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INTRODUCTION

Anthropogenically induced climate change is one of
the major factors likely to affect the Earth’s ecosystems
in the coming years and centuries (IPCC 2007, Stern
2007). The role of human activities in the observed
changes is unequivocal. Migratory species, by travel-
ling large distances, often between discrete sites, are
particularly likely to be affected by climate change at
some point in their life cycles, and there is already

compelling evidence for impacts (negative, positive or
neutral) on a wide range of birds, marine mammals,
fish, sea turtles, squid, bats, terrestrial mammals and
insects (reviewed in Learmonth et al. 2006, Robinson et
al. in press). Impacts of climatic variation — and by
implication, of directional climate change — include
changes in timing of migration (e.g. Sims et al. 2001,
Lehikoinen et al. 2004), changes in population sizes
(e.g. Crick 1999, Pierce & Boyle 2003), and changes in
population distributions (e.g. Berry et al. 2001, Zheng
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ABSTRACT: The Bonn Convention on the Conservation of Migratory Species of Wild Animals
adopted a Resolution in 2005 recognising the impacts of climate change on migratory species. It
called on Contracting Parties to undertake more research to improve our understanding of these
impacts and to implement adaptation measures to reduce foreseeable adverse effects. Given the
large diversity of taxa and species affected by climate change, it is impossible to monitor all species
and effects thereof. However, it is likely that many of the key ecological and physical processes
through which climate change may impact wildlife could be monitored using a suite of indicators,
each comprising parameters of species/populations or groups of species as proxies for wider assem-
blages, habitats and ecosystems. Herein, we identify a suite of 17 indicators whose attributes could
reveal negative impacts of climate change on the global status of migratory species:  4 for birds, 4 for
marine mammals, 2 for sea turtles, 1 for fish, 3 for land mammals and 3 for bats. A few of these
indicators would be relatively straightforward to develop, but most would require additional data
collation, and in many cases methodological development. Choosing and developing indicators of the
impacts of climate change on migratory species is a challenge, particularly with endangered species,
which are subject to many other pressures. To identify and implement conservation measures for
these species, indicators must account for the full ensemble of pressures, and link to a system of alerts
and triggers for action.
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et al. 2001, Austin & Rehfisch 2005, MacLeod et al.
2005, Sparks et al. 2007).

While there are a large number of physical measures
of climate change, there are few indicators of the biolog-
ical consequences of climate change. The Bonn Conven-
tion on the Conservation of Migratory Species of Wild
Animals (CMS 1979, www.cms.int) adopted a Resolution
(CoP 8.13) in 2005 recognising the impacts of climate
change on migratory species and advised that more re-
search is needed to improve our understanding of these
impacts and to implement adaptation measures to help
reduce foreseeable adverse effects. In order to achieve
this successfully, monitoring of the impacts is required,
both to quantify the extent of the problem, but also to as-
sess the success of any implemented measures.
Clearly, given the great range and diversity of taxa af-
fected by climate change, it is impractical to monitor all
species and all pathways of climate change. However, it
is likely that many of the key physical and ecological
processes through which climate change may impact
wildlife could be monitored through a suite of key indi-
cators, each comprising of certain parameters of spe-
cies/populations or of groups of species as proxies for
wider assemblages, habitats and ecosystems.

Indicators quantify and summarise complex pheno-
mena and are increasingly used as a decision-support
tool within management frameworks of complex systems
(e.g. Rice & Rochet 2005). Indicators can have a number
of uses but are typically used to communicate the state of
a species or habitat, the human pressures on the environ-
ment and the response of management to prevent or mit-
igate the issues. For example, an indicator of the state of
bird populations co-developed by the British Trust for
Ornithology (BTO) and Royal Society for the Protection
of Birds (RSPB) has been adopted as one of the UK Gov-
ernment Sustainable Development Framework Indica-

tors (Fig. 1). This indicator was developed to monitor and
highlight the declining conservation status of farmland
birds, stimulating government action to address this by
altering agri-environment scheme designs (Gregory et
al. 2004). In the marine environment, fisheries manage-
ment in the European Union has broadened from the tra-
ditional, narrow focus on single-species management to
a wider ecosystem-based approach, for which an array of
indicators have been developed. These describe the de-
pleted status of fish stocks, the average size of fish, the
sustainability of fisheries and climate change effects on
fish assemblages (Pauly & Watson 2005, Harrison 2006,
Dulvy et al. 2008).

The aim of this work was to identify a suite of indica-
tors with suitable properties to measure negative cli-
mate change impacts on the global status of migratory
species, through a process of expert consultation and
review. Ideally this suite of indicators would be repre-
sentative of the widest possible range of taxa, habitats
and geographical regions as well as of the key physical
and ecological processes through which climate
change is expected to affect migratory species. How-
ever, the choice of indicators inevitably reflects to
some degree the knowledge of the experts who have
contributed to this selection, and their understanding
of climate change impacts.

