








elevational range shifts (62) and will face greater
economic constraints. In some cases, species re-
distributionwill also lead to substantial conflict—
the recent expansion of mackerel into Icelandic
waters is a case in point (Fig.
1 and table S1). The mackerel
fishery in Iceland increased
from 1700 metric tons in 2006
to 120,000metric tons in 2010,
resulting in “mackerel wars”
between Iceland and compet-
ing countries that have tradi-
tionally been allocatedmackerel
quotas (63). Likewise, with up-
slope shift of climate zones in
the Italian Alps, intensified
conflict is anticipated between
recreationandbiodiversity sec-
tors.Forexample,climate-driven
contractions in the most val-
uable habitat for high-elevation
threatened bird species and for
ski trails are predicted to in-
crease, alongwith an increase
in the degree of overlap be-
tween the bird habitat and the
areas most suitable for future
ski trail construction (64).

Climate feedbacks

Species redistributions are ex-
pected to influence climate
feedbacks via changes in al-
bedo, biologically driven se-
questration of carbon from
the atmosphere to the deep
sea (the “biological pump”),
and the release of greenhouse
gases (65). For instance, ter-
restrial plants affect albedo via
leaf area and color and regu-
late the global carbon cycle
throughCO2 atmosphere-land
exchanges. Similarly, CO2

atmosphere-ocean exchanges
are biologically modulated by
CO2-fixing photosynthetic phy-
toplankton and by the biolog-
ical pump that exports carbon
into deep ocean reservoirs (66).
The climate-driven shifts in

species distributionsmost like-
ly to affect biosphere feedbacks
involve redistribution of vege-
tation on land (Figs. 2 and 4)
andphytoplanktonintheocean.
Decreasedalbedo, arising from
the combined effect of earlier
snowmelt and increasing shrub
density at high latitudes, al-
ready contributes to increased
net radiation and atmospher-
ic heating, amplifying high-
latitude warming (67). Thus,
continued warming will de-
crease the albedo in the Arc-
tic, not only through a decline

in snow cover but also through a northward shift
of coniferous trees (Fig. 2). Pearson et al. (68)
projected that by 2050, vegetation in the Arctic
will mostly shift from tundra (dominated by

lichens and mosses with high albedo) to boreal
forest (dominated by coniferous trees with low
albedo). Additionally, the greenhouse effect may
be amplified by top-of-atmosphere radiative
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Fig. 2. Species on the move drive greening of the Arctic. Changes in species distribution can lead to climate
feedbacks, changes in ecosystem services, and impacts on human societies, with feedbacks and linkages between each
of these dimensions, illustrated here through climate-driven changes in Arctic vegetation. See Fig. 4 for a more com-
prehensive description of the direct and indirect climate feedbacks. See also (10, 68, 69, 75, 106–110).
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imbalance from enhanced evapotranspiration
associated with the greening of the Arctic (69).
At low latitudes, ongoing plant redistribution [e.
g., mangrove expansion and forest dieback (29)]
potentially amplifies climate warming through
carbon-cycle feedbacks (70). However, future
projections in the tropics are uncertain because of
a lack of close climatic analogs from which to
extrapolate (71).
Species redistribution at high latitudes also af-

fects vegetation state indirectly through pests like
defoliators andbarkbeetles that aremovingnorth-
ward and upslope in boreal forests (72) (Figs. 1, 2,
and 4). The combined effects of increasing tem-
peratures and droughts increase plant stress, thus
contributing to the severity of pest outbreaks and

tree dieback. These processes, in turn, increase
fuel loads and fire frequency (73), ultimately driv-
ing additional feedback throughmassive biomass
burning andCO2 release. Finally, increased shrub
canopy cover at high latitudesmay locally reduce
soil temperatures through a buffering effect (74),
slowing the release of CO2 from permafrost deg-
radation, thus potentially mitigating warming
(75) (Fig. 2).
Redistribution of marine phytoplankton is ex-

pected to affect the ocean’s biological and car-
bonate pumps and the production of atmospheric
aerosols. The subpolar North Atlantic, which is
already highly productive and stores ~25% of the
ocean’s anthropogenic CO2 (76), may experience
phytoplankton changes due to retreat of the

