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ABSTRACT: Long-distance migrations are among the wonders of the natural world, but this multi-
taxon review shows that the characteristics of species that undertake such movements appear to
make them particularly vulnerable to detrimental impacts of climate change. Migrants are key com-
ponents of biological systems in high latitude regions, where the speed and magnitude of climate
change impacts are greatest. They also rely on highly productive seasonal habitats, including wet-
lands and ocean upwellings that, with climate change, may become less food-rich and predictable in
space and time. While migrants are adapted to adjust their behaviour with annual changes in the
weather, the decoupling of climatic variables between geographically separate breeding and non-
breeding grounds is beginning to result in mistimed migration. Furthermore, human land-use and
activity patterns will constrain the ability of many species to modify their migratory routes and may
increase the stress induced by climate change. Adapting conservation strategies for migrants in the
light of climate change will require substantial shifts in site designation policies, flexibility of
management strategies and the integration of forward planning for both people and wildlife. While
adaptation to changes may be feasible for some terrestrial systems, wildlife in the marine ecosystem
may be more dependent on the degree of climate change mitigation that is achievable.
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INTRODUCTION

Climate change is one of the most significant threats
to global ecosystems and biodiversity (King 2004,
Thomas et al. 2004, MEA 2005). The increase in global
temperature between 1900 and 2000 was the largest
for any century during the past 1000 years (Huntley et
al. 2006, Osborn & Briffa 2006, IPCC 2007); even if
greenhouse and other gaseous emissions do not in-
crease further, this warming is expected to continue
(Meehl et al. 2005). There is compelling evidence that
animals and plants have been affected by recent
global changes in temperature (Walther et al. 2002,
Parmesan & Yohe 2003, Root et al. 2003), potentially
leading to extinction of species in a wide range of taxa
(Thomas et al. 2004), although this has so far only been
documented amongst amphibians (Pounds et al. 2006).
Much research has focussed on the impacts of in-
creased temperatures (and the consequences thereof,
such as reduced snow/ice extent and increases in sea-
level); however, other climate variables, such as pre-
cipitation and the frequency of extreme events are also
changing, though the magnitude of these changes dif-
fers markedly between regions (IPCC 2007), so im-
pacts are harder to predict.

Migratory species represent something of a paradox
in the assessment of risk posed by climate change to
biodiversity. Because they are mobile, and populations
frequently exhibit multiple migratory strategies, they

might be expected to track changes in the locations of
suitable environments across the globe. On the other
hand, they are dependent upon the availability of suit-
able habitat in multiple locations (in breeding, migra-
tion, and non-breeding areas), all of which may be
affected by climate change in different ways, greatly
increasing the potential for deleterious impacts at
some point in the annual cycle. Typically, movements
are between breeding areas (where resources are
plentiful and where most reproduction occurs) and
non-breeding areas, to which individuals move when
conditions on the breeding grounds become in-
clement, or resource availability is reduced. Because
they move between widely dispersed areas, migration
can occupy a major part of the life cycle, and account
for significant mortality (Sillett & Holmes 2002, New-
ton 2007).

This review stems from information prepared for the
Convention on the Conservation of Migratory Species
of Wild Animals (CMS; Anonymous 2003) prior to it
adopting a Resolution recognising the importance of
climate change, and calling on signatory parties to
implement adaptation measures in the conservation of
relevant species (UNEP/CMS/CoP/Res8.13). In addi-
tion to carrying out a review of the literature, a group
of experts was assembled to identify the major risks
from climate change for each major taxonomic group
(Table 1). We concentrate largely on migratory verte-
brates as these are the focus of the CMS, and they are
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Birds Bats Terrestrial Marine Sea Fish Insects
mammals mammals turtles

Number of 1530 (16%) 113 (10%) 30 (ca. 1%) 43 (36%) 7 (100%) 874 (3%) ?
migratory species

Knowledge *** ** ** ** ** * *
Increased temperatures Yes Yes No? Yes Yes Important Yes
Changed precipitation Yes ? Yes No Yes No ?
Loss of breeding Yes Yes Yes Important Important Yes? Yes
habitat

Loss of non-breeding Yes (important Yes (important Yes Yes No? – Yes
habitat for some) for some)

Loss of migration Yes (important Yes Yes No? No? Yes? Yes?
for some)

Loss of stopover sites Important for ? – – – – –
some species

Longer migratory pathways Yes ? Yes? Yes No? ? ?
Changes in food availability Yes Yes Mostly no Important ? Yes Mostly no
Mismatch in timing Important? ? ? ? – Yes Sometimes
Inter-species competition ? ? Yes No? No No? No?

