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Abstract
Organisms	living	in	high-	elevation	habitats	are	usually	habitat	specialists	who	occupy	
a narrow ecological niche. To envision the response of alpine species to a changing 
environment,	 it	 is	 fundamental	 to	understand	their	habitat	preferences	on	multiple	
spatial	and	temporal	scales.	However,	 information	on	small-	scale	habitat	use	 is	still	
widely	 lacking.	We	 investigated	 the	 foraging	 habitat	 preferences	 of	 the	migratory	
northern wheatear Oenanthe oenanthe	during	the	entire	presence	at	a	breeding	site	
in	the	central	Alps.	We	repeatedly	observed	121	adult	and	juvenile	 individuals.	We	
applied	Bayesian	 logistic	 regression	models	 to	 investigate	which	habitat	 character-
istics	 influenced	 foraging	habitat	 selection	on	a	 fine	 spatial	 scale,	 and	how	habitat	
use	varied	temporally.	Throughout	their	presence	on	the	breeding	grounds,	northern	
wheatears	showed	a	consistent	preference	for	a	mosaic	of	stones	and	bare	ground	
patches	with	slow-	growing,	short	vegetation.	The	proximity	of	marmot	burrows	was	
preferred,	whereas	dense	and	low	woody	vegetation	was	avoided.	After	arrival	at	the	
breeding	site,	short	vegetation,	preferably	close	to	the	snow,	was	favored.	The	prefer-
ence	for	open	habitat	patches	that	provide	access	to	prey	underlines	the	critical	role	
of	small-	scale	habitat	heterogeneity	for	northern	wheatears.	The	strong	and	consist-
ent	preference	for	a	habitat	that	is	under	pressure	from	land-	use	and	climate	change	
suggests	 that	 this	alpine	bird	 species	may	be	 sensitive	 to	habitat	 loss,	 leading	 to	a	
potential	range	contraction.	We	highlight	the	need	to	conserve	habitat	diversity	on	a	
small	spatial	scale	to	ensure	the	long-	term	availability	of	suitable	habitat	for	northern	
wheatears	in	the	Alps.
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1  |  INTRODUC TION

The ecological niche of a species is defined on multiple spatial and 
temporal scales (Mahon et al., 2016). Hence, to understand or pre-
serve	a	species,	it	is	necessary	to	identify	its	relevant	habitat	prefer-
ences	 from	 large-	scale	distributions	 to	small-	scale	habitat	 features.	
The	availability	of	suitable	foraging	habitat	plays	a	special	role	in	the	
niche configuration and is crucial for survival and successful repro-
duction.	More	specifically,	food	availability,	comprised	of	food	abun-
dance	and	accessibility,	is	a	major	driver	of	foraging	habitat	selection	
that	is	influenced	by	habitat	features	on	a	fine	scale	(Arlettaz,	1999; 
Barras et al., 2020; Cody, 1985; Dussault et al., 2005).	Food	abundance	
and	accessibility,	however,	are	often	promoted	by	different	habitat	
characteristics	 and	 are	 temporally	 variable	 (Atkinson	 et	 al.,	 2004; 
Dussault et al., 2005;	Fuller	et	al.,	2007). Particularly, species with nar-
row	requirements,	so-	called	specialists,	are	expected	to	be	relatively	
sensitive	 to	 changes	 in	 food	 availability	 (McPeek,	 1996). Typically, 
alpine species are often adapted to a short vegetation period, and 
they	are	restricted	to	a	higher	elevational	range	that	is	characterized	
by	habitat	heterogeneity	on	a	finer	scale,	compared	to	lowland	hab-
itats	 (Cortés	&	Wheeler,	2018).	For	 insectivorous	alpine	birds,	prey	
abundance	is	driven	by	a	stronger	seasonality	at	high	elevation	(Pilar	
et al., 2020; Resano- Mayor et al., 2019).	Arthropod	abundance,	di-
versity, and species richness peak in early summer and then decrease 
to relatively low levels until autumn (Pilar et al., 2020). Consequently, 
the	time	window	is	limited	for	prey	availability	to	match	food	demand	
for	brood	provisioning,	for	expensive	maintenance	such	as	molt,	and	
for	juvenile	post-	fledging	establishment	(Arlt	&	Pärt,	2008; Resano- 
Mayor et al., 2019;	Tulp	&	Schekkerman,	2008).

Alpine	regions	are	more	vulnerable	to	climate	change	than	low-	
elevation areas (Brunetti et al., 2009). They experience adverse 
effects of rising temperatures, altered precipitation patterns, as 
well as advanced snowmelt and vegetation development that lead 
to	an	upward	shift	of	the	treeline	(Gehrig-	Fasel	et	al.,	2007;	Gobiet	
et al., 2014; Keller et al., 2005;	Theurillat	&	Guisan,	2001). Moreover, 
land- use changes influence vegetation development in alpine areas 
through two opposed processes (Kulakowski et al., 2011): Low- 
intensity	 agricultural	 activities	 such	 as	 livestock	 grazing	 are	 being	
abandoned,	leading	to	bush	encroachment	and	ultimately	to	forest	
encroachment (Baur et al., 2006), while areas that are still managed 
tend	 to	 undergo	 agricultural	 intensification	 (Fischer	 et	 al.,	 2008). 
Land-	use	and	climate	change	have	fundamental	effects	on	the	major-
ity of organisms across trophic levels, through either the loss of suit-
able	habitat	or	shifting	vegetation	phenology	(Ferrarini	et	al.,	2017; 
Hughes, 2000; Inouye, 2020; Keller et al., 2005).	For	migratory	birds	
in particular, advanced vegetation phenology can lead to a potential 
phenological	mismatch	(Jones	&	Cresswell,	2010;	Saino	et	al.,	2011; 
Visser et al., 2004),	because	it	reduces	prey	accessibility	for	ground-	
foraging species as a result of increased vegetation height and of ad-
vances	in	the	peak	in	arthropod	abundance	(Renner	&	Zohner,	2018; 
Tulp	&	Schekkerman,	2008).

As	 a	 long-	distance	migratory	 songbird,	 the	 northern	wheatear	
(Oenanthe oenanthe)	 is	affected	by	changing	habitat	characteristics	

and shifting vegetation and prey phenology on multiple spatial and 
temporal	 scales	 (Jähnig	 et	 al.,	 2020;	 Sander	 et	 al.,	 2021, 2022). 
The	 species	 has	 a	 circumpolar	 distribution	 and	 overwinters	 in	
sub-	Saharan	Africa	 (Bairlein	et	al.,	2012; Dunn et al., 2020; Meier 
et al., 2022; Rime et al., 2023).	In	Northern	European	lowland	breed-
ing	sites,	where	seasonality	 is	 less	strong	compared	to	alpine	hab-
itats, northern wheatears favor open fields with short vegetation 
(Arlt	et	al.,	2008;	Arlt	&	Pärt,	2007; Paquet et al., 2019) and seem to 
be	more	 limited	by	prey	accessibility	than	by	prey	abundance	(van	
Oosten et al., 2014).	Unlike	lowland	breeding	ranges,	in	Switzerland,	
the	species	is	 limited	to	high	elevations	above	the	tree	line	(Knaus	
et al., 2018).	While	in	most	parts	of	Europe,	northern	wheatear	pop-
ulations	are	declining,	the	Swiss	Alpine	population	is	stable	overall	
while	 experiencing	 an	 upward	 shift	 in	 the	 elevational	 distribution	
(Hallman et al., 2022; Keller et al., 2020; Knaus et al., 2018). The 
population	trend	of	the	Alpine	northern	wheatear	population	points	
toward	 an	 increasingly	 important	 role	 of	 alpine	 habitats	 for	 the	
conservation of this species in central Europe (Knaus et al., 2018). 
This	Alpine	population	faces	spatial	and	temporal	landscape	dynam-
ics that are different from those in the European lowland (Brunetti 
et al., 2009; Pilar et al., 2020). To examine the sensitivity of the spe-
cies	 to	current	and	 future	habitat	changes	and	shifting	vegetation	
phenology	in	the	Alps,	it	is	important	to	understand	how	the	species	
interacts	with	the	highly	seasonal	and	variable	habitat	that	the	alpine	
ecosystem provides on a fine spatial and temporal scale.

Here,	we	 conducted	 an	observational	 study	on	uniquely	 iden-
tifiable	 individuals	 to	 determine	 the	 preferred	 foraging	 habitat	 of	
northern	wheatears	in	their	Alpine	breeding	range	throughout	their	
stay.	We	focused	on	the	microhabitat	at	foraging	locations	and	com-
pared	 it	with	 the	 available	 habitat	 at	 random	 locations	within	 the	
territory.	We	investigated	the	role	of	vegetation	height	and	ground	
cover	composition	in	providing	accessibility	to	prey.	Foraging	pref-
erences may change throughout the annual cycle. Therefore, we 
considered	the	birds'	entire	presence	at	the	breeding	site,	including	
during	the	pre-	breeding	and	postbreeding	periods.	This	also	covers	
key processes such as molt and premigratory fuel deposition, as well 
as	the	high-	risk	phase	of	post-	fledging	establishment	of	juveniles.	To	
determine	the	role	of	prey	accessibility	on	Alpine	breeding	grounds,	
we examined the importance of small- scale heterogeneity in pro-
viding	suitable	foraging	habitat.	Furthermore,	we	explored	the	role	
of	grazing	cattle	and	alpine	marmots	(Marmota marmota) in shaping 
habitat	heterogeneity	on	a	small	scale.

2  |  METHODS

2.1  |  Study area

Our	 study	 area	 is	 located	 in	 Val	 Piora	 in	 the	 central	 Swiss	 Alps	
(46°33′N	 8°42′E, Figure 1).	 It	 covers	 6 km2 of mostly south- 
exposed	 slopes	 above	 the	 tree	 line,	 ranging	 from	 1850	 to	
2200 m.a.s.l.	and	hosting	more	than	100	breeding	pairs	of	north-
ern	wheatears.	The	habitat	is	characterized	by	heterogenous	open	
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grassland	interspersed	with	rocks,	boulders,	debris	fields,	and	re-
mains of man- made rockpiles and stonewalls. Between July and 
September,	the	pastures	are	grazed	in	a	rotational	manner	and	the	
cattle	are	 frequently	moved,	constituting	a	 low-	intensity	grazing	
regime.	The	area	is	usually	covered	by	snow	between	November	
and May.

2.2  |  Study design

In	 the	 frame	 of	 a	 project	 on	 migration	 and	 ecology	 of	 northern	
wheatears,	individuals	have	been	ringed	in	the	study	area	since	2010	
(Meier et al., 2022; Rime et al., 2023;	 Schmaljohann	 et	 al.,	 2016). 
Each	bird	was	ringed	with	a	unique	combination	of	one	metal	ring	

F I G U R E  1 The	map	(a)	shows	the	position	of	all	foraging	points	(green	dots)	recorded	in	the	study	area	in	Val	Piora.	Foraging	habitat	
data	were	recorded	for	color-	ringed	northern	wheatears	(b)	on	a	1-	m	radius	around	foraging	(presence)	and	pseudo-	absence	locations	(c).	
Pseudo-	absence	locations	were	located	randomly	within	20–	80 m	and	at	a	random	angle	(relative	to	true	North)	of	each	foraging	location.	
background	map:	©swisstopo,	photos:	©Y.	Rime.
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and three plastic color rings (Figure 1).	 Adults	were	 caught	 using	
baited	spring	traps	and	cage-	traps	that	were	placed	at	the	nest	en-
trance.	Where	 they	 could	 be	 reached,	 chicks	were	 ringed	 at	 their	
nest	once	they	were	7 days	old.

We	observed	ringed	individuals	between	May	12	and	September	
03,	2021,	covering	the	arrival,	incubation,	feeding	(period	of	food	pro-
visioning	for	chicks),	and	postbreeding	stages.	Northern	wheatears	
arrive	on	their	Alpine	breeding	grounds	between	the	end	of	April	and	
mid-	May	and	depart	for	fall	migration	around	mid-	September	(Glutz	
Von	Blotzheim	&	Bauer,	2001; Meier et al., 2022; Rime et al., 2023; 
Sander	et	al.,	2021).	During	this	period,	ringed	birds	were	followed	
weekly	 from	 the	 distance,	 using	 binoculars	 and	 a	 scope,	 until	 the	
first	foraging	attempt	of	each	observation.	We	recorded	the	exact	
location of the foraging event on a photograph taken through the 
scope.	After	the	bird	had	left	the	foraging	location,	we	immediately	
mapped	the	microhabitat	on	site	and	recorded	the	exact	coordinates	
and	information	on	the	individual	(color	ring	combination,	sex,	age,	
and	nest	 ID)	 in	QField	 (QGIS	Development	Team,	2020). To com-
pare the foraging (presence) locations with locations that have not 
been	chosen	by	the	bird,	we	mapped	the	microhabitat	at	a	nearby	
location	within	a	randomly	selected	distance	of	20–	80 m	to	the	for-
aging	location	at	a	random	angle	(0°–	360°)	for	each	foraging	event	
(Figure 1,	 Barbet-	Massin	 et	 al.,	 2012; Johnson, 1980). This dis-
tance	range	was	selected	to	ensure	that	pseudo-	absence	locations	
were	 located	within	 the	 territory	of	 the	observed	bird	 (Glutz	Von	
Blotzheim	&	Bauer,	2001).	Adult	birds	usually	remained	within	their	
territory throughout their entire stay in the study area, including 
for foraging activities (Rime et al., 2023). To make sure that each 
presence-	pseudo-	absence	pair	is	independent,	we	moved	on	to	the	
next territory after having recorded all ringed individuals sighted 
within their territory.

