
 

 

 University of Groningen

Global temperature homogenization can obliterate temporal isolation in migratory animals
with potential loss of population structure
Bom, Roeland A.; Piersma, Theunis; Alves, José A.; Rakhimberdiev, Eldar

Published in:
Global Change Biology

DOI:
10.1111/gcb.17069

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2024

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Bom, R. A., Piersma, T., Alves, J. A., & Rakhimberdiev, E. (2024). Global temperature homogenization can
obliterate temporal isolation in migratory animals with potential loss of population structure. Global Change
Biology, 30(1), Article e17069. https://doi.org/10.1111/gcb.17069

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

https://doi.org/10.1111/gcb.17069
https://research.rug.nl/en/publications/222a2305-d936-4166-aa63-09ac07c6caa6
https://doi.org/10.1111/gcb.17069


Glob Change Biol. 2023;30:e17069.	 		 	 | 1 of 9
https://doi.org/10.1111/gcb.17069

wileyonlinelibrary.com/journal/gcb

Received:	4	August	2023  | Revised:	24	October	2023  | Accepted:	1	November	2023
DOI:	10.1111/gcb.17069		

R E S E A R C H  A R T I C L E

Global temperature homogenization can obliterate temporal 
isolation in migratory animals with potential loss of population 
structure

Roeland A. Bom1,2  |   Theunis Piersma1,2,3  |   José A. Alves4,5  |   
Eldar Rakhimberdiev2,6

1Department	of	Coastal	Systems,	NIOZ	Royal	Netherlands	Institute	for	Sea	Research,	Den	Burg,	The	Netherlands
2BirdEyes,	Centre	for	Global	Ecological	Change	at	the	Faculties	of	Science	and	Engineering	and	Campus	Fryslân,	University	of	Groningen,	Leeuwarden,	
The	Netherlands
3Global	Flyway	Ecology,	Groningen	Institute	for	Evolutionary	Life	Sciences,	University	of	Groningen,	Groningen,	The	Netherlands
4Department	of	Biology	and	CESAM—Centre	for	Environmental	and	Marine	Studies,	University	of	Aveiro,	Aveiro,	Portugal
5South	Iceland	Research	Centre,	University	of	Iceland,	Laugarvatn,	Iceland
6Department	of	Theoretical	and	Computational	Ecology,	Institute	for	Biodiversity	and	Ecosystem	Dynamics,	University	of	Amsterdam,	Amsterdam,	
The	Netherlands

This	is	an	open	access	article	under	the	terms	of	the	Creative Commons Attribution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	
provided the original work is properly cited.
©	2023	The	Authors.	Global Change Biology	published	by	John	Wiley	&	Sons	Ltd.

Correspondence
Roeland	A.	Bom,	Department	of	Coastal	
Systems,	NIOZ	Royal	Netherlands	
Institute	for	Sea	Research,	P.O.	
Box	59,	1790	AB	Den	Burg,	Texel,	The	
Netherlands.
Email:	roeland.bom@nioz.nl

Funding information
FCT/MCTES,	Grant/Award	Number:	
UIDP/50017/2020+UIDB/50017/2020+ 
LA/P/0094/2020;	MAVA	Foundation;	
Netherlands	Organization	for	Scientific	
Research	(NWO);	NWO	TOP-Project,	
Grant/Award	Number:	854	11	004;	The	
Research	Council	Oman,	Grant/Award	
Number:	ORG/EBR/12/002

Abstract
Climate	change	 is	 expected	 to	 increase	 the	 spatial	 autocorrelation	of	 temperature,	
resulting	in	greater	synchronization	of	climate	variables	worldwide.	Possibly	such	‘ho-
mogenization	of	the	world’	leads	to	elevated	risks	of	extinction	and	loss	of	biodiver-
sity.	In	this	study,	we	develop	an	empirical	example	on	how	increasing	synchrony	of	
global temperatures can affect population structure in migratory animals. We studied 
two	subspecies	of	bar-tailed	godwits	Limosa lapponica breeding in tundra regions in 
Siberia: yamalensis in the west and taymyrensis	further	east	and	north.	These	subspe-
cies	share	pre-	and	post-breeding	stopover	areas,	thus	being	partially	sympatric,	but	
exhibiting	temporal	segregation.	The	latter	is	believed	to	facilitate	reproductive	isola-
tion.	Using	satellite	tracking	data,	we	show	that	migration	timing	of	both	subspecies	
is correlated with the date of snowmelt in their respective breeding sites (later at 
the taymyrensis	 breeding	 range).	 Snow-cover	 satellite	 images	demonstrate	 that	 the	
breeding ranges are on different climate trajectories and become more synchronized 
over time: between 1997 and 2020, the date of snowmelt advanced on average by 
0.5 days/year	in	the	taymyrensis breeding range, while it remained stable in the yama-
lensis	breeding	range.	Previous	findings	showed	how	taymyrensis responded to earlier 
snowmelt	by	advancing	arrival	and	clutch	initiation.	In	the	predicted	absence	of	such	
advancements in yamalensis,	we	expect	that	the	two	populations	will	be	synchronized	
by	2036–2040.	Since	bar-tailed	godwits	are	social	migrants,	this	raises	the	possibil-
ity	of	population	exchange	and	prompts	 the	question	whether	 the	 two	subspecies	
can	maintain	their	geographic	and	morphological	differences	and	population-specific	
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1  |  INTRODUC TION

