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Abstract

Climate change is predicted to cause changes in species distributions and several studies report margin range shifts

in some species. However, the reported changes rarely concern a species’ entire distribution and are not always

linked to climate change. Here, we demonstrate strong north-eastwards shifts in the centres of gravity of the entire

wintering range of three common waterbird species along the North-West Europe flyway during the past three

decades. These shifts correlate with an increase of 3.8 °C in early winter temperature in the north-eastern part of the

wintering areas, where bird abundance increased exponentially, corresponding with decreases in abundance at the

south-western margin of the wintering ranges. This confirms the need to re-evaluate conservation site safeguard

networks and associated biodiversity monitoring along the flyway, as new important wintering areas are established

further north and east, and highlights the general urgency of conservation planning in a changing world. Range shifts

in wintering waterbirds may also affect hunting pressure, which may alter bag sizes and lead to population-level

consequences.
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Introduction

Several studies have shown range margin shifts in over

20 different taxonomic groups in recent years (Parmesan,

2006; Maclean et al., 2008; Brommer &Møller, 2010; Chen

et al., 2011). To date, such studies have mainly focused

on documenting changes at the edges of species’ distri-

butions, and studies concerning shifts throughout entire

ranges are rare. The expansion of the northern boundary

of European butterflies towards north has been much

stronger than retraction of the southern boundary (Par-

mesan et al., 1999). Maclean et al. (2008) showed that the

centre of gravity of wintering distributions of five North-

ern European wader populations have shifted 95 km

northeastwards. Abundance of several European breed-

ing bird species increased along a northern range margin

and concomitantly decreased at the southern range mar-

gin (Jiguet et al., 2010). La Sorte & Thompson (2007)

showed that the northern boundary and centre of winter-

ing bird abundance had shifted northwards, but they did

not investigate the southern edge of these distributions,

which would be crucial for the determination of spatial

shifts of entire ranges.

Although it has been argued that range shifts are

caused by climate change, direct links have rarely been

demonstrated, and annual variations in the distribution
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of populations have hitherto not been convincingly

linked to climatic fluctuations (Brommer & Møller,

2010). The only regional examples of climatic effects on

population ranges, of which we are aware, are those

showing that fewer wintering waders occurred in

southwestern United Kingdom during warmer winters

(Austin & Rehfisch, 2005) and that the wintering distri-

bution of black brant (Branta bernicla nigricans) in

Alaska shifted northwards as a response to climatic

oscillation (Ward et al., 2009). However, such annual

distribution shifts have not been demonstrated for

entire populations at the migration flyway level. The

lack of studies demonstrating effects across entire

distribution ranges is likely to be because estimating

population sizes and trends of most widespread

species, over such vast geographical areas, is extremely

challenging. This task, however, represents a challenge

that researchers must confront, if we wish to conserve

populations under changing conditions.

Wintering waterbirds are highly likely to show distri-

butional shifts due to climate change, as they respond

rapidly to weather conditions (Ridgill & Fox, 1990;

Lehikoinen et al., 2006; Rainio et al., 2006). Other envi-

ronmental changes (e.g., eutrophication or wetland

habitat creation) may affect the abundance of birds

regionally rather than across entire flyways (Ma et al.,

2010). For instance, breeding waterbird populations

specifically occupying wetlands subject to excessive

eutrophication have recently shown a dramatic decline

in breeding numbers in Finland, which cannot be

explained by other factors, such as hunting (P€oys€a

et al., 2013; see also R€onk€a et al., 2005).

Waterbirds breeding in Northern Europe and Siberia

have increasingly delayed their southward autumn

migration, and this delay is thought to be linked to cli-

mate warming (Lehikoinen & Jaatinen, 2012). Further-

more, spring arrival dates of waterbirds in the same

flyway were linked with climatic oscillation (V€ah€atalo

et al., 2004; Rainio et al., 2006), and, for instance, the

spring arrival of common eiders to their North Euro-

pean breeding areas has advanced during recent dec-

ades (Lehikoinen et al., 2006). Such changes, coupled

with indications of past range shifts (Nilsson, 2008;

Skov et al., 2011), corroborate the notion that waterbirds

are highly responsive to changes in climate (Rainio

et al., 2006). Based on this background information, we

hypothesize that climate change does cause shifts in the

centre of the gravity of the whole flyway population.