We	recorded	the	following	set	of	habitat	variables	(Table 1 and 
Table S1) on a 1- m radius around foraging (presence) and pseudo- 
absence	locations	(Figure 1): ground cover estimates (percentage of 
live	 vegetation,	 dead	 vegetation,	 woody	 vegetation,	 bare	 ground,	
stones [granulometry >4 mm],	and	snow)	and	vegetation	height.	We	
calculated the vegetation height using the mean of three representa-
tive	measurements	within	the	1-	m	radius.	Additionally,	we	estimated	
the	distance	to	the	closest	marmot	burrow	and	recorded	cattle	graz-
ing activity, immediate cattle presence, and presence of cow dung 
within	the	1-	m	radius.	For	each	foraging	and	pseudo-	absence	loca-
tion, we also computed the distance to the nest if it was found, and 
the	 normalized	 difference	 vegetation	 index	 (NDVI)	 and	 its	 rate	 of	
change	between	months.	The	distance	 to	 the	nest	was	 calculated	
based	on	the	SwissALTI3D	digital	elevation	model	(swisstopo,	2018) 
in	QGIS	 (QGIS	Development	Team,	2020). NDVI raster images for 
the study area were generated on Google Earth Engine (Gorelick 
et al., 2017)	based	on	Sentinel-	2	satellite	images	with	a	spatial	res-
olution	 of	 10 m	 (ESA,	 2015).	 After	 applying	 a	 cloud	 filter	 (<50% 
cloud area), the image with the clearest conditions for each month 
(April–	September	2021)	was	manually	selected,	and	the	NDVI	val-
ues were extracted in R (R Core Team, 2021) using the extract func-
tion from the package raster	(Hijmans,	2021). To detect local shifts in 

greenness, the rate of NDVI change was computed as the difference 
between	the	NDVI	values	extracted	from	the	images	of	the	previous	
and the following month of the foraging event at each foraging and 
pseudo-	absence	location.	To	allow	for	a	comparison	between	differ-
ent	habitat	scales,	we	additionally	recorded	the	same	set	of	variables	
on	a	2-	m	radius	around	the	foraging	and	pseudo-	absence	locations.

As	 the	 birds'	 needs	 are	 expected	 to	 change	 during	 their	 pres-
ence at the study site, we assigned three stages to each of the for-
aging	events	on	a	per-	breeding	pair	basis.	The	arrival	and	incubation	
stage	lasts	until	the	chicks	hatch	after	an	incubation	period	of	13–	
15 days	 (Moreno,	1989a).	This	 is	 followed	by	a	feeding	period	that	
includes	feeding	chicks	13–	15 days	in	the	nest	and	feeding	fledglings	
for	10 days	out	of	 the	nest	until	 they	become	 largely	 independent	
(Glutz	 Von	 Blotzheim	 &	 Bauer,	 2001; Moreno, 1984). The post-
breeding	period	 includes	 the	 remaining	 time	until	both	adults	 and	
juveniles	 depart	 for	 fall	migration	 (Arlt	&	Pärt,	2008). During this 
period,	young	wheatears	must	establish	 themselves,	 and	both	 the	
adults and immatures undergo complete molt and deposit fuel for 
their	long-	distance	migratory	journey	(Arlt	&	Pärt,	2008;	Glutz	Von	
Blotzheim	&	Bauer,	2001).

In	total,	we	recorded	620	foraging	locations	and	an	equal	number	
of	pseudo-	absence	locations	(ntot = 1240)	during	the	period	of	pres-
ence of northern wheatears in the study area (Figure 1).	We	followed	
121	ringed	individuals	(53	adult	males,	47	adult	females,	and	21	juve-
niles).	Sixty-	nine	adults	were	returning	individuals	ringed	in	previous	
years,	while	31	adults	and	21	juveniles	were	newly	ringed	during	the	
study	period.	We	collected	data	 for	193	 foraging	 locations	during	
the	arrival	and	incubation	stage,	193	during	the	feeding	stage,	and	
182	during	the	postbreeding	stage,	of	which	38	were	from	juveniles.

2.3  |  Statistical analysis

We	modeled	 the	 foraging	 habitat	 selection	 by	 comparing	 the	 re-
corded	variables	between	foraging	(presence)	and	pseudo-	absence	
locations using logistic regression models (logit- link function) with 
presence/absence	as	a	binary	outcome	variable.	 In	all	models,	 the	
ground	cover	estimates,	vegetation	height,	distance	to	marmot	bur-
row, NDVI, and its rate of change were included as fixed effects. 
To	account	for	individual	preferences	and	repeated	observations	of	
the	same	individual,	we	included	the	bird	ID	(color	ring	combination)	
and	the	point	ID	(unique	number	for	each	presence/pseudo-	absence	
pair) as random effects (Korner- Nievergelt et al., 2015;	 Laird	 &	
Ware,	1982).	 All	 statistical	 analyses	were	 conducted	 in	 R	 (R	Core	
Team, 2021). Models were fitted in a Bayesian framework (Gelman 
et al., 2013; McElreath, 2016), using the brm function from the 
brms package (Bürkner, 2017).	For	each	model,	we	ran	four	chains,	
each with 2000 iterations of which the first 1000 were discarded 
as	the	burn-	in	period	(McElreath,	2016).	A	prior	sensitivity	analysis	
(Figure S1)	suggested	that	the	model	results	were	sufficiently	robust	
to	changing	prior	specification	(Depaoli	&	van	de	Schoot,	2017; Link 
et al., 2002;	Nicenboim	et	al.,	2021). Hence, we chose uninforma-
tive priors for our models (Berger, 2006;	Kass	&	Wasserman,	1996; 
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Zhou et al., 2014).	 For	 the	 intercept	 and	 the	 group-	level	 vari-
ances	 (bird	 ID	 and	 foraging	 ID),	we	 chose	default	 student-	t	 priors	
(� ∼ Student(3, 0, 2.5))	and	determined	a	normal	prior	distribution	for	
the population- level effects (� ∼Normal(0, 100)).

Prior	 to	 modeling,	 numeric	 variables	 were	 z-	transformed	
(mean = 0,	 SD = 1).	 As	we	 expected	 nonlinear	 relationships,	we	 in-
cluded the first two orthogonal polynomials of the ground cover 
variables	and	the	vegetation	index	variables	in	the	models	using	the	
poly	 function.	We	 checked	 for	 collinearity	 between	 covariates	 by	
calculating	the	Spearman's	correlation	coefficient	and	did	not	detect	
strong	collinearity	among	explanatory	variables	(all	|rs| < .7).

Observations	in	the	field	suggested	potential	differences	in	for-
aging	habitat	preferences	between	adult	and	juvenile	birds.	To	de-
tect differential preferences of northern wheatears that are related 
to	their	age	class	 (adult,	 juvenile)	or	sex	 (female,	male),	we	applied	
principal	 component	 analysis	 (PCA)	 using	 the	 variables	 summa-
rized	 in	Table 1.	PCA	were	generated	with	 the	ggbiplot R package 
(Vu, 2011)	 but	 did	 not	 reveal	 relevant	 differences	 between	 age	
classes or sexes (Figure S2).	As	a	result,	age	and	sex	class	were	not	
included in the models.

To	detect	stage-	dependent	differences	in	foraging	habitat	pref-
erences	 during	 the	 study	 period,	 we	 analyzed	 each	 of	 the	 three	
stages in a separate model, in addition to a general model including 
the	data	from	the	entire	study	period.	To	compare	foraging	habitat	
preferences across different scales, we also fitted each of the four 
models with the data collected on the 2- m radius around the forag-
ing	and	pseudo-	absence	locations.

Due	to	the	strong	seasonality	in	the	study	area,	snow	can	only	be	
expected	at	the	beginning	of	the	season.	As	a	result,	we	only	used	
snow	cover	in	the	arrival	and	incubation	model.	Furthermore,	snow	
cover	may	 lead	 to	 biased	 relative	 estimates	 for	 the	 other	 ground	
covers. Therefore, all locations containing snow (n = 156)	were	 re-
moved	from	the	general	model.	Whenever	foraging	locations	had	to	
be	 removed,	 the	 corresponding	 pseudo-	absence	 location	was	 dis-
carded	as	well.	Because	ground	cover	variables	always	added	up	to	
100%,	they	could	not	all	be	included	in	the	models.	Therefore,	the	
main ground cover component, live vegetation, was not used in the 
models. Visual data exploration did not suggest differences in the 
topographic	variables	between	foraging	and	pseudo-	absence	loca-
tions,	which	can	be	explained	by	the	small	distance	between	them	
(Figure S3).	Therefore,	 topographic	variables	were	not	 included	 in	
statistical	 models.	 Similarly,	 grazing	 variables	 were	 discarded,	 as	
they always fell into the same category due to the small distance 
between	foraging	and	corresponding	pseudo-	absence	locations.	We	
did not apply any further model selection steps, and no interactions 
were considered.

We	 verified	 model	 convergence	 based	 on	 Gelman–	Rubin	
convergence diagnostics and visually confirmed convergence 
using	“trace”	plots	(MCMC	plots;	Depaoli	&	van	de	Schoot,	2017; 
Rizzo,	2008).	We	checked	 for	 autocorrelation	within	 the	MCMC	
chains using the mcmc_plot function from the bayesplot package 
(Gabry	&	Mahr,	2021).	Additionally,	we	checked	for	spatial	auto-
correlation	using	bubble	plots	and	semivariograms	from	the	gstat 

package	 (Gräler	et	al.,	2016). In addition, we calculated the area 
under	the	curve	(AUC)	and	visually	evaluated	the	goodness	of	fit	
(Figure S4)	by	comparing	the	fitted	values	with	the	data	(Korner-	
Nievergelt et al., 2015).	 For	 each	model,	we	 calculated	 the	 con-
ditional	 and	 marginal	 Nakagawa's	 R2 (Nakagawa et al., 2017; 
Nakagawa	 &	 Schielzeth,	 2013) using the performance package 
(Lüdecke et al., 2021).

To	quantify	 the	effect	of	each	predictor	on	 the	 foraging	prob-
ability	 (probability	 of	 presence),	 we	 present	 effect	 plots	 for	 each	
predictor (Korner- Nievergelt et al., 2015). To do so, for each draw 
from	 the	 posterior	 distribution,	 we	 calculated	 the	 regression	 line	
over	the	range	of	the	variable	that	is	shown	in	the	effect	plot.	From	
these regression lines, we used the median as a point estimate re-
gression	line	and	the	2.5%	and	97.5%	quantiles	as	95%	credible	in-
terval (CrI; Korner- Nievergelt et al., 2015).	When	showing	the	effect	
of	a	ground	cover	variable	across	its	range,	the	remaining	area	was	
divided	among	the	other	ground	cover	variables	(including	live	veg-
etation) proportional to their mean proportions across all locations 
(and	snow	cover	was	set	to	zero).	This	was	done	due	to	the	unit-	sum	
constraint	of	ground	cover	variables.	Data,	code,	and	supplementary	
material	used	in	this	study	are	available	under	the	DOI:	10.5281	at	
https://doi.org/10.5281/zenodo.7805040 (Müller et al., 2023).

3  |  RESULTS

Our	models	 revealed	a	positive	effect	of	 short	vegetation	and	bare	
ground	 on	 the	 foraging	 probability	 (presence	 vs.	 pseudo-	absence)	
of	 northern	 wheatears	 after	 the	 snow	 has	 melted,	 while	 the	 habi-
tat characteristics changed as the season advanced. The most com-
mon	 ground	 cover	 type	 at	 foraging	 and	 pseudo-	absence	 locations	
was	live	vegetation	with	a	mean ± SD	of	54.3% ± 30.0%,	followed	by	
bare	ground	(17.3% ± 17.0%),	stones	(12.1% ± 17.8%),	dead	vegetation	
(10.0% ± 17.3%),	and	woody	vegetation	(6.2% ± 16.9;	Table 1).	Snow	was	
only	present	during	the	arrival	and	incubation	period	(15.5% ± 33.6%;	
Table 1).	Characteristic	 seasonal	developments	were	observed	with	
decreasing	snow,	bare	ground,	and	dead	vegetation	covers,	while	live	
vegetation increased as the season advanced (Figure S5).