Table 1. Summary of likely climate change impacts on population dynamics of migratory species. Approximate number of migra-
tory species in each group (as a percentage of all species) is listed. Knowledge of each group is ranked: *** good for at least some
species, ** moderate for at least some species, or * little or no knowledge. For each climate change we indicate qualitatively
whether species in the group are likely to be significantly affected; particularly important effects that are (relatively) well docu-
mented are noted; ?: areas of particular uncertainty. –: factors not generally relevant for a group. These rankings were arrived at
following a 2 d discussion workshop (held in Cambridge, March 2005) involving the authors and a number of other experts

(listed in the ‘Acknowledgements’) and represents the consensus of those discussions
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the species that primarily undertake long-distance
migratory journeys (Box 1) and for which most
research exists; we do, however, consider some inver-
tebrate groups, such as butterflies (Insecta: Lepi-
doptera) and squid (Cephalopoda: Teuthida), where
information is available. First, we assess the risks and
opportunities from climate change faced by migrant
species because they (1) occur in specific types of
habitat, (2) undertake often hazardous migrations, and
(3) must time their arrival at breeding and non-breed-
ing grounds in relation to resource availability there.
We then go on to address the key knowledge gaps and
the types of measures required for conserving migra-
tory species, which include some of the most iconic
species of the earth’s fauna (e.g. Fig. 1).

IMPACTS OF CLIMATE CHANGE

Habitat associations

Migration is a strategy to exploit seasonal environ-
ments, so migratory species occur disproportionately at
higher latitudes and in habitats that exhibit marked

seasonality in resource availability, such as many wet-
land areas. In the short term, increasing temperatures
are likely to lead to increased resource availability in
northern polar regions and hence increased popula-
tions (Jensen et al. 2008), but, in the longer term, it is
thought likely that many species will experience sig-
nificant resource or habitat loss (Zöckler & Lysenko
2000, Meltofte et al. 2007).

The effects of global warming are expected to be
especially severe in wetlands because increased water
demands for domestic, industrial and agricultural use
with rising temperatures and human populations will
all lower water tables (Sala et al. 2000, MEA 2005).
Coastal habitats have long suffered from human use
(Lotze et al. 2006), and existing habitat will be further
threatened as it is increasingly squeezed between ris-
ing waters and the land, especially where it is pro-
tected by ‘hard’ man-made defences (Atkinson et al.
2004). Replacement habitat is unlikely to be extensive
(and may take many years to develop), as low-lying
areas often provide the most fertile agricultural land
and are home to millions of people. This will mean, for
example, a loss of egg-laying beaches for sea turtles
(Fish et al. 2005), loss of feeding habitat for coastal
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Migration is a behavioural adaptation to seasonal en-
vironments; individuals can successfully exploit temporar-
ily abundant resources, but can escape harsh physical
conditions prevalent at other times. In contrast, sedentary
species tend to inhabit regions of more continuous
resource availability where the physical conditions are
more benign, or hibernate to escape periods of resource
scarcity.

Migration has evolved many times, and consequently
there are many definitions of precisely what constitutes a
migratory taxon (Dingle 1996). For most vertebrates, the
focus is on predictable return journeys of individuals. This is
less appropriate when considering invertebrate (particu-
larly insect) taxa, in which the migratory cycle may be com-
pleted over a number of generations. The Convention on the
Conservation of Migratory Species of Wild Animals (CMS,
Anonymous 2003), the primary international legal instru-
ment for conserving migratory species (at least outside the
New World), defines them as ‘those in which a significant
proportion of whose members cyclically and predictably
cross one or more national jurisdictional boundaries’. This is
a political, rather than biological definition, and again
favours vertebrates; only one invertebrate, the monarch
butterfly, is listed. Migratory journeys may involve individ-
uals (1) moving in relatively small stages, exploiting habitat
more or less continuously during the journey, e.g. many bats
or marine mammals, or (2) travelling directly between a rel-
atively small number of widely separated, more or less dis-
crete, sites, e.g. wader (Charadrii) species.

Swimming and, especially, flying vertebrates have the
capacity for long-distance migration, but for others the cost
of locomotion is generally too great. This results in a
very uneven taxonomic distribution of migratory species

(Table 1). Migratory birds can nest in the high Arctic (or
Antarctic) and winter at much lower latitudes; some fish
migrate from tropical seas to temperate zone rivers, and
some marine mammals migrate from the equator to the
polar oceans, whereas terrestrial mammals, for example,
tend to migrate limited distances along elevation or mois-
ture gradients.