MATERIALS AND METHODS

Desirable properties of an indicator. Indicators can
have a far-reaching impact on the policies of conserva-
tion, on socio-economic factors and on the species or
ecosystems we are trying to conserve. Therefore a
careful choice of indicators is needed. A key problem
when developing a suite of indicators is that there may
be hundreds of plausible candidate indicators (Rice
2003). Potential indicators need to be evaluated for the
degree to which they are ‘fit-for-purpose’ as a deci-
sion-support tool. As a guide, we defined desirable cri-
teria for evaluating and choosing indicators according
to the literature (e.g. Rice & Rochet 2005), and adapted
these to fulfill the specific objectives of this work. In
total, 12 criteria for desirable indicators were proposed
(Table 1). These address 4 key aspects of the indicator:
net impact, statistical properties, data requirements
and global applicability of data collection methods.

Choosing the indicator suite. Guided by the litera-
ture, expert opinion and reference to the desirable
properties listed in Table 1, a suite of indicators that re-
flected the negative impacts of climate change on key
groups of migratory species was selected from a larger
list presented at a workshop attended by international
experts in this field. The focus on ‘negative impacts’,
defined here as a negative effect on the conservation

2

Fig. 1. Indicator for wild birds in the UK 1970 to 2006. One of
5 headline biodiversity indicators used by the UK government
to assess progress in sustaining biodiversity. This provides an
annually updated index of abundance of 3 different groups of
bird species measured relative to their abundance in 1970.
Values in parentheses show the number of species included 

in each category. Source: Defra, RSPB, BTO
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status of the population or community of interest, was
specified in order to inform Contracting Parties to the
CMS of detrimental impacts of climate change that may
require policy action, although it is acknowledged that
impacts of climate change may be beneficial or neutral
for some species groups. Importantly, phenological
changes or changes in distribution would not necessar-
ily be classed as ‘negative impacts’. Whilst these may
exhibit a strong link to climate, and can have important
management implications at a regional level, in most
cases there is currently little evidence that these would
negatively impact on the conservation status of the spe-
cies or communities of interest as a whole. Examples in-
clude phenological indicators for wild birds, e.g. earlier
egg-laying (Crick & Sparks 1999, Both & Visser 2001)
and earlier arrival on breeding grounds (Lehikoinen et
al. 2004), changes in shorebird distribution (Maclean et
al. 2008) and range shifts in fish (Perry et al. 2005) and
marine mammals (MacLeod et al. 2005). Migratory spe-
cies were defined here, according to the CMS, as ‘spe-
cies that cyclically and predictably cross one or more
national jurisdictional boundaries’. Although species

listed in CMS Appendices 1 or 2 (migratory species of
conservation concern) were the main focus of the selec-
tion process, we did not restrict indicators to these spe-
cies alone. This was because these Appendices are reg-
ularly updated and there are additional species that are
potential candidates for listing, and because there are
some migratory species, not listed, that have economic
or iconic importance.

RESULTS

We selected a suite of 17 indicators for further con-
sideration (Table 2): 4 for birds, 4 for marine mammals,
1 for fish, 2 for sea turtles, 3 for land mammals and 3 for
bats (examples shown in Fig. 2). The statistical proper-
ties and availability of data for producing each indica-
tor are summarised in Table 2. This suite reflects a sub-
set of a much larger list of indicators originally
considered. For a full discussion of all indicators con-
sidered in relation to the criteria listed in Table 1, see
Newson et al. (2008).
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Impact, policy relevance, public perception and communication
Net impact: To what degree does the indicator measure net impact (negative impact of most interest here) of climate change
on populations either regionally or globally?

Easy to understand: The indicator must be understandable for non-scientists and decision makers.

Policy relevance: What is the degree of policy-relevance to the Convention of Migratory Species (CMS), i.e. are the species
listed on the CMS Appendices, those of its daughter agreements or other legislation or agreements (national, regional or inter-
national)?

Public profile: How high would the public profile of the indicator be?

Statistical properties of the indicator
Specificity: To what degree is the indicator specific to climate change as a single pressure or affected by a number of other
pressures (exploitation, pollution, invasive species etc.)?

Sensitivity: To what degree is the indicator sensitive to climate change, i.e. is the slope of the relationship between a measure
of climate change versus indicator response shallow or steep?

Responsiveness: Is there a lag in indicator responsiveness after a change in pressure (climate change)? If so, how long is the
lag (years, decades)?

Theoretical basis: What is the strength of theoretical basis underlying the indicator, i.e. is the indicator based on an existing
body of theory, empirical or time series of data that allow a realistic setting of objectives?

Data requirements
Data availability: How available are the data? Are data to support the indicator readily available or available at a reasonable
cost/benefit ratio?

Data quality: What is the quality of the data? Are the data collected (or have the potential to be collected) through a well-
designed monitoring program and/or likely to be of high quality?