The	birds'	foraging	and	pseudo-	absence	locations	had	a	similar	av-
erage	vegetation	cover	in	May	and	June.	However,	pseudo-	absence	
locations	rose	to	a	higher	level	of	live	vegetation	before	stabilizing	
at	the	beginning	of	June.	After	that,	mean	cover	of	 live	vegetation	
remained	higher	at	pseudo-	absence	locations	compared	to	foraging	
locations until the end of the study period. Nevertheless, the general 
seasonal patterns followed the same trend in foraging and pseudo- 
absence	locations	(Figure S5). Overall, vegetation height at foraging 
and	pseudo-	absence	points	had	a	mean ± SD	of	13.24 cm ± 9.46 cm	
and increased throughout the study period. In accordance with the 
changing ground cover composition and vegetation development, 
the	mean	NDVI	value	was	0.65 ± 0.19	and	increased	throughout	the	
season.	The	mean	rate	of	NDVI	change	was	0.18 ± 0.24,	indicating	an	
increase in vegetation greenness from May to July until it started to 
decline	in	August	(Figure S5).
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F I G U R E  2 Predictions	from	logistic	regression	models	showing	the	average	effect	(solid	line)	of	each	ground	cover	variable	(labeled	
on	the	righthand	side	of	the	plots)	on	the	foraging	probability	(presence	vs.	pseudoabsence)	for	the	general	model	(whole	study	period;	
first	column)	and	each	period	separately	(other	columns)	within	1 m	of	the	foraging	(presence = 1)	and	pseudo-	absence	(0)	locations.	“Live	
vegetation”	was	not	used	as	a	predictor	in	the	model	but	it	is	a	derived	parameter	from	the	other	ground	cover	parameters	and	is	given	here	
because	all	ground	covers	add	up	to	100%.	The	colored	areas	represent	the	95%	Bayesian	credible	intervals	and	the	gray	dots	show	the	raw	
data.
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Based	on	AUC	values	as	well	as	marginal	and	conditional	R2, the 
all-	season	model	(AUC	0.87,	R2 marginal .59, R2	conditional	.6),	the	
arrival	 and	 incubation	model	 (AUC	 0.83,	R2 marginal .78, R2 con-
ditional	 .78),	 the	feeding	model	 (food	provisioning	for	chicks,	AUC	
0.92, R2 marginal .88, R2	 conditional	 .89),	 and	 the	 postbreeding	
model	(AUC	0.92,	R2 marginal .74, R2 conditional .74), all performed 
well.	 The	difference	between	 the	marginal	 and	 the	 conditional	R2 
was consistently small, indicating a small effect of the random fac-
tors (i.e., individual and local preferences).

Vegetation height had a strong negative linear effect on the for-
aging	 probability	 (Figure 2),	with	 the	 effect	 being	 strongest	while	
feeding (Table 2). During this period, the mean vegetation height 
at	 foraging	points	was	10.3 cm	 (±7.3 cm)	and	16.2 cm	 (±10.4 cm)	at	
pseudo-	absence	points.	Bare	ground	was	positively	 related	 to	 the	
foraging	probability,	 especially	during	 the	 feeding	period	 (Table 2, 
Figure 2).	 However,	 no	 effect	 of	 bare	 ground	 was	 found	 for	 the	
arrival	 and	 incubation	 stage	 when	 short	 vegetation	 and	 melting	
snow	patches	prevailed.	 Stone	 cover	had	 a	positive	 effect:	 during	
the	feeding	period,	only	the	linear	effect	was	well	supported	by	the	
data,	whereas	in	all	other	models,	a	maximum	probability	of	foraging	
was	observed	at	an	 intermediate	 (20%–	70%)	stone	cover	 (Table 2, 
Figure 2). Locations with low stone cover (<15%) were less likely 
to	be	chosen	 for	 foraging	 (Figure 2). In the general model, woody 
vegetation showed a maximum at a low woody vegetation cover 
(Figure 2). Especially while feeding, woody vegetation had a nega-
tive	effect	on	the	foraging	probability	(Table 2). Locations with more 
than 40% woody vegetation were never used as foraging locations 
in the feeding period (Figure 2).	In	the	postbreeding	period,	woody	
vegetation only had a weak negative effect (Table 2). Dead vegeta-
tion did not play an important role during any of the periods and only 
showed a weak negative trend in the general as well as the arrival 
and	incubation	models	(Table 2, Figure 2). During the arrival and in-
cubation	period,	snow	cover	showed	a	strong	quadratic	effect,	indi-
cating	a	high	foraging	probability	at	low	to	intermediate	snow	cover	
levels (Table 2, Figure 2).	Locations	with	more	than	60%	snow	were	
avoided (Figure 2).	Foraging	attempts	were	never	observed	directly	
on snow, even when it still covered a large part of the study area.

Increasing	distance	to	the	closest	marmot	burrow	had	a	negative	
effect throughout the study period (Table 2, Figure 3), indicating a 
preference	 for	 foraging	 locations	close	 to	burrows	 (Figure 3). This 
effect	was	strongest	at	the	postbreeding	stage	(Table 2). Except for 
the	arrival	and	 incubation	stage,	NDVI	had	a	positive	 linear	effect	
in	each	model,	being	strongest	during	the	feeding	period	 (Table 2, 
Figure 3). Even though vegetation was greening and growing fast 
during	arrival	and	 incubation	 (Figure S5), the rate of NDVI change 
had	 no	 strong	 effect	 on	 the	 foraging	 probability	 at	 that	 stage	
(Table 2),	but	it	had	a	negative	effect	in	the	other	models	(Table 2, 
Figure 3).	In	the	postbreeding	stage,	the	rate	of	NDVI	change	had	a	
slightly negative linear effect (Table 2, Figure 3).

We	ran	all	models	based	on	a	2-	m-	radius	with	very	similar	results	
(Table S2, Figure S6):	Although	some	effects	were	stronger	on	the	
smaller scale, the general patterns were the same (Table 2, Table S2, 
Figure S6).

4  |  DISCUSSION

Our study highlights the importance of small- scale characteristics 
in	 the	 foraging	preferences	of	a	 long-	distance	migrant	breeding	 in	
high-	alpine	habitats.	Accessibility	to	the	ground	and	habitat	heter-
ogeneity determined, on a very fine scale, whether a location was 
chosen	for	foraging.	Habitat	structure	and	ground	cover	composition	
changed	as	the	season	advanced,	but	northern	wheatears	generally	
showed	similar	habitat	preferences	throughout	their	presence	in	the	
study	 area.	 Interestingly,	 the	 habitat	 preferences	 were	 consistent	
between	females	and	males	as	well	as	between	adults	and	juveniles.	
We	found	a	specific	preference	for	open	patches,	interspersed	with	
stones	within	vegetated	areas,	where	prey	abundance	is	expected	to	
be	higher	(Morris,	2000).	This	underpins	that	a	diverse	habitat	is	nec-
essary	to	sustain	food	availability	for	northern	wheatears	through-
out	 their	 stay	on	 the	Alpine	breeding	grounds.	Preferred	 foraging	
habitat	in	the	study	area	was	composed	of	multiple	types	of	ground	
cover.	Especially	the	presence	of	bare	ground	patches	seemed	im-
portant,	 which	 allow	 birds	 to	 detect	 and	 access	 prey	more	 easily	
than	in	the	surrounding	vegetation	(Schaub	et	al.,	2010;	Vickery	&	
Arlettaz,	2012).	In	particular,	bare	ground	plays	a	crucial	role	during	
food provisioning for chicks, when food demand is enhanced and 
vegetation is growing fast (Moreno, 1989b).	Rocks	and	boulders	may	
have played a similar role, as they served as perching positions, al-
lowing	the	birds	to	detect	prey	more	easily.	Particularly	in	the	post-
breeding	period,	stones	may	also	have	hosted	an	increased	amount	
of	prey,	as	we	have	repeatedly	observed	birds	picking	ants	and	other	
prey	 items	from	boulders	or	directly	from	anthills	 located	 in	rocky	
areas; this was not the case earlier in the season.

Nonetheless, our NDVI results indicate that vegetation produc-
tivity	is	an	important	component	of	the	foraging	microhabitat.	This	
result	must	be	interpreted	in	the	context	of	larger-	scale	effects.	The	
minimal	spatial	resolution	of	sentinel-	2	satellite	data	is	10 m,	which	
means	that	the	available	information	summarizes	a	larger	area	than	
the	 sampling	 locations,	 informing	 on	 the	 productivity	 in	 the	 habi-
tat matrix around the foraging location. Even though patches with 
bare	 ground	 and	 stones	were	 preferred	 on	 a	 small	 scale,	 they	 lay	
within the territories in the study area where heterogeneous and 
productive	 grassland	 is	 the	 dominating	 habitat	 type.	 On	 the	 one	
hand, this result implies that northern wheatears selected produc-
tive	 areas	 for	 foraging	 that	 offer	 high	 arthropod	 abundance	 and	
diversity (Morris, 2000), which increases with vegetation height 
(Atkinson	et	al.,	2004). On the other hand, high vegetation decreases 
visibility	and	access	to	the	ground	(Atkinson	et	al.,	2004;	Vickery	&	
Arlettaz,	2012)	 and	 reduces	 the	 probability	 of	 a	 foraging	 attempt	
being	successful	 (Dennis	et	al.,	2008).	As	a	ground-	foraging	 insec-
tivore,	 the	 northern	 wheatear	 requires	 visibility	 of	 and	 access	 to	
the	ground	for	foraging	(Arlt	&	Pärt,	2007; van Oosten et al., 2014). 
The preference for short vegetation on a fine scale suggests that 
prey	accessibility	is	more	limiting	for	successful	foraging	than	prey	
abundance.	This	 result	 is	consistent	with	findings	from	study	sites	
in the lowland of Northern Europe. In the Netherlands, where 
prey	 abundance	 remains	 stable	 throughout	 the	 breeding	 season,	
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10 of 16  |     MÜLLER et al.

northern	wheatears	are	more	 limited	by	prey	accessibility	 than	by	
prey	 abundance,	 as	 they	 preferentially	 forage	 in	 short	 grass	 (van	
Oosten et al., 2014).	Similarly,	northern	wheatear	populations	had	
improved	growth	rates	in	short-	vegetation	habitats	compared	to	tall	
field	layers	in	Swedish	farmland	(Arlt	et	al.,	2008), where the pres-
ence	of	short	vegetation	is	a	major	driver	of	population	growth	(Arlt	
et al., 2008; Paquet et al., 2019)	and	an	important	clue	for	habitat	se-
lection	(Arlt	&	Pärt,	2007). The preference for short vegetation has 
been	consistently	described	for	lowland	bird	communities	(Atkinson	
et al., 2004; Rime et al., 2020;	Vickery	&	Arlettaz,	2012) as well as 
for	 other	 insectivorous	 alpine	birds	 (Barras	 et	 al.,	2020;	 Brambilla	
et al., 2017; Resano- Mayor et al., 2019).

Even	 though	 woody	 vegetation	 reduces	 ground	 accessibility	
and was usually avoided, it played a specific role later in the season 
when	it	provided	berries	as	an	additional	food	source,	explaining	
the	observed	weaker	avoidance	of	 this	habitat	 type	 in	 the	post-
breeding	season.	We	then	observed	northern	wheatears	foraging	
on Vaccinium myrtillus and Daphne mezereum	berries.	Coloring	of	
the	feces	confirmed	the	consumption	of	berries	(García-	Rodríguez	
et al., 2022).	 Many	 insectivorous	 birds	 become	 frugivorous	
when	 their	 main	 food	 source	 becomes	 scarce	 (Bairlein,	 2003; 
Fry,	1992). Berries are important sources of nutrients that may 
enhance molt and are crucial for migration (Bairlein, 2003; Eeva 
et al., 2018). Berries are therefore actively chosen, while including 

F I G U R E  3 Model	predictions	from	logistic	regression	models	showing	the	average	effect	(solid	line)	of	vegetation	height,	distance	to	
marmot	burrow,	NDVI,	and	the	rate	of	NDVI	change	(labeled	on	the	righthand	side	of	the	plots)	on	the	foraging	probability	(presence	vs.	
pseudo-	absence)	for	the	general	model	(whole	study	period;	first	column)	and	each	period	separately	(other	columns)	within	1 m	of	the	
foraging	(presence = 1)	and	pseudo-	absence	(0)	locations.	The	colored	areas	represent	the	95%	Bayesian	credible	intervals	and	the	gray	dots	
show the raw data.
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berries	 in	an	 insectivorous	diet	most	 likely	also	reduces	foraging	
energy expenditure and further supports fattening for migration 
(Lindström, 2003). Nevertheless, northern wheatears still pre-
ferred	open	habitat	in	the	postbreeding	period,	suggesting	a	suffi-
cient	abundance	of	arthropods	(Beck	et	al.,	2010; Pilar et al., 2020; 
Resano- Mayor et al., 2019).

