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Summary

Many migratory systems are changing rapidly in space and time, and these changes present
challenges for conservation. Changes in local abundance and site occupancy across species’

ranges haveraised concerns overthe efficacy of existing protected area networks, while
changesinphenologycan potentially create mismatchesinthetimingofannualeventswith

the availability of key resources. These changes could arise either through individuals
shifting in space and time or through generational shifts in the frequency of individuals

usingdifferentlocations oron differing migratory schedules. Using along-term study ofa
migratory shorebird in which individuals have been tracked through a period of range
expansion and phenological change, we show that these changes occur through

generationalshiftsin spatialand phenologicaldistributions, and thatindividuals are highly
consistentin space and time. Predictions of future rates of changes in range size and
phenology, and theirimplications for species conservation, will require an understanding of

the processesthatcandrive generational shifts. Wetherefore explore the developmental,
demographicand environmental processes that could influence generational shiftsin

phenologyanddistribution, and the studies thatwillbe neededtodistinguishamongthese
mechanisms of change.

Keywords: avian, climate change, migration, mismatch

Introduction

Migratory populations throughout the world are changing rapidly, with declines in

abundance being reported on all major flyways [1-3] and driving international calls for
action [4]. Identifying the causes of population changes in migratory species is inherently

complex because of the range of sites and conditions experienced by individuals on their


mailto:j.gill@uea.ac.uk

Page 3 of 21

38 annualjourneys. Changing conditionsinany orall parts of migratory ranges could drive

1

2

3

4

5 39 changesinabundanceanddistribution. Forexample, changesinlocal conditions could
6 40 influencelocaldemography and thus alterrelative abundances and site occupancy

z 41  anywhere withinamigratory range. However, the effects of local changes inone partofa

9 42 rangecanalsocascadethroughtoinfluence abundance anddistributionacrossarange
10 43 [5,6]. Thispotentialforinteractionsbetweenlocalenvironmentalconditions,demography,
11 44  individual development and range-wide distribution and phenology make migratory systems
12 45 complex, and designing conservation actions to haltand reverse declines in migratory

14 46  species is therefore a major challenge.

16 47 Recentchangesinabundance of migratory species have beenlinked totheirdistribution
17 48 andphenology. Forexample, phenological change is most commonly observed as shifts in

18 49 thetiming of migration to breeding grounds, and the magnitude of these shifts can vary

20 50 greatlyamong species. Among European breeding birds, declines have been more frequent
21 51 inspeciesforwhichadvancesinspringarrivaldateshavenotoccurred[7],andspecieswith
2 52  non-overlapping breeding and wintering ranges are both more likely to be declining and less

24 53 likelytohave shownadvancesinspringarrival [2]. Alackofadvanceinspringarrival dates
25 54  canpotentiallyincreasethe impactofanytrophic mismatch resulting from climate-driven
36 55 changesinthetiming of availability of key food resources for breeding [8,9]. Declining

28 56  specieswithlittle orno phenological change are often assumed to be constrained from
29 57 respondingtochangingclimaticconditionsinbreedingareas (forexample because they
3 58  migrate to more distant non-breedinglocations), butthe nature of any such constraintis

32 59 unknown. ldentifying the mechanisms through which phenological change occurs, and thus
33 60 the factors constraining or facilitating these changes, may therefore be key to designing and
34 61 targetting conservation actions to mitigate the effects of trophic mismatch.

36 62 Changesinthedistribution ofbreedingand non-breedingranges have alsooccurredin

38 63 manymigratoryspecies, with polewards range shifts being particularly prevalent[10,11].
39 64 Concernshave consequentlyarisenoverthe efficacy of existing protected area networks
40 65 [5,12]. Range changeis ofteninterpreted as aresponse to changesin the suitability of

4 66 environmental conditions (egcolonisationofareasthatwere previously unsuitable and/or

43 67  contraction from areas of declining suitability). However, the mechanisms driving changes in
44 68 the distribution of individuals across a range are rarely known.

46 69 Bothrange change and phenological change could arise through individual plasticity in use
47 70 ofspaceandtime.Forexample,range change mayoccurthroughindividualmovementto

49 71 locate suitable conditions, while changes in timing of migration could arise through
50 72  individual decisions on departure timings or time spent on migratory journeys varying

2 73  betweenyears.Bycontrast, these changescouldalsoresultfromgenerational shiftsinthe

53 74  frequency of individuals that use different locations or migrate at specific times.
54 75  Generational shifts would notrequire individual plasticity but would require changesinthe
8 76  conditions determining the frequency of individuals within a population with different

57 77  phenologies or probabilities of occupying different parts of arange, such thatthe spatial
58 78 andtemporaldistribution of recruits to the population would differ from their predecessors.
59 79 Forexample,changesindistributioncouldarisethroughshiftsinthe conditionsinfluencing
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the probability of occupancy of differentlocations by new recruits, and/or by shifts in the

survival rates achieved within differentlocations. Similarly, shifts in timing of migration
could occur through changes in the conditions influencing adoption of migration schedules
by new recruits (or survival rates associated with different schedules) altering the frequency

of individuals on different schedules within a population [13].