Climate	change	is	expected	to	lead	to	an	increase	in	the	spatial	au-
tocorrelation	of	temperatures	(Di	Cecco	&	Gouhier,	2018; Wang & 
Dillon, 2014).	Consequently,	 temperatures,	as	well	as	related	envi-
ronmental	variables,	are	expected	to	become	more	similar	to	each	
other	at	local,	regional	and	global	scales,	with	potentially	far-reach-
ing	ecological	 and	evolutionary	 consequences.	For	 instance,	 there	
is	an	increased	risk	of	extinction	in	populations,	since	synchrony	in	
dynamics	 raises	 the	 likelihood	 of	 simultaneous	 extinctions	 (Heino	
et al., 1997;	Palmqvist	&	Lundberg,	1998).	Likewise,	a	greater	homo-
geneity in temperature may encourage species dispersal, thereby un-
dermining	coexistence	and	diversity	(Amarasekare	&	Nisbet,	2001; 
Mouquet	&	Loreau,	2003).

Here	we	suggest	another	potential	effect	of	the	‘homogenization	
of the world’: the loss of population structure in migratory animals. We 
reason that the phenological timing of these animals, moving between 
non-breeding	and	reproduction	sites	annually,	will	become	more	syn-
chronous	because	(i)	populations	of	migratory	species	match	the	tim-
ing of migration with the phenology of resources in the reproduction, 
stopover or wintering areas (e.g., Alerstam et al., 2003; Rakhimberdiev 
et al., 2018)	 and	 (ii)	migratory	 animals	 tend	 to	 adjust	 the	 timing	 of	
migration and reproduction with changing resource phenology (e.g., 
Charmantier et al., 2008;	 Gill	 et	 al.,	 2014;	 Gordo,	 2007;	 Lameris	
et al., 2021).	 Migratory	 species	 often	 contain	 multiple	 populations	
or subspecies with different populations having spatially overlapping 
(sympatric)	 wintering,	 stopover,	 or	 reproductive	 areas	 (e.g.,	 Alves	
et al., 2010;	Bearhop	et	al.,	2005;	Briedis	et	al.,	2016).	Temporal	seg-
regation has been identified as an important mechanism for promot-
ing and maintaining reproductive isolation in sympatric populations 
(Bauer	et	al.,	2016;	Hendry	&	Day,	2005;	Monteiro	&	Furness,	1998).	
For	instance,	in	population	with	overlapping	non-breeding	sites,	tem-
poral	segregration	may	prevent	population	exchange	if	the	species	is	
a social migrant (Kölzsch et al., 2019).	 Likewise,	 in	populations	with	
shared breeding grounds, temporal segregation may enhance assor-
tative	mating	(Bearhop	et	al.,	2005).	Thus,	with	increasing	synchrony	
of global temperatures the temporal segregation of migratory animals 
may	be	obliterated,	which	may	have	important	consequences	for	mi-
gration routines and population dynamics.

We	examine	the	potential	(consequences	of)	temporal	synchroni-
zation	in	the	onset	of	spring	in	two	subspecies	of	bar-tailed	godwits	

Limosa lapponica yamalensis and Limosa lapponica taymyrensis	 (Bom	
et al., 2022).	The	two	subspecies	breed	in	adjacent	tundra	regions	in	
Russia, respectively in Yamal (yamalensis)	in	the	west	and	Taimyr	further	
east and north (taymyrensis).	They	are	indistinguishable	in	neutral	ge-
netic markers, but their morphologically distinctiveness suggests that 
there	 is	 little	or	no	gene	flow	(i.e.,	exchange	of	 individuals)	between	
populations	 (Bom	 et	 al.,	 2022).	 The	 two	 subspecies	 have	 different	
wintering	areas,	in	the	Middle	East	and	West	Africa,	respectively,	but	
they have two shared stopover areas, being therefore partially sympat-
ric	(Bom	et	al.,	2022).	One,	the	‘spring	overlap	area’	is	at—and	south	
of—the	 Yamal	 Peninsula	 (Figure 1).	 In	 this	 overlap	 area,	 yamalensis 
stops and breeds and taymyrensis	frequently	stops	before	continuing	
to	its	breeding	sites.	In	the	second	overlap	area,	that	is,	the	‘summer	
overlap	area’	north	of	the	Yamal	Peninsula,	particularly	at	Belyy	Island,	
individuals of both populations regularly stop after the breeding sea-
son. Yamalensis	 godwits	 arrive	 about	 10 days	 earlier	 than	 taymyren-
sis	godwits	in	the	overlapping	stopover	areas	and	breeding	sites.	The	

migratory	routines.	The	proposed	scenario	may	apply	to	a	wide	range	of	(social)	mi-
grants as temporal segregation is crucial for promoting and maintaining reproductive 
isolation	in	many	(partially	sympatric)	migratory	populations.	Homogenization	of	pre-
viously	 isolated	populations	could	be	an	 important	consequence	of	 increasing	syn-
chronized environments and hence climate change.

