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Jennifer A. Gill1, José A. Alves1, William J. Sutherland2, Graham F. Appleton3,
Peter M. Potts4 and Tómas G. Gunnarsson5
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Recent advances in spring arrival dates have been reported in many migratory

species but the mechanism driving these advances is unknown. As population

declines are most widely reported in species that are not advancing migration,

there is an urgent need to identify the mechanisms facilitating and constrain-

ing these advances. Individual plasticity in timing of migration in response to

changing climatic conditions is commonly proposed to drive these advances

but plasticity in individual migratory timings is rarely observed. For a shore-

bird population that has significantly advanced migration in recent decades,

we show that individual arrival dates are highly consistent between years,

but that the arrival dates of new recruits to the population are significantly ear-

lier now than in previous years. Several mechanisms could drive advances in

recruit arrival, none of which require individual plasticity or rapid evolution of

migration timings. In particular, advances in nest-laying dates could result

in advanced recruit arrival, if benefits of early hatching facilitate early sub-

sequent spring migration. This mechanism could also explain why arrival

dates of short-distance migrants, which generally return to breeding sites ear-

lier and have greater scope for advance laying, are advancing more rapidly

than long-distance migrants.

1. Introduction
Changes in the timing of spring migration have been widely reported for many

species in recent decades [1–6], and advances in migration are among the most

commonly reported phenological responses to climatic change [1,7]. As early

arrival on the breeding grounds has been linked to improved individual fitness

[8–12] and as early arrival risks the costs of harsh weather and low-resource abun-

dance, it is likely that individual migratory timings are under strong selection

pressure [13,14].

The recent advances in timing of migration have been linked to changes in

climatic conditions but the mechanisms driving shifts in timing of migration are

unknown [7]. Identifying these mechanisms is critically important because popu-

lation declines are being most widely recorded in species that are not advancing

migration [15]. The most commonly proposed mechanism explaining the observed

shifts in timing is individual plasticity in timing of migration [4,7,16]. This mechan-

ism is often proposed because species that migrate over shorter distances are

frequently reported to have advanced more than longer distance migrants [2,5,17].

This pattern suggests that long-distance migrants may be less capable of responding

to changing conditions at their destination, because the greater distance reduces their

capacity to predict conditions on the breeding grounds and/or because these species

have stronger endogenous control of migration timing [7,18]. However, shifts in

timing are typically recorded at the population level, with most studies reporting

first or mean arrival dates at a given location [5,7]. Identifying the role of individual
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Figure 1. The annual change in first spring arrival date of black-tailed god-
wits in south Iceland reported by Gunnarsson & Tómasson [6] (closed circles:
y ¼ 20.55x þ 1221, r2 ¼ 0.62, n ¼ 21, p , 0.001), and the date on
which the first individually marked black-tailed godwits were recorded on
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plasticity in driving population-level advances in timing requires

repeated measurement of individual arrival dates over multiple

migration periods.

The dates of spring arrival into Iceland of a wide range of

migratory bird species have advanced significantly over the

last two decades and these advances have coincided with

rising temperatures [6]. Among these species, the first arrival

dates of Icelandic black-tailed godwits, Limosa limosa islandica,

have advanced significantly, at rates similar to other short-

distance (within-continent) migrants [6]. Icelandic black-tailed

godwits are also the focus of a unique long-term, population-

wide study in which individuals have been marked and tracked

throughout the migratory range by a network of more than 2000

volunteer observers. We use a 14 year dataset of arrival dates

of marked individuals of this population to quantify annual

variation in individual migratory timings and investigate the

mechanisms driving shifts in migratory timings.

passage sites in Iceland (open circles: y ¼ 20.61x þ 1332, r2 ¼ 0.5,
n ¼ 14, p , 0.005).