Knowledge of migratory movements, and hence of the
potential impacts of climate change, varies markedly
between taxa. Although 113 bat species are thought to be
migratory, there is sufficient information to determine
threats in only 25 (22%); similarly there is little, or no, infor-
mation on the migratory status of about a third of small
cetaceans (Riede 2001). Relatively few terrestrial mammals
are migratory; most are large herbivores that follow sea-
sonal vegetation growth (Berger 2004). The number of bird
species that migrate varies with latitude; most species at
higher latitudes are either migratory or undertake long-
range seasonal movements (Berthold 2001). Baleen whales
undertake long, seasonal migrations between tropical calv-
ing grounds in winter and high latitude feeding grounds in
summer, while movements of odontocetes are more vari-
able, with both north–south and inshore-offshore seasonal
movements observed. All marine turtles undertake long-
range movements (Hays 2008), as do many species of
marine fish; however, the nature of migratory journeys in
marine taxa is generally poorly understood (Learmonth et
al. 2006). Very little is known about the migratory behaviour
of invertebrates; most attention has focussed on pest spe-
cies, or the charismatic Lepidoptera, although most groups,
particularly larger insects, cephalopod molluscs and marine
crustacea, have representatives that can be considered
migratory.

Box 1. Migration
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waterbirds (Rehfisch et al. 2004) and of, already scarce,
haul-out sites that seals use for breeding, nurseries and
resting (Baker et al. 2006). In the Arctic and Antarctic,
the predicted substantial contraction in sea-ice cover
will reduce the breeding and feeding habitat of species
such as seals and polar bears Ursus arctos in the Arctic
(Barber & Iacozza 2004) and seabirds in the Antarctic
(Croxall et al. 2002).

Unlike vertebrates, which have the capacity to cross
hundreds or thousands of kilometres, yet still home in
on specific breeding, stop-over or non-breeding sites,
most insect species have much more diffuse migratory
patterns, and are heavily dependent on appropriate
weather conditions. In addition, return migrants are
normally not the same individuals (or even of the same
generation) that migrated originally and, with the
notable exception of winter roost sites of the monarch
butterfly Danaus plexippus, they do not seek specific
sites. Consequently, migration is only likely to be a
successful strategy for insects that are associated with
widespread, albeit still seasonal, habitats, and such
species are doing well (Warren et al. 2001), as migra-
tory journeys may be becoming easier.

In marine ecosystems, phytoplankton abundance is
strongly related to temperature, and large-scale shifts
in distribution in response to temperature changes
have been observed (Hays et al. 2005). Being at the

base of many marine food webs, changes in phyto-
plankton biomass have affected zooplankton abun-
dance and, consequently, the demography of migra-
tory fish (Perry et al. 2005), squid (Waluda et al. 2001),
and other predators further up the food chain, such as
pinnipeds (Forcada et al. 2005) and cetaceans (Keiper
et al. 2005). Many marine species forage in areas of
nutrient-rich oceanic upwelling, which may change in
strength, shift location or become less predictable
(Harwood 2001). Of growing concern is an increase in
the dissolved CO2 content in oceanic waters, and the
resulting decrease in pH, which will have profound
effects on metabolic processes (Pörtner et al. 2004).
The long-term consequences of this for the capacity of
individuals to migrate, and for the abundance of key
prey species, are unknown, but such profound
changes are unlikely to be easily reversible.

Migratory species can be common, or even domi-
nant, members of biological assemblages, so changes
in their numbers, routes or timing of migration may
have wide-ranging environmental, economic or social
consequences. For example, African grasslands are
sensitive to seasonal variation in grazing pressure.
Alterations in the migratory routes of large mammalian
herbivores in response to changed rainfall patterns
affect productivity and vegetation succession in the
ecosystem, with potential consequences for other graz-
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Fig. 1. Impacts of climate change on migratory animals; examples indicate the geographical and taxonomic range of animals
affected and some of the key impacts. Albatrosses Diomedea spp., Weimerskirch et al. (2003); gray whale Eschrichtius robustus,
Moore et al. (2003); green turtle Chelonia mydas, Godley et al. (2002); leatherback turtle Dermochelys coriacea, Fish et al. (2005);
pied flycatcher Ficedula hypoleuca, Both et al. (2006); polar bear Ursus maritimus, Derocher et al. (2004); red knot Calidris
canutus, Piersma & Lindström (2004); whitethroat Sylvia communis, Winstanley et al. (1974); wildebeest Connochaetes taurinus,

Fryxell & Sinclair (1988); background image ©NASA (visibleearth.nasa.gov)
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ers and predators (Fryxell & Sinclair 1988), and may
result in increased conflicts with humans (Thirgood et
al. 2004). Migratory species can also be important in
aiding the dispersal of (alien) plants and invertebrates
(Green & Figuerola 2005), or in spreading zoonotic
diseases, such as chytridiomycosis (Pounds et al. 2006),
or avian influenza (Olsen et al. 2006; though not,
apparently, the recently evolved H5N1 strain, Gau-
thier-Clerc et al. 2007).

Hazardous journeys

Moving long distances exposes migrants to additional
risks from climate change, but their ability to move long
distances also provides potential for their salvation. For
example, breeding dispersal (movement of adults
between breeding sites each year) is on average
greater for migrant than resident birds and, among mi-
grant species, those with greater dispersal displayed
more positive recent population trends during 1969–
1994 (Paradis et al. 1998). Similarly, amongst insects
(Warren et al. 2001) and seabirds (Oedekoven et al.
2001), those species with greater dispersal are better
able to respond adaptively to warming temperatures.