From this hypothesis, we draw two predictions relating

to waterbirds in the northern hemisphere: (i) that

numbers will increase in the northern parts of flyways,

coupled with a decrease in the southern parts and (ii) as

waterbird numbers respond to temperature, we predict

that in mild winters waterbird numbers will be higher

in countries at the northern edge of the flyway and

lower on the southern edge, and vice versa. To test these

predictions, we examine a long-term (31 years, 1980–
2010) dataset on the wintering distributions of three

common European waterbird species: the goosander

(Mergus merganser), the common goldeneye (Bucephala

clangula; hereafter goldeneye) and the tufted duck

(Aythya fuligula). We aim to elucidate potential range

shifts, their magnitude and their links to temperature

fluctuations across the North-West European flyway.

Materials and methods

Duck data

We utilized three decades (1980–2010) of site-based count data

to determine the wintering distributions of three common

waterbird species. In this study, we track changes in species

abundance in nine countries (Finland, Sweden, Denmark,

Germany, the Netherlands, Switzerland, Great Britain, the

island of Ireland and France) covering a climatic gradient

throughout the 3000 km long southwest-northeast flyway of

the study species (Perdeck & Clason, 1980; Scott & Rose,

1996). The data originate from the International Waterbird

Census (IWC, coordinated by Wetlands International; Delany,

2005) and the Finnish winter bird count scheme (Hild�en et al.,

1991) conducted primarily in January in nine countries during

1980–2010 (for details of the national count schemes and data,

see Table 1). In general, the count data were compiled sepa-

rately for each country, with the exception of Sweden, which

was split into two areas, because the northern and southern

parts of this large country differ considerably in terms of

winter climate (Nilsson, 2008). In addition, the Republic of

Ireland and Northern Ireland have been combined, since they

are geographically separate from Great Britain.

Our study species are the three common and widely

distributed diving duck species in Europe, which exploit both

marine and freshwater habitats. The North-West European fly-

way, to which these species belong, is the best documented of

all flyways, with the longest running monitoring schemes.

These three study species and the long-tailed duck are the most

abundant wintering diving ducks in the northern edge of the

flyway near the edge of the ice cover. However, we excluded

the long-tailed duck and other sea ducks from the analyses,

because these species are wintering off-shore and majority of

the population is not surveyed annually (Skov et al., 2011).

These three remaining study species are exceptionally suited

for studying the impact of climate change, not only because

they are common and exhibit relatively stable population sizes

(Wetlands International, 2012), but also because they are truly

dependent on open water as they feed on fish and/or benthic

organisms (Cramp & Simmons, 1977). Because of this diet, div-

ing ducks may await the onset of winter, and only migrate

southward when bodies of water start to freeze over. Dabbling

ducks, which feed in shallow water that freezes over rapidly at

sub-zero temperatures, also avoid the zero-degree isotherm

and do so by rapid and long-distance movements before the
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onset of winter (Ridgill & Fox, 1990; Dalby et al., 2013). In addi-

tion to this, the population sizes of several species of swans

and geese have increased markedly during the recent decades

(Wetlands International, 2012), which may complicate the

investigation of the potential effects of climate change on range

shifts. The combined population size of the study species in

this flyway is estimated to be more than 2.6 million individuals

(Wetlands International, 2012) and the estimated annual hunt-

ing bag size of the three species throughout Europe is more

than 400 000 individuals (Hirschfeld &Heyd, 2005).

Climate data

We used the average temperature measured in southern

Finland by the Finnish Meteorological Institute during a

2-month period prior to the censuses (16 November–15 Janu-

ary), as a proxy for early winter temperature at the northeast-

ern edge of the flyway. Data from approximately 100 Finnish

weather stations were interpolated to a 10 9 10 km grid of

virtual weather stations (Ven€al€ainen et al., 2005). From these,

we calculated the mean early winter temperature in southern

Finland (60–64°N; 20–31°E, Supplementary Figure S1a). The

winter temperature in southern Finland correlated with the

winter temperature over large spatial areas in northern

Europe (Supplementary Figure S1a). In the northeastern part

of the flyway, the early winter temperature increased by

3.8 °C during the study period (Supplementary Figure S1b),

which indicates the strong potential for climate driven

changes wintering distributions of waterbirds.

