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Summary
1. In migratory species, early arrival on the breeding grounds can often enhance
breeding success. Timing of spring migration is therefore a key process that is likely to
be influenced both by factors specific to individuals, such as the quality of winter and
breeding locations and the distance between them, and by annual variation in weather
conditions before and during migration.
2. The Icelandic black-tailed godwit Limosa limosa islandica population is currently
increasing and, throughout Iceland, is expanding into poorer quality breeding areas.
Using a unique data set of arrival times in Iceland in different years for individuals of
known breeding and wintering locations, we show that individuals breeding in lower
quality, recently occupied and colder areas arrive later than those from traditionally
occupied areas. The population is also expanding into new wintering areas, and males
from traditionally occupied winter sites also arrive earlier than those occupying novel
sites.
3. Annual variation in timing of migration of individuals is influenced by large-scale
weather systems (the North Atlantic Oscillation), but between-individual variation is a
stronger predictor of arrival time than the NAO. Distance between winter and breeding
sites does not influence arrival times.
4. Annual variation in timing of migration is therefore influenced by climatic factors,
but the pattern of individual arrival is primarily related to breeding and winter habitat
quality. These habitat effects on arrival patterns are likely to operate through variation
in individual condition and local-scale density-dependent processes. Timing of migration
thus appears to be a key component of the intricate relationship between wintering and
breeding grounds in this migratory system.
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For migratory birds, the timing of arrival on the breeding
grounds is critical. Arriving too early, to risk facing
unfavourable weather, can be costly (especially at
northerly latitudes) while late arrival incurs fitness
costs associated with poor breeding success (e.g.
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McNamara, Welham & Houston 1998; Kokko 1999).
A range of factors influence timing of spring migration
(Alerstam & Hedenström 1998; Alerstam, Hedenström
& Åkesson 2003), including phenotypic (e.g. Piersma &
Jukema 1993; Møller et al. 2003), density-dependent
(Hasselquist 1998; Currie, Thompson & Burke 2000)
and abiotic factors (e.g. Forchhammer, Post & Stenseth
2002). However, most studies tend to be restricted to
relatively local scales and limited parts of populations.
The importance of the processes will depend on the
extent to which they operate throughout a population.
Patterns of arrival of individuals across an entire
population are likely to be complicated by the variation
in local processes, such as within-site density-dependent
competition for breeding territories.
Although genetic factors are likely to provide initial
cues as to when to migrate (Gwinner 1986; Pulido et al.
2001), individual animals will experience different
conditions on wintering grounds or staging sites, which
can affect their feeding opportunities and body
condition on migration (Bearhop et al. 2004). This can
result in individual variation in timing of migration
(Marra, Hobson & Holmes 1998; Gill et al. 2001; Drent
et al. 2003). Similarly, different breeding grounds will
vary in their quality, optimal timing of breeding and
local levels of density dependence (e.g. Brooke 1979;
Svensson and Nilsson 1995; Newton, Rothery & Dale
1998) and so the benefit from arriving early will differ
(Kokko 1999). Although studies have shown relationships between local territory quality and/or density
dependence and timing of migration (Hasselquist 1998;
Currie et al. 2000; Mahoney & Schaefer 2002), none
have yet addressed how population-scale variation in
habitat quality influences the range of arrival times of
individuals across the population.
Abiotic factors may also affect individual timing of
migration. For example, migration distance could
influence arrival times, particularly if individuals depart
from different sites at a similar time. To investigate this,
data on both the wintering location, destination and
timing of migration of individuals are needed. Recent
advances in satellite transmitter technology have
allowed small numbers of individuals to be tracked
in detail (e.g. Nowak, Berthold & Querner 1990;
Pennycuick et al. 1996; Tourenq et al. 2004), and
migration distance has been related to timing of spring
arrival in colour-marked populations that winter in few
distinct areas (e.g. Hötker 2002), but these data are
rarely available for large numbers of individuals across
entire populations.
Weather conditions in spring can also affect the process of migration directly by interfering with schedules
of individuals already underway (e.g. Pennycuick et al.
1996) or by affecting conditions prior to departure.
This has been shown in a number of recent studies (e.g.
Forchhammer et al. 2002; Hubalek 2003; Hüppop &
Hüppop 2003; Vähätalo et al. 2004) that relate average
timing of migration to large-scale climatic phenomena
such as the North Atlantic Oscillation (NAO) (Hurrell