Arctic sea ice and strengthening of ocean strat-
ification. These changes are expected to lead, respec-
tively, to northwardmovement of productive areas
and suppression of the spring bloom, substantial-
ly altering CO2 exchanges between the ocean and
the atmosphere at high latitudes (77), although
the net effect is uncertain. Rising temperatures
may also lead to changes in the composition of
different plankton functional groups (78). Expected
changes in the relative dominance of diatoms and
calcareous plankton can strongly affect the biolog-
ical cycling of carbon. Such a changewas apossible
contributor to CO2 differences between Pleisto-
cene glacial and interglacial periods (79). Similar-
ly, shifts from diatom- to flagellate-dominated
systems in temperate latitudes and increased
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Fig. 3. Mosquito species on the move as vectors of disease. Climate change has facilitated an increase in the distribution of disease vectors, with
considerable human cost and associated governance challenges. The bars in the human well-being graphs represent the minimum and maximum ranges;
the boxes depict the 25th, 50th, and 75th percentiles of the distribution; and the circles represent outliers. See also (60, 111–117).
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microbial remineralization, both associated with
warming, are expected to reduce the efficiency of
the biological pump and therefore affect atmo-
spheric CO2 (80).
Temperature-related changes in phytoplank-

ton distributions will also affect production of
dimethyl sulfide (DMS), which contributes sulfur
particles to the atmosphere and seeds cloud for-
mation (81). These particles are expected to de-
crease surface temperature, but theymay also act
as a greenhouse gas, so the net effect on climate
warming is not yet clear. There is no simple re-
lationship between DMS production and phyto-
plankton biomass, chlorophyll concentration, or
primary production, which suggests a complex
regulation of DMS production by the whole ma-
rine planktonic ecosystem and the physical envi-
ronment controlling it. Hence, current climate
models cannot give an estimate of the strength
or even the direction of the phytoplankton-DMS-
climate feedback.
Climate-influenced links between terrestrial

and marine regions may also lead to species re-
distribution and climate feedbacks. For example,
episodic land-atmosphere-oceandepositionof iron
(e.g., pulses of Sahara dust) produces phytoplank-
ton blooms (82) and enhances carbon export via
the biological pump. Changes to the phytoplankton-
drivendrawdownof atmosphericCO2may therefore
arise through changes in the spatial distribution of
irondeposition,whichmaybeaffectedby changes in
drought conditions, agricultural practices, and large-
scale atmospheric circulation (83). These complex
processes—not only driven by climate-induced spe-
cies redistribution but also affecting the climate
system itself—need to be incorporated into cli-
mate models to improve future projections (65).

Governance challenges

The impacts of the global redistribution of species
on humanwelfare and ecosystem services require
new governancemechanisms for biodiversity con-
servation andmanagement. A dynamic and multi-
level legal andpolicy approach is needed to address
the effects of species range limits moving across
local, national, and international jurisdictional
boundaries. The development of international
guidance where laws do not yet exist will need to
account for different legal regimes, resources, and
national capacities.
Shifts in speciesdistributionswill require changes

in the objectives of conservation law, which have
traditionally emphasized in situ conservation and
retentionofhistorical conditions.Objectives should
acknowledge that species will move beyond their
traditional ranges, that novel ecosystems will in-
evitably be created and that historic ecosystems
may disappear, as a consequence of such move-
ments (84). The experience of transjurisdictional
managed relocations (conservation introductions
outside of historical ranges) may inform the de-
velopment of risk assessment processes thatmust
navigate the complex ethical challenges arising
from novel interactions (85) and risks of collater-
al damage (86).Moreover, communication among
relevant agencies throughout the new and former
ranges of shifting species is essential to avoid in-

vesting in protecting species in locations where
they are no longer viable and yet failing to man-
age them appropriately in their new ranges.
Legal instruments are typically slow to change

and often privilege the protection of property and
development rights. Although this inertia pro-
vides certainty and stability, it underscores the
need for flexible approaches that can respond
quickly to novel threats arising fromspeciesmove-
ment or to capitalize on new opportunities. For
example, the Landscape Resilience Program of
Australia’s Queensland government identified
priority locations for new protected areas that
wouldmaximize available habitat for range-shifting
species (87). Some jurisdictionswithwell-developed
land use and development processes have moved
toward adaptive development approvals, and
Australia’s fisheries management regime uses de-
cision rules that automatically trigger new ar-
rangements when predetermined environmental
conditions are reached (88). Mechanisms of this
sort could be used more widely to implement
adaptive management for broader conservation
purposes, such asmanagement plans with preset
increases in protective strategies that are trig-
gered, or the automatic expansion of protection
for habitat outside protected areas when certain
climatic indicators are observed.
The changing distribution of species within

countries, between countries, and between na-
tional borders and the global commons will re-
quire increased cooperationandgovernance across

multiple scales among new stakeholders. The
European Union’s Habitats Directive [European
Commission (EC), 1992] and Birds Directive (EC,
1979) are early examples of a cooperative ap-
proach to identifying and protecting networks of
habitat across national borders. Initiatives such
as the Transfrontier Conservation Areas in South-
ern Africa (Southern African Development Com-
munity Protocol, 1999) also provide useful insights
to guide future multiscale and cross-border initia-
tives. Some challenges may also be addressed
by increased use of dynamic management tech-
niques. Several countries are already implementing
dynamic oceanmanagement practices for bycatch
protection (89), though equivalent applications in
a terrestrial context are more limited. Collabora-
tive initiatives with indigenous communities may
also offer new opportunities for conservation of
range-shifting species. Indigenous communities
can provide traditional ecological knowledge that
complements remote sensing and field data and
provides historical context (56), and new manage-
ment arrangements may incentivize conservation
activities.