K E Y W O R D S
climate change, Limosa lapponica taymyrensis, Limosa lapponica yamalensis,	long-distance	
migration, snowmelt, temporal segregation

F I G U R E  1 Tracks	and	stopping	and	breeding	sites	of	yamalensis 
and taymyrensis	bar-tailed	godwit	obtained	from	Argos	PTT	tracking	
devices between 2016 and 2020 as well as the spring and summer 
overlap areas and known breeding range of both subspecies. 
Map	in	Mercator	projection.	Breeding	range	is	based	on	Lappo	
et al. (2012).
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difference in timing is probably related to the date of snowmelt in 
each	population	breeding	area	(i.e.,	later	at	Taimyr	than	at	Yamal)	and	
is	thought	to	facilitate	reproductive	isolation	(Bom	et	al.,	2022).

In	 the	 breeding	 range	 of	 taymyrensis, the date of snowmelt 
has	 shifted	 forward	 with	 0.73 days	 per	 year	 from	 1992	 to	 2016	
(Rakhimberdiev et al., 2018).	Over	this	same	period,	taymyrensis	bar-
tailed	 godwits	 advanced	 their	 arrival	 0.28 days	 per	 year,	 whereas	
the	 laying	 date	 of	 the	 first	 egg	 advanced	 by	 0.70 days	 per	 year	
(Rakhimberdiev et al., 2018).	There	are	no	indications	that	the	date	
of snowmelt has changed in the yamalensis breeding range or that 
these	 godwits	 have	 changed	 their	 timing	 of	migration.	 This	 could	
mean that the temporal segregation between yamalensis and taymy-
rensis is now less distinct than in past times and could eventually 
become	synchronized	in	the	(near)	future.

In	this	study,	we	investigate	whether	the	timing	of	snowmelt	in	
breeding ranges of yamalensis and taymyrensis indeed became more 
synchronized between 1997 and 2020 and predict on how this may 
affect the timing of migration and the temporal segregation be-
tween the two populations. We use satellite tracking data to study 
the spatiotemporal movements of the two populations in relation to 
the	date	of	snowmelt,	which	we	obtained	from	NOAA	satellite	im-
ageries. We first test how the two populations synchronize timing 
of migration with the local date of snowmelt in the breeding ranges. 
Next,	we	analyze	how	the	local	date	of	snowmelt	at	the	breeding	
ranges	changed	over	the	last	24 years.	We	then	assess	if	and	how	
the timing of individuals of the two populations would change with 
respect to the use of the spring and summer overlap areas.

2  |  METHODS

2.1  |  Tracking data

Details on how we obtained and processed the tracking data are 
given	 in	Bom	et	al.	 (2022)	 and	summarized	here.	We	deployed	54	
solar-powered	 4.5-g	 Argos	 Platform	 Terminal	 Transmitters	 (PTTs,	
Microwave	Technology	Inc.,	Columbia,	MD,	USA),	10	on	yamalensis 
and 44 on taymyrensis. We captured and tagged yamalensis godwits 
at	Barr	Al	Hikman	in	the	Sultanate	of	Oman	in	2015.	Taymyrensis god-
wits	were	caught	and	tracked	from	the	Wadden	Sea	in	Netherlands	
(in 2016, n = 10),	 Banc	 d'Arguin	 in	Mauritania	 (in	 2015,	 2017	 and	
2018;	n = 8)	and	the	Bijagós	Archipelago	in	Guinea-Bissau	(in	2018	
and 2019; n = 26).	We	almost	exclusively	tagged	female	birds	(92%	
of	 all	 birds),	 since	 female	 bar-tailed	 godwits	 are	 larger	 than	males	
and presumably can better cope with the added device weight. 
Transmitters	were	deployed	using	a	leg-loop	harness	made	of	0.075-
inch	(1.9-mm)	tubular	Teflon	tape,	weighing	approximately	1.5 g.	For	
none	of	 the	birds,	 the	 tag	plus	harness	weighed	more	 than	3%	of	
the	birds'	body	mass.	PTTs	applied	in	2015–2018	were	programmed	
to	 operate	 on	 a	 duty	 cycle	 of	 10 h	 ‘on’	 for	 transmitting	 locations,	
followed	 by	 25 h	 ‘off’	 for	 charging	 of	 batteries;	 PTTs	 applied	 in	
2019 were programmed to operate continuously when sufficiently 
charged.	 Locations	were	 received	 from	 the	Argos	 system	 and	 are	

referred	 to	 as	 Argos	 locations.	 The	 tagging	work	was	 carried	 out	
with permission of the local authorities in each country.