1995; Hurrell, Kushnir & Visbeck 2001; Visbeck et al.
2001). The effects of these on individuals have never
been investigated, presumably as the necessary multipleyears data on timing of migration of the same individuals
are rarely available (Bêty, Giroux & Gauthier 2004).
The Icelandic black-tailed godwit Limosa limosa
islandica is a migratory shorebird that breeds almost
exclusively in Iceland and winters in western Europe.
About 1–2% of the population is individually marked
with colour rings and the wintering and breeding
grounds of many of these have been located through
an extensive network of volunteer observers and by
systematic searches (Gill et al. 2001; Gunnarsson et al.
2004). The population has recently been rapidly
increasing (Gunnarsson et al. 2005a,b), during which
time birds have been occupying new, poorer quality areas,
at both ends of the range (Gill et al. 2001; Gunnarsson
et al. 2005b,c). Godwits arrive in Iceland from midApril and the majority of the population use the small
number of staging sites that are mainly located on
the few estuaries around the coastline before moving
inland to the breeding sites. Timing of spring arrival
of marked birds in Iceland has been monitored
extensively on these passage sites since 1999 (Gill et al.
2001; Gunnarsson et al. 2005a).
In this paper we explore a range of potential largescale drivers of spring arrival patterns of individual
black-tailed godwits. Using a unique data set (e.g.
Gunnarsson et al. 2004) of year-round movements of
individual Icelandic black-tailed godwits, we assess
whether (1) climatic conditions during migration
influence annual variation in the timing of individual
migration; (2) individual timing of arrival is consistent
between years; and (3) the arrival times of individuals
are influenced by breeding habitat quality, winter habitat
quality, sex or migration distance. We also explore components of habitat quality that may influence patterns
of arrival.

Methods
    
 
Between 1992 and 2003, individual black-tailed godwits
were caught on the wintering grounds, on spring
staging sites in Iceland and on the breeding grounds,
and fitted with individual combinations of colour rings.
Through an extensive network of volunteer observers
throughout the range, winter (November to midFebruary) locations have been obtained for more than
50% of all birds ringed as adults (Gunnarsson et al.
2004). Adult godwits are highly philopatric in winter
(Gill, Hatton & Potts 2002). Similarly, breeding
locations were known for all birds ringed on their
breeding territories, and the locations of many other
marked breeding birds around Iceland were also reported
by volunteers. Birds were sexed using a discriminant
function analysis of biometric data after calibration
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based on molecular analyses (Gunnarsson et al. in
press).

   
To obtain spring arrival dates for individual birds in
Iceland, we monitored the major staging sites of
godwits around Iceland on a daily basis during spring
migration from mid-April to early May, from 1999 to
2004 (Gill et al. 2001; Gunnarsson et al. 2005a). The
main staging areas are in south-west and south-east
Iceland (see locations in Gunnarsson et al. 2005a). In
the south-west, godwits arrive from mid-April onwards
but in the south-east, the peak passage period spans
the end of April (Gunnarsson et al. 2001) and the first
few days of May (Tiedemann 1990). At all sites, any
marked birds that were present when our monitoring
began were excluded from the analyses as the date of
arrival was unknown. Although flocks of godwits occasionally exceeded 3000 individuals, marked birds were
usually seen on all intervening days between the first
and last sighting, suggesting that very few birds were
overlooked. Arrival date was considered to be the first
day a bird was seen at any location in Iceland. In total
we obtained spring arrival dates for 113 marked birds
for which breeding location, winter location or arrival
date in more than one year were known. Arrival dates
in 2 years were known for 30 individuals, in 3 years for
12 individuals, in 4 years for three individuals and in
5 years for one individual. The remaining 67 individuals
were seen only in one year.
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The Icelandic black-tailed godwit population has
increased rapidly (Pollitt et al. 2003), and previous
studies have shown that the godwits are following a
buffer effect on the wintering grounds (Gill et al. 2001).
The black-tailed godwits that winter in England are
expanding into poorer quality sites in which prey
intake rates and adult survival are reduced (Gill et al.
2001). Although the quality and timing of colonization
of winter sites elsewhere in the range is not known,
Prater (1974) identified sites that were occupied prior
to c.1970, and these ‘old’ sites can be distinguished
from sites occupied since then (Gunnarsson et al. 2005c).
Winter sightings (mid-November to mid-February) of
individually marked birds were therefore classified into
those occupying old sites (occupied since before 1970),
new sites (occupied since 1970) or mixed sites (birds
recorded using old and new sites in different winters).
If, as Gunnarsson et al. (2005c) suggest, the buffer
effect pattern described in Gill et al. (2001) extends
throughout the winter range, then ‘new’ sites will be
relatively poorer quality than ‘old’ sites throughout the
range.
Recent studies have shown that a buffer effect is
also operating on the breeding grounds with birds

progressively expanding into areas of Iceland with an
increasing proportion of the poorer quality type of
breeding habitat. The year of colonization of breeding
areas around Iceland can thus be used as an index of
the relative availability of good quality breeding habitat
(Gunnarsson et al. 2005b).
The relative quality of different breeding habitats
and areas may also be influenced by the timing of
breeding habitat availability in spring, which is likely to
be related to local temperatures. We therefore extracted
the mean May (the month when breeding starts)
temperature (available at: http://www.vedur.is) in eight
separate breeding areas. Mean temperatures were
calculated from the long-term average (1961–2004),
and averaged over two to three stations in each area.
The mean number of birds from each area for which we
had timing of migration was 6·3 ± 1·4 SE.