:20132161
2. Material and methods
(a) Individual arrival dates
The Icelandic black-tailed godwit population numbers approxi-

mately 50 000 individuals [19] and, over the last two decades,

colour-ringing throughout the breeding and winter ranges has

been used to maintain approximately 1–2% of the population

individually identifiable in the field [19,20]. Since 1999, regular,

repeated surveys every 1–3 days of the main spring arrival

locations in Iceland have been undertaken throughout the arrival

period (details in [21]), during which the arrival dates of individu-

ally marked birds are recorded. Arrival sites are estuarine mudflats

and coastal wetlands, and all individuals present on these sites can

typically be observed (median proportion of birds in arrival flocks

checked for colour rings ¼ 0.99, mean¼ 0.84+0.02 s.e.). Between

1999 and 2012, arrival dates for 54 individuals were recorded in

between four and eight springs (see the electronic supplementary

material). Most godwits are caught and ringed as adults, and are

therefore of unknown age. However, arrival dates have been

recorded for 46 individuals that were either ringed as chicks in

Iceland or during their first winter, and are therefore of known

age. Of these 46 individuals, 38 have been recorded on arrival

in 1 year, six in 2 years and two in 3 years.

(b) Estimating laying dates and intervals between
arrival and laying

Since 2001, approximately 100 nests per season of lowland-breed-

ing waders (black-tailed godwit Limosa limosa, snipe Gallinago
gallinago, redshank Tringa totanus, golden plover Pluvialis apricaria,

oystercatcher Haematopus ostralegus and whimbrel Numenius
phaeopus) have been located through intensive surveys of study

locations throughout south Iceland. The laying date of each nest

is estimated by conventional egg-floating techniques [22] and, in

many cases, confirmed by recording hatching date. To compare

advances in arrival among species with differing times of arrival

and nest-laying, the first known date of nest initiation for each of

these species (between 34 and 161 nests per species) was extracted

from these data and used to calculate the time interval (days)

between arrival and laying for each species. The arrival date for

each species was the average first arrival date reported in [6].

The advance in timing of arrival for each species was extracted

from [6] and was the slope of regressions of annual variation in

first date of arrival between 1988 and 2009.

For black-tailed godwits, repeatability of laying dates was

estimated for nests of marked individuals, as many of these nest-

ing events have one or both parents individually marked (having
either been caught elsewhere in the range or during a previous

nesting attempt). Repeatability of laying dates is estimated here

for females; few mate changes have occurred as godwits are

strongly mate-faithful [20].

(c) Estimating annual variation in hatch dates
Since 1999, over 740 black-tailed godwit chicks (average per

year ¼ 57+34.2 s.d.) have been caught at locations throughout

Iceland, between mid-June and mid-July. Chicks are individually

colour-ringed and biometrics are recorded. To assess annual

variation in godwit hatch dates, mean relative chick size (the

residual variation from the relationship between total head

length and day (ordinal date) of ringing) was calculated for

each year, as chicks will be larger on any given day in years in

which hatching is earlier.

(d) Weather data
Mean monthly temperature data were extracted for two weather

stations of the Icelandic Meteorological Office (www.vedur.is).

Mean April temperatures at Reykjavı́k (648070 N, 218540 W), a

major arrival location, were used to explore the influence of tempera-

ture on spring arrival dates. Mean June temperatures at Hæll (6483.90

N, 20814.50 W), the closest station to the breeding study locations,

were used to explore the influence of temperature on nest-laying

dates. In addition, values of the North Atlantic Oscillation (NAO)

index were extracted for March and April (http://www.cru.uea.

ac.uk/cru/data/nao/), the months prior to and during migration.

(e) Statistical analyses
Annual, individual/pair and temperature-related variation in

arrival and laying dates (both measured as ordinal dates, from

1 January) were explored using general linear models (GLMs)

with normal error distributions, with year or temperature fitted

as covariates and individual or pair as fixed factors. Annual vari-

ation in arrival dates of known-age individuals and in mean

relative chick size were explored with GLMs with year fitted as

a covariate. Repeatability of individual arrival dates between

years was calculated following [23].
3. Results
(a) Population and individual spring arrival dates
The timing of arrival of black-tailed godwits in Iceland has

advanced significantly, as shown by the date on which the
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Figure 2. Dates of spring arrival into Iceland of (a) 54 individually marked black-tailed godwits recorded on arrival in between 4 and 8 years, from 1999 to 2012
(filled circles, ordered from earliest to latest) and the rates of change (open circles, days per year) in arrival among these individuals and (b) 46 individuals hatched
in different years ( y ¼ 1496 – 0.69x, r2 ¼ 0.34, p , 0.001), and subsequently recorded on spring arrival.