Individual plasticity in spatial distribution and migratory timings would facilitate relatively
rapid responses to changing environmental conditions. However, generational shifts would

likely resultin slower responses to environmental changes, particularly in long-lived species,
as the direction and magnitude of the changes would depend on the proportion of annual
recruits within a population and the proportion of those recruits experiencing changing
driversofuse of spaceandtime. Ifindividual variationin migratory destination ortiming has
ageneticcomponent, then generational shifts could drive microevolutionary change.

However, geneticchangeis notaninevitable consequence of generational shifts, as
individual destinations or timings could also be determined by environmental or social cues.

Changesinrange size or migration phenology of populations as a result of individual
plasticity in use of space and time has notbeen demonstrated, and a growing number of

individualtracking studies are reporting highlevels of repeatability in individual migratory
destinations and timings [13-20]. If generational shifts are the more likely driver of
populationchangesinspaceandtime,thenourfocus shouldbe onunderstandingdrivers of

settlementandphenology ofrecruits, aswellastheirsubsequentsurvivalandrecruitment.

Identifyingthe relative contributions of generational shiftsand individual plasticity requires
modelsystemsinwhichindividuals canbetrackedacrossspaceandtime,through periods
ofshiftsinrange and phenology. Suchlarge-scale,long-termtrackingdataarerarebutone

systemthatprovides all of these elements is the Icelandic black-tailed godwit, Limosa
limosaislandica,whichhasbeenthe subjectofintensive individualand population studies
sincethemid-1990s[21-23]. Incommonwithmanymigratorybird speciesattemperateand
subarctic latitudes, advances in the phenology of spring migration have occurredinthe
Icelandicgodwit populationinrecentdecades[24]. Iceland supports verylarge breeding
populationsof severalshorebird populationswhich migrate southtolocationsrangingfrom
temperate Europe to sub-Saharan Africa[25]. The firstrecorded arrival dates of these
species into south Iceland in spring have advanced over the last three decades, with godwits
showing one ofthe mostrapid advances (~2 weeks earliernowthaninthe 1990s; [24]). In
addition, this godwit population has shown sustained increases in numberforovera
century, likely as aconsequence of warming conditionsin Iceland facilitating earlierand
more successful breeding and recruitment [6,26,27]. This population growth has been
accompanied by range expansion in both the breeding and non-breeding ranges; in Iceland,
godwits have expanded from abreeding range thatwas confined to the south-westcorner

ofthe countryaround 1900, to occupy progressively more northerly and easterlylocations
[27]. Inthe non-breeding range, which spans coastal areas of north-west Europe from

Britainand Ireland to Iberiaand northern Morocco, colonisation and populationincreases
have primarily occurred in the northern part of the range (eastand north-west England,
Scotland and east Ireland) since the 1970s, when surveys began [21,28].
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Inthe mid-1990s, a programme of population-wide and life-long tracking of individual

godwitswasinitiated[21,29]. Acrossthe breedingandnon-breedingranges, godwitshave
beencaughtand markedwith unique combinations of colouredleg-rings,and~1-2% ofthe
population (whichnumbers~50,000individuals;[30])ismarked. Acitizen science network

of >2000 observers across Europe regularly report marked individuals, allowing the locations
ofindividualstoberepeatedlytrackedwithinandacrossyears[31]. Here,we use thisrange-
wide tracking of an expanding (in space)and advancing (in time) migratory shorebird, to
explore whetherindividual plasticity orgenerational shifts are likely to have caused these
changesin space and time, and to consider the evidence for potential developmental,
environmental and demographic drivers of such changes.

Methods
Phenological change: repeated measures of individual spring arrival dates

Black-tailed godwits return to Iceland between mid-April and mid-May and, on arrival, flocks
congregate onasmallnumberofarrival sites [32]. Since 1999, standardised surveys of
arrival sites in south and west Iceland have taken place from mid-April to early May, with
theidentities ofallindividually-markedbirdsatall studylocationsbeingrecordedevery 1-3
days[13,32]. Between 1999and 2018, arrivaldateswererecordedinatleastthree yearsfor

85individuals (Fig. 1). Inorderto quantify (a) the trendsin arrival dates of individuals, we
constructed a GLM with each individual arrival date (in Julian days) as the dependent
variable, and yearand individual asfixed effects (an extension of the model reportedin Gill

etal. 2014 fora smaller sample). In order to then quantify (b) whetherindividual trends in
arrival dates have changed in magnitude or (c) whether the frequency of individuals with
differingarrivaldates haschangedoverthe 16-yearsurveyperiod, we then constructedtwo

further GLMs with the (b) trend in arrival date and (c) mean arrival date for each individual
asthe dependentvariable, and the year offirst spring arrival (ie thefirstyearin which each
individual was observed on arrival in Iceland) observation as a fixed effect.