Although genetic or cultural constraints can limit the
ability of a species to alter migratory journeys (Suther-
land 1998), modifications as a result of climate change
have been well documented among birds (Fiedler
2003). For example, as a response to warmer tempera-
tures, some European shorebirds are wintering further
north and east than traditionally, closer to their breed-
ing grounds (Austin & Rehfisch 2005). Baleen whales,
on the other hand, which migrate between tropical and
polar waters, are facing longer journeys and reduced
feeding opportunities as suitable bioclimatic zones
creep poleward (Learmonth et al. 2006). Longer
journeys are also predicted for at least some trans-
equatorial migrant birds between Africa and Europe
(Huntley et al. 2006).

Birds, insects and many marine species ride winds or
currents to aid their migratory journeys, making some
of the longest distance migrations possible (Wirth &
Bernatchez 2003, Deveson et al. 2005). Alteration of
these currents or winds might make journeys easier,
but is more likely to increase energy demands and/or
deliver individuals to the wrong locations or at the
wrong time (Liechti 2006). In marine ecosystems, the
presence of thermal front boundaries and stratified wa-
ter constrains migratory routes; increasing sea temper-
atures will alter the location, strength and persistence
of these fronts, potentially changing migratory routes
and timings and hence population structure (Hunter et
al. 2004, Sims et al. 2006). Furthermore, shifts in human
fishing activity as a result of climate fluctuation effects

on the location of non-migratory resources may result
in spatially constrained fisheries, where higher capture
rates of migratory animals, such as fish, are more likely
(Southall et al. 2006). Similarly, in non-marine systems
changes in migratory routes may be constrained by un-
suitable habitat or man-made barriers, such as fences,
which may impede herbivore migrations (Boone &
Hobbs 2004), or dams, which limit seasonal movements
of river dolphins (Harwood 2001) and may constrain the
ability of fish migrating up warmer rivers to find suit-
able, cool, headwaters. Of course, the frequency of
dams (to store increasingly scarce water resources or to
generate hydropower) and fences (to protect profitable
agricultural areas) may also increase in response to cli-
mate changes. A major effect of climate change will be
increased drying at mid to low latitudes adjacent to ex-
isting deserts (IPCC 2007). These areas already pose
significant barriers to land migrants and increases in
their extent can only make migratory journeys more
hazardous.

In addition to suitable habitat at either end of their
journey, many migratory species require an ecologi-
cally coherent habitat network that they can use en
route. The degree of connectivity between areas will
vary between species and will have important implica-
tions for the potential of populations to adapt to chang-
ing conditions (Webster et al. 2002). Changes in any
area used by a migratory species are likely to affect all
populations of a species, even those that do not use
them directly, because of density-dependent habitat
selection and mortality (Sutherland 1996, Newton
2006). The quality of these habitats is particularly
important for migrants that use a limited number of
widely separated, and often highly productive, stop-
over sites. Species that need to cross an ecological
barrier, such as desert, mountains or ocean, require a
large amount of high quality food in a short period of
time to ensure they are able to cross the barrier and
arrive in good physical condition (Berthold 2001, Bair-
lein & Hüppop 2004). Failure to arrive in good condi-
tion may result in reduced survival or fecundity at later
stages in the life-cycle (e.g. Gill et al. 2001, Baker et
al. 2004, Norris et al. 2004), which may be exacerbated
by positive feedback mechanisms, with individuals
using the best non-breeding areas able to return to the
best breeding sites, because they migrate earlier or
faster (Gunnarsson et al. 2005). Climatic impacts on
migration are likely to be most important for the pre-
breeding migration because timing of arrival in the
breeding areas is critical (Kokko 1999). Moreover, any
additional mortality, or loss of condition, will have a
direct effect on breeding population size, unlike
mortality on post-breeding migration, which may be
compensated for by density-dependent mortality dur-
ing the non-breeding period.
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Timing of arrival

It is well established that the timing of (northern
spring) events is becoming earlier in response to
warming temperatures (e.g. Parmesan 2007), though
changes in the timing of autumn events, such as bird
migration, seem to be more variable (e.g. Jenni & Kéry
2003, Sparks et al. 2007), and how far species can con-
tinue to advance their timing is a key issue. Migrants in
a broad range of taxonomic groups, including birds
(e.g. Hüppop & Hüppop 2003, Beaumont et al. 2006,
Gordo 2007), cephalopods (Sims et al. 2001), fish (Sims
et al. 2004), and mammals (Fryxell & Sinclair 1988),
exhibit changing migration phenology in response to
both local and regional climate changes. Migration
occurs in the context of other life-history activities also
affected by climate change, such as breeding (Crick &
Sparks 1999, Dunn 2004, Pike et al. 2006) or hiberna-
tion (Humphries et al. 2002), changes in the timing of
which will, in turn, also alter migratory schedules
(Jenni & Kéry 2003, Hedenström et al. 2007).