Table 1. Results of GLMs of annual and individual variation in (a) spring arrival
dates of 54 Icelandic black-tailed godwits (4 – 8 years between 1999 and 2012)
and in relation to mean April (the main arrival month) temperatures (8C) in
Iceland, and (b) laying dates for 15 pairs of godwits recorded in 2 – 3 years
between 2001 and 2012 and in relation to mean June (the main nesting month)
temperatures (8C) in south Iceland. (Significant effects are highlighted in italics.)

d.f. F p
parameter
(+++++s.e.)

(a)

year 1 2.69 0.102 20.13 (+0.08)

individual 53 5.31 ,0.001

error 229

temperature 1 1.76 0.186 0.23 (+0.17)

individual 53 6.44 ,0.001

error 229

(b)

year 1 4.78 0.042 22.55 (+1.17)

pair 14 1.31 0.289
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first marked individuals have been recorded at coastal arrival

sites since 1999, and the date of the first godwit arrival at an

inland site in Iceland since 1989 (figure 1). However, despite

these population-level advances in timing of arrival, repeated

measurement of individual arrival dates over multiple years

shows that individuals are highly consistent in their dates of

arrival (repeatability ¼ 0.51, F53,230¼ 6.6, p , 0.001; figure 2a).

There is no significant trend in individual arrival dates over

time (figure 2a; trends distributed above and below zero;

table 1a) and individual arrival dates are not significantly earlier

in warmer springs (table 1a).

If individuals are consistent in their migratory timings

but populations are advancing, the advances must result

from new recruits migrating earlier, on average, than recruits

from earlier years. Arrival dates of individual godwits

hatched in recent years are indeed significantly earlier than

arrival dates of their predecessors (figure 2b). Arrival dates

do not appear to change with age, as three of these known-

age individuals were first recorded in their second calendar

year (the likely recruitment year), and the average difference

between their arrival dates in this year and subsequent years

was 1 day for two individuals seen in 2 years and 3 days for

one individual seen in 3 years.

error 18

temperature 1 1.76 0.018 24.04 (+1.55)

pair 14 6.44 0.446

error 229
(b) Potential drivers of changes in recruit arrival dates
Identifying the drivers of advances in the arrival dates

of recruits is key to understanding the links between
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Figure 3. (a) Laying dates of 15 pairs of individually marked black-tailed godwits recorded in between 2 and 4 years, between 2001 and 2012 (filled
circles, ordered from earliest to latest) and the rates of change (open circles, days per year) in laying among these pairs, and (b) annual variation in the
average relative size of black-tailed godwit chicks (residual variation from a model of total head length in relation to ordinal date of measurement y ¼
0.72x 2 1445, r2 ¼ 0.44, p , 0.015) hatched in different years.
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changes in migration timing and population status. Several

mechanisms could potentially alter recruit timings, and

thus the frequency of individuals with different migratory

timings, within this population.

(i) Carry-over effects of changing natal conditions
Carry-over effects of early life conditions could extend to

influence migration timing at recruitment. If early hatching

confers benefits of early subsequent migration, changes in

nest-laying dates could influence the distribution of arrival

dates in populations. Godwits arrive in Iceland between

mid-April and mid-May, and nests can be laid from mid-May

until mid-June. This large (three to four weeks) interval between

arrival and laying provides an opportunity for pairs to respond

to annual variation in the timing of local environmental con-

ditions. Pairs of individually marked godwits for which nests

have been located in multiple years have low repeatability

of laying dates (repeatability ¼ 20.03, F14,19 ¼ 0.92, p ¼ 0.56)

and their laying dates have advanced significantly in recent

years and are significantly earlier in warmer springs (figure 3a
and table 1b). In addition, the size of chicks caught on any

given date throughout Iceland has increased over the last 13

years and is greater in years with warmer mean temperatures

in May (y ¼ 0.3x 2 20.9, r2 ¼ 0.46, p , 0.012), again suggesting
that hatching dates are advancing (and/or that chick growth

rates are increasing) and the frequency of early fledged chicks

is increasing (figure 3b). If advances in timing of migration are

related to advances in nest-laying dates and associated benefits

of early hatching, the greatest advances in migratory timings

would be expected in species with a greater capacity to advance

nest-laying. Across six wader species breeding in Iceland, rates

of advance in arrival dates are significantly lower for species

with smaller time-gaps between arrival and laying, with the

shortest arrival–laying gap occurring in the species (whimbrel)

that travels furthest (to sub-Saharan Africa) and has advanced

migratory timings the least (figure 4).