Range change: non-breeding locations of marked individuals

Locations of individually-marked godwits across the migratory range have been recorded by
anetworkofcitizen scientists sincethe mid-1990s. Here we use allrecorded non-breeding

locations (ie excluding records within Iceland) of 631 individuals marked at the main post-
breeding moult location in east England during the autumns of 1995-2014, and the winter

(mid-Octtomid-Feb)records ofthe419oftheseindividuals observed duringthatperiod. To

assesstherole ofindividualmovementindriving the northward range expansion, we use
these sightingsto quantify the totalnumberofnon-breedinglocations (individual estuaries

and wetlands), regions and countries (Table 1) used by individuals tracked for differing
numbers of years. To quantify the contribution of generational shifts in the frequency of

individuals usingdifferentlocationstothe northwardsrange expansion, wethenusethese
sightings to assess whether individuals marked in more recent years (which will be younger,
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onaverage, than previously marked individuals)are morelikelyto use recently colonised

locations. We constructed generalised linearmodels with abinomial structure and alogit
link, with the number of individuals marked in consecutive 5-year time periods since 1995
thatwinterinsites (a) colonised before orafterthe 1960s and (b) northand southof 52°N

(mostoftherecently colonised sitesare north of 52°N;[31,33]) asthe dependentvariable,
and time period as a fixed effect.

Results
Mechanisms driving phenological change: individual plasticity or generational shifts

Although first spring observations of godwits in South Iceland have advanced by more than
twoweeksinthelasttwodecades[24],trendsinarrivaldatesof85markedindividualsover
thelast16yearsvarysignificantlyamongindividuals butshowno consistentadvancesin
individualarrivaldate (Table2a),andnochangeinindividualarrivaltrends overthe survey
period (Fig.2a, Table 2b). However, thedistribution of arrival dates of marked individuals
has changed over time, with individuals first observed in more recent years tending to arrive
earlierthan individuals first recorded in the late 1990s/early 2000s (Fig. 2b, Table 2c). Thus,

while the arrival dates ofindividuals have notadvanced, the frequency of early-arriving
individuals has increased over this time period.

Mechanisms driving range change: individual plasticity or generational shifts

Repeated tracking of individual godwits across the migratory range forup to 23 years
indicatesaremarkablylowlevel of individual plasticity in site use throughouttheirlives. On
average, individuals are recorded on atotal of only ~4 (+ 2.5 SE) non-breeding locations,
regardless of the number of years for which they have been tracked (Fig. 3). In addition,
these few locations are spread across, on average, 2.5 (£ 1.5) regionsin 1.5 (£ 0.8) countries.

Individuals are therefore highly restricted and consistentin their use of a smallnumber of
passage and winterlocations, and these can be spread across the migratory range.

However, over the two decades of continuous marking and tracking, with newly marked

individuals being added to the population each year, the relative frequency of individuals
using ‘new’ (colonised since the 1960s, Table 1) winter sites hasincreased (Fig. 4a), and this

is primarily throughincreased numbers of individuals usingmore northerly sites (Fig. 4b,
Table 1).

Discussion

The spring arrival dates of godwits in Iceland has advanced [24] and the breeding population
has expanded northwards in recentdecades, with rapid populationincreasesin more
northerly non-breedinglocations[21]. Repeatedtrackingofindividualsinspace andtime

overthisperiodhasshownthatthese expansionsandadvancesaredrivenbygenerational
shiftsinthefrequency ofindividuals occupyingdifferentlocations and migrating atdifferent
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times, and not by individual plasticity. Individuals show life-long consistency in use of a small

number of non-breeding locations but the proportion of individuals occupying recently
colonised sites s greater for more recently-ringed birds. As recently colonised sites are
primarily (but not exclusively) in the north of the range, and as the network of observers

recordingindividuallocationshasbeeninoperationthroughoutthe 20 yearsurvey period,
the recorded shiftin distributionis unlikely to be influenced by changes inreporting rates
across therange.

Thewidelyreported changesin phenology and distribution of many migratory speciesin
recentdecades maytherefore belikelyto resultfromgenerational shiftsinthe frequency of
individuals with differing phenologies and using different locations. Generational shifts have
beenshowntodrive shiftsin distribution in othermigratory systems. Forexample, a shiftin
use of spring passage sites by a migratory wader population (continental black-tailed
godwits, Limosa limosa limosa) was driven by new recruits to the population, while adults in
the population continued to use the site they had always previously occupied [33].
Quantifyingthe role of generational shifts requires long-termtracking ofindividuals, and
relatively few studies have thisinformation during periods of change. However, tracking
studiesareincreasingly beingconducted, and studiestrackingindividuals overmultiple
years are typically reporting high levels of repeatability of individual timings and

destinations[13-20], suggesting thatthe benefits of philopatryin use of space andtime are
verystrong[34,35]. Thusgenerational shiftsmaybe the primary mechanismthroughwhich
phenological shifts and range change occur.