Applicability of data collection methods
Applicability: How widely applicable are the data collection methods? Are the data collection methods readily applicable and
a monitoring scheme feasible in less developed countries?

Continuity of the data collection scheme: What is the long-term continuity of the data collection scheme?

Table 1. Criteria for evaluating impact of climate change indicators for migratory species
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Birds

Indicator 1: Change in relative abundance of trans-
Saharan migrant birds on their breeding grounds

There is evidence that reduced precipitation and
increasing temperature is leading to loss of stop-over
and wintering habitat for trans-Saharan migrant birds
(e.g. Sanderson et al. 2006), with resulting impacts on
demography (e.g. increased mortality) and subsequent
declines in abundance. Differential changes in the
timing of arrival and breeding with respect to food
supplies may be important too, leading to reductions in
productivity and abundance. This indicator would re-

present a negative impact of climate change on the
population status of trans-Saharan migrant birds.

Indicator 2: Change in the number of breeding pairs
of Antarctic penguins

Changes in prey availability as a result of climate
change are thought to have important consequences for
some penguin species and other species inhabiting
Antarctica and sub-Antarctic islands, which cannot
move their breeding sites as foraging conditions
change. In particular, krill Euphausia superba avail-
ability is associated with pack-ice cover, which is pre-
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Indicator Geographical Broad Effort to CMS Indicator properties
scope habitat develop listed I II III IV V VI

indicator

Birds
Relative abundance of trans- Europe & Africa Arid-dry T Yes 2 3 3 3 1 3
Saharan migrant birds

Change in the number of Southern Ocean Marine/coastal E No 3 1 2 2 3 3
breeding pairs of penguins

Change in reproductive output Atlantic & Arctic Oceans Marine/coastal E Yes 2 3 3 3 2 3
of fish-eating seabirds

Change in reproductive output Europe & North America Tundra E Yes 3 2 3 2 3 1
of shorebirds

Marine mammals
Body condition of polar bears North America Marine/coastal T No 2 2 3 3 1 3
and in cub survival 

Antarctic fur seal pup production Southern Ocean Marine/coastal T No 2 3 3 2 3 3
Southern right whale calf production Atlantic & Southern Oceans Marine/coastal T/E Yes 2 3 3 2 2 3
Ice-breeding seal pup survival North America & Europe Marine/coastal C No 2 3 3 2 3 3
Fish
Chinook salmon juvenile survival North America Freshwater C No 2 3 3 2 1 2
Turtles
Changing sea turtle nesting Pacific & Indian Oceans Marine/coastal C Yes 3 3 3 2 2 3
habitat due to sea-level rise

Sea turtle sex ratios Pacific & Indian Oceans Marine/coastal E Yes 3 3 3 3 2 3
Terrestrial mammals
Caribou/reindeer calf production North America & Europe Tundra E No 2 1 3 1 1 3
and survival 

Population size and range of Africa Arid-dry C Yes 2 3 2 1 3 3
large herbivorous mammals

Population size of saiga antelope Asia Arid-dry C Yes 2 3 3 1 1 1
Bats
Abundance of bats at ‘underground’ Europe Montane C Yes 1 ? ? ? ? ?
hibernation sites

Populations of straw-coloured fruit bat Africa Arid-dry C Yes 1 ? ? ? ? ?
Populations of Mexican free-tailed bats South America Arid-dry C Yes 1 ? ? ? ? ?

Table 2. Statistical properties and comparative effort needed to develop the indicator suite. The statistical properties and repre-
sentativeness are scored low (1) to high (3), whilst (?) denotes that the indicator is not understood well enough to provide a
score. Time-series available (T): underlying data collected according to standardised monitoring protocol, and constructing an
indicator from these data would be feasible. Empirical observation (E): data are collected according to a standardised monitor-
ing protocol, but there are currently significant gaps in coverage at the species or geographical level. In addition, it is likely
that some development work would be needed to construct an appropriate indicator. Concept-only (C): good theoretical basis
for nature of the climate impact, but the data are not currently collected according to a standardised monitoring protocol; there
are perhaps gaps in coverage, and it is likely that significant development work would be needed to produce the indicator.
Statistical and other properties: I = specificity, II = sensitivity, III = responsiveness, IV = theoretical basis, V = taxonomic 

representativeness and VI = public profile. CMS: Conservation of Migratory Species
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dicted to shrink with increasing tem-
peratures (Trathan et al. 2003). This in
turn would reduce productivity and
survival of penguins (e.g. Wilson et al.
2001, Croxall et al. 2002, Reid et al.
2005). There is evidence that this indi-
cator would represent a negative im-
pact of climate change on the popula-
tion status of penguins in parts of
Antarctica (e.g. Croxall et al. 2002)
and is likely to be a good indicator of
climate change impacts for other krill-
eating species. This indicator would
focus on penguin population size
(specifically number of breeding
pairs), which unlike many other sea-
birds of the Antarctic are not influ-
enced by long-line fishing activities,
and therefore with a high specificity in
terms of its link with climate change.