The impact of changing weather phenology can be
difficult to predict when different climate components
are changing at different rates; for example, white
storks Ciconia ciconia may arrive and breed earlier (as
a result of warmer temperatures), but this exposes
young chicks (which have low thermoregulatory abil-
ity) to higher rainfall. Although overall rainfall is pre-
dicted to decrease, it is also predicted to be increas-
ingly concentrated, increasing the impact in some
years, but decreasing it in others (Jovani & Tella 2004).
The population consequences of such complex inter-
actions between components of the climate system are
hard to predict.

In general, reproduction and growth in animals and
plants are timed with respect to peak resource avail-
ability, so that critical life stages (usually the juveniles)
experience optimum conditions. However, the temper-
ature and photoperiod cues used by an organism may
not be identical to those used by its food resources, and
rates of development may differ, creating the potential
for mismatches if changes in cues or responses are
either too slow or too fast (Visser & Both 2005). For
example, the response of insect phenology to tempera-
ture change (ca. 6 d/°C) is greater than that of birds
(ca. 2 d/°C) (Sparks & Menzel 2002, Root et al. 2003),
creating a mismatch between date of egg-laying and
peak food abundance (Both et al. 2004). This has
resulted in declines amongst populations of pied fly-
catcher Ficedula hypoleuca due to low food availability
when the chicks hatch (Both et al. 2006). For marine
species, annual fluctuations in sea temperatures have
been shown to shift the phenology of phyto- and zoo-
plankton blooms by as much as 2 mo between years,
resulting in a mismatch between trophic levels

(Edwards & Richardson 2004). For Atlantic cod Gadus
morhua, which in the southern North Sea migrate to
specific spawning sites, this has contributed to poorer
recruitment since less zooplankton prey is available at
the appropriate time for first-feeding cod larvae (Beau-
grand et al. 2003), which may also have driven appar-
ent northward distribution shifts in cod and other spe-
cies (Perry et al. 2005). For other species, however,
such as salmon Salmo salar and brown trout S. trutta,
changes in the timing of migration seem to have had
little effect on the breeding schedule (Dahl et al. 2004).

Although the onset of migratory behaviour in birds is
determined endogenously (Berthold 2001, Marra et al.
2005), the precise timing of the journey appears flexi-
ble and may be modified by conditions en route (Ahola
et al. 2004, Schekkerman et al. 2004, Hüppop & Winkel
2006). Whereas sedentary birds appear to use local
weather cues to determine timing of breeding, more
dispersive species appear to respond to more extensive
climate patterns (Forchhammer et al. 2002, Frederik-
sen et al. 2004). The effects of climate change will not
be uniform across regions, so for long-distance mi-
grants, in particular, the use of local climatic cues that
historically have been used to identify the best time to
migrate from the non-breeding areas may mean popu-
lations no longer arrive at breeding sites at the appro-
priate time (Visser et al. 2004). This may partly explain
why population declines in a wide range of temperate
migrant birds are most pronounced for those that mi-
grate the greatest distances (Sanderson et al. 2006).

KNOWLEDGE GAPS

The numerous threats facing migratory species from
climate change highlight the need to consider climate
change in developing species conservation pro-
grammes (Box 2), but also indicate substantial knowl-
edge gaps. Most of our knowledge about migration
patterns and responses relates to birds; we are much
more ignorant about impacts in other groups (Table 1).
As with any environmental change, inevitably there
will be winners and losers. The winners are likely to be
those species with greater phenotypic flexibility that
use widespread habitats and perhaps display weaker
migratory connectivity (individuals from one breeding
population may migrate to one of many non-breeding
areas and vice versa). Thus, common species are likely
to become commoner, and scarce species scarcer,
resulting in a general decline in biodiversity (Warren
et al. 2001, Julliard et al. 2004).

Loss and deterioration of habitat seem to be the most
likely impacts of climate change on vertebrates
(Table 1). Migrants may be affected disproportionately
because of their reliance on high latitude, high altitude
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and wetland habitats as well as on particular stopover
sites, which are vulnerable not only to habitat loss
(Hassol 2004, MEA 2005), but also to a reduction in
seasonality (especially at high latitudes/altitudes) as
winter temperatures are increasing faster than sum-
mer ones (IPCC 2007). Consequently, we may see
either a reduction in migratory tendency — already
apparent at mid-latitudes (Fiedler 2003) — or an
expansion in the range of resident species. Changes in
the timing of migration could also have profound
impacts, particularly with regard to mismatch between

trophic levels. The impacts of such mismatches at a
population level are just beginning to be documented
(Beaugrand et al. 2003, Both et al. 2006). If they are, or
become, widespread they would represent a major
threat, particularly to longer distance migrants.