Statistical analyses

Data were analyzed by using site-specific duck abundance

from each country. The response variables in our analyses, that

is, population trends and annual abundances of goosander,

goldeneye and tufted duck, were estimated using the Trends

and Indices for Monitoring data (TRIM) software (Pannekoek

& van Strien, 2004). This software is commonly used by many

European bird monitoring schemes. TRIM uses a generalized

estimating equation algorithm to estimate a population index

from count data taking into account overdispersion and serial

correlation in the data. It also interpolates missing observations

(sites with lacking censuses in some years) using a Poisson gen-

eral log-linear model (Pannekoek & van Strien, 2004; the soft-

ware and the manual are freely available on www.ebcc.info).

Because the duck counts were not always repeated at each

count-site annually over the study period, we estimated the

change in bird abundance in each country by generating

annual population indices and using the latest national win-

tering population estimates (see Table 2 for details). We did

this by anchoring the species and country-specific wintering

number estimate at a particular year in the time series with

the abundance indices produced by the TRIM-software. Thus,

if a population of a species in a given country was estimated

to be 50 000 birds in year t, when the annual abundance index

had a value of 1, index values of 1.5 and 2.5 in year t + n,

where n is the number of years passed, would mean that the

population has increased by 25 000 and 75 000 individuals,T
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respectively. To estimate the change in bird numbers over the

study period, we calculated the difference between the aver-

ages of the first three, and last 3 years in the time series (see

Table 2 for details on national population estimates). We used

an average of 3 years to balance out the effects of potential sin-

gle extreme years. We must stress that these abundance esti-

mates are coarse, but we use them here to represent the

magnitude of the change in real numbers of individuals.

We built two different linear autoregressive models to test

how the log-transformed annual species and country-wide

bird abundances are associated with variation in the annual

temperature at the northeastern edge of the flyway and bird

abundances in the same country year before. The equation

adopted in the first approach was:

logðNtþ1Þ � logðNtÞ þWtþ1 ð1Þ
,
where N is the population abundance in year t + 1 and t, and

W is the early winter temperature in South Finland in year

t + 1. This model takes into account, and corrects for, tempo-

ral autocorrelation when estimating the direct effect of winter

temperature on the number of wintering birds (higher temper-

ature increases bird numbers and lower temperature

decreases bird numbers). The second model took the form:

logðNtþ1Þ � logðNtÞ þ DWt;tþ1 ð2Þ

which was otherwise similar, except that the effect of weather

was modelled on the difference in temperature between two

subsequent years. Thus, we expect that wintering numbers

would increase in the case where temperature has been higher

in year t + 1 than in year t, and vice versa. We compared these

two models using AICc (Burnham & Anderson, 2002).

Results

Over the past three decades, the numbers of all three

wintering ducks increased at the northeastern edge of

the flyway with a simultaneous decrease in the south-

western edge of their respective distributions (Figs 1

and 2). This change was particularly pronounced

Table 2 Region wide estimates of wintering tufted ducks, goldeneyes and goosanders including the survey year and the reference

of the report, where the results have been published. Values in brackets are not used in the analyses, as they do not concern the

birds from the study flyway

Area Survey year Tufted duck Goldeneye Goosander Reference

Finland 1990–1992 1000 1000 6000 Koskimies (1993)

Sweden N 2004 173 838 45 986 15 341 Nilsson (2008)

Sweden S 2004 51 111 25 886 2662 Nilsson (2008)

Denmark 2008 162 247 64 977 13 846 Petersen et al. (2010)

Germany 2000–2005 325 000 65 000 33 500* DDA unpublished

Netherlands 2006–2010 220 000 12 000 11 000 Hornman et al. (2013)

Switzerland 1982, 1997, 2010† 211 631 14 513 [5743] Keller (2011)

G. Britain 2005–2009 110 000 20 000 [12 000] Musgrove et al. (2011)

Ireland 2000–2004 36 610 9665 [0] Crowe et al. (2008)

France 2007–2011 41 383 2175 [1804] Deceuninck et al. (2012)

*Northern Germany only.

†Tufted duck 1982, Goldeneye 1997, and Goosander 2010.