 
Mapping software (Navtreck) was used to calculate
migration distance as the straight line (great circle;
orthodrome) in km between the mid-winter location
and nearest part of the coastline of Iceland.

 
A two-stage process was used to determine the relative
importance of annual variation in weather conditions
(NAO) and the individual-based variables (sex,
breeding and winter area characteristics and migration
distance) on arrival dates of individual godwits on
spring staging areas in Iceland. First, annual variation
in arrival dates was explored with a General Linear
Model constructed with the GENMOD procedure in
SAS (SAS Institute 2001), using the date that birds
were first seen in Iceland in each year as the response
variable, for all birds that were seen in more than one
year (n = 46 individuals). The NAO index and a factor
representing the individual were used as the predictor
variables. NAO variables were available on a monthly
basis and to determine which month had the most
significant effect, separate models were constructed
for the average NAO values for January to May each
year. NAO data were obtained from http://www.
cru.uea.ac.uk/cru/data/nao.htm.
To understand the factors influencing the betweenindividual variation in arrival in the previous model, a
repeated-measures GLM was then constructed in
GENMOD with individual specified as the variable on
which repeated measures are made. The March value
of NAO was kept in the model (see Results), but the
individual factor was replaced with the variables in
Table 1, to determine which aspects of individual life
history (breeding and winter area characteristics, sex
and migration distance) contributed to individual
arrival dates. A step-backward procedure was used to
determine the Minimum Adequate Model (Crawley
1993), with all variables initially included in the model,
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Table 1. Variables included in the analysis of between-individual variation in timing of arrival in Iceland in spring. See text for
details
Variable

Type

Values

NAO
Breeding area characteristics
Winter area characteristics
Migration distance
Sex

Continuous
Continuous
Three-level factor
Continuous
Two-level factor

March index values
Year of colonization or mean May temperature
Old (occupied pre-1970), new (post-1970) or mixed
km from mid-winter location to Iceland
Male or female

and the least and nonsignificant (P > 0·05) variables
sequentially removed until only significant variables
remained.

Table 2. Results from four different GLMs predicting the
date that 46 individual Icelandic black-tailed godwits were
first seen on spring passage in Iceland, based on the NAO
value for different months (January to April) and a factor
variable representing each individual. The parameter values
and the significance of both the NAO parameter and the
individual factor in each model are shown

    
    
To assess the relationship between timing of arrival on
breeding sites and local breeding density, we carried
out studies on 12 sites in south Iceland in 2002. The vast
majority of godwits arrive in Iceland in the last 10 days
of April and the first 10 days of May (Gunnarsson et al.
2005c). Systematic counts were carried out on each of
the sites one to two times a week, from mid-April until
all birds had left (c. late July). Breeding densities
(birds km−2) were calculated from the average of the
three maximum counts on each site during the nesting
period. To estimate arrival patterns on those sites we
measured the proportion of birds (of the maximum
density) at each of 12 sites that arrived during the first
half of the arrival period (last 10 days in April).

Results
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The 113 individual godwits for which we measured
arrival dates in Iceland originated from winter sites
throughout the range (Portugal, Spain, France and the
British Isles), and from locations throughout the
breeding range in Iceland. Records of arrival dates in
more than one spring were available for 46 of these
birds. A comparison of the effect of the NAO values for
the different months on annual variation in godwit
arrival times resulted in a significant fit for February
and March (Table 2). March NAO values were the
strongest predictor of timing of arrival in Iceland and
were used in subsequent analyses. Arrival dates for
these 46 individuals were significantly related to the
March NAO value but the individual factor had
much stronger effects on timing of spring arrival
(Table 2), indicating that individual timing of arrival
was consistent between years. NAO and the individual
factor together explained 73% of the variance in annual
arrival dates (regression of predicted values on observed:
y = 0·72x + 7·43, R2 = 0·73, P < 0·001). Analysis of
repeatability (Lessells & Boag 1987) confirmed that the
arrival dates of individuals were repeatable between
years (r = 0·18, F5,107 = 14·4, P < 0·001).
In the second part of the analysis, the individual
parameter was replaced with variables relating to the