Earth systems and
sustainable development

Human survival, for urban and rural commun-
ities, depends on other life on Earth. The biologi-
cal components of natural systems are “on the
move,” changing local abundances and geograph-
ical distributions of species. At the same time, the
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Fig. 4. Climate feedbacks and processes driven by the redistribution of plant species at high
latitudes. Climate affects vegetation at high latitudes directly through climatic processes but also
indirectly through pests like defoliators and bark beetles that are moving northward and upslope in
boreal forests. Some processes increase warming (red arrows), whereas others may serve to
decrease warming (blue arrows). Increasing shrub canopy cover in the Arctic at high latitudes may
reduce soil temperatures locally through a buffering effect, potentially slowing down CO2 carbon
release due to permafrost degradation, thus acting to slow climate warming. However, greening of
the Arctic also decreases albedo, which accelerates warming.
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ability of people and communities to track these
pervasive species redistributions and adapt to them
is increasingly constrained by geopolitical boun-
daries, institutional rigidities, and inertias at all
temporal and spatial scales.
In the coming century, all people and societies

will face diverse challenges associated with de-
velopment and sustainability,many ofwhichwill
be exacerbated by the redistribution of species
on the planet (Figs. 2 and 3). The impacts of
species redistribution will intersect with at least
11 of the United Nations’ Sustainable Develop-
ment Goals (SDGs) (table S2) and will be partic-
ularly prominent for several of these SDGs.
SDG2 (Zero Hunger) requires feeding more

than 9 billion people by 2050 (90). However, the
ability to deliver food through agriculture will be
altered via the direct effects of climate change, as
the distributions and abundances of pollinators
change and as plant pathogens and pests be-
come more prevalent or emerge in new places as
a result of global warming (91, 92). SDG3 (Good
Health and Well-Being) is made more challeng-
ing by tropical illnesses spreading to new areas
(58) and changes in food security and the distri-
bution of economicwealth on local, regional, and
global scales. Moreover, humanwell-being is also
related to many other facets of society and cul-
ture, including attachment to place (56, 93) and
the living environment found around us. The
mental health of indigenous and rural commu-
nities, in particular, may be affected as species
redistribution alters the capacity for traditional
practices, subsistence, or local industries. The
success of SDG13 (Climate Action) will depend on
accounting for the direct and indirect influences
of shifting organisms and associated feedbacks
on our biosphere, yet these processes and feed-
backs are rarely accounted for in projections of
future climate. Sustainablemanagement and the
conservation of SDGs 14 and 15 (Life Below Wa-
ter and Life on Land) are unlikely to be effective
unless climate-driven alterations in species ranges
and their profound ecosystem consequences are
taken into consideration.

Managing for movement

Under extensive reshuffling of the world’s biota,
how should conservation goals and strategies for
policy and implementation be developed tomax-
imize long-term resilience of biodiversity and
human systems? How should natural resource
management across diverse, multiuse, multiscale
land and seascapes be integrated to maximize re-
silience of both human andnatural systems?How
should specific threats and stressors (including
their interactions) be managed while minimiz-
ing impacts on valued ecosystem assets? For the
scientific community to help develop mitigation
and adaptation strategies in the face of wide-
spread change in species distribution and ecosys-
tem functioning, a better understanding of the
mechanisms underlying such changes is needed.
Scientists also need access to real-time data streams,
aswell as to integrate this information into decision-
support frameworks. Moreover, scientists and
their institutions need to rapidly communicate

advances and outcomes to the broader public and
to policy-makers. However, the natural world re-
sponds in dynamic and unpredictable ways, and
the phenomenon of species redistribution is not,
nor will it ever be, fully understood or completely
predictable. This uncertainty necessitates flexible
and dynamic governance so adaptation to chang-
ing conditions can be rapid, maximizing oppor-
tunities and minimizing negative consequences.