(a) (b) (c)

Fig. 1 Winter percentage change in abundance of (a) tufted duck, (b) goldeneye and (c) goosander in nine north and west European

countries in 1980–2010 (slightly shorter periods in some countries; Supplementary Table 1). Significant population changes are bolded

in black (increase) and dark grey (decrease), values in brackes represents no significant change. Relatively few north European goosan-

ders winter as far south and west as France, Great Britain and Ireland (Scott & Rose, 1996), and Swiss birds partly belong to the

Central/West European flyway population, so the Netherlands was defined as the south-western edge of the flyway for this

population. Estimated population changes in numbers of individuals are shown in Table 4.

© 2013 Blackwell Publishing Ltd, Global Change Biology, 19, 2071–2081
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during the last 15–20 years based on annual fluctua-

tions in the abundance indices (Figs 1 and 2).

In Finland, the number of tufted duck, goldeneye

and goosander increased by 24 800%, 4320% and 128%,

respectively, or by 38 000 birds (Figs 1 and 2; Tables 3

and 4). In northern Sweden, the numbers of birds

increased by over 80 000 for all three species with

190%, 269% and 124% increases for tufted duck, gold-

eneye and goosander, respectively (Figs 1 and 2;

Tables 3 and 4).

At the southwestern edge of the flyway, tufted ducks

decreased by 46% in France, 43% in Ireland and 39% in

Switzerland or altogether by 104 000 birds. Goldeneyes

decreased significantly in Ireland and in Switzerland

by 63% and 35%, respectively, representing together a

loss of 12 000 birds. Recent short-term declines of gold-

eneyes (since the mid-1990s) occurred in other south-

western areas; the Netherlands, Great Britain and

France (Figs 1 and 2; Tables 3 and 4). At the southwest-

ern edge of the flyway, the numbers of goosander

decreased by 66%, 41% and 21% in the Netherlands,

Denmark and southern Sweden, respectively, or

together by 51 000 birds (Figs 1 and 2; Table 4). In the

south-central part of the flyway, Switzerland, the num-

ber of tufted ducks and goldeneyes decreased by

70 000 birds (Fig. 2; Table 4). Despite these rapid

changes in national abundances, the combined popula-

tion size estimate of all three species has remained rela-

tively stable during 1987–2009, when data from all nine

study countries were available (Fig. 3).

In half of the country-specific analyses, the annual

winter abundances were significantly positively depen-

dent on the population abundance in the year before

and thus positively autocorrelated (Tables 5 and 6).

This was especially the case at both edges of the flyway:

Finland, Sweden in the north and in Netherlands

(goosander), Switzerland, United Kingdom (golden-

eye), Ireland and France in the south (Tables 5 and 6).

The annual fluctuations in duck abundances were more

strongly linked to the direct effect of changes in early

winter temperatures at the northeastern edge of the fly-

way (Finland and Sweden), as in six cases the direct

effect models were better (ΔAICc >2) than models

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

(m)

(n)

(o)

(p)

(u)

(v)

(w)

(x)

(y)

(z)

(q)

(r)

(s)

(t)
Fig. 2 National trends in winter abundance of tufted duck (a–j),

goldeneye (k–t) and goosander (u–z) in Finland, Northern and

Southern Sweden, Denmark, Germany, the Netherlands, Swit-

zerland, Great Britain, Ireland and France in 1980–2010 repre-

sented as estimated population sizes in each country. The unit

of the y-axis is thousands of birds, and it has been calculated

using annual population indices of trends and indices for

monitoring data analysis and national countrywide wintering

estimates (see methods and Tables 2 and 4).
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where the temperature difference between two subse-

quent years was used as an explanatory variable,

whereas the opposite pattern was found only once

(Fig. 4; Tables 5 and 6, Supplementary Table S1). In

Finland, the annual change in abundance of tufted

duck, goldeneye and goosander increased with increas-

ing early winter temperatures, and the same was the

case with tufted ducks in south Sweden (Fig. 4;

Table 5). Compellingly, the southwestern parts of the

flyway exhibited the opposite patterns: annual change

in French goldeneye numbers and Dutch goosander

numbers were significantly negatively associated with

Table 3 Annual growth rates of wintering populations of tufted ducks, goldeneyes and goosanders based on Trends and Indices

for Monitoring data–analyses of annual mid-winter count data from wetlands in all countries. Growth rate value 0.195 means that

population increased 19.5%/year. Mean annual growth rate and total change in abundance during the study period in each study

area are shown; significant growth rates in bold. ‘–’ indicates areas outside of the flyway of the species, which were not used in the

analyses

Area Study period

Tufted duck Goldeneye Goosander

Growth rate Change (%) Growth rate Change (%) Growth rate Change (%)

