or sustain the provisioning of
ecosystem services relative to counterfactuals
with the same amount of intact habitat and no
barriers to movement.

This definition allows flexibility in assessing
change in connectivity on the basis of counter-

25 April 2025

factuals in real-world scenarios (for example,
nearby undisturbed study areas) or with com-
puter simulations. It also allows for setting
quantifiable connectivity goals and targets for
focal systems. An illustration is provided in fig.
S1, and example calculations are provided in
fig. S2. The focus is on attributing change in the
variable of interest (such as species persistence)
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to change in connectivity; causal inference
comes from comparing the change in connec-
tivity and persistence relative to the counter-
factual. An area may lose or recover the status
of well connected because of the way human
pressures and drivers interact to modify move-
ment and the expected long-term outcomes
for ecological processes (fig. S1). Thus, taxa
may vary in their sensitivity to human pres-
sures because their movement may be more
or less sensitive to human activities or because
their persistence at patchy populations may be
more or less sensitive to a loss in connectivity.
The above also extends to ecological functions
and their maintenance. Because taxa vary in
life span, “long-term” persistence could be based
on generation time or else set to policy-relevant
time frames such as “by 2050” (7).

Our focus on persistence and ecological func-
tion allows for several criteria about the state
of the system to be considered, including ge-
netic, demographic, and ecosystem functions.

Brodie et al., Science 388, eadn2225 (2025)

Genetic connectivity supports sufficient move-
ment to avoid substantial inbreeding in partic-
ular populations (6I). Where species’ persistence
is the primary goal, we couch the definition of
well connected in terms of demographic con-
nectivity because this will generally require
higher rates of movement than that for genetic
connectivity. Demographic connectivity sup-
ports sufficient dispersal to facilitate demo-
graphic rescue (62), recolonization of empty
habitats where species have been extirpated,
or range expansion in the face of climate change
(63, 64). Alternatively, the primary goal of con-
nectedness might be to support large-scale
ecological functions such as species’ effects on
nutrient cycles or the provisioning of ecosys-
tem services.

Connectivity indicators

Robust indicators are necessary to measure
and describe the gains and losses of connec-
tivity across space and over time (65, 66). There

25 April 2025

are many candidate connectivity indicators for
the GBF, most of which address structural rath-
er than functional connectivity, and none of
which directly incorporate aspects of popula-
tion persistence (table S3). Both structural in-
dicators that are being considered (table S3)
and more functional indicators (fig. S2) need
to be validated to provide robust recommen-
dations. Looking beyond the time frame of the
GBF, connectivity indicators are needed that
incorporate the ultimate goal of connectivity:
to support the long-term persistence of species
and the ecological functions they provide (Fig. 3)
in the face of rapid climatic and environmental
changes. An ideal connectivity indicator would
integrate functional connectivity measures with
a persistence metric such as metapopulation
capacity (60, 67), which quantifies the po-
tential of a landscape to sustain populations,
helping to advance understanding and to pri-
oritize connectivity to support long-term bio-
diversity outcomes.

‘We propose a multistep framework toward
achieving this goal. First, structural connec-
tivity of natural areas is mapped, which can
readily be quantified through remote-sensing
approaches. Second, movement data are used
to predict connectivity from movement routes
and distances. Where such data are unavail-
able, species traits can provide proxies; for
example, body size and related traits often
scale with daily movement and dispersal dis-
tances (4, 36). Third, the dynamics of con-
nectivity across space are incorporated—for
example, by assessing barriers and conditions
of the landscape matrix—and over time, par-
ticularly as climatic and other changes alter
organismal movement and landscape perme-
ability. Again, where such data are not avail-
able, matrix characteristics and species traits
could provide for generalizations and expec-
tations of matrix permeability (9, 68, 69). Last,
the process assesses how connectivity affects
population persistence, which can be measured
with a variety of tools for spatially explicit
population [for example, (70)] or metapopu-
lation models (60, 7I), or ecological function as
measured by using ecological function analysis
(39). Population models, ecological function
analysis, and ecosystem service assessment run
a wide gamut from coarse-grained to highly de-
tailed (but data intensive), thus allowing flexi-
bility in the estimation of connectivity impacts.
‘We envision an adaptive process in which scal-
able models and metrics that directly capture
connectivity processes are used for prediction
and assessments of options for conservation
action given resource constraints (Box 2).