(ii) Demographic changes associated with migration timing
Changes in the mortality patterns of early arriving recruits

could drive population-level advances, for example if more

benign weather conditions in recent years increased survival

rates of early arriving recruits. However, figure 2b suggests

both an increase in the frequency of early arriving recruits and

a decrease in the frequency of later arriving recruits (recruits

hatched from 2007 onwards all arriving before day 115), thus

this mechanism would also require recruits arriving later

(when conditions are generally more benign) to be subjected

to increasing mortality rates.
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(iii) Environmental determination of migration timing in the
recruitment year

Recruiting individuals may respond to weather conditions

during migration in the year in which they recruit, resulting

in greater numbers of earlier arriving recruits in warmer

years. However, as individual arrival dates are highly consist-

ent between years (figure 2a and table 1a), this mechanism

could only operate during the year of recruitment, and arrival

dates of the 46 known-age individuals are not significantly

related to the NAO index in March (r2 ¼ 0.005, p ¼ 0.63) or

April (r2 ¼ 0.0001, p ¼ 0.89), or to mean daily temperature in

Iceland during April (r2 ¼ 0.06, p ¼ 0.72) in their likely year

of recruitment (second calendar year).
4. Discussion
Advances in the timing of spring migration have been repor-

ted for many bird species in recent decades, and migratory

species have contributed greatly to understanding of the

effects of climate change on phenology [7]. However, identifi-

cation of the mechanisms driving these phenological changes

has remained elusive despite evidence of links between chan-

ging migration patterns and population declines [15]. The

main mechanisms that have been proposed to explain these

population-level advances are individual plasticity in timing

of migration (individuals advancing their migration in years

with better conditions) and microevolutionary responses

(adaptation to changing conditions resulting in changes in

the frequency of individuals with different migratory timings)

[7,17]. Here, we show that individuals are highly consistent in

their timing of migration, and that advances in population-

level arrival dates are a consequence of new recruits to the

population arriving earlier now than in previous years. This

mechanism for advancing migratory timings requires neither

individual flexibility in annual timing of migration nor changes

in gene frequencies. Instead, the distribution of arrival dates

within a population shifts through generational changes in

migratory timings.

Other studies that have tracked individuals over repeated

migrations also consistently report high levels of individual

repeatability in timing of migratory movements across taxa

[24–28], suggesting that individual plasticity in timing of
migration is unlikely to be a common driver of population-

level advances in migration. Migratory species typically

show very high levels of fidelity to breeding and wintering

locations, and the benefits of site-fidelity have been demon-

strated empirically and conceptually [29,30]. As the benefits

of prior knowledge apply both to known locations and to

known times of use of those locations, the selection pressures

driving site-fidelity might also be expected to drive this

widely observed time-fidelity. If population-level advances

in the timing of migration are not the result of individual

plasticity in migration timing, changes in the frequency of

individuals with different timings must be involved.

Changes in the numbers of individuals with differing arri-

val dates within a population could result from adaptive

selection for earlier arrival. However, similar advances in arri-

val timings have been reported in species with very different

life-history strategies and potential rates of adaptive evolution,

suggesting that environmentally induced responses are more

likely than microevolutionary adaptations [31]. Environ-

mentally induced advances in arrival dates of recruits could

operate through: (i) carry-over effects of changing natal con-

ditions, (ii) changing patterns of mortality of individuals

with differing arrival times, or (iii) arrival times being initially

determined by conditions in the year of recruitment and

individuals repeating those timings thereafter.