The	preference	for	highly	accessible	patches	within	more	produc-
tive	areas	has	been	described	for	a	variety	of	ground-	foraging	insec-
tivorous	farmland	birds	(Atkinson	et	al.,	2004;	Martinez	et	al.,	2010; 
Schaub	et	al.,	2010; Tagmann- Ioset et al., 2012; Vickery et al., 1999; 
Vickery	&	Arlettaz,	2012;	Weisshaupt	et	al.,	2011) as well as for al-
pine specialists (Barras et al., 2020;	Brambilla	et	al.,	2017; Resano- 
Mayor et al., 2019).	 Food	 abundance	 for	 insectivores	 is	 higher	 in	
heterogeneous	habitat	(Cole	et	al.,	2010),	and	fine-	scale	habitat	di-
versity	provides	 accessible	patches	within	 species-	rich	 landscapes	
that	support	high	food	abundance	(Atkinson	et	al.,	2004;	Vickery	&	
Arlettaz,	2012).	Furthermore,	habitat	heterogeneity	maintains	food	
availability	temporally	by	allowing	diverse	vegetation	phenology	to	
coexist and supply sufficient food throughout the season (Benton 
et al., 2003; Hovick et al., 2015;	Vickery	&	Arlettaz,	2012). This is 
important	because	the	habitat	characteristics	in	the	study	area	were	
strongly	 influenced	by	 seasonal	 changes,	while	 the	 species'	 forag-
ing	habitat	preferences	remained	similar.	The	availability	of	suitable	
foraging	habitat	mainly	depended	on	the	progress	of	spring	green-
ing-	up.	In	2021,	the	area	experienced	a	late	and	cold	spring.	When	
the	birds	arrived	in	the	breeding	region	in	May,	most	of	their	territo-
ries	were	still	covered	by	snow.	During	the	melting	period,	the	edges	
of	snow	fields	played	an	important	role,	providing	accessible	habitat	
with	high	prey	abundance	(Barras	et	al.,	2020;	Brambilla	et	al.,	2017; 
Leingärtner	 et	 al.,	 2014; Resano- Mayor et al., 2019). Once vege-
tation	growth	 increased	and	ground	accessibility	declined,	 habitat	
heterogeneity	and	the	availability	of	open	habitat	patches	became	
crucial	 in	 providing	 suitable	 foraging	 habitat.	 Similar	 results	 were	
found	at	 a	 larger	 scale	 in	 Swedish	 farmland	habitats,	where	 fields	
with	 low	 vegetation	 became	 increasingly	 important	 for	 northern	
wheatears and positively influenced reproductive success later in 
the	season	(Arlt	&	Pärt,	2007).	Sander	et	al.	(2022) showed that nest 
survival	of	northern	wheatears	benefitted	from	a	higher	vegetation	
at	another	site	in	the	Alps	with	a	broader	elevational	gradient.	This	
could	be	explained	by	a	 sparser	and	generally	 lower	vegetation	 in	
more	mineral-	based	high-	elevation	habitats.	This	is	in	line	with	the	
preference for more productive grasslands with an intermediate 
ground	cover	of	stones	and	rock	in	our	study	area.	At	our	study	site,	
most northern wheatears remained in their territories throughout 
their presence (Rime et al., 2023). Other ground- dwelling insectivo-
rous	birds	seem	to	be	less	capable	of	finding	suitable	habitat	in	their	
breeding	 territories	 as	 the	 season	 advances.	 For	 example,	 white-	
winged snowfinches (Montifringilla nivalis) rely on Tipulidae larvae 
at	the	retreating	snow	front	 (Brambilla	et	al.,	2017; Resano- Mayor 
et al., 2019),	 a	 food	 resource	 used	 by	 adult	 northern	 wheatears	
only	in	the	pre-	breeding	period,	while	ring	ouzels	(Turdus torquatus 
alpestris) rely mainly on earthworms and perform diel and seasonal 
altitudinal	movements	 to	 track	 suitable	 foraging	 habitat	 as	 spring	

advances (Barras et al., 2020, 2021).	Similarly,	water	pipits	(Anthus 
spinoletta) perform within- season movements to avoid dense and 
high grassland as vegetation growth progresses (Ceresa et al., 2020).

Due to this strong dependence of northern wheatears on the 
small-	scale	habitat	mosaic	that	maintains	suitable	foraging	habitat,	
the	species	is	likely	sensitive	to	climate	and	land-	use	change	(Scridel	
et al., 2018;	 Theurillat	 &	Guisan,	2001). In most parts of Europe, 
northern	wheatear	populations	are	declining,	while	the	Alpine	pop-
ulations	are	stable	overall	(Gideon	et	al.,	2014; Hallman et al., 2022; 
Issa	&	Muller,	2015; Keller et al., 2020; Knaus et al., 2018). Northern 
wheatears	might	 be	 less	 vulnerable	 to	 climate	 change	 than	 other	
high-	elevation	 specialists	 as	 long	 as	 micro-	habitat	 heterogeneity	
is maintained. The rock ptarmigan (Lagopus muta) and the white- 
winged snowfinch (Montifringilla nivalis) for instance show a decrease 
in	 all	 but	 the	 uppermost	 part	 of	 their	 distributional	 range	 where	
populations	remain	stable	 (Issa	&	Muller,	2015; Keller et al., 2020; 
Knaus et al., 2018). The population trends suggest that these spe-
cies	are	limited	in	their	ability	to	find	suitable	habitat,	even	at	higher	
altitudes.

For	northern	wheatears,	an	upward	shift	in	elevation	has	been	ob-
served	in	Switzerland,	with	the	increase	above	2400 m	being	higher	
than	the	 loss	at	 lower	elevation,	 resulting	 in	a	stable	or	 increasing	
general population trend (Hallman et al., 2022; Knaus et al., 2018). 
However, such an ongoing shift could lead to range contraction in 
the	future	(Dirnböck	et	al.,	2003;	Jähnig	et	al.,	2020).	Furthermore,	
winters	in	the	Alps	tend	to	become	shorter,	and	spring	greening-	up	
is	 expected	 to	 advance	 earlier	 (Asam	 et	 al.,	2018;	 Chamberlain	&	
Pearce- Higgins, 2013;	Gobiet	et	al.,	2014). The resulting rise of the 
tree	 line,	 the	 increasing	 bush	 encroachment,	 and	 higher	 vegeta-
tion	 density	 are	 threatening	 the	 availability	 of	 accessible	 foraging	
habitat	also	for	the	northern	wheatear	 (Ceresa	et	al.,	2021;	Jähnig	
et al., 2020). Land- use change enhances population threats even 
further (Kulakowski et al., 2011):	 Agricultural	 intensification	 leads	
to	 landscape	 homogenization	 (Benton	 et	 al.,	 2003) and to higher 
nutrient levels, accelerating vegetation development and altering 
species	 composition	 (Dirnböck	 et	 al.,	 2003;	 Fischer	 et	 al.,	 2008). 
Even	more	apparent	in	alpine	regions,	pastoral	abandonment	leads	
to	an	increased	vegetation	height	and	eventually	to	shrub	and	for-
est	encroachment	(Gehrig-	Fasel	et	al.,	2007; Kulakowski et al., 2011; 
Laiolo et al., 2004).	On	the	other	hand,	low-	intensity	grazing	of	cat-
tle	positively	influences	ground-	foraging	birds	(Atkinson	et	al.,	2004; 
Laiolo et al., 2004; Vickery et al., 1999)	and	maintains	suitable	forag-
ing	habitat	for	the	northern	wheatear	(Maron	&	Lill,	2005). It is im-
portant	to	note	that	the	positive	effects	of	grazing	on	grassland	bird	
communities	are	associated	with	low-	intensity	grazing,	as	applied	in	
our	study	area,	whereas	high-	intensity	grazing	can	negatively	affect	
them	(Brambilla	et	al.,	2020; Garcia- Pausas et al., 2017). Even though 
we	were	not	able	to	quantify	the	effects	of	grazing	with	our	method	
focusing	 on	 small-	scale	 habitat	 parameters,	 low-	intensity	 grazing	
is an important driver of landscape dynamics (Laiolo et al., 2004; 
Yoshihara	et	al.,	2010).	In	areas	that	were	grazed,	vegetation	height	
was lower and more heterogenous, and the growing dynamic was dis-
rupted.	With	the	onset	of	grazing	in	the	study	area,	mean	vegetation	
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height	 stopped	 increasing	 and	 leveled	 off.	 Additionally,	 northern	
wheatears	 showed	 a	 preference	 for	 patches	 with	 stable	 vegeta-
tion	dynamics	that	ensure	long-	term	habitat	heterogeneity	(Hovick	
et al., 2015;	 Vickery	&	Arlettaz,	2012).	 Furthermore,	 the	 foraging	
habitat	of	northern	wheatears	was	probably	positively	influenced	by	
alpine marmots, as northern wheatears where often foraging close 
to	 their	 burrows.	 Despite	 field	 observations	 suggesting	 marmots	
as	 potential	 nest	 predators,	 benefits	 of	 association	with	marmots	
seem to persist. Marmots maintain structural heterogeneity and 
accessible	habitat	by	creating	patches	of	bare	ground,	keeping	the	
vegetation	 short,	 and	 potentially	 improving	 arthropod	 abundance	
and species richness (Ballová et al., 2019; Buyandelger et al., 2021; 
Buyandelger	&	Otgonbayar,	2022; Davidson et al., 2012).

Even	 though	 resource	 availability	 and	 habitat	 characteristics	
change	temporally	within	a	season,	the	foraging	habitat	preferences	
of northern wheatears remained similar at the study site. Northern 
wheatears	 depend	 on	 the	 availability	 of	 suitable	 foraging	 habitat	
within	the	same	territory	for	the	entire	presence	at	the	breeding	site,	
even	 after	 the	 chicks	 are	 fully	 independent.	Within	 an	 ecosystem	
that	is	characterized	by	spatiotemporal	dynamics	that	are	different	
to	those	in	lowland	habitats,	Alpine	northern	wheatears	inhabit	an	
ecological	niche	that	features	a	mosaic	of	accessible	patches	within	
vegetated	areas	that	provide	high	prey	abundance.	Due	to	pressures	
from	climate	and	 land-	use	change	on	alpine	ecosystems,	 this	hab-
itat	 is	 fragile	 and	 northern	wheatears	may	 be	 sensitive	 to	 habitat	
loss	and	range	contraction.	Our	study	emphasizes	the	importance	of	
the	Alpine	breeding	area	for	northern	wheatears.	It	underlines	the	
necessity	 to	maintain	 and	preserve	 the	 spatiotemporal	 availability	
of	structural	diversity	and	small-	scale	habitat	heterogeneity	that	is	
critical	in	providing	suitable	foraging	habitat	for	northern	wheatears	
in	the	Alps	in	the	long	term.

AUTHOR CONTRIBUTIONS
Christoph M. Meier:	Conceptualization	 (supporting);	 formal	analy-
sis (supporting); funding acquisition (equal); methodology (equal); 
project	administration	(equal);	resources	(equal);	supervision	(equal);	
writing	 –		 original	 draft	 (supporting);	 writing	 –		 review	 and	 editing	
(equal). Florian Knaus:	 Conceptualization	 (equal);	 formal	 analysis	
(supporting); funding acquisition (equal); methodology (equal); pro-
ject	 administration	 (equal);	 resources	 (equal);	 supervision	 (equal);	
writing	 –		 original	 draft	 (supporting);	 writing	 –		 review	 and	 editing	
(equal). Pius Korner: Data curation (supporting); formal analysis 
(equal);	 methodology	 (supporting);	 software	 (equal);	 visualization	
(supporting);	writing	–		original	draft	 (supporting);	writing	–		 review	
and editing (equal). Barbara Helm:	Funding	acquisition	(equal);	pro-
ject	administration	(supporting);	resources	(supporting);	supervision	
(supporting);	writing	–		original	draft	 (supporting);	writing	–		 review	
and editing (equal). Valentin Amrhein:	Supervision	(supporting);	vali-
dation	(supporting);	writing	–		review	and	editing	(equal).	Yann Rime: 
Conceptualization	 (lead);	 data	 curation	 (supporting);	 formal	 analy-
sis (equal); funding acquisition (lead); investigation (supporting); 
methodology	(lead);	project	administration	(lead);	resources	(equal);	
software	(equal);	supervision	(lead);	validation	(equal);	visualization	

(equal);	 writing	 –		 original	 draft	 (supporting);	 writing	 –		 review	 and	
editing (equal). Thomas M. Müller:	Conceptualization	 (supporting);	
data curation (lead); formal analysis (lead); investigation (lead); meth-
odology	 (equal);	 project	 administration	 (equal);	 software	 (equal);	
validation	(equal);	visualization	(lead);	writing	–		original	draft	(lead);	
writing	–		review	and	editing	(lead).

ACKNOWLEDG MENTS
We	thank	Henri	Descombes	and	Gilles	Hauser	for	their	assistance	in	
the	field	and	Fenna	von	Hirschheydt,	Lena	Wiest,	and	all	the	other	
field	assistants	who	ringed	birds	for	this	project	 in	previous	years.	
Further,	 we	 also	 thank	 Fränzi	 Korner-	Nievergelt,	 Jaime	 Resano-	
Mayor,	 Jérôme	 Guélat,	 Arnaud	 Barras,	 Dominik	 Hagist,	 and	 Felix	
Liechti	for	their	valuable	advice	and	support.