2.2  |  Site identification

To	 classify	 breeding	 and	 (other)	 stopping	 sites,	 we	 followed	 the	
procedures developed by Chan et al. (2019)	and	applied	earlier	on	
the	same	data	set	by	Bom	et	al.	 (2022).	 In	 this	procedure,	we	 (1)	
filtered Argos locations for implausible locations (i.e., Argos loca-
tion	 classes	 0,	 A,	 B	 and	 Z	 and	 a	maximum	 rate	 of	movement	 of	
120 km/h);	(2)	classified	retained	Argos	locations	either	as	station-
ary	or	flight,	the	latter	included	all	Argos	locations	where	the	maxi-
mum rate of movement was >20 km/h	and	all	Argos	locations	that	
were >50 km	away	from	the	shoreline;	(3)	grouped	stationary	loca-
tions	into	discrete	sites	using	a	hierarchical	clustering	analysis.	This	
was done by calculating, for each tracked individual separately, a 
distance	 matrix	 from	 which	 the	 optimal	 number	 of	 clusters	 was	
determined	by	maximizing	distances	between	 clusters	 (sites)	 and	
minimized	 distance	 between	 Argos	 locations;	 (4)	 classified	 each	
site	either	as	a	breeding	or	stopping	site.	Based	on	current	knowl-
edge	on	 the	natural	 history	 of	 the	 species	 (Piersma	et	 al.,	1996),	
we	classified	(sub)Arctic	sites	(latitude	>56° N)	as	a	breeding	sites,	
if	 a	 bird	 remained	 there	 for	more	 than	 18 days	 between	23	May	
and 23 June. All other sites where classified as stopping sites. We 
further	differentiated	(sub)Arctic	spring	and	summer	stopping	sites	
by	classifying	sites	with	a	latitude	greater	than	56° N	as	(sub)Arctic.	
The	distinction	between	spring	and	summer	was	based	on	whether	
site-arrival	time	was	before	or	after	19	June	respectively,	which	co-
incides	with	the	first	departure	from	the	breeding	sites.	The	dura-
tion of tracking differed between individuals and ranged between 
a	few	days	to	5 years	(Bom	et	al.,	2022; Table 1).

All data processing was performed in the R computing en-
vironment	 (R	 Core	 Team,	 2020).	 The	 distance	 matrix	 that	 was	
used to perform the cluster analysis was constructed with the 

TA B L E  1 Number	of	observations	on	arrival	time	for	the	
different sites relevant for this study.

Site yamalensis taymyrensis

Breeding n birds 7 12

n total 23 13

Spring	(sub)Arctic n birds 9 20

n total 26 24

Spring overlap n birds 9 9

n total 26 11

Summer	(sub)Arctic n birds 7 15

n total 15 17

Summer overlap n birds 2 7

n total 4 8

Note: A differentiation is made between the number of birds and the 
total number of observations, as several birds could be tracked for more 
than	1 year.
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R function distm in the geosphere	package	 (Hijmans	et	al.,	2017)	
and the cluster analysis performed with the NbClust R package 
(Charrad et al., 2014).	We	used	the	Complete aggregation method 
and the silhouette index to determine the optimal number of clus-
ters (Charrad et al., 2014).	The	maximum	rate	of	movement	was	
calculated	 using	 a	 Great	 Circle	 distance,	 which	 we	 calculated	
using the spDistsN1 function in the R package sp	 (Pebesma	 &	
Bivand,	2005).

2.3  |  Site arrival time

In	 this	 study,	 we	were	 interested	 in	 the	 arrival	 time	 at	 breeding	
and	stopping	areas.	Because	of	their	duty	cycle,	tags	were	repeat-
edly	off	 for	25 h,	 the	arrival	 time	at	a	 site	could	not	be	classified	
at a sufficient temporal detail solely based on Argos locations. 
We therefore estimated the arrival time for each site as follows: 
We	identified	the	initial	“stationary”	point	at	a	site.	If	the	previous	
Argos location was classified as “flight”, we estimated arrival time 
by	extrapolating	 the	 average	 speed	of	 a	 nonstop	 flight	 (57 km/h;	
Piersma	&	 Jukema,	1990)	 over	 the	 intervening	 great	 circle	 route	
between	Argos	locations.	If	the	previous	Argos	location	was	clas-
sified as “stationary” we first calculated the estimated flight time 
between the two Argos locations. We assumed that this flight oc-
curred midway along the time interval between the two, so in these 
cases the arrival time was calculated as the midpoint between the 
two timestamps minus half of the flight time between the two 
Argos locations.

2.4  |  Breeding-site arrival dates in relation to 
dates of snowmelt

In	 order	 to	 test	 if	 the	 local	 date	 of	 snowmelt	 could	 explain	 the	
arrival to the breeding sites, we obtained, for each breeding site 
identified from the tracking data, the local date of snowmelt for 
the	 tracking	year.	We	used	 the	NOAA	Climate	Data	Record	esti-
mates	of	snow	cover	extend	on	a	24 × 24 km	grid	based	on	remote	
sensing	data	(U.S.	National	Ice	Center,	2008).	We	then	calculated	
the	difference	(in	days)	between	date	of	breeding-site	arrival	and	
date	 of	 snowmelt.	Negative	 values	mean	 arrival	 before	 the	 local	
date of snowmelt. We tested if the two populations differed in 
their	breeding-site	arrival	time	relative	to	the	Julian	day	and	to	the	
date of snowmelt. Since the data were not normally distributed, we 
used	an	exact	two-sample	Kolmogorov–Smirnov	test.	For	individu-
als that were tracked for multiple years (Table 1)	we	used	the	mean	
Julian day and arrival day relative to the date of snowmelt for each 
individual.	For	visualization	purposes,	we	plotted	boxplots	of	 the	
arrival dates and arrival dates relative to the snowmelt for either 
population and include and visualize data from birds tracked over 
multiple years.