The ‘migratory syndrome’ represents a complex
array of traits to exploit seasonal environments (Dingle
1996, Piersma et al. 2005, van Noordwijk et al. 2006).
The ability of organisms to keep pace with rapid cli-
mate change will depend on whether they respond
through behavioural plasticity — in which case, the

7

Our ability to quantify how and where climate change will
affect migratory species depends upon the availability of
information from well-designed monitoring programmes
and an appropriate statistical framework for modelling
these effects. In many cases, monitoring is restricted to a few
annual observations in either non-breeding or breeding
areas. However, even these programmes can provide infor-
mation on the effects of climate on migratory species, pro-
vided that they are analysed in a way that takes account of
all major sources of uncertainty: process variation, observa-
tion error, parameter uncertainty and model uncertainty,
and the confounding effects of other drivers, e.g. anthro-
pogenic harvesting or land-use change (Harwood & Stokes
2003).

Fig. B1 shows how such a framework could be developed
for monitoring data from Nearctic and Eurasian breeding
waders (Charadrii) that winter in the UK. The numbers of
each species are monitored throughout the winter (Austin &
Rehfisch 2005), but monitoring on the breeding grounds is
logistically much more difficult. Migratory species can be
exposed to different weather conditions in the breeding and
winter areas, and it may be appropriate to model their
response to large-scale climate phenomena, like the North
Atlantic Oscillation (NAO), that integrate weather condi-
tions over large areas, rather than to local weather condi-
tions (Forchhammer et al. 2002). In this example, the num-
bers of wintering waders in the UK at the end of the winter
in year t is affected directly by climate conditions (NAOt) in
that year and indirectly by those in the previous year

(NAOt –1), through their effect on the breeding grounds. The
relative importance of these effects in different parts of the
Northern Hemisphere can be investigated by comparing
the responses of Nearctic and Eurasian breeding species,
because the temporal and spatial dynamics of the NAO dif-
fer regionally (Forchhammer & Post 2004). It is important
that the underlying model takes account of underlying den-
sity-dependent processes, so that the numbers of waders
(Nt) alive at the end of winter in year t can be affected by
their numbers in previous years (Nt –d; d ≥ 1, where d is the
number of years lag). The overall model would have the
following general structure:

Nt =
ƒ(Nt –1, Nt –d, NAOt, wintering area, NAOt – 1,breeding area)

The full model could be either empirical, in which case it
can be fitted using autoregressive techniques (Forchham-
mer et al. 2002), or it could incorporate detailed population
dynamic mechanisms using ‘hidden process’ modelling
(Newman et al. 2006), which, by modelling the demo-
graphic processes explicitly, allows separation of the differ-
ent sources of uncertainty. If these hidden processes can be
expressed in a linear form, the models can be fitted using
classical statistical techniques; more complex, non-linear
models will require computer-intensive Bayesian methods
(Buckland et al. 2007), although these are becoming
increasingly available. Such methods are needed to disen-
tangle the complex climatic and ecological drivers of migra-
tory populations.

Box 2. Quantifying the impacts of climate change on migratory species

Fig. B1. Framework for monitoring data from Nearctic and Eurasian breeding waders that winter in the UK. NAO:
North Atlantic Oscillation; t: time
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degree of adaptation will be limited by the degree to
which individuals can modify their behaviour in
response to their environment — or through genetic
adaptation — in which case, the degree of adaptation is
limited by the amount of adaptive genetic variation
present (Pulido & Berthold 2004), which in migrant
high Arctic shorebirds, for example, may be low
(Meltofte et al. 2007). Migratory species, particularly
long-distance migrants, may be more constrained than
sedentary species in their ability to adapt to environ-
mental change because of tighter migratory connectiv-
ity (Webster et al. 2002) and reduced levels of genetic
variation (van Noordwijk et al. 2006); currently, how-
ever, evidence to support this latter hypothesis, at least
in birds, is limited (Pulido & Berthold 2003). The rate at
which climate is changing is extremely rapid and the
ability to evolve in response to environmental change
does not necessarily mean the population will track
those changes appropriately (Bradshaw & Holzapfel
2006, Huntley 2007), especially amongst species with
long generation times, such as many migratory marine
species. Empirical determination of the extent and lim-
its of phenotypic and genotypic adaptation (Pulido &
Berthold 2003), and yardsticks of the environmental
change to which they are adapting (Visser et al. 2003)
are required.