Finland 1980–2010 0.195 � 0.028 24797 0.130 � 0.005 4320 0.027 � 0.003 128

Sweden N 1980–2010 0.035 � 0.004 190 0.043 � 0.003 269 0.026 � 0.003 124

Sweden S 1980–2010 0.022 � 0.003 98 0.017 � 0.002 68 �0.008 � 0.003 �21

Denmark 1987–2010 �0.013 � 0.006 �27 0.013 � 0.005 36 �0.022 � 0.007 �41

Germany 1980–2009 0.001 � 0.001 2 0.002 � 0.001 7 �0.003 � 0.002 �9

Netherlands 1980–2009 0.005 � 0.003 15 0.006 � 0.003 21 �0.035 � 0.003 �66

Switzerland 1980–2010 �0.017 � 0.001 �39 �0.015 � 0.002 �35 – –

G. Britain 1980–2010 0.006 � 0.001 20 0.004 � 0.001 13 – –

Ireland 1986–2010 �0.022 � 0.003 �43 –0.039 � 0.002 �63 – –

France 1980–2010 �0.021 � 0.001 �46 0.001 � 0.002 3 – –

Table 4 Estimated change in absolute numbers of individuals in each study area between first three and last three study years. ‘–’

indicates that areas outside of the flyway of the species, not used in the analyses. Note that change in number of individuals and

percentiles of growth rate (Table 3) does not necessarily match perfectly, as the trend of the percentiles is counted using all years

during the study period but the change in individuals relates directly to the difference between the average of last three and first

three study years

Area First 3 years Last 3 years Tufted duck Goldeneye Goosander

Finland 1980–1982 2008–2010 22 400 9800 5400

Sweden N 1980–1982 2008–2010 60 000 15 900 5700

Sweden S 1980–1982 2008–2010 21 700 4200 �500

Denmark 1987–1989 2008–2010 �25 200 20 400 �2300

Germany* 1980–1982 2007–2009 �5900 �18 300 �18 700

Netherlands 1980–1982 2007–2009 40 600 �5600 �48 500

Switzerland* 1980–1982 2008–2010 �68 400 �5300 –

G. Britain 1980–1982 2008–2010 12 700 100 –

Ireland 1986–1988 2008–2010 �7900 �6700 –

France* 1980–1982 2008–2010 �27 600 300 –

*Germany, Switzerland and France share two larger wetlands, where birds could be partly included in estimates from both coun-

tries. However, in the trend analyses, the data from these sites have been split between countries.

(a) (b) (c)

Fig. 3 Combined population estimates of (a) tufted ducks, (b) goldeneye and (c) goosander, during 1987–2009 when data were avail-

able from all nine study countries.

© 2013 Blackwell Publishing Ltd, Global Change Biology, 19, 2071–2081
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the direct effect of early winter temperature at the

northeastern edge of the flyway (Fig. 4; Table 5). The

difference in temperature between two subsequent

years was only significantly associated with wintering

numbers of Dutch goosander (Tables 5 and 6; Supple-

mentary Table S1). In the central part of the flyway,

duck abundances were independent of temperature

(Tables 5 and 6).

Discussion

Our results show, for the first time at the flyway level,

that the wintering distributions of waterbird have

shifted rapidly northeastward as a response to changes

in temperature. The hypothesis for a climate driven

shift in the wintering distribution of tufted ducks, gold-

eneyes and goosanders is supported by the fact that

observations of increased duck numbers at the north-

eastern edge of the flyway were corroborated by those

of decreasing duck numbers at the southwestern edge

of the flyway. Critically, annual fluctuations in bird

numbers were directly linked with early winter temper-

ature at both ends of the flyway, but especially on the

northern edge of the distribution in all three species.

Our findings also suggest that it is the direct effect of

the temperature which drives the population changes

and not the difference in temperatures between two

subsequent years. Therefore, we believe that there are

species-specific temperature thresholds, above which

wintering abundance increases on the northern side of

the distribution and thus increased temperature has a

key role on large-scale changes in species distribution.

Nevertheless, we cannot exclude the possibility that

other environmental factors have acted together with

global warming.