2.5  |  Change in dates of snowmelt in the 
breeding ranges

In	order	to	test	 if	the	date	of	snowmelt	has	changed	in	the	breed-
ing ranges of either population, we calculated the change in date of 
snowmelt for each identified breeding site for the period 1997–2020. 
We	again	used	the	NOAA	Climate	Data	Record	estimates	of	extent	
of	snow	cover	on	a	24 × 24 km	grid	(U.S.	National	Ice	Center,	2008).	
For	each	grid	cell	falling	in	the	breeding	range	(mapped	during	the	
20th	and	early	21st	 century	by	Lappo	et	 al.,	2012),	 the	 snowmelt	
date	was	estimated	as	the	next	day	after	continuous	snow	cover	pe-
riod. We fitted a linear model to the date snowmelt as the dependent 
variable	and	year	as	the	explanatory	continuous	and	breeding	area	
as categorical variables.

We also tested if the change in date of snowmelt differed be-
tween the breeding sites as recorded by the satellite tags as these 
were	partly	outside	the	known	breeding	ranges	(Bom	et	al.,	2022).	
Differences were computed as in the previous analysis; for visualiza-
tion	purposes	we	plot	the	boxplots	of	the	slopes	(change	in	date	of	
snowmelt)	for	either	population	and	include	data	from	birds	tracked	
over multiple years.

2.6  |  Temporal synchronicity at overlap areas

We measured the temporal synchronicity of both subspecies in 
the	overlap	areas	by	analyzing	arrival	time.	The	overlap	areas	were	
mapped	on	the	basis	of	distance	between	the	two	subspecies.	The	
tracking	data	indicated	two	distinct	overlap	areas	(Bom	et	al.,	2022; 
Figure 1)	so	we	separately	determined	spring	and	summer	overlap	
areas.	The	 spring	overlap	 area	was	determined	by	 selecting	 those	
spring	(sub)Arctic	sites	and	breeding	sites	that	were	within	150 km	of	
the	same	sites	of	the	other	subspecies.	We	subsequently	computed	a	
concave polygon around these sites and, for visualization purposes, 
buffered	this	polygon	by	150 km.	The	summer	overlap	area	was	cal-
culated	in	the	same	way	for	the	summer	(sub)Arctic	sites	(Figure 1).	
We used the tracking data to determine the arrival time in the over-
lap	areas	for	the	(tracking)	years	2016–2020	by	extracting,	for	each	
year, the first arrival time of each individual that entered an overlap 
area.	Furthermore,	to	measure	the	importance	of	the	overlap	areas,	
we provide the number of individuals tracked into the overlap areas 
and compare them with the total number of individuals tracked into 
(sub)Arctic	spring	and	breeding	and	summer	stopping	sites.	The	con-
cave polygon was constructed using the concave function from the 
concaveman	R	package	(Gombin	et	al.,	2020).	All	other	spatial	calcu-
lations were computed with the sf	R	package	(Pebesma,	2018).

For	 each	 observed	 arrival	 time	 in	 the	 overlap	 areas,	 we	 con-
ducted	hindcasting	and	forecasting	for	both	past	(1996–2000)	and	
future	(2036–2040)	arrival	time	at	these	overlapping	sites.	This	was	
based	on	the	reasoning	that	(i)	both	populations	of	bar-tailed	godwits	
have synchronized the timing of migration with the day of snowmelt 
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in their respective breeding areas (see Section 3)	and	(ii)	taymyrensis 
godwits were observed to adjust their timing of migration and nest 
initiation in accordance with the changing onset of snowmelt in their 
breeding areas (Rakhimberdiev et al., 2018).

Because	the	rate	of	change	in	snowmelt	differed	in	two	breeding	
areas, the past and future arrival times at the overlapping sites were 
calculated	differently	between	the	two	subspecies.	For	yamalensis, 
we found no change in the date of snowmelt in the breeding areas, 
so we simply assumed that arrival time in the overlap areas has not 
and will not change for this subspecies (see Section 3).

For	 taymyrensis, we found that the date of snowmelt in the 
breeding	 areas	 has	 changed	 by	 0.5 days	 per	 year	 (see	 Section	 3).	
During	more	or	 less	the	same	period	(i.e.,	1992–2016),	taymyrensis 
godwits were observed to advance arrival time to a breeding site 
by	 0.28 days	 per	 year	 (Rakhimberdiev	 et	 al.,	 2018).	 We	 assumed	
that the arrival time at the spring stopover area has changed at the 
same	rate	of	 the	observed	breeding-site	arrival	 time	advancement	
of	 0.28 days	 per	 year.	 Thus,	 for	 each	 observed	 arrival	 time	 to	 the	
spring	overlap	area,	we	subtracted	and	added	0.28 × 20 = 5.6 days	to	
predict	the	arrival	time	20 years	prior	and	past	the	observed	arrival	
time respectively.