Identifyingthe environmentaland demographicprocessesthatdrive generational shiftsin

space andtime is therefore likely to be a critical step in understanding population-level
responses to environmental change and the associated implications for conservation.
Generational shiftsindistribution orphenology could potentially arise through processes

occurring at the following points in early life:

1. Developmental drivers of generational shifts
Conditions experienced atthe natal stage, such astiming of hatchingand/or conditions for

growthand development, couldinfluence the probability of those individuals undertaking
different subsequent migratory routes and timings. For example, individuals hatched late in

the season and/orwithinsufficientresources tofuel rapid growth are likely to migrate later,
onaverage,andmaythushavelesstimetolocate moredistantnon-breedinglocations. In

suchacase, anincreaseinthe numberoflater-fledgingindividuals could drive recruitment

into non-breeding locations that are closer to the breeding grounds. Similarly, natal
conditions could potentially influence subsequent migration phenology, eitherdirectly

throughimpactsonindividual condition, orindirectly throughimpacts onthe conditionsand
potential flockmates encountered during the non-breeding season.

Animportantaspectof natal conditions that could potentially influence juvenile distribution

and migratory timings is the changes in breeding phenology that are widely reported in
many migratory populations[9,36]. Advancesinnestingdateshave beenreportedinmany
species and individual plasticity in nesting dates is common [37,38]. Thus, current evidence
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suggests thatindividual timings of arrival of migrants on breeding grounds tend to be

consistent,butsubsequenttimingsofbreedingcanvarygreatly,andoftenvaryinresponse
tolocalweather conditions [6,39,40]. This changing phenology of natal conditions could
potentially drive changesin subsequent phenology and distribution of new recruits tothe

population, if timing of fledging influences subsequent migratory routes and timings. A key
mechanismthatcoulddrive suchlinksisthe potentialfortimingoffledgingtoinfluence the
likely flockmates on migratoryjourneys, and the destinations to which they are travelling.
Forexample, tracking of adultandjuvenile Lesser Spotted Eagles, Clanga pomarina, ontheir
migratory journeys has shown that juveniles that departed at the same time as adults were
significantly more likely totake the same routes as adults, and to have higher subsequent
survivalrates, than juveniles who departed withoutadults[41]. Timing-driven accessto
social cues in migratory flocks could therefore be an important driver of the migratory
routes and destinations located by juveniles, and changes in timing of fledging could
therefore drive changes in the non-breeding distribution of migratory species.

2. Environmental effects on generational shifts
Changing environmental conditions could directly influence the probability of recruits
migrating at specifictimes orlocating specific non-breeding locations. Forexample,

changingweatherconditions (e.g. windspeedsordirections) could alterthe proportions of
recruits migrating at different time or taking different routes. However, while wind

conditions can have important effects on migrating birds [42], individual consistencyin
migratorydestinationsandtimings would meanthatsucheffects couldonlyoperateinearly
life (ie duringsettlement/recruitment).

3. Demographic effects on generational shifts

Disproportionate changes in survival rates of recruits that differin distribution or timing
could lead to generational shifts. For example, while the numbers of individuals recruiting
intomorenortherlywinterlocationsorarrivingearlyonthe breedinggrounds maynotbe
changing, those individuals could be increasingly likely to survive, forexample as a
consequence of ameliorating weather conditions in northerly areas oron arrivalin the
breeding areas. Changing patterns of survival may be particularly relevantin systems with
range expansion into areas in which weather conditions are changing as a consequence of
climatic change [43], and these effects could operate alongside developmental or
environmental effects.

Drivers of generational shifts in Icelandic godwits

Inlcelandicblack-tailed godwits, rapid warming has occurred on the breeding groundsin
recentdecades, and nestingdates are earlier [6]and productivity is higher [26]inwarmer
years. Thiswarming-drivenincreasein productivityislikelyto have fuelled the colonisation

of colder breeding areas in the north, where nest-laying and hatching dates are, on average,
laterthanin more southerly breeding areas [6]. Individuals from these colderand more
recently colonised breeding areas are more likely to also winterin the more recently

colonised non-breeding areas [31], and these seasonal links could thus result from regional-
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scaledifferencesintiming offledging and subsequent social cues available tojuveniles
undertaking their firstmigration.

Warming-drivenadvancesin nestingdates could also have driventhe advancing spring

arrivalofgodwitsinlceland, aspreviousanalyseshave shownthat(a)individuals wintering
inmore southerly areas of Europe [29] and breedinginthe warmer areas of southand west
Iceland[32]arrivefirst,and (b)morerecentlyhatchedindividualstendtohave earlierspring
arrivaldatesthanindividualshatchedinthe 1990s[13]. Thissuggeststhatthegenerational
shifts drivingthe phenological advance in this system (Fig. 2) could potentially resultfrom
increased numbers of early-hatched individuals from the traditionally occupied areas of
Iceland that, because of theirearlyfledging, are also more likely to have the time, condition
and social cuesto both locate traditionally occupied winterareas andreturn earlyin spring.
Increasedsurvivalrates ofearly-arriversand northerlywinterers could alsobe contributing
to these changes in space and time.