At the edges of the duck distributions, the wintering

numbers in all three species were strongly positively

linked with the wintering numbers the year before in

the same region. This positive temporal autocorrelation

in numbers suggests that large parts of the populations

are likely to show wintering philopatry on a larger spa-

tial scale (here manifested at the national level used in

this analysis). Nevertheless, this does not exclude the

possibility that birds can move within winter at smaller

spatial scales, as documented, for example, amongst

individually marked tufted ducks (Gourlay-Larour

et al., 2012). In addition, several other waterbirds are

known to show winter site fidelity to some extent (Gu-

illemain et al., 2009; Petersen et al., 2012). This implies

that some part of the population is responding to new

feeding opportunities as these arise from changes in

temperature, resulting in the observed shifts in range.

To understand these mechanisms in more detail, we

need to know which individuals are more likely to

respond to temperature (e.g., are they males, adults,

young, good or low-quality birds and of which previ-

ous wintering provenance?).

The wintering population sizes of the studied species

in the two northernmost countries in this study (Fin-

land and Sweden) have increased by more than 140 000

individuals over the past three decades. This number of

individuals represents over 5% of the populations of

the three species in the North-West European flyway

(Wetlands International, 2012). Correspondingly, coun-

tries in the southwestern parts of the flyway, the Neth-

erlands, Switzerland, Ireland and France, have lost over

128 000 birds over the same period. In this analysis, we

have only analyzed count data from three diving duck

species, which we consider the most likely to show

such range shifts in response to temperature change

and hence ice-free habitat up against the northeastern

limit of their winter range. There are recent indications

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4 Annual change in national winter population abun-

dances of tufted duck (a, d), goldeneye (b, e) and goosander (c,

f) on the northeastern edge (i.e., Finland, a–c) and southwestern

edge (i.e., France, the Netherlands, d–f, respectively) in relation

to early winter temperature in Finland in year t + 1 (Table 5).

The scale of y-axis is log-transformed difference between Nt + 1

and Nt. Solid lines represent significant correlation.

© 2013 Blackwell Publishing Ltd, Global Change Biology, 19, 2071–2081
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that the wintering populations of many waterbird spe-

cies have increased in northern Europe (Baltic region;

Nilsson, 2008; Skov et al., 2011) and decreased in south-

ern and western areas (Crowe et al., 2008; Rend�on et al.,

2008; Keller, 2011). Therefore, we believe that climate

driven shifts in the central gravity of species distribu-

tion could be a general pattern amongst many more

European waterbird species than studied here, and

should be examined in more detail.

Waterbird population shifts are of both political and

socio-economic importance. Waterbirds are included in

international and national legislations and widely har-

vested species (Wetlands International, 2006). Further-

more, waterbirds are highly dependent on wetlands,

including many threatened habitat types throughout

the world (Williams, 1993). Waterbird abundance is

one of the most commonly used designation criteria to

protect wetland sites (Wetlands International, 2006).

There are several wetland and waterbird site safeguard

programmes, including the Ramsar Convention, the

African-Eurasian Waterbird Agreement and the

European Union Special Protection Areas network

under the European Union Directive on the Conserva-

tion of Wild Birds (Council Directive 2009/147/EC).

These programmes represent the basis for conserving

necessary habitats to safeguard populations of migra-

tory waterbirds. As global warming is predicted to

escalate in the near future, particularly so at higher lati-

tudes (Intergovernmental Panel on Climate Change

(IPCC), 2007), we can expect increasing numbers of

waterbirds staging and wintering in northeastern areas,

formerly inaccessible to them. These new staging and

wintering areas may become of vital importance for

waterbird populations and, may not be included in

any of the environmental safeguard programmes.

Conversely, we can expect to see birds increasingly

retracting from sites further south and west within the

wintering range, some of which were designated specif-

ically to protect these populations (cf. Kujala et al.,

2011). Because of this, local managers should consider

climate change as a possible cause of change in the

number of birds in their region, in addition to possible

changes in total population size and/or changes in hab-

itat suitability. As importantly, new wintering and stag-

ing areas may be unprotected, whereas historical

wintering and staging areas may become devoid of

birds as distributions retract northwards. This creates a

major and novel set of challenge for the effective safe-

guard of populations, and necessitates a new, more

flexible, protection strategy. Such flexible site safeguard

programmes need to be underpinned by sound moni-

toring protocols to inform upon, and deal with, shifting

distributions of animals (Pressey et al., 2007; Hodgson

et al., 2009), including waterbirds. However, even static

networks of protection areas may support climate dri-

ven range shifts (Thomas et al., 2012), but there is an

urgent need to evaluate the importance of the existing

networks of conservation areas, now and in the future.