NAO

Individuals

Month

Parameter
estimate

χ1

January
Feb
March
April

0·54
0·55
−2·52
0·17

3·73
0·0535
10·97
0·0009
40·69 < 0·0001
1·24
0·2662

2

P

χ 45

P

108·15
105·13
122·34
105·3

< 0·0001
< 0·0001
< 0·0001
< 0·0001

2

breeding and winter location, distance between the
two and sex of each bird. The year of colonization of
breeding areas is strongly related to the mean May
temperature in those areas (r = −0·85, P = 0·01, n = 8),
thus the effects of colonization year and mean May
temperature were both explored separately within
these analyses. In the final model, the NAO and two
of the four individual variables (Table 1) were retained
in the minimum adequate model (sex: female para2
meter = 2·25 ± 0·8 SE days later than males, χ1 = 5·92,
P = 0·0149; mean May temperature: parameter = −1·65
2
± 0·47, χ1 = 7·47, P = 0·0063 and NAO: parameter =
−2·71 ± 0·56, χ12 = 10·31, P = 0·0013). May temperatures
were used as the indicator of breeding area characteristics in this model, as they gave a better fit than the
colonization pattern. Across the eight breeding areas
for which we had both information about individual
timing of migration and temperature, godwits breeding
on sites with a higher average May temperature
arrived significantly earlier in Iceland (Fig. 1). When
the nonsignificant variables (age of winter site and
migration distance, Fig. 2) were removed from the
model, the sample size increased from 31 to 47, as the
remaining parameters were known for a larger sample
of individuals. This larger sample produced results
consistent with the previous (n = 31) model, so only
results based on the larger sample size are presented
(Table 3). Interaction terms were also tested but were
not significant. This model explained 44% of the
variation in arrival dates (regression of predicted values
on observed: y = 0·44x + 15·29, R2 = 0·44, P < 0·001).
The effects of breeding site characteristics and sex on
patterns of arrival in Iceland are shown in Fig. 3. The
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Fig. 1. The relationship between mean May temperature and
mean (± SE) timing of arrival in Iceland of black-tailed
godwits breeding in eight separate areas around Iceland
( y = −2·50x + 36·65, R2 = 0·79, P = 0·003, n = 8).
Fig. 3. Variation in the mean (± SE) timing of arrival of male
(open circles) and female (filled circles) black-tailed godwits
from breeding areas colonized for different periods of time.

Fig. 2. The relationship between mean individual timing of
arrival of black-tailed godwits in Iceland in spring and the
distance between Iceland and the wintering grounds of those
individuals.

Table 3. Results of the minimum adequate repeated measures
GLM model, which explored the effects of sex, breeding
habitat quality (measured as mean May temperature) and the
NAO on individual arrival dates of black-tailed godwits in
Iceland
Variable
Sex
Mean May
temperature
NAO
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χ1

2

P

5·92
7·47

0·0149
0·0063

10·31

0·0013

first godwits to arrive in spring are males that are going
to breed in the most traditionally occupied breeding
areas, closely followed by the females that will also breed
in these areas. Males that are going to breed in areas
occupied between 1920 and 1940 arrive, on average, 1 day
later, but the females from these sites arrive 2–3 days
later. Males and females from the most recently
occupied sites in the east of Iceland both arrive about
a week after the first godwits. Although the age of
occupation of winter sites was not retained within the
model, this is likely to largely be because of collinearity
between breeding and winter site characteristics, as
individuals from traditionally occupied breeding sites
also tend to use ‘old’ winter sites (Gunnarsson et al.

Fig. 4. Differences in the mean (± SE) timing of arrival of
male and female black-tailed godwits from traditionally
occupied (open bars; pre-1970) or recently occupied (filled
bars; post-1970) winter sites.

2005c). Thus, early arriving godwits are likely to also
be from traditionally occupied winter sites. Figure 4
shows that the earliest males are from winter sites
occupied prior to 1970 (males: t36 = −2·56, P = 0·014;
females: t30 = 1·69, P = 0·83).
Although the proportion of good and poor quality
habitat within breeding areas around Iceland is known,
the actual habitat type occupied by individuals is
not known for most birds. However, detailed studies
of godwit breeding ecology in eight good quality
(marshes) and four poor quality (dwarf-birch bogs)
breeding habitats in the southern lowlands of Iceland
(see Gunnarsson et al. 2005c) show a clear relationship
between breeding density and the pattern of arrival on
these sites (Fig. 5). The proportion of birds arriving on
the breeding site early (before the end of April)
increases with breeding density, and good quality sites
generally have higher breeding densities than poor
quality sites.