Climate change and generational shifts in space and time
If climate-driven shifts in breeding phenology can alter the frequency of juveniles

undertakingdifferentmigratoryroutes, destinations andtimings, thiscould be animportant
route through which climate-associated shiftsinrange and phenology are manifest. A
common pattern among migratory species at present is those migrating longer distances are

less likely to show shifts in migration phenology [44,45]. As longer-distance migrants
typically arrive later on the breeding grounds and have a smaller gap between arrivaland
layingthan shorter-distance migrants [13], they may have a more limited capacity to alter

breeding phenology (and thus generational shifts resulting from shifts in breeding

phenologyarelesslikelytooccur). The effects of climate warming on breeding phenology
canthus have potentially far-reaching consequences for migratory populations.

Future research

Identifying the contribution of developmental, environmentaland demographicchange to
generational shifts, and the conditions in which each might be most relevant, will require
studies in which the effects of natal conditions, environmental conditions experienced by
juvenile individuals undertaking different migratory routes and timings, and the
demographicconsequencesofconditionsexperienced atdestinations canbemeasured.
Trackingindividualsfromfledgingtorecruitmentintoadulthoodisdifficultbecause survival
ratesatthislife stage aretypicallylow, andretrieval of tags can be challengingbecause the
subsequentbreedinglocationsoftheseindividualsistypicallyunknown, buttechnological

advances will hopefully make these issues more tractable inthe near future. Long-term
studies of seasonal patterns of nestloss, timing of replacement clutches and juvenile
fledging will also be particularly valuable in identifying the potential role of breeding

phenology in driving change in migratory systems. Quantifying the developmental,
environmentaland demographic processes thatinfluence individual migratory routes,
destinations and timings will be key to understanding future rates and directions of spatial

and phenological change in migratory species, and the associated implications for designing
effective protected area networks and conservation actions for these species.



co0 NON UIh WIN =

330
331

332

333
334
335
336
337

338
339
340
341
342

343
344

345
346

347
348

349
350
351
352
353
354
355

356
357

358

359
360

361
362

363
364

365
366

Page 10 of 21

Acknowledgements

We thank Peter Potts, Graham Appleton, Bodvar bérisson, Ruth Croger, Veronica Méndez,

Lilja Johannesdottirand the thousands of observers of colour-ringed godwits who have
madetheseanalyses possible. We alsothankthe organisers ofthis specialissue andthe
associated conference, and Judy-Shamoun-Baranes and an anonymous reviewer for very

helpful comments. Funding support was provided by NERC (NE/M012549/1) and FCT
(SFRH/BPD/91527/2012).

Competing interests

We have no competing interests

Ethics

All required approval and licenses were obtained
Author contributions

All three authors conceived and designed the study and generated the data. JAG conducted
the analyses and all three authors contributed to the writing of the manuscript.

References

1. Vickery,J.A., Ewing, S.R., Smith, K.W., Pain,D.J., Bairlein, F., Skorpilova, J. & Gregory,
R.D.(2014)Thedecline of Afro-Palaearcticmigrantsandanassessmentofpotential
causes. Ibis, 156,1-22.

2. Gilroy,J.J.,Gill,J.A.,Butchart,S.H.,Jones, V.R.&Franco,A. M. (2016) Migratory
diversity predicts population declines in birds. Ecology letters, 19,308-317.

3.  Studds,C.E.,Kendall,B.E., Murray, N. J., Wilson, H. B., Rogers, D. 1., Clemens,R.S.,

Gosbell,K.,Hassell,C.J., Jessop, R., Melville,D. S. &Milton, D.A.(2017) Rapid
population decline in migratory shorebirds relyingon Yellow Seatidal mudflats as
stopover sites. Nature Communications, 8, 14895.

4. Runge,C.A.,Watson, J.E.,Butchart,S.H.,Hanson, J. O.,Possingham, H. P. & Fuller, R.
A.(2015)Protectedareas and global conservation of migratorybirds. Science, 350,

1255-1258.

5.  Méndez,V.,Gill,J.A., Alves, J. A.,Burton,N.H. &Davies, R. G.(2018) Consequences of
population changeforlocalabundance and site occupancy of wintering waterbirds.

Diversity and Distributions, 24, 24-35.



Page 11 of 21

1

2

2 367 6. Alves,J.A,,Gunnarsson, T.G., Sutherland, W.J., Potts, P.M. &Gill, J.A. (2019) Linking
5 368 warming effects on phenology and demography withrange expansioninamigratory
9 369 bird population. Ecology and Evolution.

g 370

9 371 7. Mgller,A.P.,Rubolini, D. & Lehikoinen, E. (2008) Populations of migratory bird species
10 372 that did not show a phenological response to climate change are declining.

1 % 373 Proceedings of the National Academy of Sciences. 105, 16195-16200.