Applied connectivity to support biodiversity

Connectivity bridges the conservation, restora-
tion, and climate adaptation agendas defined
by international agreements such as the Con-
vention for Migratory Species and the GBF.
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The theory of change that we present (Fig. 2)
articulates how international targets and goals
can be realized through conservation action.
Conserving well-connected protected areas and
habitats at scale will require a whole-of-society
approach to stakeholder engagement, with last-
ing partnerships often spanning nations. A
primary goal is to map connectivity at differ-
ent scales, prioritizing areas where conserva-
tion and restoration will improve organismal
movements and in turn persistence. Monitor-
ing that is geared toward detecting and attrib-
uting the causes for movement change and
supported by next-generation technologies can
then provide the evidence base for biodiversity
and ecosystem outcomes.

Connectivity for species conservation

Conservation planning that incorporates func-
tional connectivity for species’ persistence
(Fig. 3) invariably focuses on the ecological needs
of particular taxa. Landscapes or protected-
area networks that are well connected from

the point of view of one species may not be for
another (36), raising the need to assess con-
nectivity for the coexistence of multiple spe-
cies. A critical question is thus which taxa we
should focus on for assessing connectivity.
Identifying appropriate focal taxa for con-
nectivity planning can be complex. Ideally,
protecting connectivity for particular “surro-
gate species” will result in cobenefits to other
taxa (72). Large herbivores or carnivores in
Southeast Asia and southern Africa, for exam-
ple, can be effective surrogates for other species
in their respective guilds but not necessarily
across guilds (73, 74). As a general rule, con-
nectivity surrogate species are likely to require
intact habitat for survival and movement and
to have dispersal capabilities neither too high
(in which case any landscape would be well
connected) nor too low (in which case no land-
scape would be well connected). This is likely
to include a variety of vertebrates, vertebrate-
dispersed plants, and wide-ranging insects such
as butterflies (75). Ideally, a set of selected spe-

Brodie et al., Science 388, eadn2225 (2025)

Box 2. Measuring and monitoring connectivity.

A transformation is underway in our ability to observe and measure movements of many taxa in a
variety of ecosystems. Observations from a range of technologies—including genetic markers, camera
traps, and animal telemetry—are providing new insights into the spatial and temporal dynamics of
animal movements and habitat use. These data provide insights into movement across a considerable
range of scales (12, 117, 118) and allow us to track the impacts of the human footprint and climate
change on movements (Fig. 4) (4).

This growing wealth of environmental, organismal movement, and occurrence data presents an
opportunity to implement a systematic program dedicated to monitoring changing connectivity (119).
This would greatly improve our ability to track progress toward the targets for connectivity conservation
set by the GBF. Trends in the structural connectivity of habitats are commonly reported, by use of
remote sensing products, but we do not systematically monitor how functional connectivity—in the
form of realized movement within and among habitats—is changing in distance, direction, and rate.
An example is the observation that climate change is altering migration distances and direction (120).
Monitoring would also link observed changes to structural or functional connectivity to the long-term
expectations for population persistence.

The movements of many species are monitored, particularly migratory taxa or those linked to
natural resources or disease emergence, but monitoring of movement is not generally extended to a
formal detection and attribution framework that provide estimates of movement change with clear
causal links to human pressures (107). The latter requires that we jointly monitor both structural and
functional facets of connectivity to gather the information needed to reliably assign statements of
confidence to the potential ecological outcomes of connectivity change.