Indicator 3: Change in reproductive
output (chicks fledged per breeding

attempt) of fish-eating seabird
populations

There is good evidence for a rela-
tionship between climate change,
prey availability and reproductive
output of seabird populations in the
North-East Atlantic, Arctic and North
Seas (e.g. Harris & Wanless 1990,
Frederiksen et al. 2007). When consid-
ering the geographic and taxonomic
scope of this indicator, it was argued
that albatross and related species
should be excluded because of the dif-
ficulty in distinguishing the negative
impacts of long-line fishing on by-
catch of these species from impacts of
climate change. This indicator would
reflect a negative impact of climate
change on the population status of
seabird populations.

Indicator 4: Change in reproductive
output of Arctic shorebirds

There is evidence that climate-dri-
ven timing of snow-melt and insect
emergence has changed the availabil-
ity of shorebird prey in recent years
(Tulp & Schekkerman 2008). Warmer
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Fig. 2. Examples of migratory indicator species/species groups likely to
impacted by climate change. (a) Sea turtles such as the loggerhead turtle
Caretta caretta may be threatened by rising sea levels causing loss of nesting
habitat and increasing incubation temperatures leading to only female hatch-
lings; (b) reduced precipitation and increasing temperature may lead to a loss of
stop-over and wintering habitat for trans-Saharan migrant birds such as the tur-
tle dove Streptopelia turtur ; (c) a reduction in the number of pups of Antarctic
fur seal Arctocephalus gazella has been linked to a change in prey availability
as a result of rising sea temperatures; (d) changes in temperature may influence
the species composition and hibernation behaviour of bats such as this Dauben-
ton’s bat Myotis daubentonii which uses ‘underground’ hibernation sites, with
potential impacts on productivity and survival; (e) elephants Loxodonta africana
and several other species of large herbivorous African mammals may be threat-
ened by reduced precipitation; (f) juvenile survival of spring-summer chinook
salmon Oncorhynchus tshawytscha is strongly related to water temperature,
which is predicted to increase with climate change; (g) there is good evidence
for a relationship between climate change, prey populations and reproductive
output of seabird populations such as the Atlantic puffin Fratercula arctica in
the North-East Atlantic, Arctic and North Seas; (h) reduced precipitation is
likely to influence the distribution and survival of wildebeest Connochnetes
taurinus. Reproduced, with permission, from G. Hays (a), M. Weston (b), C.
Duck (c), J. Altringham/Bat Conservation Trust (d), P. Lack (e,h), D. Braun 

(f) and S. Newson (g)
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summers are likely to increase productivity through
both increased invertebrate abundance and reduced
mortality from chilling (Schekkerman et al. 1998).
However, in years of highest temperatures, declines in
productivity have been observed (Beale et al. 2006).
Whilst the mechanism underlying this decline is not
known, it is predicted that further rises in temperature
will reduce productivity in the long-term. For example,
as habitats become restricted with warming and habi-
tat succession, this may affect productivity through
decreased breeding success and proportion of birds
breeding. This indicator would be based on annual
variability in productivity through estimation of juve-
nile:adult ratios (e.g. Schekkerman et al. 1998, Clark et
al. 2004, Beale et al. 2006).

Marine mammals

Indicator 5: Annual trends in body condition of polar
bears and in cub survival in the Western Hudson Bay

and Southern Beaufort Sea

Body condition and cub survival of polar bears Ursus
maritimus in the Western Hudson Bay (WHB) and
Southern Beaufort Sea (SBS) have declined with the
increase in spring temperatures and the break-up of
sea ice over the past 15 to 20 yr as a result of climatic
variation and climate change (Stirling et al. 1999,
Regehr et al. 2006, Rode et al. 2007). It is hypothesised
that earlier ice break-up results in poorer conditions of
polar bears because they have less time to feed on ice-
breeding seals, their primary prey. Reduced foraging
opportunities for adult females as a result of the earlier
ice break-up result in poorer survival of cubs (Stirling
et al. 1999, Regehr et al. 2007a,b, Rode et al. 2007).
This polar bear is a charismatic, migratory species with
high public perception and profile and has an IUCN
status of ‘vulnerable’ to extinction.