FUNDING INFORMATION
This	 study	 was	 funded	 by	 the	 Swiss	 Ornithological	 Institute	
(Vogelwarte	Sempach)	and	the	Swiss	Federal	Institute	of	Technology	
Zurich (ETH Zurich).

CONFLIC T OF INTERE S T S TATEMENT
The authors declare that they have no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
The data and codes used in this study are deposited on Zenodo under 
the DOI: 10.5281 at https://doi.org/10.5281/zenodo.7805040 
(Müller et al., 2023).

ORCID
Thomas M. Müller  https://orcid.org/0000-0001-6199-5011 
Christoph M. Meier  https://orcid.org/0000-0001-9584-2339 
Florian Knaus  https://orcid.org/0000-0003-3919-4730 
Pius Korner  https://orcid.org/0000-0002-7837-610X 
Barbara Helm  https://orcid.org/0000-0002-6648-1463 
Valentin Amrhein  https://orcid.org/0000-0001-5173-4571 

R E FE R E N C E S
Arlettaz,	 R.	 (1999).	 Habitat	 selection	 as	 a	 major	 resource	 partitioning	

mechanism	between	the	two	sympatric	sibling	bat	species	Myotis 
myotis and Myotis blythii. Journal of Animal Ecology, 68(3),	460–	471.	
https://doi.org/10.1046/j.1365-	2656.1999.00293.x

Arlt,	D.,	Forslund,	P.,	Jeppsson,	T.,	&	Pärt,	T.	(2008).	Habitat-	specific	pop-
ulation	growth	of	a	farmland	bird.	PLoS One, 3(8),	e3006.	https://
doi.org/10.1371/journ	al.pone.0003006

Arlt,	D.,	&	Pärt,	T.	 (2007).	Nonideal	breeding	habitat	 selection:	A	mis-
match	 between	 preference	 and	 fitness.	 Ecology, 88(3),	 792–	801.	
https://doi.org/10.1890/06-	0574

Arlt,	 D.,	 &	 Pärt,	 T.	 (2008).	 Post-	breeding	 information	 gathering	
and	 breeding	 territory	 shifts	 in	 northern	 wheatears.	 Journal 
of Animal Ecology, 77(2),	 211–	219.	 https://doi.org/10.1111/ 
j.1365-	2656.2007.01329.x

Asam,	S.,	Callegari,	M.,	Matiu,	M.,	Fiore,	G.,	de	Gregorio,	L.,	 Jacob,	A.,	
Menzel,	A.,	Zebisch,	M.,	&	Notarnicola,	C.	(2018).	Relationship	be-
tween spatiotemporal variations of climate, snow cover and plant 
phenology	 over	 the	 Alps-	an	 earth	 observation-	based	 analysis.	
Remote Sensing, 10(11), 1757. https://doi.org/10.3390/rs101 11757

 20457758, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10084 by E

th Z
ürich E

th-B
ibliothek, W

iley O
nline L

ibrary on [19/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5281/zenodo.7805040
https://orcid.org/0000-0001-6199-5011
https://orcid.org/0000-0001-6199-5011
https://orcid.org/0000-0001-9584-2339
https://orcid.org/0000-0001-9584-2339
https://orcid.org/0000-0003-3919-4730
https://orcid.org/0000-0003-3919-4730
https://orcid.org/0000-0002-7837-610X
https://orcid.org/0000-0002-7837-610X
https://orcid.org/0000-0002-6648-1463
https://orcid.org/0000-0002-6648-1463
https://orcid.org/0000-0001-5173-4571
https://orcid.org/0000-0001-5173-4571
https://doi.org/10.1046/j.1365-2656.1999.00293.x
https://doi.org/10.1371/journal.pone.0003006
https://doi.org/10.1371/journal.pone.0003006
https://doi.org/10.1890/06-0574
https://doi.org/10.1111/j.1365-2656.2007.01329.x
https://doi.org/10.1111/j.1365-2656.2007.01329.x
https://doi.org/10.3390/rs10111757


    |  13 of 16MÜLLER et al.

Atkinson,	 P.	 W.,	 Buckingham,	 D.,	 &	 Morris,	 A.	 J.	 (2004).	 What	 fac-
tors	 determine	 where	 invertebrate-	feeding	 birds	 forage	 in	
dry agricultural grasslands? IBIS, 146,	 99–	107.	 https://doi.
org/10.1111/j.1474-	919X.2004.00346.x

Bairlein,	F.	(2003).	Nutritional	strategies	in	migratory	birds.	In	P.	Berthold,	
E.	 Gwinner,	 &	 E.	 Sonnenschein	 (Eds.),	 Avian migration	 (pp.	 321–	
332).	 Springer	 Berlin	 Heidelberg.	 https://doi.org/10.1007/978- 3- 
662-	05957	-	9_22

Bairlein,	 F.,	Norris,	D.	 R.,	Nagel,	 R.,	 Bulte,	M.,	Voigt,	 C.	C.,	 Fox,	 J.	W.,	
Hussell,	D.	J.	T.,	&	Schmaljohann,	H.	(2012).	Cross-	hemisphere	mi-
gration	of	a	25	g	songbird.	Biology Letters, 8(4),	505–	507.	https://
doi.org/10.1098/rsbl.2011.1223

Ballová,	Z.,	Pekárik,	L.,	Píš,	V.,	&	Šibík,	J.	(2019).	How	much	do	ecosystem	
engineers	contribute	to	landscape	evolution?	A	case	study	on	Tatra	
marmots. Catena, 182(June), 104121. https://doi.org/10.1016/j.
catena.2019.104121

Barbet-	Massin,	M.,	Jiguet,	F.,	Albert,	C.	H.,	&	Thuiller,	W.	(2012).	Selecting	
pseudo-	absences	for	species	distribution	models:	How,	where	and	
how many? Methods in Ecology and Evolution, 3(2),	327–	338.	https://
doi.org/10.1111/j.2041-	210X.2011.00172.x

Barras,	A.	G.,	Liechti,	F.,	&	Arlettaz,	R.	(2021).	Seasonal	and	daily	move-
ment	patterns	of	an	alpine	passerine	suggest	high	flexibility	in	re-
lation to environmental conditions. Journal of Avian Biology, 52(12), 
1–	10.	https://doi.org/10.1111/jav.02860

Barras,	A.	G.,	Marti,	S.,	Ettlin,	S.,	Vignali,	S.,	Resano-	Mayor,	J.,	Braunisch,	
V.,	&	Arlettaz,	R.	(2020).	The	importance	of	seasonal	environmental	
factors	in	the	foraging	habitat	selection	of	alpine	ring	ouzels	Turdus 
torquatus alpestris. IBIS, 162(2),	505–	519.	https://doi.org/10.1111/
ibi.12764

Baur,	 P.,	 Bebi,	 P.,	 Gellrich,	 M.,	 &	 Rutherford,	 G.	 (2006).	 ‘Wasalp.	
Waldausdehnung	im	Schweizer	Alpenraum’,	Schlussbericht. NFP 48 
‘Landschaften und Lebensräume der Alpen’, Hrsg. WSL,	p.	65	S.

Beck,	 J.,	 Altermatt,	 F.,	 Hagmann,	 R.,	 &	 Lang,	 S.	 (2010).	 Seasonality	
in the altitude- diversity pattern of alpine moths. Basic and 
Applied Ecology, 11(8),	 714–	722.	 https://doi.org/10.1016/j.
baae.2010.08.009

Benton,	T.	G.,	Vickery,	J.	A.,	&	Wilson,	J.	D.	(2003).	Farmland	biodiversity:	
Is	habitat	heterogeneity	the	key?	Trends in Ecology & Evolution, 18(4), 
182–	188.	https://doi.org/10.1016/S0169	-	5347(03)00011	-	9

Berger,	 J.	 (2006).	 The	 case	 for	 objective	 Bayesian	 analysis.	 Bayesian 
Analysis, 1(3),	385–	402.	https://doi.org/10.1214/06-	BA115

Brambilla,	 M.,	 Cortesi,	 M.,	 Capelli,	 F.,	 Chamberlain,	 D.,	 Pedrini,	 P.,	 &	
Rubolini,	 D.	 (2017).	 Foraging	 habitat	 selection	 by	 alpine	 white-	
winged	Snowfinches	Montifringilla nivalis during the nestling rear-
ing period. Journal of Ornithology, 158(1),	 277–	286.	 https://doi.
org/10.1007/s1033	6-	016-	1392-	9

Brambilla,	M.,	Gustin,	M.,	 Cento,	M.,	 Ilahiane,	 L.,	 &	Celada,	 C.	 (2020).	
Habitat,	 climate,	 topography	 and	 management	 differently	 affect	
occurrence in declining avian species: Implications for conservation 
in changing environments. Science of the Total Environment, 742, 
140663.	https://doi.org/10.1016/j.scito	tenv.2020.140663

Brunetti,	M.,	 Lentini,	 G.,	Maugeri,	M.,	 Nanni,	 T.,	 Auer,	 I.,	 Böhm,	 R.,	 &	
Schöner,	W.	 (2009).	Climate	variability	and	change	 in	 the	greater	
alpine	 region	over	 the	 last	 two	centuries	based	on	multi-	variable	
analysis. International Journal of Climatology, 29(15),	 2197–	2225.	
https://doi.org/10.1002/joc.1857

Bürkner,	P.-	C.	(2017).	Brms:	An	R	package	for	Bayesian	multilevel	models	
using	Stan.	 Journal of Statistical Software, 80(1),	1–	28.	https://doi.
org/10.18637/	jss.v080.i01

Buyandelger,	 S.,	 Enkhbayar,	 T.,	 Otgonbayar,	 B.,	 Zulbayar,	 M.,	 &	
Bayartogtokh, B. (2021). Ecosystem engineering effects of 
Mongolian marmots (Marmota sibirica) on terrestrial arthropod 
communities. Mongolian Journal of Biological Sciences, 19(2),	17–	30.	
https://doi.org/10.22353/	mjbs.2021.19.11

Buyandelger,	 S.,	 &	 Otgonbayar,	 B.	 (2022).	 Mongolian	 marmot	 burrow	
influences	 an	 occupancy	 of	 isabelline	 wheatear.	 Landscape and 

Ecological Engineering, 18,	239–	245.	https://doi.org/10.1007/s1135 
5- 022- 00494 - x

Ceresa,	 F.,	 Brambilla,	 M.,	 Monrós,	 J.	 S.,	 Rizzolli,	 F.,	 &	 Kranebitter,	 P.	
(2020).	Within-	season	movements	of	alpine	songbird	distributions	
are	 driven	 by	 fine-	scale	 environmental	 characteristics.	 Scientific 
Reports, 10(1), 5747. https://doi.org/10.1038/s4159	8-	020-	62661	-	0

Ceresa,	F.,	Kranebitter,	P.,	S	Monrós,	J.,	Rizzolli,	F.,	&	Brambilla,	M.	(2021).	
Disentangling direct and indirect effects of local temperature on 
abundance	of	mountain	birds	 and	 implications	 for	understanding	
global	 change	 impacts.	PeerJ, 9,	 e12560.	https://doi.org/10.7717/
peerj.12560

Chamberlain,	D.,	&	Pearce-	Higgins,	J.	(2013).	Impacts	of	climate	change	
on	upland	birds:	Complex	interactions,	compensatory	mechanisms	
and the need for long- term data. IBIS, 155(3),	451–	455.	https://doi.
org/10.1111/ibi.12070

Cody, M. L. (1985). Habitat selection in birds.	Academic	Press.
Cole,	L.	J.,	Pollock,	M.	L.,	Robertson,	D.,	Holland,	J.	P.,	McCracken,	D.	I.,	

&	Harrison,	W.	(2010).	The	influence	of	fine-	scale	habitat	heteroge-
neity	on	invertebrate	assemblage	structure	in	upland	semi-	natural	
grassland. Agriculture, Ecosystems and Environment, 136(1–	2),	 69–	
80. https://doi.org/10.1016/j.agee.2009.11.010

Cortés,	A.	J.,	&	Wheeler,	J.	A.	(2018).	The	environmental	heterogeneity	
of	mountains	at	a	 fine	scale	 in	a	changing	world.	 In	C.	Hoorn,	A.	
Perrigo,	&	A.	Antonelli	(Eds.),	Mountains, climate and biodiversity (p. 
544).	Wiley.