Discussion
Individual godwits from traditionally used breeding
areas, where average habitat quality and spring temperatures are higher, arrive in Iceland earlier than those

1124
T. G. Gunnarsson
et al.

Fig. 5. The relationship between local breeding density
(birds km−2) and arrival patterns (proportion of maximum
number that arrives in the first half of the arrival period) in
spring ( y = 0·014x − 0·031, R2 = 0·39, P = 0·029) across 12
breeding sites in southern Iceland in 2002. Filled squares
indicate poorer quality habitat (dwarf-birch bog) and open
circles indicate higher quality habitat (marsh).
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from recently occupied areas, where average habitat
quality and spring temperatures are lower. This pattern
could result from one, or a combination, of the following mechanisms: (1) the strength of density-dependent
pressure to arrive early is higher in more traditionally
used areas if these have higher densities and local
competition (e.g. Kokko 1999); (2) variation in habitat
quality may result in different trade-offs between the
risks of early arrival and the potential reproductive
gain, such that the benefits of early arrival are higher in
better areas; (3) earlier arrival in traditionally used
areas could be a carry-over effect from the wintering
grounds if birds using traditional breeding areas are
more likely to winter on higher quality sites and to be in
better condition for early migration; (4) individuals
could be on different schedules, with the earliest arrivers
occupying slightly milder climates and breeding earlier,
independent of other aspects of habitat quality.
At present it is not possible to distinguish between
the above mechanisms, as the pattern of expansion into
new breeding areas with lower availability of good
quality habitat is so closely correlated to spring temperatures. However, the increase in the proportion of
early arrivals with local breeding density in sites in
the southern lowlands (Fig. 5), is indicative of the
importance of local density-dependent processes in
driving patterns of arrival. Although breeding densities
tend to be higher on the better quality marsh habitats,
this is not exclusively the case (Fig. 5). Thus, it seems
likely that arrival dates are directly related to the
quality of the breeding habitats, which is influenced
both by the level of competition for resources and
potentially also the optimal timing of breeding in
relation to temperature.

In addition to this, the earlier arrival of males from
traditional wintering sites (Fig. 4) suggests that carryover effects are also important drivers of individual
arrival times. The godwit population has recently
expanded into novel wintering areas throughout
western Europe. Previous studies from winter sites
within England have shown that prey intake rates and
adult survival are lower on novel winter sites, and that
birds from these areas arrive in Iceland later than those
from the traditionally occupied sites (Gill et al. 2001).
Direct estimates of the quality of winter sites throughout
the rest of the winter range are not yet available, but if
expansion into poorer quality winter areas is occurring
throughout the range, then both breeding and winter
site characteristics will explain a considerable part of
the variation in individual timing of migration. As this
population shows strong seasonal matching of habitat
quality, with the same individuals using higher quality
sites at both ends of the range (Gunnarsson et al.
2005c), we cannot currently determine in which season
the effects are stronger.
Throughout the population, the NAO affects arrival
times. Many recent studies have described the important
effect of the NAO on the mean timing of migration
across populations (e.g. Forchhammer et al. 2002;
Hubalek 2003; Hüppop & Hüppop 2003; Vähätalo
et al. 2004). The NAO does explain some of the annual
variation in timing of spring arrival of godwits but is
of relatively minor importance compared with the
combined sources of individual variation. The strength
of the effect of the NAO increased from January to
March but was nonsignificant during the main
migration period in April (Table 2). This suggests that
the effects of the NAO on timing of migration operate
mainly through their influence on feeding conditions
prior to migration, and that these effects become more
pronounced as migration approaches. During migration,
smaller-scale weather patterns are more likely to be
important than large-scale climatic phenomena, which
may explain the lack of an effect of the NAO in April on
timing of arrival (Table 2).
The direction of the effects of the NAO on timing of
arrival also varies between months (Table 2). This may
reflect changes in the spatial distribution of godwits in
late winter. In mid-winter, the population is distributed
from the British Isles to northern Morocco, with more
than half of the population in France and Iberia
(Gunnarsson et al. 2005a). Movements of marked
individuals show that the spatial arrangement of the
population changes rapidly in late winter (February–
March), as many southern wintering birds move north
(44% of 124 birds known to winter in France or further
south have been seen during spring staging in Britain,
Ireland or the Netherlands). In the Netherlands alone,
one-quarter of the population aggregates in late March
(Gerritsen & Tijsen 2003). As the effects of the NAO
differ in southern and northern Europe (Hurrell et al.
2003), the direction of the correlation between the
NAO and arrival dates might be expected to change as
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the population moves northwards. The relationship
between the NAO and arrival dates is positive in
January and February but negative in March, by which
time most of the birds have gathered in the north of
the range prior to departure (Table 2). This pattern
supports the suggestion that migration schedules
become tighter the closer birds are to the breeding
grounds (Battley et al. 2004).
The range of distances travelled by individual birds
from their mid-winter location to Iceland (c. 1000–
3000 km) did not significantly influence timing of
arrival. This suggests that godwits from the south of the
winter range (southern Iberia) can fully compensate in
time for the increased travel costs over these spatial
scales, and (given a relatively constant travel speed
across individuals) that godwits depart their mid-winter
locations at different times in order to time their arrival
at the breeding site in relation to others. Very few studies
have addressed this issue. Hötker (2002) showed that
avocets Recurvirostra avosetta, with the shortest
distance to travel arrived earlier in spring than those
wintering further away. A similar pattern has been
shown for cormorants Phalacrocorax carbo, breeding
in Denmark (Bregnballe, Frederiksen & Gregersen in
press) where birds wintering close (≤ 300 km) to the
colonies arrive 2–3 weeks earlier than those wintering
further away. The discrepancy between studies might be
because, in both avocets and cormorants, a proportion
of the population winters very close to the breeding
sites, and may thus be able to assess conditions for
breeding very accurately. Icelandic black-tailed godwits winter at least 1000 km away from the breeding
grounds, and conditions within Iceland during spring
may thus be difficult to gauge. Birds wintering in
southerly sites may be trading-off travel costs with
higher site quality, which could provide them with the
fuel necessary for rapid spring migration, but may
require them to begin spring migration earlier than
those in the north. Interestingly, cormorants wintering
at a similar distance from their breeding sites as godwits
(600 –2500 km) also show no relationship between
distance and timing of arrival (Bregnballe et al. in press),
thus there is a scale issue that has to be considered when
comparing different systems.
Males arrive in Iceland on average 2·3 days earlier
than females. Earlier arrival of males is a typical
pattern for species where males defend territories
(e.g. Currie et al. 2000; Hötker 2002). Male territorial
defence is predominant in most species of waders
(Cramp & Simmons 1983), and this has typically been
used to explain why males of migratory birds tend to
arrive earlier than females. However, this overlooks the
fact that, early in the season, males with a territory are
likely to be a rare commodity and females should also
be selected for early arrival to secure a territory with a
male. Indeed, recent theoretical advances suggest that
selection for earlier arrival of males in migratory birds
might require processes that enhance male–male
competition, such as biased sex ratios or high levels of