Indicator 6: Antarctic fur seal pup production

The population of Antarctic fur seals Arctocephalus
gazella on Bird Island, South Georgia, has shown dra-
matic reductions in pup production in years immedi-
ately following extreme positive austral summer sea
surface temperature (SST) anomalies (Forcada et al.
2005). A 10 yr period of persistent high SST, driven by
global climatic variability (El Niño Southern Oscilla-
tion, ENSO), over and above what has occurred in the
past, and subsequent positive SST anomalies in South
Georgia could explain the reductions in pup produc-
tion. A potential causal mechanism for this is the effect
of warmer oceanographic conditions on availability of

krill, the primary prey of fur seals (Reid & Arnould
1996, Trathan et al. 2003, Murphy et al. 2007). Female
fur seals are central place foragers during lactation and
rearing of their young. Nursing females are almost
totally dependent on krill availability for food (Reid &
Arnould 1996), and years of low krill adversely affect
seal breeding success. The link between these climatic
and oceanographic indices and climate change is not
clear. Nevertheless, correlations suggest that this indi-
cator would be sensitive to persistent sea surface tem-
perature warming (Forcada et al. 2005). This indicator
would illustrate the effects of climate change on the
southern ocean ecosystem and would be an early
warning sign of population-level consequences for fur
seals. Pup production has been closely linked to mater-
nal condition in many otariid seal species, indirectly
reflecting prey availability to females (Guinet et al.
1994, Soto et al. 2004, Forcada et al. 2005, Lea et al.
2006); therefore this indicator could be representative
of the key ecological process through which climate
change may impact on these species.

Indicator 7: Southern right whale calf production in
the Antarctic

Correlations have been found between southern
right whale Eubalaena australis calving output index
and SST anomalies both in the feeding grounds and in
the El Niño regions of the Pacific (Cooke et al. 2003,
Leaper et al. 2006). The possible explanation for this
relationship is that krill availability in the summer
feeding grounds (Trathan & Murphy 2002, Trathan et
al. 2003) before conception of whale calves affects the
reproductive success during the following winter. The
link between these climatic and oceanographic indices
and climate change is not clear, as there is debate on
whether the frequency or strength of ENSO events will
alter with climate change (Timmerman et al. 1999,
Moy et al. 2002). Nevertheless, the correlations found
suggest that this indicator would be sensitive to any
potential regional changes in SST caused by climate
change. A correlation has also been shown between
the calving rate of the northern right whale, the abun-
dance of their prey and the North Atlantic Oscillation
(NAO) (Greene & Pershing 2004). Of the 3 extant right
whale species, the southern right whale is the only
species for which there is a sufficiently large popula-
tion size for it to be a viable indicator. Right whales are
the most threatened of the baleen whales, and are red-
listed as ‘threatened’ by the World Conservation Union
(IUCN). This indicator would illustrate the effects of
climate change on the Southern Ocean ecosystem and
be an early warning sign of population-level conse-
quences to southern right whales.
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Indicator 8: Ice-breeding seal pup 
survival

Climate change is expected to cause a major reduc-
tion in sea-ice and snow cover (IPCC 2007). In the Arc-
tic, Baltic and Caspian seas, early sea-ice break-up or
snow melts are likely to reduce the extent of breeding
habitat for ice-breeding seals (Smith & Harwood 2001).
In the absence of good ice/snow conditions, pups
become more vulnerable to adverse weather condi-
tions, starvation and predation, resulting in high mor-
tality (Smith & Harwood 2001, Ferguson et al. 2005).
Populations of ringed seals Phoca hispida in some
areas are showing downward trends in reproductive
rates and survival of young (Stirling 2005). It is thought
that these trends are linked to changes in sea-ice con-
ditions and other major ecosystem shifts (Stirling
2005). In the Western Hudson Bay, a significant reduc-
tion in ringed seal recruitment during the period 1990
to 2001 has been attributed to climate warming (Fergu-
son et al. 2005). In the southern Baltic Sea, a series of
nearly ice-free winters from 1989 to 1995 led to high
pup mortalities (Härkönen et al. 1998). A similar
impact is predicted for Caspian seals Phoca caspica.
This indicator would illustrate the effects of climate
change on migratory species that depend on ice for
breeding.

Fish

Indicator 9: Chinook salmon juvenile 
survival

Catches of different salmon species, timing of migra-
tion in returning salmon, and both juvenile and adult
salmon survival have shown to be related to climate
variability and change in several parts of the world
(Hare & Francis 1994, Mantua et al. 1997, Mueter et al.
2002, Beaugrand & Reid 2003, Hyatt et al. 2003,
Crozier & Zabel 2006). Juvenile survival of spring-
summer chinook salmon Oncorhynchus tshawytscha
has been shown to be negatively correlated with water
temperature in wide and warm streams and positively
correlated with stream flow in narrow cool streams, in
the Salmon River basin, Idaho, USA (Crozier & Zabel
2006). Stream temperatures in the Salmon River basin
already routinely exceed the 13°C maximum daily
temperature thresholds for salmonids (Donato 2002).
Annual air temperatures have also been increasing
steadily since 1992 (Crozier & Zabel 2006). The effects
of climate change on juvenile survival in salmon pop-
ulations are likely to be broadly representative of
the effects on other anadromous species, such as
sturgeons.