Davidson,	A.	D.,	Detling,	J.	K.,	&	Brown,	J.	H.	(2012).	Ecological	roles	and	
conservation	challenges	of	social,	burrowing,	herbivorous	mammals	
in	the	world's	grasslands.	Frontiers in Ecology and the Environment, 
10(9),	477–	486.	https://doi.org/10.1890/110054

Dennis,	 P.,	 Skartveit,	 J.,	McCracken,	 D.	 I.,	 Pakeman,	 R.	 J.,	 Beaton,	 K.,	
Kunaver,	A.,	&	Evans,	D.	M.	(2008).	The	effects	of	livestock	grazing	
on	foliar	arthropods	associated	with	bird	diet	in	upland	grasslands	
of	Scotland.	Journal of Applied Ecology, 45(1),	279–	287.	https://doi.
org/10.1111/j.1365-	2664.2007.01378.x

Depaoli,	S.,	&	van	de	Schoot,	R.	(2017).	Improving	transparency	and	rep-
lication	in	Bayesian	statistics:	The	WAMBS-	checklist.	Psychological 
Methods, 22(2),	240–	261.	https://doi.org/10.1037/met00	00065

Dirnböck,	 T.,	 Dullinger,	 S.,	 &	 Grabherr,	 G.	 (2003).	 A	 regional	 im-
pact assessment of climate and land- use change on alpine veg-
etation. Journal of Biogeography, 30(3),	 401–	417.	 https://doi.
org/10.1046/j.1365-	2699.2003.00839.x

Dunn,	E.	H.,	Hussell,	D.	J.	T.,	Kren,	J.,	&	Zoerb,	A.	C.	 (2020).	Northern	
wheatear (Oenanthe oenanthe). In Birds of the World.	Cornell	Lab	of	
Ornithology. https://doi.org/10.2173/bow.norwhe.02

Dussault,	 C.,	 Ouellet,	 J.	 P.,	 Courtois,	 R.,	 Huot,	 J.,	 Breton,	 L.,	 &	
Jolicoeur,	 H.	 (2005).	 Linking	 moose	 habitat	 selection	 to	
limiting factors. Ecography, 28(5),	 619–	628.	 https://doi.
org/10.1111/j.2005.0906-	7590.04263.x

Eeva,	 T.,	 Holmström,	 H.,	 Espín,	 S.,	 Sánchez-	Virosta,	 P.,	 &	 Klemola,	 T.	
(2018).	Leaves,	berries	and	herbivorous	larvae	of	bilberry	Vaccinium 
myrtillus as sources of metals in food chains at a Cu- Ni smelter site. 
Chemosphere, 210,	 859–	866.	 https://doi.org/10.1016/j.chemo	
sphere.2018.07.099

ESA.	 (2015).	ESA's Optical High- Resolution Mission for GMES Operational 
Services.

Ferrarini,	A.,	Alatalo,	J.	M.,	&	Gustin,	M.	(2017).	Climate	change	will	se-
riously	impact	bird	species	dwelling	above	the	treeline:	A	prospec-
tive	study	for	the	Italian	Alps.	Science of the Total Environment, 590– 
591,	686–	694.	https://doi.org/10.1016/j.scito	tenv.2017.03.027

Fischer,	 M.,	 Rudmann-	Maurer,	 K.,	 Weyand,	 A.,	 &	 Stöcklin,	 J.	 (2008).	
Agricultural	 land	 use	 and	 biodiversity	 in	 the	 Alps:	 How	 cultural	
tradition and socioeconomically motivated changes are shaping 
grassland	 biodiversity	 in	 the	 Swiss	 Alps.	Mountain Research and 
Development, 28(2),	148–	155.	https://doi.org/10.1659/mrd.0964

Fry,	C.	H.	(1992).	The	Moreau	ecological	overview.	The ecology and con-
servation of Palaearctic- African migrants. Papers from a conference, 

 20457758, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10084 by E

th Z
ürich E

th-B
ibliothek, W

iley O
nline L

ibrary on [19/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/j.1474-919X.2004.00346.x
https://doi.org/10.1111/j.1474-919X.2004.00346.x
https://doi.org/10.1007/978-3-662-05957-9_22
https://doi.org/10.1007/978-3-662-05957-9_22
https://doi.org/10.1098/rsbl.2011.1223
https://doi.org/10.1098/rsbl.2011.1223
https://doi.org/10.1016/j.catena.2019.104121
https://doi.org/10.1016/j.catena.2019.104121
https://doi.org/10.1111/j.2041-210X.2011.00172.x
https://doi.org/10.1111/j.2041-210X.2011.00172.x
https://doi.org/10.1111/jav.02860
https://doi.org/10.1111/ibi.12764
https://doi.org/10.1111/ibi.12764
https://doi.org/10.1016/j.baae.2010.08.009
https://doi.org/10.1016/j.baae.2010.08.009
https://doi.org/10.1016/S0169-5347(03)00011-9
https://doi.org/10.1214/06-BA115
https://doi.org/10.1007/s10336-016-1392-9
https://doi.org/10.1007/s10336-016-1392-9
https://doi.org/10.1016/j.scitotenv.2020.140663
https://doi.org/10.1002/joc.1857
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.22353/mjbs.2021.19.11
https://doi.org/10.1007/s11355-022-00494-x
https://doi.org/10.1007/s11355-022-00494-x
https://doi.org/10.1038/s41598-020-62661-0
https://doi.org/10.7717/peerj.12560
https://doi.org/10.7717/peerj.12560
https://doi.org/10.1111/ibi.12070
https://doi.org/10.1111/ibi.12070
https://doi.org/10.1016/j.agee.2009.11.010
https://doi.org/10.1890/110054
https://doi.org/10.1111/j.1365-2664.2007.01378.x
https://doi.org/10.1111/j.1365-2664.2007.01378.x
https://doi.org/10.1037/met0000065
https://doi.org/10.1046/j.1365-2699.2003.00839.x
https://doi.org/10.1046/j.1365-2699.2003.00839.x
https://doi.org/10.2173/bow.norwhe.02
https://doi.org/10.1111/j.2005.0906-7590.04263.x
https://doi.org/10.1111/j.2005.0906-7590.04263.x
https://doi.org/10.1016/j.chemosphere.2018.07.099
https://doi.org/10.1016/j.chemosphere.2018.07.099
https://doi.org/10.1016/j.scitotenv.2017.03.027
https://doi.org/10.1659/mrd.0964


14 of 16  |     MÜLLER et al.

Norwich, 1991	(pp.	3–	6)	https://doi.org/10.1111/j.1474-	919x.1992.
tb047	26.x

Fuller,	A.	K.,	Harrison,	D.	J.,	&	Vashon,	J.	H.	 (2007).	Winter	habitat	se-
lection	 by	 Canada	 lynx	 in	 Maine:	 Prey	 abundance	 or	 accessibil-
ity? Journal of Wildlife Management, 71(6),	1980–	1986.	https://doi.
org/10.2193/2006-	288

Gabry,	J.,	&	Mahr,	T.	(2021).	bayesplot:	Plotting	for	Bayesian	models.
Garcia-	Pausas,	J.,	Romanyà,	J.,	Montané,	F.,	Rios,	A.	I.,	Taull,	M.,	Rovira,	

P.,	&	Casals,	P.	(2017).	Are	soil	carbon	stocks	in	mountain	grasslands	
compromised	by	land-	use	changes?	In	High Mountain conservation 
in a changing world, advances in global change research 62 (p. 413). 
Springer	Open.

García-	Rodríguez,	A.,	Albrecht,	J.,	Farwig,	N.,	Frydryszak,	D.,	Parres,	A.,	
Schabo,	D.	G.,	&	Selva,	N.	 (2022).	Functional	complementarity	of	
seed	 dispersal	 services	 provided	 by	 birds	 and	mammals	 in	 an	 al-
pine ecosystem. Journal of Ecology, 110(1),	 232–	247.	 https://doi.
org/10.1111/1365-	2745.13799

Gehrig-	Fasel,	J.,	Guisan,	A.,	&	Zimmermann,	N.	E.	(2007).	Tree	line	shifts	
in	 the	 Swiss	Alps:	 Climate	 change	 or	 land	 abandonment?	 Journal 
of Vegetation Science, 18(4), 571. https://doi.org/10.1658/1100-	
9233(2007)18[571:tlsit	s]2.0.co;2

Gelman,	A.,	Carlin,	J.	B.,	Stern,	H.	S.,	Dunson,	D.	B.,	Vehtari,	A.,	&	Rubin,	
D. B. (2013). Bayesian data analysis (3rd ed.). Chapman and Hall/
CRC. https://doi.org/10.1201/b16018

Gideon,	 K.,	 Grüneberg,	 C.,	 Mitschke,	 A.,	 Sudfeldt,	 C.,	 Eikhorst,	 W.,	
Fischer,	S.,	Flade,	M.,	Frick,	S.,	Geiersberger,	I.,	Koop,	B.,	&	Kramer,	
M. (2014). Atlas Deutscher Brutvogelarten. Atlas of German breeding 
birds.	 Stiftung	 Vogel	 monitoring	 Deutschland	 und	 Dachverband	
Deutscher	Avifaunisten.

Glutz	Von	Blotzheim,	U.	N.,	&	Bauer,	K.	M.	(2001).	Passeriformes (2. Teil): 
Turdidae –  Schmätzer und Verwandte: Erithracinae, Handbuch der 
Vögel Mitteleuropas.

Gobiet,	A.,	Kotlarski,	S.,	Beniston,	M.,	Heinrich,	G.,	Rajczak,	J.,	&	Stoffel,	
M.	(2014).	21st	century	climate	change	in	the	European	Alps-	a	re-
view. Science of the Total Environment, 493,	1138–	1151.	https://doi.
org/10.1016/j.scito	tenv.2013.07.050

Gorelick,	N.,	Hancher,	M.,	Dixon,	M.,	Ilyushchenko,	S.,	Thau,	D.,	&	Moore,	
R. (2017). Google earth engine: Planetary- scale geospatial analysis 
for everyone. Remote Sensing of Environment, 202,	18–	27.	https://
doi.org/10.1016/j.rse.2017.06.031

Gräler,	 B.,	 Pebesma,	 E.,	 &	 Heuvelink,	 G.	 (2016).	 Spatio-	temporal	 in-
terpolation using gstat. The R Journal, 8,	 204–	218.	 https://doi.
org/10.32614/	rj-	2016-	014

Hallman,	T.	A.,	Guélat,	 J.,	Antoniazza,	S.,	Kéry,	M.,	&	Sattler,	T.	 (2022).	
Rapid	 elevational	 shifts	 of	 Switzerland's	 avifauna	 and	 associated	
species traits. Ecosphere, 13(8),	 1–	16.	 https://doi.org/10.1002/
ecs2.4194

Hijmans,	 R.	 J.	 (2021).	 raster:	Geographic	Data	Analysis	 and	Modeling.	
https://cran.r-	proje	ct.org/packa	ge=raster

Hovick,	T.	J.,	Elmore,	R.	D.,	Fuhlendorf,	S.	D.,	Engle,	D.	M.,	&	Hamilton,	R.	
G.	(2015).	Spatial	heterogeneity	increases	diversity	and	stability	in	
grassland	bird	communities.	Ecological Applications, 25(3),	662–	672.	
https://doi.org/10.1890/14-	1067.1

Hughes,	L.	(2000).	Biological	consequences	of	global	warming:	Is	the	sig-
nal already apparent? Trends in Ecology & Evolution, 15(2),	 56–	61.	
https://doi.org/10.1016/S0169	-	5347(99)01764	-	4

Inouye,	D.	W.	(2020).	Effects	of	climate	change	on	alpine	plants	and	their	
pollinators. Annals of the New York Academy of Sciences, 1469(1),	26–	
37. https://doi.org/10.1111/nyas.14104

Issa,	N.,	&	Muller,	Y.	 (2015).	Atlas des oiseaux de France métropolitaine. 
Nidification et présence hivernale. Delachaux et Niestlé.