extra-pair copulations, to provide the pressure to arrive
early (Kokko et al. in press). The very small differences
in arrival between male and female godwits (Fig. 3)
suggests that there is also strong selection acting on
female arrival times.
Migratory systems are best described as a sequential
process, where the effects of events operating in one
season can carry over to the next. The seasonal matching in the godwit system, in which individuals tend to
use either high or low quality habitat in both seasons, is
an example of these carry-over effects. The analyses
presented here show that, while climatic conditions
influence annual variation in the timing of spring
migration, the order in which individuals arrive is
strongly influenced by the conditions that they experience on their breeding and wintering sites. Timing
of migration is thus likely to be a key aspect of seasonal
matching, with individuals from good quality sites
both able to arrive earlier and under greater pressure to
arrive earlier, either because good quality sites are
available earlier in the season or because of stronger
density-dependent competition for good quality
territories.

Acknowledgements
We thank the members of Farlington and Wash Wader
Ringing Groups and those involved in fieldwork in
Iceland who helped to catch, mark and record timing
of migration of these birds, and the many observers of
ringed birds throughout Europe for their essential
input and hard work. We thank the Icelandic Meteorological Office for weather data and Thomas Alerstam
and Hanna Kokko for very valuable comments on the
manuscript. The study was funded by the British
Chevening Scholarship, British Trust for Ornithology,
Conseil Regional de Bretagne, Farlington Ringing
Group, Hampshire County Council, Hampshire
Ornithological Society, Icelandic Research Fund for
Graduate Students, the Royal Society for the Protection
of Birds, the TMR programme of the EC and NERC.

References
Alerstam, T. & Hedenström, A. (1998) The development of
bird migration theory. Journal of Avian Biology, 29, 343–
369.
Alerstam, T., Hedenström, A. & Åkesson, S. (2003) Longdistance migration: evolution and determinants. Oikos,
103, 247– 260.
Battley, P.F., Piersma, T., Rogers, D.I., Dekinga, A., Spaans,
B. & Van Gils, J.A. (2004) Do body condition and plumage
during fuelling predict northwards departure dates of Great
Knots Calidris tenuirostris from north-west Australia? Ibis,
146, 46 – 60.
Bearhop, S. Hilton, G.M. Votier, S.C. & Waldron, S. (2004)
Stable isotope ratios indicate that body condition in migrating
passerines is influenced by winter habitat. Proceedings of
the Royal Society of London Series B, 271 (Suppl. 4), 215–
218.
Bêty, J., Giroux, J.F. & Gauthier, G. (2004) Individual variation
in timing of migration: causes and reproductive consequences