In this system, carry-over effects of changing natal con-

ditions may be most likely, as nesting dates of Icelandic

godwits are advancing, and previous studies have shown that

individuals on earlier breeding schedules tend to occupy

better quality wintering locations from which arrival in spring

is earlier [10,32–34]. If these strong seasonal links are estab-

lished through advantages accrued from earlier hatching, such

as increased time to fuel and improve body conditions prior

to migration and/or earlier departure for winter grounds, and

associated benefits, for example increased probability of travel-

ling in adult-dominated migratory flocks [35], advances in

nesting dates could increase the frequency of early arriving

recruits. Alternatively, timing of hatching could have a more

direct relationship with subsequent timings of migration of indi-

viduals, for example through the use of environmental cues that

vary seasonally, although this would require an endogenous

link between cues experienced at hatching and during spring

migration some nine to 10 months later at the earliest.

Changes in laying dates in response to environmental

conditions on the breeding grounds (such as increased rates

of vegetation growth providing nest cover earlier in the season

and/or earlier emergence of invertebrate prey in recent, warmer

years), and subsequent earlier arrival of recruits hatched earlier

in season, could also explain the widely reported differen-

ces between short- and long-distance migrants in shifts in

arrival [2,5,17]. Long-distance migrant species typically arrive

on the breeding grounds later than short-distance species,

and the consequent shorter gaps between arrival and laying

(figure 4) will limit their capacity to advance laying dates.

Migratory timings of long-distance migrants may therefore be

constrained by their capacity to advance laying dates, rather

than by limited awareness of conditions on the breeding

grounds, or constraints imposed by winter conditions and the

costs of migration. Populations with greater proportions of

recruits would also be expected to have greater capacity for

advancing arrival dates, and thus rates of advance in migra-

tion timings may vary in relation to life-history strategy,

and may be greater in populations experiencing increased
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productivity and recruitment. Advancing arrival dates of new

recruits may therefore be a common mechanism driving

population-level shifts in migration timing, and identifying

the mechanisms influencing recruit arrival patterns is likely

to be key to understanding the links between migration

phenology and population change.
Acknowledgements. We thank the many volunteer observers throughout
Europe who contributed to the sightings of godwits, the volunteers
who assisted with fieldwork, Catriona Morrison for very valuable
discussions and Thomas Alerstam for helpful comments on the
manuscript.

Funding statement. This work was financially supported by NERC
(J.A.G., J.A.A. and W.J.S.) and Arcadia (W.J.S.).
 ypublishing.o
References
rg
Proc.R.Soc.B

281:20132161
1. Walther GR, Post E, Convey P, Menzel A, Parmesan
C, Beebee TJC, Fromentin J-M, Hoegh-Guldberg O,
Bairlein F. 2002 Ecological responses to recent
climate change. Nature 416, 389 – 395. (doi:10.
1038/416389a)

2. Butler CJ. 2003 The disproportionate effect of
global warming on the arrival dates of
short-distance migratory birds in North America.
Ibis 145, 484 – 495. (doi:10.1046/j.1474-919X.
2003.00193.x)

3. Jonzén N et al. 2006 Rapid advance of spring arrival
dates in long-distance migratory birds. Science 312,
1959 – 1961. (doi:10.1126/science.1126119)

4. Gordo O. 2007 Why are bird migration dates
shifting? A review of weather and climate effects on
avian migratory phenology. Clim. Res. 35, 37 – 58.
(doi:10.3354/cr00713)

5. Rubolini D, Møller AP, Rainio K, Lehikoinen E. 2007
Intraspecific consistency and geographic variability
in temporal trends of spring migration phenology
among European bird species. Clim. Res. 35,
135 – 146. (doi:10.3354/cr00720)
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2008 Climate change and evolution: disentangling
environmental and genetic responses. Mol. Ecol. 17,
167 – 178. (doi:10.1111/j.1365-294X.2007.03413.x)

32. Gill JA, Norris K, Potts PM, Gunnarsson TG, Atkinson
PW, Sutherland WJ. 2001 The buffer effect and
large-scale population regulation in migratory birds.
Nature 412, 436 – 438. (doi:10.1038/35086568)

33. Alves JA, Gunnarsson TG, Potts PM, Gélinaud G,
Sutherland WJ, Gill JA. 2012 Overtaking on
migration: does longer distance migration always
incur a penalty? Oikos 121, 464 – 470. (doi:10.1111/
j.1600-0706.2011.19678.x)