Jähnig,	 S.,	 Sander,	 M.	 M.,	 Caprio,	 E.,	 Rosselli,	 D.,	 Rolando,	 A.,	 &	
Chamberlain,	 D.	 (2020).	 Microclimate	 affects	 the	 distribution	 of	
grassland	 birds,	 but	 not	 forest	 birds,	 in	 an	 alpine	 environment.	
Journal of Ornithology, 161(3),	 677–	689.	 https://doi.org/10.1007/
s1033	6-	020-	01778	-	5

Johnson,	D.	H.	 (1980).	 The	 comparison	 of	 usage	 and	 availability	mea-
surements for evaluating resource preference. Ecology, 61(1),	65–	
71. https://doi.org/10.2307/1937156

Jones,	 T.,	 &	 Cresswell,	W.	 (2010).	 The	 phenology	 mismatch	 hypothe-
sis:	Are	declines	of	migrant	birds	 linked	 to	uneven	global	 climate	
change? Journal of Animal Ecology, 79(1),	 98–	108.	 https://doi.
org/10.1111/j.1365-	2656.2009.01610.x

Kass,	 R.	 E.,	 &	 Wasserman,	 L.	 (1996).	 The	 selection	 of	 prior	 distri-
butions	 by	 formal	 rules.	 Journal of the American Statistical 
Association, 91(435),	1343–	1370.	https://doi.org/10.1080/01621	
459.1996.10477003

Keller,	F.,	Goyette,	S.,	&	Beniston,	M.	(2005).	Sensitivity	analysis	of	snow	
cover	to	climate	change	scenarios	and	their	impact	on	plant	habi-
tats in alpine terrain. Climatic Change, 72(3),	299–	319.	https://doi.
org/10.1007/s1058	4-	005-	5360-	2

Keller,	 V.,	Herrando,	 S.,	 Voříšek,	 P.,	 Rodriguez-	Franch,	M.,	 Kipson,	M.,	
Milanesi,	 P.,	 Martí,	 D.,	 Anton,	 M.,	 Klvanová,	 A.,	 Kalyakin,	 M.	 V.,	
Bauer,	 H.-	G.,	 &	 Foppen,	 R.	 P.	 B.	 (2020).	 European	 breeding	 bird	
Atlas	 2:	 Distribution,	 abundance	 and	 change.	 In	 European breed-
ing bird Atlas 2. Distribution, abundance and change	 (pp.	 86–	87).	
Lynx Edicions. https://www.resea	rchga	te.net/publi	catio	n/34657	
3850_Europ	ean_Breed	ing_Bird_Atlas_2_Distr	ibuti	on_Abund	
ance_and_Change

Knaus,	P.,	Antoniazza,	S.,	Wechsler,	S.,	Guélat,	J.,	Kéry,	M.,	Strebel,	N.,	&	
Sattler,	T.	 (2018).	Schweizer Brutvogelatlas 2013– 2016. Verbreitung 
und Bestandsentwicklung der Vögel in der Schweiz und im Fürstentum 
Liechtenstein.	 Schweizerische	 Vogelwarte.	 http://www.world cat.
org/oclc/41298543

Korner-	Nievergelt,	 F.,	 Roth,	 T.,	 von	 Felten,	 S.,	 Guélat,	 J.,	 Almasi,	 B.,	 &	
Korner- Nievergelt, P. (2015). Bayesian data analysis in ecology using 
linear models with R, BUGS, and Stan. Elsevier.

Kulakowski,	D.,	Bebi,	P.,	&	Rixen,	C.	(2011).	The	interacting	effects	of	land	
use	change,	climate	change	and	suppression	of	natural	disturbances	
on	landscape	forest	structure	in	the	swiss	Alps.	Oikos, 120(2),	216–	
225. https://doi.org/10.1111/j.1600-	0706.2010.18726.x

Laiolo,	P.,	Dondero,	F.,	Ciliento,	E.,	&	Rolando,	A.	(2004).	Consequences	
of	pastoral	abandonment	for	the	structure	and	diversity	of	the	al-
pine avifauna. Journal of Applied Ecology, 41(2),	294–	304.	https://
doi.org/10.1111/j.0021-	8901.2004.00893.x

Laird,	N.	M.,	&	Ware,	J.	H.	(1982).	Random-	effects	models	for	longitudi-
nal data. Biometrics, 38(4),	963–	974.

Leingärtner,	 A.,	 Krauss,	 J.,	 &	 Steffan-	Dewenter,	 I.	 (2014).	 Elevation	
and experimental snowmelt manipulation affect emergence 
phenology	 and	 abundance	 of	 soil-	hibernating	 arthropods.	
Ecological Entomology, 39(4),	 412–	418.	 https://doi.org/10.1111/
een.12112

Lindström,	Å.	 (2003).	 Fuel	deposition	 rates	 in	migrating	birds:	Causes,	
constraints and consequences. In Avian migration	 (pp.	 307–	320).	
Springer	 Berlin	 Heidelberg.	 https://doi.org/10.1007/978- 3- 
662-	05957	-	9_21

Link,	W.	A.,	Cam,	E.,	Nichols,	J.	D.,	&	Cooch,	E.	G.	(2002).	Of	Bugs	and	
birds:	Markov	chain	Monte	Carlo	for	hierarchical	modeling	in	wild-
life research. Journal of Wildlife Management, 66(2),	277–	291.

Lüdecke,	 D.,	 Ben-	Shachar,	M.,	 Patil,	 I.,	Waggoner,	 P.,	 &	Makowski,	 D.	
(2021).	 Performance:	 An	 R	 package	 for	 assessment,	 comparison	
and testing of statistical models. Journal of Open Source Software, 
6(60),	3139.	https://doi.org/10.21105/	joss.03139

Mahon,	C.	L.,	Holloway,	G.,	Sólymos,	P.,	Cumming,	S.	G.,	Bayne,	E.	M.,	
Schmiegelow,	F.	K.	A.,	&	Song,	S.	 J.	 (2016).	Community	structure	
and	 niche	 characteristics	 of	 upland	 and	 lowland	 western	 boreal	
birds	at	multiple	spatial	scales.	Forest Ecology and Management, 361, 
99–	116.	https://doi.org/10.1016/J.FORECO.2015.11.007

Maron,	M.,	&	Lill,	A.	(2005).	The	influence	of	livestock	grazing	and	weed	
invasion	 on	 habitat	 use	 by	 birds	 in	 grassy	 woodland	 remnants.	
Biological Conservation, 124(4),	439–	450.	https://doi.org/10.1016/j.
biocon.2005.02.002

 20457758, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10084 by E

th Z
ürich E

th-B
ibliothek, W

iley O
nline L

ibrary on [19/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/j.1474-919x.1992.tb04726.x
https://doi.org/10.1111/j.1474-919x.1992.tb04726.x
https://doi.org/10.2193/2006-288
https://doi.org/10.2193/2006-288
https://doi.org/10.1111/1365-2745.13799
https://doi.org/10.1111/1365-2745.13799
https://doi.org/10.1658/1100-9233(2007)18%5B571:tlsits%5D2.0.co;2
https://doi.org/10.1658/1100-9233(2007)18%5B571:tlsits%5D2.0.co;2
https://doi.org/10.1201/b16018
https://doi.org/10.1016/j.scitotenv.2013.07.050
https://doi.org/10.1016/j.scitotenv.2013.07.050
https://doi.org/10.1016/j.rse.2017.06.031
https://doi.org/10.1016/j.rse.2017.06.031
https://doi.org/10.32614/rj-2016-014
https://doi.org/10.32614/rj-2016-014
https://doi.org/10.1002/ecs2.4194
https://doi.org/10.1002/ecs2.4194
https://cran.r-project.org/package=raster
https://doi.org/10.1890/14-1067.1
https://doi.org/10.1016/S0169-5347(99)01764-4
https://doi.org/10.1111/nyas.14104
https://doi.org/10.1007/s10336-020-01778-5
https://doi.org/10.1007/s10336-020-01778-5
https://doi.org/10.2307/1937156
https://doi.org/10.1111/j.1365-2656.2009.01610.x
https://doi.org/10.1111/j.1365-2656.2009.01610.x
https://doi.org/10.1080/01621459.1996.10477003
https://doi.org/10.1080/01621459.1996.10477003
https://doi.org/10.1007/s10584-005-5360-2
https://doi.org/10.1007/s10584-005-5360-2
https://www.researchgate.net/publication/346573850_European_Breeding_Bird_Atlas_2_Distribution_Abundance_and_Change
https://www.researchgate.net/publication/346573850_European_Breeding_Bird_Atlas_2_Distribution_Abundance_and_Change
https://www.researchgate.net/publication/346573850_European_Breeding_Bird_Atlas_2_Distribution_Abundance_and_Change
http://www.worldcat.org/oclc/41298543
http://www.worldcat.org/oclc/41298543
https://doi.org/10.1111/j.1600-0706.2010.18726.x
https://doi.org/10.1111/j.0021-8901.2004.00893.x
https://doi.org/10.1111/j.0021-8901.2004.00893.x
https://doi.org/10.1111/een.12112
https://doi.org/10.1111/een.12112
https://doi.org/10.1007/978-3-662-05957-9_21
https://doi.org/10.1007/978-3-662-05957-9_21
https://doi.org/10.21105/joss.03139
https://doi.org/10.1016/J.FORECO.2015.11.007
https://doi.org/10.1016/j.biocon.2005.02.002
https://doi.org/10.1016/j.biocon.2005.02.002


    |  15 of 16MÜLLER et al.

Martinez,	N.,	 Jenni,	 L.,	Wyss,	 E.,	 &	 Zbinden,	N.	 (2010).	Habitat	 struc-
ture	 versus	 food	 abundance:	 The	 importance	 of	 sparse	 vegeta-
tion for the common redstart Phoenicurus phoenicurus. Journal 
of Ornithology, 151(2),	 297–	307.	 https://doi.org/10.1007/s1033 
6-	009-	0455-	6

McElreath,	 R.	 (2016).	 Statistical rethinking: A Bayesian course with 
examples in R and Stan. Chapman and Hall/CRC. https://doi.
org/10.1201/97813 15372495

McPeek,	M.	A.	 (1996).	Trade-	offs,	 food	web	structure,	and	the	coexis-
tence	of	habitat	specialists	and	generalists.	The American Naturalist, 
148,	S124–	S138.	https://doi.org/10.1086/285906

Meier,	C.	M.,	Rime,	Y.,	Lisovski,	S.,	Buchmann,	M.,	&	Liechti,	F.	 (2022).	
Locally adapted migration strategies? Comparing routes and tim-
ing of northern wheatears from alpine and lowland European 
populations. Journal of Avian Biology, 2022(8),	 1–	11.	 https://doi.
org/10.1111/jav.02932

Moreno,	 J.	 (1984).	 Parental	 care	 of	 fledged	 young,	 division	 of	 labor,	
and the development of foraging techniques in the northern 
wheatear (Oenanthe L.). The Auk, 101(4),	 741–	752.	 https://doi.
org/10.2307/4086901

Moreno,	J.	 (1989a).	The	breeding	biology	of	the	wheatear	Oenanthe in 
South	Sweden	during	three	contrasting	years.	Journal of Ornithology, 
130,	321–	334.	https://doi.org/10.1007/BF016	44745

Moreno,	 J.	 (1989b).	 Variation	 in	 daily	 energy	 expenditure	 in	 nesting	
northern wheatears (Oenanthe oenanthe). The Auk, 106(1),	18–	25.	
https://doi.org/10.2307/4087752

Morris, M. G. (2000). The effects of structure and its dynamics on the 
ecology and conservation of arthropods in British grasslands. 
Biological Conservation, 95(2),	 129–	142.	 https://doi.org/10.1016/
S0006	-	3207(00)00028	-	8

Müller,	T.	M.,	Rime,	Y.,	Meier,	C.	M.,	Helm,	B.,	Korner,	P.,	Amrhein,	V.,	
&	 Knaus,	 F.	 (2023).	 Foraging	 Habitat	 Preferences	 of	 Northern	
Wheatears	 breeding	 in	 Val	 Piora	 (Version	 1).	 https://doi.
org/10.5281/zenodo.7805040

Nakagawa,	S.,	Johnson,	P.	C.	D.,	&	Schielzeth,	H.	(2017).	The	coefficient	
of determination R2 and intra- class correlation coefficient from 
generalized	 linear	 mixed-	effects	 models	 revisited	 and	 expanded.	
Journal of the Royal Society, Interface, 14, 20170213. https://doi.
org/10.1098/rsif.2017.0213

Nakagawa,	 S.,	 &	 Schielzeth,	 H.	 (2013).	 A	 general	 and	 simple	 method	
for	 obtaining	 R2	 from	 generalized	 linear	 mixed-	effects	 mod-
els. Methods in Ecology and Evolution, 4,	 133–	142.	 https://doi.
org/10.1111/j.2041-	210x.2012.00261.x

Nicenboim,	 B.,	 Schad,	 D.,	 &	 Vasishth,	 S.	 (2021).	 An introduction to 
Bayesian data analysis for cognitive science.	GitHub.	https://vasis hth.
github.io/bayes	cogsc	i/book/

Paquet,	M.,	Arlt,	D.,	Knape,	 J.,	Low,	M.,	Forslund,	P.,	&	Pärt,	T.	 (2019).	
Quantifying	the	links	between	land	use	and	population	growth	rate	
in	a	declining	 farmland	bird.	Ecology and Evolution, 9(2),	868–	879.	
https://doi.org/10.1002/ece3.4766

Pilar,	F.	C.,	Loïc,	M.,	Emmanuel,	D.,	&	Sergio,	R.	(2020).	Seasonal	changes	
in arthropod diversity patterns along an alpine elevation gradient. 
Ecological Entomology, 45(5),	1035–	1043.	https://doi.org/10.1111/
een.12881

QGIS	Development	Team.	(2020).	Quantum	GIS	geographic	information	
system, Open Source Geospatial Foundation Project.

R Core Team. (2021). R Core Team 2021, R: A Language and Environment 
for Statistical Computing.