Sea turtles

Indicator 10: Changing sea turtle nesting habitat due
to sea-level rise

Sea turtles will be affected by an increase in sea lev-
els through the loss of egg-laying beaches (Fish et al.
2005). The construction of sea wall defences and pro-
tective measures for coastal habitats against increasing
sea levels, as well as changes in the development and
use of coastal areas, will directly affect egg-laying
beaches. Alternatively, at other less developed sites,
the dynamic nature of beaches may simply lead to
these gradually moving inland (Fish et al. 2005). How-
ever, in the Pacific and Indian Oceans and Caribbean
Sea where nesting frequently takes place on low lying
coralline islands, the situation may be far worse for sea
turtles, with complete loss of suitable nesting habitat.
Under a predicted sea-level rise of 0.5 m, GIS-based
elevation models have indicated that up to 32% of the
beaches used by nesting sea turtles in the Caribbean
could be lost via ‘coastal squeeze’ — the loss of coastal
habitat between the high-water mark and hard coastal
defences, such as sea-walls (Hays 2008). Several
Pacific States are currently threatened with total disap-
pearance and 2 uninhabited islands in the Kiribati
chain have already disappeared through sea level rise
(Fish et al. 2005, IPCC 2007).

Indicator 11: Skewed sex ratios in sea turtles

For sea turtles, an even sex ratio of hatchlings is pro-
duced within clutches at ~29°C (known as the pivotal
temperature), above which the ratio is skewed towards
female production (Hays et al. 2003). Climate-induced
warming at nesting beaches may lead to the produc-
tion of only female hatchlings, with likely population
consequences (Godfrey et al. 1996, Hays et al. 2003,
Hawkes et al. 2007, Houghton et al. 2007). Quantita-
tive genetic analyses and behavioural data suggest
that populations with temperature-dependent sex
determination may be unable to evolve rapidly enough
to counteract the negative fitness consequences of
rapid global temperature change (Hays 2008). Indeed,
pivotal temperatures for sea turtles appear highly con-
served, always being close to 29°C, across a range of
species and populations (Hays 2008). Consequently,
shifts in beach temperature do not need to be large for
sex ratio shifts to manifest themselves at a population
level. Increased sand temperatures have already been
reported for important nesting sites such as Ascension
Island and North Carolina, and already female-
skewed populations are likely to become further
skewed with as little as 1°C warming. These will suffer
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extreme mortality if warming exceeds 3°C (Hays
2008). This indicator would identify a critical threshold
for sex ratios in terms of population viability.

Terrestrial mammals

Indicator 12: Caribou/reindeer calf production and
survival

Caribou Rangifer tarandus migrate between sea-
sonal ranges and their migration to calving areas
coincides with the emergence of their plant forage,
which is essential for the newborn calves (Post &
Forchhammer 2007). Calf production and survival may
therefore be good indicators of the effect of tempera-
ture increases, since higher temperatures appear to be
correlated with a mismatch between the timing of the
peaks in calf production and forage availability (Post &
Forchhammer 2007). This mismatch probably results in
reduced foraging success of the lactating females with
negative impacts on newborn calves (Post & Forch-
hammer 2007). Relationships have been observed in
several caribou populations between reproductive suc-
cess parameters, the timing of life-history events, and
winter and summer climate, spring temperatures, the
North Atlantic Oscillation (NAO) and the Arctic Oscil-
lation (AO) (e.g. Post & Klein 1999, Post & Stenseth
1999, Aanes et al. 2000, Post et al. 2001, Forchhammer
et al. 2002, Chan et al. 2005, Post & Forchhammer
2007). This indicator would illustrate the effects of
climate change on several ecosystems (high Arctic
islands, boreal forest and tundra) within the range of
caribou/reindeer populations. The status of caribou
populations is also very important for Arctic and sub-
arctic ecosystem functioning, and is of socio-economic
value.

Indicator 13: Population sizes and geographic ranges
of large herbivorous mammals

Declines in several species of large mammals in
Africa have been related to reduced precipitation,
which in turn could be related to climate change
(Mduma et al. 1999, Ogutu & Owen-Smith 2003,
Owen-Smith et al. 2005). Lower precipitation reduces
growth of forage plants and may increase predation
risk (Ogutu & Owen-Smith 2003, Musiega & Kazadi
2004). The extent to which large migratory herbivo-
rous mammals in Africa will adapt to the effects of
climate change on their habitats will greatly depend on
their ability to change their distribution and movement
patterns to match changes in the available resources.
However, due to intense land transformation, the