1126
T. G. Gunnarsson
et al.

© 2006 The Authors.
Journal compilation
© 2006 British
Ecological Society,
Journal of Animal
Ecology, 75,
1119–1127

in greater snow geese (Anser caerulescens atlanticus). Behavioural Ecology and Sociobiology, 57, 1– 8.
Bregnballe, T., Frederiksen, M. & Gregersen, J. (in press)
Effects of distance to wintering area on arrival date and
breeding performance in great cormorants Phalacrocorax
carbo. Ardea, in press.
Cramp, S. & Simmons, K.E.L. (1983) The Birds of the Western
Palearctic, Vol. III. Oxford University Press, Oxford.
Crawley, M.J. (1993) Glim for Ecologists. Blackwell Scientific
Publications, Oxford.
Currie, D., Thompson, D.B.A. & Burke, T. (2000) Patterns of
territory settlement and consequences for breeding success
in the Northern Wheatear Oenanthe oenanthe. Ibis, 142,
389–398.
Brooke, M. de L. (1979) Differences in the quality of territories held by wheatears (Oenanthe oenanthe). Journal of
Animal Ecology, 48, 21– 32.
Drent, R., Both, C., Green, M., Madsen, J. & Piersma, T.
(2003) Pay-offs and penalties of competing migratory
schedules. Oikos, 103, 274 –292.
Forchhammer, M.C., Post, E. & Stenseth, N.C. (2002)
North Atlantic Oscillation timing of long- and shortdistance migration. Journal of Animal Ecology, 71, 1002 –
1014.
Gerritsen, G.J. & Tijsen, W. (2003) De betekenis van Nederland als pleisterplaats voor Ijslandse Grutto’s Limosa
limosa islandica tijdens der voorjaarstrek in 2001 an 2002.
Limosa, 76, 103 –108.
Gill, J.A., Norris, K., Potts, P.M., Gunnarsson, T.G., Atkinson,
P.W. & Sutherland, W.J. (2001) The buffer effect and largescale population regulation in migratory birds. Nature, 412,
436 – 438.
Gill, J.A., Hatton, L. & Potts, P.M. (2002) Black-tailed Godwit.
The Migration Atlas: Movements of the Birds of Britain and
Ireland (eds Wernham, C., Toms, M. & Marchant, J.H.,
Clark, J., Siriwardena, G. & Baillie, S.), pp. 323– 325.
T&AD Poyser, London.
Gunnarsson, T.G., Potts, P.M., Gill, J.A. & Croger, R.E.
(2001) Studies of Icelandic Black-tailed Godwits. Bliki, 22,
55 – 61. (in Icelandic, with an English summary).
Gunnarsson, T.G., Gill, J.A., Sigurbjörnsson, P. & Sutherland, W.J. (2004) Arrival synchrony in migratory birds.
Nature, 431, 646.
Gunnarsson, T.G., Potts, P.M., Gill, J.A., Croger, R.E.,
Gelinaud, G., Atkinsson, P.W., Gardarsson, A. & Sutherland,
W.J. (2005a) Estimating population size in Icelandic Blacktailed Godwits Limosa limosa islandica by colour-marking.
Bird Study, 52, 153 –158.
Gunnarsson, T.G., Gill, J.A., Petersen, A., Appleton, G. &
Sutherland. W.J. (2005b) A double buffer effect in a migratory
shorebird population. Journal of Animal Ecology, 74, 965 –
971.
Gunnarsson, T.G. Gill, J.A. Newton, J. Potts, P.M. & Sutherland, W.J. (2005c) Seasonal matching of habitat quality and
fitness in a migratory bird. Proceedings of the Royal Society
of London Series B, 273, 2319–2323.
Gunnarsson, T.G., Gill, J.A., Goodacre, S., Gélinaud, G.,
Atkinson, P.W., Hewitt, G. & Potts, P.M. & Sutherland,
W.J. (in press) Sexing birds: a comparison of behavioural,
molecular, biometric and field-based techniques. Bird
Study, in press.
Gwinner, E. (1986) Circannual Rhythms. Springer-Verlag,
Berlin.
Hasselquist, D. (1998) Polygyny in great reed warblers: a longterm study of factors contributing to male fitness. Ecology,
79, 2376–2390.
Hötker, H. (2002) Arrival of Pied Avocets Recurvirostra
avosetta at the breeding site: effects of winter quarters and
consequences for reproductive success. Ardea, 90, 379–
387.