Renner,	S.	S.,	&	Zohner,	C.	M.	(2018).	Climate	change	and	phenologi-
cal mismatch in trophic interactions among plants, insects, and 
vertebrates.	Annual Review of Ecology, Evolution, and Systematics, 
49,	 165–	182.	 https://doi.org/10.1146/annur	ev-	ecols	ys-	11061	
7-	062535

Resano-	Mayor,	 J.,	 Korner-	Nievergelt,	 F.,	 Vignali,	 S.,	 Horrenberger,	 N.,	
Barras,	A.	G.,	Braunisch,	V.,	Pernollet,	C.	A.,	&	Arlettaz,	R.	(2019).	
Snow	 cover	 phenology	 is	 the	 main	 driver	 of	 foraging	 habitat	

selection	for	a	high-	alpine	passerine	during	breeding:	Implications	
for species persistence in the face of climate change. Biodiversity 
and Conservation, 28(10),	 2669–	2685.	 https://doi.org/10.1007/
s1053	1-	019-	01786	-	9

Rime,	Y.,	Luisier,	C.,	Arlettaz,	R.,	&	Jacot,	A.	 (2020).	Landscape	hetero-
geneity	 and	 management	 practices	 drive	 habitat	 preferences	 of	
wintering	 and	 breeding	 birds	 in	 intensively-	managed	 fruit-	tree	
plantations. Agriculture, Ecosystems & Environment, 295(2),	106890.	
https://doi.org/10.1016/j.agee.2020.106890

Rime,	Y.,	Nussbaumer,	R.,	Briedis,	M.,	 Sander,	M.	M.,	Chamberlain,	D.,	
Amrhein,	 V.,	 Helm,	 B.,	 Liechti,	 F.,	 &	 Meier,	 C.	 M.	 (2023).	 Multi-	
sensor	geolocators	unveil	global	and	local	movements	in	an	alpine-	
breeding	 long-	distance	 migrant.	 Movement Ecology, 11(1), 19. 
https://doi.org/10.1186/s4046	2-	023-	00381	-	6

Rizzo,	M.	L.	(2008).	Statistical computing with R. Chapman and Hall/CRC.
Saino,	 N.,	 Ambrosini,	 R.,	 Rubolini,	 D.,	 von	Hardenberg,	 J.,	 Provenzale,	

A.,	Hüppop,	K.,	Hüppop,	O.,	Lehikoinen,	A.,	Lehikoinen,	E.,	Rainio,	
K.,	 Romano,	M.,	 &	 Sokolov,	 L.	 (2011).	 Climate	 warming,	 ecologi-
cal	mismatch	at	arrival	and	population	decline	 in	migratory	birds.	
Proceedings of the Royal Society B: Biological Sciences, 278(1707), 
835–	842.	https://doi.org/10.1098/rspb.2010.1778

Sander,	 M.	 M.,	 Chamberlain,	 D.,	 Mermillon,	 C.,	 Alba,	 R.,	 Jähnig,	 S.,	
Rosselli,	D.,	Meier,	C.	M.,	&	Lisovski,	S.	(2021).	Early	breeding	con-
ditions	followed	by	reduced	breeding	success	despite	timely	arrival	
in	an	alpine	migratory	songbird.	Frontiers in Ecology and Evolution, 
9(2),	240–	261.	https://doi.org/10.3389/fevo.2021.676506

Sander,	M.	M.,	Jähnig,	S.,	Lisovski,	S.,	Mermillon,	C.,	Alba,	R.,	Rosselli,	D.,	
&	Chamberlain,	D.	(2022).	High	nest	failure	but	better	nestling	qual-
ity	for	early	breeders	in	an	alpine	population	of	northern	wheatear	
(Oenanthe oenanthe). IBIS, 165,	125–	141.	https://doi.org/10.1111/
ibi.13133

Schaub,	M.,	Martinez,	 N.,	 Tagmann-	Ioset,	 A.,	Weisshaupt,	 N.,	Maurer,	
M.	 L.,	 Reichlin,	 T.	 S.,	 Abadi,	 F.,	 Zbinden,	N.,	 Jenni,	 L.,	&	Arlettaz,	
R.	 (2010).	Patches	of	bare	ground	as	 a	 staple	 commodity	 for	de-
clining	 ground-	foraging	 insectivorous	 farmland	 birds.	 PLoS One. 
Edited	 by	 D.	 M.	 Evans,	 5(10), e13115. https://doi.org/10.1371/
journ	al.pone.0013115

Schmaljohann,	H.,	Meier,	C.,	Arlt,	D.,	Bairlein,	F.,	van	Oosten,	H.,	Morbey,	
Y.	 E.,	 Åkesson,	 S.,	 Buchmann,	 M.,	 Chernetsov,	 N.,	 Desaever,	
R.,	 Elliott,	 J.,	 Hellström,	 M.,	 Liechti,	 F.,	 López,	 A.,	 Middleton,	 J.,	
Ottosson,	U.,	 Pärt,	 T.,	 Spina,	 F.,	 &	 Eikenaar,	 C.	 (2016).	 Proximate	
causes	 of	 avian	 protandry	 differ	 between	 subspecies	 with	 con-
trasting migration challenges. Behavioral Ecology, 27(1),	 321–	331.	
https://doi.org/10.1093/behec	o/arv160

Scridel,	D.,	Brambilla,	M.,	Martin,	K.,	Lehikoinen,	A.,	Iemma,	A.,	Matteo,	A.,	
Jähnig,	S.,	Caprio,	E.,	Bogliani,	G.,	Pedrini,	P.,	Rolando,	A.,	Arlettaz,	
R.,	&	Chamberlain,	D.	(2018).	A	review	and	meta-	analysis	of	the	ef-
fects	of	climate	change	on	Holarctic	mountain	and	upland	bird	pop-
ulations. IBIS, 160(3),	489–	515.	https://doi.org/10.1111/ibi.12585

swisstopo. (2018). SwissALTI3D, Das hoch aufgelöste Terrainmodell der 
Schweiz.

Tagmann-	Ioset,	A.,	Schaub,	M.,	Reichlin,	T.	S.,	Weisshaupt,	N.,	&	Arlettaz,	
R.	(2012).	Bare	ground	as	a	crucial	habitat	feature	for	a	rare	terres-
trially	foraging	farmland	bird	of	Central	Europe.	Acta Oecologica, 39, 
25–	32.	https://doi.org/10.1016/j.actao.2011.11.003

Theurillat,	J.	P.,	&	Guisan,	A.	(2001).	Potential	impact	of	climate	change	
on	 vegetation	 in	 the	 European	 alps:	 A	 review.	 Climatic Change, 
50(1–	2),	77–	109.	https://doi.org/10.1023/A:10106	32015572

Tulp,	I.,	&	Schekkerman,	H.	(2008).	Has	prey	availability	for	Arctic	birds	
advanced	with	climate	change ?	Hindcasting	the	abundance	of	tun-
dra arthropods using weather and seasonal variation. Arctic, 61(1), 
48–	60.

van	Oosten,	H.	H.,	van	den	Burg,	A.	B.,	Versluijs,	R.,	&	Siepel,	H.	(2014).	
Habitat	 selection	of	 brood-	rearing	northern	wheatears	Oenanthe 
oenanthe	and	their	invertebrate	prey.	Ardea, 102(1),	61–	69.	https://
doi.org/10.5253/078.102.0111

 20457758, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10084 by E

th Z
ürich E

th-B
ibliothek, W

iley O
nline L

ibrary on [19/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s10336-009-0455-6
https://doi.org/10.1007/s10336-009-0455-6
https://doi.org/10.1201/9781315372495
https://doi.org/10.1201/9781315372495
https://doi.org/10.1086/285906
https://doi.org/10.1111/jav.02932
https://doi.org/10.1111/jav.02932
https://doi.org/10.2307/4086901
https://doi.org/10.2307/4086901
https://doi.org/10.1007/BF01644745
https://doi.org/10.2307/4087752
https://doi.org/10.1016/S0006-3207(00)00028-8
https://doi.org/10.1016/S0006-3207(00)00028-8
https://doi.org/10.5281/zenodo.7805040
https://doi.org/10.5281/zenodo.7805040
https://doi.org/10.1098/rsif.2017.0213
https://doi.org/10.1098/rsif.2017.0213
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://vasishth.github.io/bayescogsci/book/
https://vasishth.github.io/bayescogsci/book/
https://doi.org/10.1002/ece3.4766
https://doi.org/10.1111/een.12881
https://doi.org/10.1111/een.12881
https://doi.org/10.1146/annurev-ecolsys-110617-062535
https://doi.org/10.1146/annurev-ecolsys-110617-062535
https://doi.org/10.1007/s10531-019-01786-9
https://doi.org/10.1007/s10531-019-01786-9
https://doi.org/10.1016/j.agee.2020.106890
https://doi.org/10.1186/s40462-023-00381-6
https://doi.org/10.1098/rspb.2010.1778
https://doi.org/10.3389/fevo.2021.676506
https://doi.org/10.1111/ibi.13133
https://doi.org/10.1111/ibi.13133
https://doi.org/10.1371/journal.pone.0013115
https://doi.org/10.1371/journal.pone.0013115
https://doi.org/10.1093/beheco/arv160
https://doi.org/10.1111/ibi.12585
https://doi.org/10.1016/j.actao.2011.11.003
https://doi.org/10.1023/A:1010632015572
https://doi.org/10.5253/078.102.0111
https://doi.org/10.5253/078.102.0111


16 of 16  |     MÜLLER et al.

Vickery,	J.	A.,	&	Arlettaz,	R.	 (2012).	The	 importance	of	habitat	hetero-
geneity	at	multiple	scales	 for	birds	 in	European	agricultural	 land-
scapes.	In	R.	J.	Fuller	(Ed.),	Birds and habitat: Relationships in chang-
ing landscapes	(pp.	177–	204).	Cambridge	University	Press.

Vickery,	J.	A.	Tallowin,	J.	R.	B.,	Feber,	R.	E.,	Atkinson,	P.	W.,	Asteraki,	E.	
J.,	Fuller,	R.	J.,	&	Brown,	V.	K.	 (1999)	Changes in lowland grassland 
management: Implications for invertebrates & birds. British Trust for 
Ornithology.

Visser,	 M.	 E.,	 Both,	 C.,	 &	 Lambrechts,	 M.	 M.	 (2004).	 Global	 climate	
change leads to mistimed avian reproduction. Advances in 
Ecological Research, 35,	 89–	110.	 https://doi.org/10.1016/S0065	
- 2504(04)35005 - 1

Vu,	V.	Q.	(2011).	ggbiplot:	A	ggplot2	based	biplot.	http://github.com/vqv/
ggbiplot

Weisshaupt,	N.,	Arlettaz,	R.,	Reichlin,	T.	S.,	Tagmann-	Ioset,	A.,	&	Schaub,	
M.	 (2011).	 Habitat	 selection	 by	 foraging	 wrynecks	 Jynx torquilla 
during	 the	 breeding	 season:	 Identifying	 the	 optimal	 habitat	 pro-
file. Bird Study, 58(2),	 111–	119.	 https://doi.org/10.1080/00063	
657.2011.556183

Yoshihara,	 Y.,	 Okuro,	 T.,	 Buuveibaatar,	 B.,	 Undarmaa,	 J.,	 &	 Takeuchi,	
K.	 (2010).	 Complementary	 effects	 of	 disturbance	 by	 livestock	
and marmots on the spatial heterogeneity of vegetation and 
soil in a Mongolian steppe ecosystem. Agriculture, Ecosystems 
and Environment, 135(1–	2),	 155–	159.	 https://doi.org/10.1016/j.
agee.2009.09.009

Zhou,	R.,	Sivaganesan,	S.,	&	Longla,	M.	(2014).	An	objective	Bayesian	es-
timation	of	parameters	in	a	log-	binomial	model.	Journal of Statistical 
Planning and Inference, 146,	 113–	121.	 https://doi.org/10.1016/j.
jspi.2013.09.006

SUPPORTING INFORMATION
Additional	 supporting	 information	 can	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	this	article.

How to cite this article: Müller,	T.	M.,	Meier,	C.	M.,	Knaus,	F.,	
Korner,	P.,	Helm,	B.,	Amrhein,	V.,	&	Rime,	Y.	(2023).	Finding	
food	in	a	changing	world:	Small-	scale	foraging	habitat	
preferences	of	an	insectivorous	passerine	in	the	Alps.	Ecology 
and Evolution, 13, e10084. https://doi.org/10.1002/
ece3.10084

 20457758, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10084 by E

th Z
ürich E

th-B
ibliothek, W

iley O
nline L

ibrary on [19/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/S0065-2504(04)35005-1
https://doi.org/10.1016/S0065-2504(04)35005-1
http://github.com/vqv/ggbiplot
http://github.com/vqv/ggbiplot
https://doi.org/10.1080/00063657.2011.556183
https://doi.org/10.1080/00063657.2011.556183
https://doi.org/10.1016/j.agee.2009.09.009
https://doi.org/10.1016/j.agee.2009.09.009
https://doi.org/10.1016/j.jspi.2013.09.006
https://doi.org/10.1016/j.jspi.2013.09.006
https://doi.org/10.1002/ece3.10084
https://doi.org/10.1002/ece3.10084

	Finding food in a changing world: Small-scale foraging habitat preferences of an insectivorous passerine in the Alps
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study area
	2.2|Study design
	2.3|Statistical analysis

	3|RESULTS
	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