To monitor connectivity, we need to be able to detect how, where, and when it is changing. We have
the technologies and models to do this, and we have the essential biodiversity variables needed to
measure movement, including species traits that link movement to habitat needs. The six classes of
essential biodiversity variables (EBVs) include the traits of organisms, and movement is identified as a
key EBV (96). Traits that link features of organisms to phases of movement within a lifetime and across
generations allow spatial genetic structure and range dynamics to be defined, measured, and modeled
(121). Movement EBVs form the basis for interspecies assessment of connectivity change and the
attribution of this change to human drivers. Similarly, EBVs for ecosystem structure and functioning can
quantify connectivity change and measures of ecosystem connectivity, such as flows of biomass and
nutrients. Essential ecosystem service variables have also been proposed to monitor changes in nature's
contributions to people arising from loss or gain of connectivity (122).

Effective monitoring can guide investment in resources and conservation action. Monitoring connectivity
will also allow us to assess whether conservation measures are resulting in desired outcomes, such as
metapopulation and metacommunity persistence (123), protected migratory pathways (124, 125), and
facilitation of range shifts under climate change (63).

25 April 2025

cies would represent multiple guilds to cover a
wide range of species requirements; the demo-
graphic consequences of connectivity (or its
loss) for the focal taxa should also be repre-
sentative of the expected impacts on other
taxa (72).

Connectivity in restoration

Ecosystem restoration is at the heart of achiev-
ing the ambitious global goals for connectivity.
Despite the important role that connectivity
can play in prioritizing areas for effective res-
toration (76, 77), it is rarely applied. For ex-
ample, at the time of its adoption, the GBF’s
restoration target (Target 2) had an undefined
placeholder for a connectivity indicator, whereas
the conservation-focused target (Target 3) had
specific connectivity indicators (Box 2 and table
S3). This difference is due to the siloing of the
conservation and restoration science commu-
nities. The principles and standards of practice
for the United Nations Decade on Ecosystem
Restoration (77) require explicit consideration
of the landscape context to prioritize locations
that reduce habitat fragmentation or that create
corridors or habitat stepping stones to increase
connectivity (78, 79). Application of this prin-
ciple and related standards requires connec-
tivity science.

Connectivity scientists have much to con-
tribute to restoration initiatives. For example,
initiatives such as the Bonn Challenge aim to
restore 350 million ha of land by 2030 (80);
this presents an opportunity to make progress
with the well-connected landscapes specified
by the 30 x 30 goal. To guide restoration, con-
nectivity indicators are needed to identify por-
tions of the landscape where interventions
would yield the greatest positive impact on
species persistence. To maximize the benefits
of restoration for biodiversity and human well-
being, we need to integrate guidance across
these communities. As a starting point, resto-
ration scientists could apply existing indicators
currently being considered in conservation.
However, it will be helpful to advance restora-
tion indicators that explicitly capture the po-
tential for future connectivity enhancements
through restoration interventions. Last, resto-
ration for connectivity can entail cobenefits
for ecosystem services, such as the creation of
carbon sinks and other nature-based climate
solutions (87).

Connectivity and climate adaptation

Organisms have responded to climate change
throughout Earth’s history by shifting their
geographical ranges to track suitable environ-
mental conditions (82, 83). But contemporary
climate change is different; with habitat alter-
ation and fragmentation nearly ubiquitous
across the globe, many organisms face sub-
stantial barriers to movement, hindering their
ability to track rapidly shifting climate conditions
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(84). The link between connectivity and climate
adaptation is so strong that species in the highly
fragmented terrestrial realm appear to be
tracking their climate niches substanitally
more slowly than their marine counterparts
(64). Recent work has demonstrated that the
current global protected-area network will not
provide the connectivity needed for most or-
ganisms to shift their ranges in response to
climate change (84).

Connectivity for climate adaptation requires
maintaining existing landscape connections
and, where such connections have already been
severed, focusing restoration on creating cor-
ridors for species to traverse for ongoing or
future range shifts. Connectivity in the face
of climate change also requires predicting
changes to landscape permeability to reduce
resistance to movement. In the myriad high-
ly developed areas that lack connectivity and
where near-term ecological restoration is un-
realistic, conservation translocations (85) may
effectively act to artificially increase functional
connectivity (Fig. 3).