connectivity between natural seasonal ranges of
migratory species has been very much reduced. There
is currently little evidence that mammals’ ranges in
Africa have changed in response to climate change
(Owen-Smith et al. 2005). However, the effects of cli-
mate change on regional climate in Africa are not well
documented (IPCC 2007). There is also uncertainty
regarding predictions of future African climate with
climate change (IPCC 2007). Nevertheless, tempera-
tures are set to increase and this may exacerbate the
impacts of droughts (IPCC 2007). Modelling studies
indicate that substantial range shifts are likely to occur
as a result of drier conditions, and these could lead to
species declines or even extinctions, mainly due to a
reduction in the habitat available (caused by land-
transformation and climate change) (Erasmus et al.
2002, Thuiller et al. 2006). Drought changes food
resources and causes mass mortality with immediate
effect on population size (Erasmus et al. 2002, Thuiller
et al. 2006). Range shifts, on the other hand, cannot be
clearly linked to population dynamics. However, it has
been shown that a reduction in the habitat available
(caused by land-transformation) and consequent
changes in movements have led to a 75% decline in a
population of wildebeest (Homewood et al. 2001).
Species that could be used to develop this indicator are
either listed on CMS Appendices (e.g. African ele-
phant Loxodonta africana) or would be representative
of large mammals in general, where population sizes
are sufficient to allow an indicator to be developed
(e.g. wildebeest Connochnetes taurinus and Thomp-
son’s gazelle Gazella thomsonii). In addition these
species are of major economic and ecological impor-
tance with a high public profile throughout the world;
for example, the wildebeest is a symbol of the
Serengeti-Mara ecosystem.

Indicator 14: Population size of saiga antelope

The modelled population dynamics of saiga antelope
Saiga tatarica, a species that inhabits the plains of
Kazakhstan, Mongolia, Russia, Turkmenistan and
Uzbekistan, are sensitive to assumptions about the
probability of a drought or harsh winter occurrence
(Milner-Gulland 1994). These conditions have, in the
past, caused mass mortality in saiga populations, due
to animals being unable to obtain sufficient forage.
However, more research is needed to establish a link
between population dynamics and climate change.
The region in central Asia inhabited by the saiga is
mostly semi-arid and arid (IPCC 2007), with all areas
experiencing wide fluctuations in rainfall. Their native
plants and animals are adapted to coping with
sequences of extreme climatic conditions. Central
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Asian climate is likely to become drier and hotter
(IPCC 2007). Climate-induced mortality is negated
somewhat by migration and a high reproductive rate.
Nevertheless, if more droughts were to occur it is very
likely that a population impact caused by mass mortal-
ity would be evident (Milner-Gulland 1994).

Bats

Indicator 15: Abundance of bats at ‘underground’
hibernation sites in Europe

Hibernation is a crucial strategy for almost all north-
ern temperate bats to survive periods of insect short-
age, even where there is migration between summer
and winter quarters (Ransome 1990). Changes in air
temperature in and around hibernation sites will affect
suitability of sites for different species (Ransome 1990).
Higher temperature and other climate changes will
affect hibernation behaviour and may have effects on
migration and over-wintering survival (Speakman &
Thomas 2003). While the requirements for hibernation
can be very precise, temperature and humidity are
almost exclusively the natural factors controlling
hibernation (Speakman & Thomas 2003). Changes of
temperature as a result of climate change are expected
to influence regional species composition, impact on
hibernation behaviour, and in turn affect productivity
and survival (Robinson et al. 2005). In addition to
demonstrating change in population size, this indicator
would illustrate changes in distribution and species
composition. Bats receive a mixed public perception,
but there is a lot of public support for, and interest in,
their conservation.

Indicator 16: Populations of straw-coloured fruit bat 
in Africa

The straw-coloured fruit bat Eidolon hevlum relies
on a succession of flowering and fruiting food plants,
partly acquired through the migratory or nomadic
behaviour of the bat (see Richter & Cumming 2008).
Changes in temperature and rainfall patterns, which
influence seasonal flowering and fruiting of food trees,
correlate with foraging behaviour (including migratory
behaviour) and are likely to affect colony structure and
formation, with consequent effects on productivity and
juvenile survival (Richter & Cumming 2008). There is
some existing evidence of changes in distribution and
behaviour in similar species of fruit bat within Aus-
tralia (Hughes 2003), and also evidence of stress and
mortality induced by excessive temperatures — a sug-
gested likely impact of climate change (Welbergen et

al. 2008). Bumrungsri (2002) has related effects of
extreme weather events to the breeding success of
fruit bats in south-east Asia. The indicator will identify
changes in populations and behaviour that can be used
to assess longer-term impacts on the species.