For	the	taymyrensis arrival time to the summer overlap sites, we 
assumed that past and future arrival time changes at a same rate as 
clutch	 initiation	date	 in	 the	breeding	 areas	has	 changed.	 This	was	
observed	 to	 be	 0.7 days	 per	 year	 (at	 a	 single	 breeding	 site).	 This	
rate, however, may not apply to the entire population as we mea-
sured	snowmelt	to	change	with	0.50 days	per	year	across	the	entire	
breeding range in taymyrensis godwits (see Section 3).	Therefore,	we	
suggest that this later rate is more appropriate to use as a measure 
of	 advancement	 in	 arrival	 time	 in	 the	 summer	overlap	 area.	 Thus,	

for	each	observed	summer-overlap	arrival	time,	we	subtracted	and	
added	0.50 × 20 = 10 days	 to	predict	 the	arrival	 time	20 years	prior	
and past the observed arrival time respectively.

We	used	an	exact	two-sample	Kolmogorov–Smirnov	test	to	test	
if the two populations differed in their observed and predicted past 
and	future	arrival	time	to	overlap	areas	(Julian	day).	For	individuals	
that were tracked for multiple years (Table 1),	we	used	the	mean	ar-
rival	date	for	each	individual.	To	provide	a	general	idea	of	the	overlap	
between	populations,	we	provide	the	median	and	interquartile	range	
(IQR)	for	the	observed	and	predicted	past	and	future	arrival	times	at	
the	overlap	areas.	For	visualization	purposes,	we	plotted	 the	box-
plots	of	the	(predicted)	arrival	dates	at	the	overlap	areas	for	either	
population and include data from birds tracked over multiple years.

3  |  RESULTS

Tracking	 data	 revealed	 that	 the	 arrival	 time	 in	 the	 breeding	 areas	
relative to the day of year differed between yamalensis and tay-
myrensis	 godwits	 (Exact	 two-sample	Kolmogorov–Smirnov	 test	 on	
Julian day, D = 0.69,	p < .001,	Figure 2a);	the	mean	Julian	day	was	151	
for yamalensis godwits and 157 for taymyrensis.	However,	the	arrival	
time relative to the local date of snowmelt did not differ between 
the subspecies (D = 0.31,	p = .40,	Figure 2b).	Both	subspecies	arrived	
a few days before the date of snowmelt, with the mean arrival day 
relative	to	the	local	date	of	snowmelt	being	4.4 days	(SD ± 9.45 days)	
for yamalensis	and	1.8 days	(SD ± 10.3 days)	for	taymyrensis.

The	date	of	snowmelt	in	the	breeding	ranges	of	the	two	sub-
species	increasingly	synchronized	between	1997	and	2020.	In	all	
years, the date of snowmelt is generally earlier in the breeding 

F I G U R E  2 Boxplots	with	individual	data	points	(jittered)	showing	the	variation	on	the	timing	of	arrival	at	breeding	sites	for	yamalensis 
and taymyrensis	godwits	(a)	in	relation	to	the	day	of	year	(for	reference,	1	June	is	day	152),	and	(b)	in	relation	to	the	local	date	of	snowmelt.	
Negative	values	mean	arrival	before	the	local	date	of	snowmelt	(white	shaded	area,	defined	as	the	next	day	after	continuous	snow	cover	
period)	and	positive	values	after	the	local	date	snowmelt	(green	shaded	area).	Sample	sizes	are	the	same	as	in	(a).	Breeding	sites	were	derived	
from	tracking	data	and	snowmelt	data	was	obtained	from	NOAA	satellite	imagery	at	24 × 24 km	grid.	Open	black	circles	represent	individuals	
with	one	breeding-site	localization,	while	individuals	with	multiple	breeding-site	localizations	are	represented	with	different	colors	and	
symbols for each individual.
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6 of 9  |     BOM et al.

range of yamalensis than in the breeding range of taymyrensis 
(Figure 3a).	 However,	 the	 date	 of	 snowmelt	 strongly	 advanced	
in the breeding range of taymyrensis	 (slope = −0.48 days	 per	
year ± 0.01	 SE;	 the	 intercept	 at	 year	 1997	 is	 174,	 i.e.,	 23	 June)	
whereas no such advancement was observed in the breeding 
range of yamalensis	 (slope	 is	 0.02 days/year ± 0.03	 SE;	 the	 inter-
cept	at	year	1997	is	151,	i.e.,	31	May).	In	2041,	the	slopes	would	
cross	on	31	May,	meaning	that	at	the	current	pace	of	change,	the	
snowmelt phenology will be synchronized in that year. A similar 
pattern	 was	 observed	 at	 the	 breeding	 sites	 of	 the	 tracked	 bar-
tailed godwits, with a slight delay at the yamalensis breeding sites 
(slope = 0.23 days	per	year ± 0.09	SE)	and	a	strong	advancement	at	
the taymyrensis	breeding	sites	 (slope = −0.52 days	per	year ± 0.06	
SE,	Figure 3b).