Underlying biological processes

Because knowledge of the biological and ecolog-
ical processes underlying resilience of organisms
to predicted average and extreme environmental
conditions is limited, the traits on which natural
and anthropogenic selection will act are uncer-
tain. For example, specific physiological mecha-
nisms have been hypothesized to underlie the
thermal ranges of ectothermic organisms (94), yet
a lack of universality in the proposedmechanisms
highlights a need for novel, multidisciplinary in-
vestigations (95). Large-scale, multigenerational
experimental research programs are required to
provide a robust understanding of the adaptive re-
sponses of organisms to environmental change
and to determine the heritability of key traits,
as recently has been achieved for sea turtles
(96). Modeling approaches, lab and field-based
experimentalmanipulations, and field-basedmon-
itoring programs need to be combinedwithmore
effective policy communication to understand and
implement responses to species redistributions.

Monitoring programs

To best adjust to species redistributions, gaps in
understanding need to be acknowledged and
filled through hypothesis testing. Our under-
standing is weakest in poorly surveyed regions
such as the tropics and Antarctica (8). As range
shifts continue to unfold, there will be oppor-
tunities to refine our understanding of the pro-
cess, but taking advantage of these opportunities
requires access to consistent, high-quality, near-
real-time data on a series of environmental and
biological parameters (97).
The current absence of a global, comprehen-

sive, coordinated biodiversity monitoring system
is a major obstacle to our understanding of cli-
mate change implications for natural systems.
Thus far, extensive global cooperation and prog-
ress have been achieved in terms of coordinating
the collection and distribution of physical and
chemical environmental monitoring data. For ex-
ample, the Global Climate Observing System fa-
cilitated international agreement and a global
commitment toward consistent monitoring of cli-
mate variables, ultimately supporting the develop-
ment of spatiotemporally-explicit anduncertainty-
explicit predictions about changes in our climate
(98). Ongoing efforts through the Group on Earth
Observation Biodiversity Observation Network
and the IntergovernmentalOceanographicCommi-
ssionGlobal OceanObserving Systemare beginn-
ing to implement the use of Essential Biodiversity
Variables (41) and ecosystemEssential Ocean Var-
iables (99), respectively, but the process is slow
and underresourced. A global, robust biodiversity

monitoring system that successfully integrates field
and remote-sensing data could substantially
improve our ability to manage the changes to
come while potentially driving faster mitigation
measures (100).

Incorporating species on the move into
integrated assessment models

Knowledge of underlying biological processes
and access to real-time data are necessary but not
sufficient for informed responses. Improved ca-
pacity to model linkages and feedbacks between
species range shifts and ecosystem functioning,
food security, human health, and the climate is
required. Modeling is essential to reliably project
the potential impacts of alternative scenarios and
policy options on human well-being, as the basis
for evidence-based policy and decision support
(101). One avenue forward is to incorporate spe-
cies redistribution and its associated effects into
integrated assessmentmodels (IAMs) (102), which
are used widely within the climate science com-
munity and are now being rapidly mobilized and
extended to address synergies and trade-offs be-
tween multiple SDGs (103). IAMs offer a promis-
ing approach for connecting processes, existing
data, and scenarios of demographic, social, and
economic change and governance. Although spe-
cies distribution models are commonplace, ad-
vances are needed to connect species redistribution
with ecosystem integrity (104) and feedbacks be-
tween humans and the biosphere.

Communication for public and policy

How does the scientific community engage ef-
fectively with the public on the issue of species
redistribution and its far-reaching impacts? Part
of the answer could be citizen science and par-
ticipatory observing approaches, in which com-
munity members are directly involved in data
collection and interpretation (105). These tools
can help to address gaps in both data and com-
munication (100). When properly designed and
carefully tailored to local issues, such approaches
can provide quality data, cost-effectively and sus-
tainably, while simultaneously building capacity
among local constituents and prompting practi-
cal and effective management interventions (106).

Conclusions

The breadth and complexity of the issues asso-
ciated with the global redistribution of species
driven by changing climate are creating profound
challenges, with species movements already affect-
ing societies and regional economies from the
tropics to polar regions. Despite mounting evi-
dence for these impacts, current global goals,
policies, and international agreements do not
sufficiently consider species range shifts in their
formulation or targets. Enhanced awareness, sup-
ported by appropriate governance, will provide
the best chance of minimizing negative conse-
quences while maximizing opportunities arising
from species movements—movements that, with or
without effective emission reduction, will continue
for the foreseeable future, owing to the inertia
in the climate system.
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review these current and future impacts and assess their implications for sustainable development goals.

et al.shifts are leading to new ecosystems and ecological communities, changes that will affect human society. Pecl 
Climate change is causing geographical redistribution of plant and animal species globally. These distributional

Consequences of shifting species distributions
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