34. Alves JA, Gunnarsson TG, Hayhow DB, Potts PM,
Sutherland WJ, Gill JA. 2013 Costs, benefits and
fitness consequences of different migratory
strategies. Ecology 94, 11 – 17. (doi:10.1890/
12-0737.1)

35. Gunnarsson T. 2006 Monitoring wader productivity
during autumn passage in Iceland. Wader Study
Group Bull. 110, 21 – 29.

http://dx.doi.org/10.1038/416389a
http://dx.doi.org/10.1038/416389a
http://dx.doi.org/10.1046/j.1474-919X.2003.00193.x
http://dx.doi.org/10.1046/j.1474-919X.2003.00193.x
http://dx.doi.org/10.1126/science.1126119
http://dx.doi.org/10.3354/cr00713
http://dx.doi.org/10.3354/cr00720
http://dx.doi.org/10.1080/00063657.2010.526999
http://dx.doi.org/10.1080/00063657.2010.526999
http://dx.doi.org/10.1111/j.1469-185X.2011.00179.x
http://dx.doi.org/10.1111/j.1469-185X.2011.00179.x
http://dx.doi.org/10.1126/science.282.5395.1884
http://dx.doi.org/10.1126/science.282.5395.1884
http://dx.doi.org/10.1098/rspb.2005.3214
http://dx.doi.org/10.1890/0012-9658(1998)079[2376:PIGRWA]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(1998)079[2376:PIGRWA]2.0.CO;2
http://dx.doi.org/10.1371/journal.pone.0046165
http://dx.doi.org/10.1371/journal.pone.0046165
http://dx.doi.org/10.1046/j.1365-2656.1999.00343.x
http://dx.doi.org/10.1111/j.1365-2656.2006.01151.x
http://dx.doi.org/10.1111/j.1365-2656.2006.01151.x
http://dx.doi.org/10.1073/pnas.0803825105
http://dx.doi.org/10.1111/j.1365-2486.2004.00823.x
http://dx.doi.org/10.3354/cr00712
http://dx.doi.org/10.1038/35077063
http://dx.doi.org/10.1080/00063650509461385
http://dx.doi.org/10.1080/00063650509461385
http://dx.doi.org/10.1038/431646a
http://dx.doi.org/10.1111/j.1365-2656.2006.01131.x
http://dx.doi.org/10.1111/j.1365-2656.2006.01131.x
http://dx.doi.org/10.1650/0010-5422(2007)109[32:ATDOSE]2.0.CO;2
http://dx.doi.org/10.1650/0010-5422(2007)109[32:ATDOSE]2.0.CO;2
http://dx.doi.org/10.2307/4087240
http://dx.doi.org/10.1890/04-1885
http://dx.doi.org/10.1016/j.anbehav.2005.05.016
http://dx.doi.org/10.1016/j.anbehav.2005.05.016
http://dx.doi.org/10.1098/rsbl.2010.1180
http://dx.doi.org/10.1098/rsbl.2010.1180
http://dx.doi.org/10.1098/rsbl.2011.0634
http://dx.doi.org/10.1098/rsbl.2011.0634
http://dx.doi.org/10.1371/journal.pone.0054535
http://dx.doi.org/10.1371/journal.pone.0054535
http://dx.doi.org/10.1111/j.1365-2656.2011.01878.x
http://dx.doi.org/10.1111/j.1365-2656.2011.01878.x
http://dx.doi.org/10.1111/j.1365-294X.2007.03413.x
http://dx.doi.org/10.1038/35086568
http://dx.doi.org/10.1111/j.1600-0706.2011.19678.x
http://dx.doi.org/10.1111/j.1600-0706.2011.19678.x
http://dx.doi.org/10.1890/12-0737.1
http://dx.doi.org/10.1890/12-0737.1

	Why is timing of bird migration advancing when individuals are not?
	Introduction
	Material and methods
	Individual arrival dates
	Estimating laying dates and intervals between arrival and laying
	Estimating annual variation in hatch dates
	Weather data
	Statistical analyses

	Results
	Population and individual spring arrival dates
	Potential drivers of changes in recruit arrival dates
	Carry-over effects of changing natal conditions
	Demographic changes associated with migration timing
	Environmental determination of migration timing in the recruitment year


	Discussion
	Acknowledgements
	Funding statement
	References