Hubalek, Z. (2003) Spring migration of birds in relation to
North Atlantic Oscillation. Folia Zoologia, 52, 287–
298.
Hüppop, O. & Hüppop, K. (2003) North Atlantic Oscillation
and timing of spring migration in birds. Proceedings of the
Royal Society of London Series B, 270, 233 –240.
Hurrell, J.W. (1995) Decadal trends in the North Atlantic
Oscillation: regional temperatures and precipitation.
Science, 269, 676 – 679.
Hurrell, J.W., Kushnir, Y. & Visbeck. M. (2001) The North
Atlantic Oscillation. Science, 291, 603 –605.
Hurrell, J.W., Kushnir, Y., Ottersen, G. & Visbeck. M.
(2003) An overview of the North Atlantic Oscillation.
The North Atlantic Oscillation: climate significance and
impact. American Geophysical Union Monograph, 134,
1– 35.
Kokko, H. (1999) Competition for early arrival in migratory
birds. Journal of Animal Ecology, 68, 940 – 950.
Kokko, H., Gunnarsson, T.G., Morrell, L.J. & Gill, J.A. (in
press) Why do female migratory birds arrive later than
males? Journal of Animal Ecology, in press.
Lessells, C.M. & Boag, P.T. (1987) Unrepeatable repeatabilities:
a common mistake. Auk, 104, 116 –121.
Mahoney, S.P. & Schaefer, J.A. (2002) Long-term changes in
demography and migration of Newfoundland caribou.
Journal of Mammalogy, 83, 957– 963.
Marra, P.P., Hobson, K.A. & Holmes, R.T. (1998) Linking
winter and summer events in a migratory bird by using
stable-carbon isotopes. Science, 282, 1884 –1886.
McNamara, J.M., Welham, R.K. & Houston, A.I. (1998) The
timing of migration within the context of an annual routine.
Journal of Avian Biology, 29, 416 – 423.
Møller, A.P., Brohede, J., Cuervo, J.J., de Lope, F. & Primmer, C.
(2003) Extrapair paternity in relation to sexual ornamentation,
arrival date, and condition in a migratory bird. Behavioral
Ecology, 14, 707–712.
Newton, I., Rothery, P. & Dale, L.C. (1998) Densitydependence in the bird populations of an oak wood over 22
years. Ibis, 140, 131–136.
Nowak, E., Berthold, P. & Querner, U. (1990) Satellite tracking
of migrating Bewick’s Swans. Naturwissenschaften, 77,
549 – 550.
Pennycuick, C.J., Einarsson, Ó.E., Bradbury, T.A.M. &
Owen, M. (1996) Migrating Whooper Swans Cygnus cygnus:
satellite tracks and flight performance calculations. Journal
of Avian Biology, 27, 118–134.
Piersma, T. & Jukema, J. (1993) Red breasts as honest signals
of migratory quality in a long-distance migrant, the
bar-tailed godwit. Condor, 95, 163–177.
Pollitt, M., Hall, C., Holloway, S., Hearn, R., Marshall, P.,
Musgrove, A.J., Robinson, J. & Cranswick, P. (2003) The
Wetland Bird Survey 2000–01: Wildfowl and Wader Counts.
BTO/WWT/RSPB/JNCC, Slimbridge.
Prater, A.J. (1975) The wintering population of the Blacktailed Goduit. Bird Study, 22, 169–176.
Pulido, F., Berthold, P., Mohr, G. & Querner, U. (2001)
Heritability of the timing of autumn migration in a natural
bird population. Proceedings of the Royal Society of London
Series B, 268, 953 – 959.
SAS Institute (2001) The SAS System for Windows V8.01.
SAS Institute Inc., Cary, NC.
Svensson, E. & Nilsson, J.A. (1995) Food-supply, territory
quality and reproductive timing in the blue tit (Parus
caeruleus). Ecology, 76, 1804 –1812.
Tiedemann, R. (1990) Migration of waders through Skardsfjördur and Hornafjordur in spring 1988. Unpublished BSc
Thesis, University of Iceland. In Icelandic with an English
Summary.
Tourenq, C., Combreau, O., Lawrence, M. & Launay, A.
(2004) Migration patterns of four Asian Houbara Chlamydotis

1127
Arrival times of
migratory birds

© 2006 The Authors.
Journal compilation
© 2006 British
Ecological Society,
Journal of Animal
Ecology, 75,
1119–1127

macqueenii wintering in the Cholistan Desert, Punjab,
Pakistan. Bird Conservation International, 14, 1–10.
Vähätalo, A.V., Rainio, K., Lehikoinen, A. & Lehikoinen, E.
(2004) Spring arrival of birds depends on the North
Atlantic Oscillation. Journal of Avian Biology, 35, 210 –
216.

Visbeck, H., Hurrell, J.M., Polvani, L. & Cullen, H.M. (2001)
The North Atlantic Oscillation: past, present, and future.
Proceedings of the National Academy of Sciences USA, 98,
12876 –12877.
Received 24 January 2006; accepted 18 May 2006