13 374

14 375 8. Miller-Rushing,A.J.,Haye, T.T.,Inouye, D.W. & Post, E. (2010) The effects of

15 376 phenologicalmismatchesondemography. Philosophical Transactionsofthe Royal
16 377 Society of London B: Biological Sciences, 365, 3177-3186.

i 378

19 379 9. Knudsen,E. Lindén,A., Both,C.,Jonzén, N., Pulido, F., Saino, N., Sutherland, W.J.,

20 380 Bach, L.A., Coppack, T.,Ergon, T., Gienapp, P., Gill, J.A., Gordo, O., Hedenstrom, A.,
21 381 Lehikoinen, E.,Marra, P.P.,Mgller, A.P.,Nilsson, A.L.K., Péron, G., Ranta, E., Rubolini,
22 382 D.,Sparks, T.H.,Spina, F.,Studds, C.E., Saether, S.A., Tryjanowski, P. & Stenseth, N.C.
24 383 (2011) Challenging claims in the study of migratory birds and climate change.

25 384 Biological Reviews, 86,928-946

26 385

27 386 10. LaSorte, F.A. &Thompson, F.R.(2007)Poleward shiftsin winterranges of North
%g 387 American birds. Ecology, 88, 1803-1812.

30 388

31 389 11. Virkkala,R.&Lehikoinen, A.(2014)Patterns of climate-induced density shifts of

g% 390 species: poleward shiftsfasterinnorthernborealbirdsthanin southernbirds. Global
34 391 Change Biology, 20,2995-3003.

35 392

36 393 12. Sanderson,F.J.,Pople,R.G.,leronymidou, C., Burfield, I.J., Gregory, R.D., Willis, S. G.,

33 394 Howard, C., Stephens, P.A.,Beresford, A.E&Donald,P.F.(2016) Assessingthe
39 395 performance of EU nature legislation in protecting target bird species inan era of
49 396 climate change. Conservation Letters, 9, 172-180.

o 397

43 398 13. Gill,J.A. Alves, J.A., Sutherland, W. J., Appleton, G. F., Potts, P. M. & Gunnarsson, T.
44 399 G. (2014)Why is timing of bird migration advancing when individuals are not?

45 400 Proceedings ofthe Royal Society of London B: Biological Sciences, 281,20132161.
47 401

48 402 14. Vardanis,Y.,Klaassen, R.H., Strandberg, R. & Alerstam, T.(2011) Individuality in bird
gg 403 migration: routes and timing. Biology Letters, rsbl20101180.

51 404

52 405 15. Stanley,C.Q.,MacPherson, M.,Fraser,K.C.,McKinnon, E.A. & Stutchbury, B. J.(2012)
2‘3‘ 406 Repeattracking of individual songbirds reveals consistent migration timing but

55 407 flexibility in route. PloS one, 7, e40688.

56 408

>’ 409 16. Conklin,J.R.,Battley, P.F.&Potter, M.A.(2013)Absolute consistency: individual

59 410 versus population variation in annual-cycle schedules of a long-distance migrant bird.
60 411 PLoS One, 8,e54535.



CONON U AN WN =

412
413

414
415
416

417

418
419

420
421
422

423
424

425
426
427
428
429
430
431
432
433
434
435
436
437

438
439
440

441
442
443
444
445
446
447
448
449
450
451
452
453

454
455

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Lépez-Lopez, P., Garcia-Ripollés, C. & Urios, V. (2014) Individual repeatability intiming

and spatialflexibility of migration routes oftrans-Saharan migratory raptors. Current
Zoology, 60,642-652.

Lourencgo,P.M.,Alves, J.A.,Reneerkens, J.,Loonstra, J., Potts, P.M., Granadeiro, J.P. &

Catry, T.(2016) Influence ofage and sexonwinter site fidelity of sanderlings Calidris
alba. PeerJ,4.e2517.

Hasselquist, D., Montras-Janer, T., Tarka, M. &Hansson, B. (2017) Individual

consistency of long-distance migration in a songbird: significant repeatability of
autumnroute, stopovers and wintering sites but notin timing of migration. Journal of
Avian Biology, 48,91-102.

Pedersen, L., Jackson, K., Thorup, K. & Tattrup, A. P.(2018) Full-yeartracking suggests
endogenous control of migration timing in along-distance migratory songbird.

Behavioral Ecology and Sociobiology, 72, 139.

Gill, J. A., Norris, K., Potts, P. M., Gunnarsson, T. G., Atkinson, P. W. & Sutherland, W. J.
(2001) The buffer effectand large-scale population regulation in migratory birds.
Nature, 412,436.

Gunnarsson, T.G., Gill, J. A., Sigurbjornsson, T. & Sutherland, W. J. (2004) Pair bonds:
arrival synchrony in migratory birds. Nature, 431, 646.

Alves, J.A., Gunnarsson, T. G.,Hayhow, D.B., Appleton, G. F., Potts, P. M., Sutherland,

W.J. &Gill,J. A.(2013) Costs, benefits, and fithess consequences of different
migratory strategies. Ecology, 94, 11-17.