Climate change impacts occur against a background
of intense anthropogenic threats (MEA 2005). Climate
change can be identified as having the potential to
have a significant effect on population size in 84% of

migratory bird species (Table 2). This is comparable to
the number affected by all other anthropogenic threats
(80%), though the climate change effects may occur
further in the future. Reduced water availability as a
result of climate change affects the greatest number of
species, partly reflecting the importance of wetland
habitats for migratory species. These species are
already seriously threatened by habitat loss/alteration
and increasing agricultural intensification. More gen-
erally, 73% of all bird species identified as being
affected by climate change are also under threat from
other anthropogenic factors, which may constrain their
ability to adapt successfully. Understanding these
interactions will be critical in formulating appropriate
conservation strategies (Travis 2003).

CONSERVATION OF MIGRANTS: ADAPTATION
OR MITIGATION?

Conservation of migratory species clearly requires
an international, co-operative outlook; this is the inten-
tion of the CMS (Box 1), which focuses on migratory
units, such as bird flyways (Boere & Stroud 2006).
Although the impacts of climate change will be wide-
spread, so far only a few international conventions,
notably the CMS (Anonymous 2005) and the Ramsar
Convention on Wetlands (van Dam et al. 2002), have
considered climate change explicitly; others urgently
need to do so. Similarly, few measures specifically tar-
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Climate Habitat Agriculture Fisheries Introduced Direct mortality No human
change (%) loss (%) (%) (%) species (%) (%) (%)

Lower water tables 42 57 35 35 5 57 27
Higher drought frequency 30 53 30 30 3 43 19
Altered prey availability 30 35 23 34 20 46 34
Habitat shifts 19 52 29 27 4 48 30
Sea level rise 21 48 13 16 6 44 31
Higher storm frequency 9 27 8 35 35 69 12

All 84 44 23 30 10 56 27

Table 2. Summary of threats faced by 298 migratory bird species listed in the Convention on the Conservation of Migratory Spe-
cies of Wild Animals (CMS) Appendices. The ‘Climate change’ column gives the percentage of species affected by each aspect of
climate change; subsequent columns indicate the percentage of those species also facing anthropogenic threats or (in the final
column) no other anthropogenic threat. The degree of threat faced by the 298 migratory bird species listed on the CMS Appen-
dices was identified by (1) searching Web of Science and Google Scholar using each species name in the title, keywords and ab-
stract and (2) searching the BirdLife International species database (www.birdlife.org/datazone/species) of globally threatened
or near-threatened species for mention of specific threats (actual or potential). However, since lack of documentation does not
necessarily mean no threats exist, we also used information on species’ ecology (distribution, diet, preferred habitat) from del
Hoyo et al. (1994–2004), Cramp et al. (1980–1994), and the Global Register of Migratory Species (www.groms.de, Riede 2001) to
assign threats. For example, if a species was primarily associated with a specific habitat type widely documented in the literature
as being threatened, it was considered threatened by these factors too; similarly, a species associated with a rapidly disappearing
habitat, was assumed to be potentially threatened by habitat loss, even if this was not mentioned specifically in the literature. For
threats related to climate change, any species with a specialist diet (particularly where there was evidence that prey species were
threatened), species with small ranges or those occurring on the poleward edges of continental margins or primarily confined 

to low-lying  coastal areas were also considered threatened
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geted at adapting to climate change impacts have yet
been implemented, but measures undertaken for other
reasons may prove beneficial to migrant species
attempting to adapt to climate change.

In coastal systems, the economic impacts of climate
change are potentially large, especially as a result of
sea-level rise and land loss, so protective measures
have been taken. The use of hard sea-defences, which
impose a fixed limit on the land–sea boundary, will
squeeze out coastal habitats as sea levels rise (Fish et al.
2005). In contrast, ‘managed re-alignment’ of coastal
defences, selectively allowing sea-defences to be
breached to create a new land–sea interface, has the
potential to create habitat. Although plant and inverte-
brate communities are slow to respond to such habitat
creation, near-natural assemblages of more mobile spe-
cies, such as migratory birds and fish, can be restored in
remarkably short periods of time (Atkinson et al. 2004).

In terrestrial ecosystems, human adaptation to
changing climatic conditions, by adjusting land use,
resource management or exploitation patterns may be
sufficient, in principle, to conserve migratory taxa,
though different approaches will be required for those
species migrating on a broad front and those using a
network of discrete sites. Habitat fragmentation
impedes the ability of broad-front migrants to adapt
their migratory routes and may create new ecological
barriers (Travis 2003, Opdam & Wascher 2004),
although this could be reduced by using fragments of
natural and semi-natural habitat in a matrix of low
intensity land-use to create a permeable landscape
surrounding these ‘stepping stones’. For other species,
maintenance of an ecologically coherent network of
stopover sites will be required, and identification of
such networks is urgently required to provide a strate-
gic, international overview of site protection priorities.
Measures are likely to be necessary throughout the
species range, particularly when there is a high degree
of population structuring in migratory routes (Martin
et al. 2007).