Incorporating connectivity into spatial planning

Connectivity has been incorporated into con-
servation plans in both the terrestrial [for ex-
ample, (75)] and marine [for example, (86)]
realms, where it has improved area-based con-
servation (75). Advanced movement models can
inform spatially explicit conservation decision-
making (45, 87). Planning for multiple objec-
tives highlights the importance of not assess-
ing connectivity for its own sake but rather for
its contribution to ecological persistence; the
planning strategy is streamlined if we have the
single objective of maximizing population or
metapopulation persistence through some com-
bination of protecting areas of high integrity
and corridors (67). Related approaches include
modeling movement, gene flow, and demog-
raphy across ecological networks to predict
the population-level consequences of resto-
ration and development (70). Advanced models
can optimize multiple conservation objectives
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in the face of multiple constraints—for exam-
ple, discriminating areas that both contribute
to connectivity and have low human-wildlife
conflict (areas of congruence) from areas that
contribute to connectivity but have high human-
wildlife conflict (areas where two conservation
objectives clash) (45).

Incorporating connectivity in conservation
and restoration planning must address poten-
tial trade-offs or synergies with other connec-
tivity or ecological needs. Although planning
can be optimized for multiple types and scales
of connectivity for multiple species (88), there
have been relatively few applications of this
type of optimization. One example in Malaysia
found that protecting connectivity among
protected areas and also across elevations
(to support climate-driven range shifts) was
possible alongside protecting vertebrate, in-
vertebrate, and plant species ranges and forest
carbon (75).

Closing the science-implementation gap

Although connectivity science has clearly dem-
onstrated the importance of connectivity to
species persistence and ecological function,
scientific insights are often not incorporated
into policy or management (89). Over the past
three decades, connectivity conservation has
increasingly moved from theory into planning
(90) and land management (for example, the
2012 US Forest Service Planning Rule; NFMA;
77 FR 21162). However, although connectiv-
ity is more mainstreamed in conservation
planning, explicit connectivity plans are sel-
dom implemented (90). Perhaps most critically,
connectivity is not well integrated into the
designation of protected-area networks, as
evidenced by only ~10% of global protected
areas being structurally connected (42). As
we expand from ~15% protected area cover-
age in 2020 toward 30% by 2030 (I), incor-
poration of connectivity will be critical to
avoid extinctions in isolated parks (91, 92).
Even where plans and regulations to support
connectivity are in place, additional effort is
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Lprotect connectivity

required to prevent infrastructure develop-
ment that blocks organismal movements
(93, 94).

Opportunities for advancing connectivity
science and conservation

We present key opportunities to implement a
theory of change (Fig. 2) involving the main-
streaming of connectivity science into manage-
ment and policy for conservation, restoration,
and climate adaptation.

Generalizing connectivity

Methods for fine-scale observations of orga-
nismal movement are now contributing large
amounts of data on animal movement (12);
MoveBank (95), for example, has ~6 billion
location records for nearly 1400 taxa. Trans-
lating raw observations of movement into es-
sential biodiversity variables (96) will support
rigorous and replicable analyses of movement
and attribution of causes for change (Box 2).
We still lack large datasets on functional con-
nectivity for many areas, particularly in the
Global South (87, 97), as well as the popula-
tion and functional data to attribute move-
ment to anthropogenic predictors and link to
the consequences for persistence and the pro-
visioning of ecological functions. The ongoing
accumulation of data from new regions and
on understudied taxa will greatly enhance our
understanding of connectivity; Brennan et al.,
for example, demonstrate the utility of such
large datasets, using data from 48 mammal
species to identify connected protected areas
across the globe (98). Future work could im-
prove the resolution of such assessments and
move beyond the focus on a relatively few ver-
tebrate species.

In regions such as the tropics where track-
ing and movement data are sparse, widely
available “static” data sources such as camera
traps, acoustic monitors, or environmental
DNA could be leveraged to infer movement
and connectivity patterns. For example, big
data approaches and statistical models could
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estimate movement probabilities on the basis
of repeated detections of individuals across
space, or predict connectivity by applying move-
ment models to habitat selection maps gen-
erated from occurrence data (60, 73). Such
extrapolation can allow informed predictions
about connectivity for understudied taxa and
landscapes (60). Where such static data are
unavailable, size-dispersal allometries (99) or
movement proxies such as the hand-wing in-
dex in birds (100), combined with information
on coarse habitat preferences, can be used to
predict large-scale connectivity (67).