The	 boundaries	 of	 the	 spring	 and	 summer	 overlap	 areas	 are	
shown in Figure 1.	The	spring	overlap	area	was	used	by	all	yama-
lensis	 godwits	 that	 could	be	 tracked	 into	 spring	 (sub)Arctic	 stop-
ping sites, whereas 9 out of 20 taymyrensis godwits were tracked 
into this area (Table 1).	 The	 summer	 overlap	 area	 was	 used	 by	
two out of seven yamalensis godwits that could be tracked into 
summer	 (sub)Arctic	 stopping	 sites	whereas	 seven	 out	 of	 15	 tay-
myrensis	godwits	were	tracked	into	this	area.	The	tracking	data	re-
vealed how the arrival time at the overlap areas differed between 
the two subspecies for the period 2016–2020 (Figure 4).	 In	 the	
spring overlap area, yamalensis	 godwits	 arrived	 in	 general	 4 days	
before taymyrensis godwits, with the median Julian day being 146 
(26	May)	(IQR ± 6)	for	yamalensis	and	150	(30	May)	(IQR ± 3 days).	
This	 difference	 was	 statistically	 significant	 (D = 0.67,	 p = .03).	 At	
the summer overlap area, the arrival times did not differ between 
yamalensis and taymyrensis (D = 0.57,	p = .56;	median	Julian	days	of	
arrival	 of	 176	 [25	 June]	 [IQR ± 4]	 for	yamalensis and 190 [9 July] 
[IQR ± 25 days]	for	taymyrensis).

We hindcast that the arrival day in the spring overlap area was 
substantially more different between the two subspecies for the 

period 1996–2000 (D = 0.89,	p < .0001)	and	forecast	that	this	differ-
ence	will	disappear	within	20 years	by	2036–2040	(D = 0.33,	p = .70).	
The	arrival	day	in	the	summer	overlap	area	differed	significantly	be-
tween the two subspecies for the period 1996–2000 (D = 1,	p = .03)	
but not for 2036–2040 (D = 0.43,	p = .89),	but	became	more	synchro-
nized in time.

4  |  DISCUSSION

We show that the date of snowmelt in two adjacent breeding ranges 
of	two	subspecies	of	bar-tailed	godwits	is	converging	and,	under	the	
current pace of climate change, will be fully synchronized by 2041. 
Based	on	(i)	the	finding	that	the	subspecies	have	synchronized	their	
migration	 phenology	 with	 the	 date	 of	 snowmelt	 and	 (ii)	 previous	
evidence showing taymyrensis	 bar-tailed	 godwits	 to	 have	 adjusted	
their	migration	to	changes	in	date	of	snowmelt	over	the	last	20 years	
(Rakhimberdiev et al., 2018),	we	 expect	 that	 the	 timing	 of	migra-
tion	 in	 the	 two	subspecies	will	become	synchronized	as	well.	This	
means that in the near future the two subspecies will no longer be 
temporally	segregated	at	the	shared	spring	and	summer	areas.	This,	
as we will argue now, could homogenize these previously isolated 
populations.

In	 sympatric	migratory	 populations,	 temporal	 segregation	may	
lead	 to	 reproductive	 isolation	 (Bearhop	 et	 al.,	 2005)	 and	 differ-
ent	pathways	have	been	 identified	 to	promote	 this.	 If	populations	
have shared breeding grounds, temporal segregation could limit 
population	 exchange	 simply	 because	 populations	 mate	 assorta-
tively,	 as	 was	 shown	 in	 Blackcaps	 Sylvia atricapilla	 and	 Madeiran	
Storm	Petrels	Oceanodroma castro	 (Bearhop	et	al.,	2005;	Monteiro	
&	 Furness,	 1998).	 In	 sympatric	 populations	 with	 shared	 stopover	
sites, just as in our study system, temporal synchronization may pro-
mote	population	exchange	when	animals	 from	 two	 (flyway)	popu-
lations	 join.	 This	was	 for	 example	 shown	 in	 a	 tracking	 study	with	

F I G U R E  3 Variation	in	(a).	Date	of	
snowmelt across the breeding range of 
yamalensis and taymyrensis	bar-tailed	
godwits between 1997 and 2020 
(breeding	ranges	are	based	on	Lappo	
et al., 2012)	and	date	of	snowmelt	
obtained	from	NOAA	satellite	imagery	
at	24 × 24 km	grid)	and	(b)	boxplots	with	
individual	data	(jittered)	points	showing	
the rate of change in the date of snowmelt 
from 1997 to 2020 at the breeding sites 
(inferred	from	tracking	data)	of	yamalensis 
and taymyrensis	bar-tailed	godwits.	Open	
black circles represent individuals with 
one	breeding-site	localization,	while	
individuals	with	multiple	breeding-
site localizations are represented with 
different colors and symbols for each 
individual.
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white-fronted	geese,	Anser albifrons (Kölzsch et al., 2019).	Such	ex-
change may only occur in social migrants in which social cues, such 
as the state of moult, reproductive state and fat reserves can be 
important sources of information to determine the routes taken 
(Flack	et	al.,	2018;	Gill	et	al.,	2019;	Helm	et	al.,	2006).	In	birds,	social	
migration	has	primarily	been	identified	in	several	large	non-passer-
ine	birds	living	in	family	units	(Flack	et	al.,	2018),	but	in	fact	may	be	
widespread	among	other	birds	as	well	(Byholm	et	al.,	2022;	Méndez	
et al., 2021;	Piersma	et	al.,	2020).	Certainly,	bar-tailed	godwits,	al-
though probably not flying in family flocks, are social migrants as 
they	migrate	in	groups	(Piersma	et	al.,	1990),	and	socially	learned	mi-
gration	has	been	experimentally	demonstrated	in	the	closely	related	
black-tailed	godwit	Limosa limosa	(Loonstra	et	al.,	2023).	We	there-
fore	 expect	 that	 in	 our	 study	 system	 population	 exchange	 might	
be	(increasingly)	likely	in	the	near	future.	In	fact,	recent	population	
exchange	may	have	already	occurred	in	the	studied	populations	of	
bar-tailed	godwits,	 as	we	 found	 that	 there	 is	nowadays	 significant	
temporal overlap in the summer overlap sites, and that there was 
no	genetic	differentiation	in	mitochondrial	DNA	(Bom	et	al.,	2022).