Gunnarsson, T. G. & Tomasson, G. (2011) Flexibility in spring arrival of migratory birds
atnorthern latitudes under rapid temperature changes. Bird Study, 58, 1-12.

Gunnarsson, T.G., Gill, J.A., Appleton, G.F., Gislason, H., Gardarsson, A., Watkinson,
A.R.&Sutherland,W.J.(2006a)Large-scale habitatassociationsofbirdsinlowland

Iceland: implications for conservation. Biological Conservation, 128,265-275.

Gunnarsson, T.G., Johannesdottir, L., Alves, J. A., bdrisson, B. &Gill, J. A. (2017) Effects
of springtemperature and volcanic eruptions on wader productivity. Ibis, 159,467-
471.

Gunnarsson, T.G., Gill, J. A, Petersen, A., Appleton, G. F. & Sutherland, W. J. (2005b) A

double buffereffectinamigratory shorebird population. Journal of Animal Ecology,
74,965-971.

Page 12 of 21



Page 13 of 21

1

2

i 456 28. Prater, A.J.(1975) The wintering population of the Black-tailed Godwit. Bird Study, 22,

5 457 169-176.

6 458

7 459 29. Alves,J.A.,Gunnarsson, T.G.,Potts, P.M., Gélinaud, G., Sutherland, W. J. & Gill, J. A.

3 460 (2012) Overtaking on migration: does longer distance migration always incur a

10 461 penalty? Oikos, 121, 464-470.

1; 462

13 463 30. Gunnarsson, T.G.,Gill,J.A., Potts, P.M., Atkinson, P.W., Croger, R.E., Gélinaud, G.,

14 464 Gardarsson, A. & Sutherland, W.J. (2005c) Estimating population size in black-tailed

12 465 godwits Limosa limosa islandica by colour-marking. Bird Study, 52, 153-158.

17 400

18 467 31. Gunnarsson,T.G.,Gill,J.A.,Newton, J., Potts, P.M. & Sutherland, W.J.(2005a)

19 468 Seasonal matching of habitat quality and fitness in a migratory bird. Proceedings of the

20

)1 469 Royal Society of London B: Biological Sciences, 272, 2319-2323.

22 470

23 471 32. Gunnarsson, T.G,,Gill,J.A., Atkinson, P.W., Gelinaud, G., Potts, P.M., Croger, R.E.,

gg 472 Gudmundsson, G.A., Appleton, G.F.&Sutherland, W.J. (2006b)Population-scale

26 473 drivers ofindividual arrival times in migratory birds. Journal of Animal Ecology, 75,

27 474 1119-1127.

;g 475

30 476 33. Verhoeven,M.A. Loonstra,A.J.,Hooijmeijer,J.C.,Masero, J.A.,Piersma, T. &

31 477 Senner,N.R.(2018) Generational shiftin spring staging site use by along-distance

3 478 migratory bird. Biology letters, 14, 20170663.

35 480 34. Kokko,H.&Sutherland,W.J.(2001)Ecologicaltrapsinchangingenvironments:

36 481 ecologicalandevolutionaryconsequencesofabehaviourallymediated Allee effect.

% 482 Evolutionary Ecology Research, 3, 603-610.

39 483

40 484 35. Winger,B.M., Auteri,G.G.,Pegan, T.M. &Weeks, B.C.(2018). Alongwinterforthe

41 485 Red Queen: rethinking the evolution of seasonal migration. Biological Reviews.

42 486 doi: 10.1111/brv.12476

43

44 487

45 488 36. Dunn,P.O.&Mgller, A.P.(2014) Changesinbreeding phenology and population size

29 489 of birds. Journal of Animal Ecology, 83, 729-739.

48 490

49 491 37. Visser,M.E., teMarvelde, L. &Lof, M. E. (2012) Adaptive phenological mismatches of

50 492 birds and theirfood in awarming world. Journal of Ornithology, 153, 75-84.

T 403

52

53 494 38. Charmantier, A. & Gienapp, P.(2014) Climate change and timing of avian breeding and

54 495 migration: evolutionary versus plastic changes. Evolutionary Applications, 7, 15-28.
496

56

57 497 39. Townsend,A.K.,Sillett, T.S.,Lany,N.K., Kaiser,S.A.,Rodenhouse, N.L., Webster, M.

5g 498 S.&Holmes, R. T.(2013) Warm springs, early lay dates, and double broodingina

59

()]
o



0 NONUT A WN =

O

499

500
501
502

503
504

505
506

507
508

509
510
511
512
513
514
515

516
517
518
519

520

521
522

523

524
525
526

527

528

40.

41.

42.

43.

44,

45.

Page 14 of 21

North American migratory songbird, the black-throated blue warbler. PLoS One, 8,
e59467.

Visser,M.E.,Gienapp,P.,Husby, A.,Morrisey, M.,delaHera, |.,Pulido, F. & Both, C.

(2015) Effects of spring temperatures on the strength of selection on timing of
reproductionin along-distance migratory bird. PLoS Biology, 13,e1002120.