Many waterbird species are highly prized game

species and millions are harvested annually throughout

Europe (Hirschfeld & Heyd, 2005). Redistribution of

waterbird species may affect population management

in at least two different ways. Firstly, populations shift-

ing toward the north will exhibit an apparent negative

population trend in the south and a corollary, apparent

positive population trend in the north (as shown by this

study). Thus, shifts in the distributions of populations

may induce bias in monitoring schemes, and, if not

taken into account, may lead to management decisions

being made on the basis of false information. This effect

may be of special importance in the north, where large,

apparent population increases may lead to relaxed har-

vesting restrictions, despite populations not actually

increasing (or even decreasing), but merely being redis-

tributed in winter during the hunting season. Secondly,

the redistribution of one species of waterbird may have

repercussions on the hunting pressure of others. For

example, if an abundant quarry species becomes locally

rare due to climate driven redistribution, this could

shift harvesting pressure to alternative species. On the

other hand, a locally rare species may become abun-

dant as a result of climate change, increasing the hunt-

ing pressure on that particular species. Such harvesting

pressure interactions between species have not yet been

recorded in hunting, but they have been suggested to

occur in fisheries (Cheung et al., 2012). Thus, both local

and international wildlife management schemes will

need to unite their efforts to monitor the flyway-wide

population sizes of waterbird, as well as the species-

specific bag sizes, to avoid overexploitation of locally

common species.

Species-specific range shifts may lead to altered inter-

actions both between and within species, either through

competition or through changed predator-prey interac-

tions (Bretagnolle & Gillis, 2010). The changes in abun-

dance we have documented in this study are likely to

affect inter- and intra-specific competition, as all three

species are now exploiting winter food resources that

were formerly denied them by ice, and hence inaccessible

before spring. Several duck species show sexual segrega-

tion in wintering areas (e.g., Carbone & Owen, 1995),

whichmay lead the sexes to exhibit differential responses

to climate change. Such sex-specific effects of climate

change may lead to alterations in global sex ratios

through differential exposure to mortality (Lehikoinen

et al., 2008). The densities of natural predators increase

towards the south (Guillemain et al., 2007), wherefore the

sex migrating further south may experience increased

© 2013 Blackwell Publishing Ltd, Global Change Biology, 19, 2071–2081
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predation mortality. This gradient in predation pressure

may, together with the energetic costs of migration, be a

fundamental reason why waterbirds winter as far north-

east as climatic conditions allow. We encourage further

studies to examine how the effects of waterbird distribu-

tion shifts may ripple through wetland ecosystems,

affecting, for example, waterbird species interactions, dif-

ferent predator guilds and hunting bag sizes. Such moni-

toring efforts need to be deployed at both the national

and the flyway levels to accurately assess the potential

population consequences that may occur as a result of

range shifts.

We conclude that the three European duck species

examined here have shown rapid northeastward shifts

in their wintering distributions, and an exponential

increase in abundance at the northeastern edge of their

flyways, as a direct response to increased temperatures.

These findings show that climate-driven changes in ani-

mal distributions may be rapid, are currently on-going

and there is urgent conservation and management

actions, as well as further research into the effects of

climate change on animal distributions.
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Additional Supporting Information may be found in the
online version of this article:

Figure S1. Early winter temperature in North Europe. (a)
The spatial correlation of December temperature in southern
Finland (defined within the black line on the map) during
years 1979–2009 based on Climate Explorer of the Royal
Netherlands Meteorological Institute (http://climexp.knmi.
nl). (b) The mean early winter (16 November to 15 January)
temperature in southern Finland (defined in map b; mean of
daily means of all 10 9 10 km grids in the study area) dur-
ing winters 1979/1980–2009/2010. The line represents the
increasing trend in temperature (beta = +0.12 � 0.06 °C,
F = 4.85, df = 29, P = 0.035).
Table S1. AICc differences in two different models (Model
1 = direct effect of temperature, Model 2 = temperature dif-
ference between two subsequent years) in each country in
tufted duck, goldeneye and goosander. Models where
ΔAICc was larger than 2 are in bold.
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