Young	inexperienced	birds	may	be	especially	important	in	initi-
ating	 population	 exchange.	 For	 instance,	Gill	 et	 al.	 (2019)	 showed	
that,	within	 the	population	breeding	 in	 Iceland,	young	black-tailed	
godwits were the most likely to change migration destinations, while 
Verhoeven	et	al.	(2018)	suggested	the	same	for	shifts	in	staging	areas	
during	northward	migration	of	Dutch	breeding	birds.	Gill	et	al.	(2019)	
then	 proposed	 a	 general	 mechanism	 by	 which	 conditions	 experi-
enced at the natal stage, such as timing of hatching, influence the 
probability of individuals to undertake generational shifts in migra-
tion	destination.	In	a	translocation	experiment,	Loonstra	et	al.	(2023)	
showed	 that	naïve	young	Black-tailed	Godwits	displaced	 from	 the	
Netherlands	 to	Poland	 adopted	 the	 spatiotemporal	 pattern	of	mi-
gration characteristic of the population at the release location rather 
than the birth place. We are unaware of the juvenile movements of 
the	studied	bar-tailed	godwit,	but	if	they	follow	the	same	migration	
routes as the adults, there is a fair chance that young birds from the 
two populations will increasingly meet at the summer overlap area.

Gill	et	al.	 (2019)	presented	a	pathway	by	which	climate	change	
alters the distribution of individuals within a migratory population 

F I G U R E  4 Boxplot	showing	the	predicted	and	observed	timing	of	arrival	of	yamalensis and taymyrensis at stopover areas across four and 
half	decades:	1996–2005	(hindcast—left	column);	2016–2020	(observations	from	tagged	individuals—middle	column);	2036–2040	(forecast—
right	column),	in	spring	(top	row)	and	summer	(bottom	row).	Raw	data	(with	jitter)	are	presented	in	the	middle	column.	Open	black	circles	
represent individuals with one observation, while individuals tracked for multiple years are represented with different colors and symbols 
for each individual.
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of	black-tailed	godwits.	They	showed	that	many	migratory	popula-
tions consist of individuals that migrate to different wintering areas 
and those migrating longer distance typically have a more limited ca-
pacity	to	alter	breeding	phenology	in	response	to	climate	change.	If	
these differences are associated with fitness, the likelihood that in-
dividuals	will	migrate	to	a	certain	wintering	area	may	quickly	become	
dominant	by	several	mechanisms,	including	generational	shifts	(Gill	
et al., 2014, 2019).	We	suggest	a	more	dramatic	between-population 
consequence	of	climate	change,	by	which	disappearance	of	temporal	
segregation can lead to population homogenization and thereby to 
the disappearance of subspecies.

Our	findings	of	converging	onset	of	spring	(snowmelt	phenology)	
are consistent with the prediction that global temperatures, and cor-
related environmental variables, will be increasingly synchronized 
in	 the	future	 (Di	Cecco	&	Gouhier,	2018;	Liu	et	al.,	2019; Wang & 
Dillon, 2014).	Concurrently,	the	two	populations	of	bar-tailed	god-
wits studied are just one of the many seasonal migratory animal pop-
ulations	with	shared	non-breeding	sites	where	temporal	segregation	
may	 limit	population	exchange.	Temporal	 segregation	 in	sympatric	
populations	with	overlapping	non-breeding	sites	has	been	described	
for	migratory	shorebirds	(Lamarre	et	al.,	2021),	seabirds	(Monteiro	&	
Furness,	1998),	passerines	(Bearhop	et	al.,	2005;	Briedis	et	al.,	2016),	
and	is	probably	applicable	to	migratory	animals	of	other	taxa	such	as	
whales (Carvalho et al., 2014).	Many	of	these	populations	have	ad-
justed their phenology to temperature or correlated environmental 
variables in the breeding sites (Alves et al., 2019;	Briedis	et	al.,	2016; 
Lamarre	et	al.,	2021).	We	thus	expect	that	the	sequence	of	effects	of	
climate change described here may be relevant for a large number of 
species,	and	therefore	may	have	important	consequences	for	migra-
tory	populations,	and	consequently	for	global	biodiversity.
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