Indicator 17: Populations of Mexican free-tailed bats

The Mexican free-tailed bat Tadarida brasiliensis,
which occurs in large concentrations, relies on high
densities of prey insects, including those concentrated
in insect mass-movements through the region of the
roost (a colony of 20 million bats eats ca.125 t of insects
per night) (Wilkins 1989, Bumrungsri 2002). Changes
in temperature and rainfall patterns (plus the
increased intensity of extreme weather events) are
likely to affect the availability of insect prey (Scheel et
al. 1996). While the prey resources may shift, the cave
roost sites cannot. As such, cave roosting bats such the
Mexican free-tailed bat are particularly likely to be
impacted by climate change (Scheel et al. 1996). As a
representative for cave-dwelling bats in the Tropics,
this single species indicator will relate the impact of
changes in temperature and other regional weather
patterns to population size at maternity roost sites. This
species is selected because there is a large and long-
term body of population data for this species and mod-
ern technology has allowed for the population size of
this species to be estimated with an acceptable level of
precision (O’Shea & Bogan 2003).

DISCUSSION

Choosing and developing indicators for endangered
species

Whilst an attempt was made to select indicators that
present the clearest signal of the negative impacts of
climate change on migratory species, it is likely that
these indicators will also be subject to other strong
influences. In addition it is clear from Table 2 that very
few indicators scored highly for their specificity and
theoretical basis. Species on the CMS Appendices are
particularly challenging for the development of reli-
able indicators. Besides the fact that many CMS spe-
cies do not have good quality long-term time series of
data, most are endangered, have small population
sizes and are threatened by other strong human pres-
sures, resulting in low specificity of potential indica-
tors. This will be a problem across endangered species
in general where the data needed for an indicator
might not be available and developing indicators spe-
cific to one single pressure might not be the best use of
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resources. The effects of climate change on species
result from complex interactions between global
climate, regional climate, local atmospheric/ocean
processes, and other anthropogenic pressures such as
fishing, contaminants and habitat loss. In addition,
ecological mechanisms influencing the populations,
such as density-dependent factors and species inter-
actions, may act in consort with, synergistically with or
in opposition to effects of climate change. Physical,
anthropogenic and ecological processes should be
considered in conjunction if we are to understand the
causal mechanisms that control population dynamics
(Stenseth et al. 2002, Mori & Butterworth 2006). For
any population, the interactions of all these pressures
represent one state to which the population needs to
adapt. If one is to have any chance of adequately
conserving species/populations, then consideration
should be given to all the pressures together. There-
fore, where possible, indicators should be comple-
mented by analyses to identify the contribution of
climate change, over and above other influences. It is
also important that, where there is additional informa-
tion that provides support for an indicator, this is pre-
sented with the indicator. This may include distribu-
tional change or phenological indicators which reflect
climate change, but where the impact is currently
unclear. In addition, remote sensing information pro-
vides an extremely powerful resource for putting an
indicator in context. This has the potential for improv-
ing our understanding of how climate change pro-
cesses affect populations and as a more general tool for
explaining what is happening to a wider audience.

Representativeness of the proposed indicator suite

Whilst the scope of this exercise was global and an
attempt was made to consider all migratory wildlife,
the choice of indicators will, to some degree, reflect the
knowledge of the experts who have contributed to this
selection and will be driven by their understanding of
climate change impacts. We believe that the numbers
of indicators for birds, turtles, fish, marine mammals
and terrestrial mammals presented here are broadly in
the proportion that we would expect considering our
current understanding of the detrimental impacts of
climate change on migratory species. Excluded from
the indicator suite are groups such as plankton,
crustaceans, cephalopods, amphibians and insects,
although these contain few species regarded as migra-
tory according to the CMS.

In terms of habitat coverage, the literature suggests
that the impacts of climate change on migratory spe-
cies are likely to be most pronounced in 5 principal
habitats: marine and coastal, freshwater, tundra, mon-

tane and arid terrestrial (e.g. IPCC 2007). These habi-
tats are all represented in the proposed suite, although
there is currently only one indicator for freshwater and
one for montane habitats (see Table 2). In relation to
geographical coverage, there is low representation for
terrestrial species in Asia, South America and Aus-
tralia and for marine species in the Pacific and Indian
Oceans.

Baseline recommendations

As recommended by Rice & Rochet (2005), in order
to maintain a scientific basis, advance testing of indi-
vidual indicator performance should ideally be under-
taken before use of an indicator is implemented. Each
indicator suggested here would need to be agreed and
developed by those expert groups that hold the time
series of data in conjunction with any bodies that are
responsible for monitoring/responding to impacts of
climate change. It is possible that for a small number of
the indicators presented here, such as the indicators for
populations of trans-Saharan migrant birds and polar
bear body condition and survival, it would be relatively
straightforward to implement an indicator of the
impacts of climate change, given the existence of well-
established standardised monitoring protocols and if
support was obtained from the appropriate data
providers. In addition, the methods for constructing
indicators from such data are already well developed
for other purposes. However, most indicators proposed
here require additional data collection and or collation
and, and in many cases, would require data collation
and some development of novel methods for producing
trends and constructing indicators. In the development
of all indicators, it is essential to consider how the out-
puts will relate to conservation objectives and how a
system of alerts and triggers for action could be imple-
mented. Evaluating these indicators from a policy–
needs perspective should now be a priority.
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