Large shifts in marine communities, across all
trophic levels and in a broad range of taxa, have been
observed as sea temperatures have increased. It seems
unlikely that human-driven adaptation would be feasi-
ble in marine ecosystems, even if we knew how to
achieve such adaptation. A reduction in anthropogenic
climate forcings will thus be required to moderate the
effects of climate change in marine systems. However,
as on land, other human activities will compromise the
ability of marine organisms to adapt to the changing
climate (Learmonth et al. 2006); reducing such activi-
ties through basin-wide internationally co-ordinated
strategies along migration corridors and in particular
key areas is likely to prove beneficial (Ferraroli et al.
2004, Southall et al. 2006).

A major challenge in the conservation of migratory
species is the shifting of migratory routes. Tradition-
ally, conservation measures have focussed on the man-
agement of specific protected areas (Crofts 2004), but
animals are responding to climate change by altering
their ranges, so sites of conservation importance may
be located at the edge, or even beyond, a species’ cur-
rent range. For example, leatherback turtles Der-
mochelys coriacea are expected to expand their range
into higher latitudes as ocean temperatures warm
(McMahon & Hays 2006). Consequently, good foraging
areas at the edge of their current range, for example
the north-eastern Atlantic (Houghton et al. 2006, Witt
et al. 2007), may be increasingly occupied in the
future. Thus, it will be important to protect areas that
may be used in the future, and to recognise shifts away
from currently used sites, as seen for shorebirds win-
tering in western Europe (Austin & Rehfisch 2005).
Future changes may also remove sites from the net-
work (either because of habitat loss, or because latitu-
dinal shifts in habitat mean that journeys become too
long), causing the network to collapse. A novel
approach to these problems is exemplified by the cre-
ation of ‘zakazniks’ (reserves which limit hunting and
disturbance), which follow the annual migration of
saiga antelope Saiga tatarica, rather than being limited
to particular sites (Gordon et al. 2004). Seasonally tran-
sient protected areas may also be important for con-
serving commercially exploited migratory marine fish,
for example by banning harvesting during the breed-
ing period (Kell et al. 2004).

In addressing the conservation challenges of climate
change, the multi-functional Ecosystem Approach,
which considers ecosystem preservation within a
framework of integrated land-sea spatial planning,
outlined by the Convention on Biological Diversity, is
likely to be most successful (Crofts 2004). Thus, it is
much more likely that conservation goals will be
achieved if they are integrated as part of a strategy
with wider aims, such as floodplain catchment man-
agement, coastal protection, sustainable fisheries man-
agement, or preventing deforestation to reduce soil
erosion, which have large economic and societal bene-
fits (Sutherland 2004).

FUTURE DIRECTIONS

Whilst a wide range of global climate effects on
wildlife have been posited, projections involve some
uncertainty (Araújo et al. 2005), and assessing the
potential fates of migrant species will be difficult
(Mustin et al. 2007). Traditional approaches, such as
climate envelopes and global vegetation models, can
be applied to estimate shifts in breeding grounds and
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non-breeding areas, but as migratory species move
between different areas, the uncertainties in predic-
tions are multiplied, particularly when biotic inter-
actions are taken into account (Araújo & Luoto 2007,
Martin et al. 2007). A key area of uncertainty is in
understanding the mechanisms through which climate
change will affect populations, which is an area of
active research (e.g. Jonzén et al. 2007), particularly in
understanding how climate impacts at one point in the
life-cycle affect demographic parameters at later
points. Such cross-seasonal impacts will often be mod-
ulated by density-dependent effects, and documenting
these will be important in order to assess the fate of
migrants under changing climates (Ratikainen et al.
2008).

Long-term monitoring programmes (Box 2) have
been crucial in identifying conservation priorities and
providing base-line data against which the impacts of
climate change on ecosystems and migratory species
have already been highlighted (Crick & Sparks 1999,
Warren et al. 2001, Hays et al. 2005, Hawkes et al.
2007). An international commitment to long-term sup-
port for these schemes is critical for identifying areas
where action is required, monitoring the effectiveness
of management actions, and because the scientific
value of such schemes often grows exponentially with
their duration. In addition to supporting those schemes
already in existence, developing similar (and compati-
ble) schemes, particularly in tropical and southern
hemisphere areas, would greatly improve our under-
standing of the impacts of climate change on migratory
animals.

Although current changes in climate are not
unprecedented in geological history, the predicted
magnitude of change is outside that experienced at
any time during the evolution of most of the world’s
present fauna, and the rate at which these changes are
occurring is extremely rapid (Huntley et al. 2006).
Many migratory populations possess the potential to
adapt to these changes in the short term, providing
their ability to do so is not constrained by other factors,
such as over-exploitation or habitat loss and fragmen-
tation (Travis 2003). Perhaps the most important policy
goal should be to encourage large, genetically diverse,
populations that will enhance the ability of migratory
species to adapt to, or exploit, the changes caused by
increasing human impacts on the global climate.
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