New models and computational capacity

Connectivity models increasingly add ecolog-
ical realism, and computational efficiencies are
improving our ability to assess functional con-
nectivity at scale (101). This has been accom-
plished through the use of high-performance
computing, software that can better accom-
modate relevant computations, iterative ap-
proaches that circumvent costly calculations,
and the partitioning of large regions through
moving window- and tiling-based approaches
(102-104). Although these approaches have
been useful, more synergistic efforts between
computer scientists, conservation biologists,
and quantitative ecologists are needed to bet-
ter scale connectivity models. Such advances
could allow conservation to move toward glo-
bal analyses for thousands of species, in which
global data on conservation status [for exam-
ple, International Union for Conservation of
Nature (IUCN) status], threats, and habitats
all combine to provide robust indicators of
connectivity for conservation at global scales.
Many organizations in the Global South do
not have easy access to sufficient computa-
tional power to allow large-scale analyses to
make robust quantitative assessments of con-
nectivity change. Modeling frameworks are
needed to account for sparse data on organis-
mal movements and the consequences of these
movements for persistence and ecological
function. Folding these processes into conser-
vation prioritization models that account for
uncertainty (105) could improve our ability
to achieve well-connected wild spaces in an
evidence-based and scientifically robust manner.

Assessing dynamic connectivity

Existing models have not adequately addressed
that connectivity changes (104); we lack an
understanding of the relationship between the
scale (spatial and temporal) and magnitude
of connectivity change brought about by hu-
mans. Movements across hours and days allow
access to critical resources, whereas dispersal
across years or generations connects populations
(34). Across tens of years, tracking connectivity
responses to climate and other environmental
changes is critical for understanding popula-
tion persistence and range shifts.
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Conservation action and policy also act at
different timescales. Mitigation of connectivity
loss driven by linear infrastructure (such as
road overpasses or underpasses) may take
months to implement, whereas ecosystem
restoration for connectivity may span decades.
Planning, too, can be for short- or long-term
interventions. It is important that our con-
servation planning and actions align on a tem-
poral scale with the appropriate timescales
relevant to the persistence of focal ecological
processes (for example, climate change miti-
gation planning must span multiple decades).

Improving links with ecosystem services and
socioecological drivers

We are improving our knowledge on what
makes species vulnerable to the loss of con-
nectivity. But we need a broader evidence base
on how management for connectivity trans-
lates to outcomes that maintain biodiversity,
species viability, and ecological functions; this
information will be critical for assessing
whether areas are well connected and the scale
of investment needed to protect that status.
For example, Tucker et al. (4) established the
overwhelming impact that the human land-use
footprint has on impeding mammal move-
ments at the scale of days to weeks; emergence
of such generalizations can lead to rules of
thumb that make conservation or restoration
policy and action more efficient and effective
(106). Last, evidence that connectivity contrib-
utes to ecosystem services in working landscapes
can guide management of better outcomes for
people and nature (26, 27).

Improved monitoring

The application of better metrics for monitor-
ing gains and losses of connectivity and their
impacts on biodiversity persistence and eco-
logical function is needed to support data-
driven assessments of connectivity change and
support the use of robust indicators that guide
conservation interventions worldwide (Box 2).
For example, the adaptation of organisms, or
lack thereof, to changing environmental con-
ditions can alter patterns of landscape con-
nectivity in the long term. Tracking these
changes requires reliable metrics tied to a
rigorous framework for the detection and at-
tribution of causes to observed changes in con-
nectivity (107).