Meyburg, B. U., Bergmanis, U., Langgemach, T., Graszynski, K., Hinz, A., Borner, |.,
Meyburg, C. & Vansteelant, W.M. (2017) Orientation of native versustranslocated
juvenile lesser spotted eagles (Clanga pomarina) on the firstautumn migration.

Journal of Experimental Biology, 220, 2765-2776.

Shamoun-Baranes, J.,Leyrer,J.,vanLoon, E.,Bocher,P.,Robin,F.,Meunier,F. &
Piersma, T.(2010) Stochasticatmospheric assistance and the use ofemergency
stagingsites by migrants. Proceedings ofthe Royal Society ofLondon B: Biological
Sciences, rspb20092112.

McKechnie, A.E. &Wolf, B. 0. (2010) Climate change increases the likelihood of
catastrophicavian mortality events during extreme heatwaves. Biology Letters, 6,
253-256.

ButlerC. J.(2003) The disproportionate effectof globalwarming onthe arrival dates
of short-distance migratory birds in North America. Ibis, 145, 484—495.

Rubolini, D, Mgller, A.P.,Rainio, K. & Lehikoinen, E. (2007) Intraspecific consistency

and geographic variability in temporal trends of spring migration phenology among
European bird species. Climate Research, 35, 135-146.



Page 15 of 21

1

2

i 529 Table 1. The 121 winterlocations across 26 regions and nine countries used by the
5 530 individual godwits shownin Figure 3. Regionsinbold are colonised since the 1960s.
6

7 531 Country Region Lat-Long No. of locations
c8) N Ireland East 54°N, 05°W 1
10 Ireland West 53°N, 08°W 1
1; Central 52°N, 08°W 2
3 East 53°N, 06°W 6
14 South 51°N, 08°W 11
12 Wales North 53°N, 03°W 2
17 West 52°N, 04°W 1
18 England North-west 53°N, 03°W 9
;8 Central 52°N, 01°W 2
21 East 52°N, 01°E 27
22 South 50°N, 01°W 10
%i South-east 51°N, 01°E 3
25 South-west 50°N, 03°W 7
26 Netherlands North 53°N, 06°E 1
% Central 52°N, 06°E 2
29 West 52°N, 04°E 3
30 France North 48°N, 01°W 3
;; North-west 47°N, 02°W 7
33 West 46°N, 01°W 10
34 Portugal South 37°N, 08°W 4
;2 West 38°N, 09°W 3
37 Spain North 43°N, 03°W 1
32 North-west 42°N, 08°W 1
3

40 West 38°N, 06°W 1
41 South 37°N, 06°W 2
42 Morocco West 30°N, 09°W 1
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532

533 Table2.Resultsof GLMsof (a)annualandindividual variationinarrival dates of 85 godwits

534 (3-12yearsbetween 1999and2018)andvariationin(b)annualtrendsinarrivaldatesand
535 (c)mean arrival dates, in relation to the year in which those 85 individuals were first
536 observed on arrival in Iceland.

df. F p Slope (+SE)
(a)
Year 1 0.99 0.32 0.062 £0.06
Individual 84 2.06 0.001
Error 300
(b)
Firstobservationyear 1 0.02 0.89 0.004 £0.03
Error 83
(c)
First observation year 1 8.83 0.004 -0.21 £ 0.07
Error 83
537
538
539
540
541
542
543
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544  Table 3. Results of binomial models of variation through consecutive timeintervalsin the

545 frequencyofindividually-marked godwitsrecorded inwinterlocations (a) occupied since
546 the 1960s (old, 0)orcolonisedsincethen (new, 1),and (b)north (0)and south (1) of 52°N.

Estimate SE p Odds ratio

OO0 NON UT N WN =

(@)
Intercept 0.4 0.25
12 Year -0.77 0.13 0.001 0.46

14 (b)
15 Intercept -0.008 0.23
e Year 029 011 0.006 0.74

19 547
21 548
23 549
25 550

27 551
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Figure Legends

Figure 1. Numberof years on which 85 individually-marked Icelandic godwits have been
recorded on spring arrival in Iceland, between 1999 and 2018.

Figure 2. Changesinthe mean (a)annualchangeinarrivaldate and (b)arrival date (days
since 1 April) in Iceland of 85 individual godwits with the year in which they were first

observed on arrival in Iceland (see Table 2¢ for model details).

Figure 3. Thetotalnumberof (a)countries, (b)regionsand(c)locations onwhichindividual
godwits have everbeenrecorded inthe total number of years over which each has been

tracked. The numberofindividuals tracked foreach totalnumberofyears is shownabove
the barsin (a), see Table 1 for numbers of locations, regions and countries.

Figure 4. Changes through consecutive 5-yeartime intervals in the (a) proportion of
individual godwits wintering in locations thathave been occupied since the 1960s (old) or

colonisedsincethen (new),and (b)latitude ofthose winterlocations. Numbersobservedin
each time period are shown in (a).
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