A coordinated international effort to pro-
duce and share movement and connectivity
data would therefore benefit conservation, res-
toration, and climate adaptation worldwide.
The establishment of a Global Biodiversity
Observing System (GBiOS) (107) would encom-
pass systematic observations of organismal
movements (for example, with animal telem-
etry) and species’ occurrences, which would
contribute to global data repositories such as
Movebank (95). National monitoring of con-
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nectivity can be achieved by establishing bio-
diversity observation networks (BONs) (108)
that combine observations of movement made
remotely with those made in situi—a “MoveBON”
(109). The global implications of systematic
connectivity monitoring are profound. Unless
robust science and evidence are combined
with strategic and operational approaches to
planning and protecting connectivity, invest-
ments in climate resilience and large-scale con-
servation and restoration will not result in
anticipated biodiversity gains.

Enhanced communication

The movements of organisms often play out
over large areas with a diversity of stakeholders.
Better strategies and techniques for multi-
directional communication about the state
of connectivity and the array of options for
conservation action among scientists, policy-
makers, Indigenous peoples, landowners, and
local community members are critical (110).
Partnerships among such groups are also key
to the successful implementation of connec-
tivity plans (90). Presenting information on
connectivity in an accessible format to man-
agers and the public can improve the social
acceptability and uptake of connectivity sci-
ence (table S2).

Optimal implementation

Connectivity conservation tools include the
acquisition of habitat corridors or stepping
stones; management of field margins in agri-
cultural landscapes; and faunal bridges, tun-
nels, and ladders to mitigate the impacts of
barriers, such as roads and dams. We need a
better understanding of the relative efficacy
of these tools at enhancing connectivity in
different settings. A landscape triage approach
can be applied by using spatial and temporal
patterns of connectivity change to prioritize
restoration and conservation (111). The socio-
cultural context might determine whether land
acquisition or rezoning, government regula-
tions, community-led initiatives, economic in-
centives, other regulatory techniques, or a
combination of the above are the most effec-
tive and just means to restoring connectivity.
New tools allow scenario comparison and
prioritization mapping for terrestrial and ma-
rine connectivity. Determination of priority areas
can, for example, be supported by decision-
support software that identifies near-optimal
trade-offs among multispecies conservation
criteria and provides a ranking of all pixels in
the landscape from lowest to highest conser-
vation priority (712). Such analyses produce
maps that allow a comparison of spatial con-
servation priorities based on a range of indi-
cators and different climate scenarios (88, 113).
These tools can guide place-based action
and collaboration for connectivity conserva-
tion sought by local communities, conservation
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nongovernmental organizations, and govern-
ments (114).

Conclusion: A vision for a global effort to
unify connectivity science and practice

Accounting for both protected areas and the
movements of organisms among them is crit-
ical for large-scale conservation and for achiev-
ing global conservation targets (such as those
of GBF). We have provided an operational
definition of “well connected” and shown how
the identification of well-connected landscapes
and seascapes, along with connectivity mon-
itoring and change attribution, can support
these goals. To be most effective, standardized
monitoring frameworks must be developed
that incorporate structural and functional
connectivity as well as how these aspects of
connectivity affect species persistence and
ecological functions.

Although there are gaps in our knowledge
about connectivity, we know enough to act now.
The goal should be to advance connectivity
science while implementing connectivity con-
servation in the face of uncertainty. This re-
quires more collaboration across different
disciplines. Fostering synergies with restora-
tion ecology and spatial prioritization tools
can also ensure that we incorporate dynam-
ics into connectivity planning in terrestrial,
freshwater, and marine ecosystems. Monitor-
ing these endeavors is key to assessing the
changing status of connectivity and the success
of conservation investments. Such monitoring
requires well-defined, robust, and distinct sets
of indicators for different connectivity goals
that are applicable to different species and
social-ecological contexts.

Last, because connectivity bridges multiple
societal issues, we need to deepen our under-
standing of how it influences the achievement
of conservation and societal goals across the
spectrum of social-ecological contexts. Such
complexity means that connectivity permeates
multiple societal problems that affect many
people around the world and therefore needs
to be addressed through social as well as na-
tural sciences. For example, because human
disturbances such as agriculture and forest
use impede the movement of many organisms
(98), the areas important for connectivity will
often overlap communities of rural, Indigenous,
or marginalized peoples. Viewing connectivity
as the conceptual link between biological, eco-
nomic, and societal objectives provides a foun-
dation for a strong connectivity science that
informs conservation planning.
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