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Abstract
Spatially	isolated	plant	populations	in	agricultural	landscapes	exhibit	genetic	responses	
not	only	to	habitat	fragmentation	per	se	but	also	to	the	composition	of	the	landscape	
matrix	between	habitat	patches.	These	responses	can	only	be	understood	by	examin-
ing	how	the	landscape	matrix	influences	among-	habitat	movements	of	pollinators	and	
seed	vectors,	which	act	as	genetic	 linkers	among	populations.	We	studied	 the	 for-
est	herb	Polygonatum multiflorum and its associated pollinator and genetic linker, the 
bumblebee	Bombus pascuorum,	in	three	European	agricultural	landscapes.	We	aimed	
to	 identify	which	 landscape	 features	 affect	 the	movement	 activity	of	B. pascuorum 
between	 forest	patches	and	 to	assess	 the	 relative	 importance	of	 these	 features	 in	
explaining	the	forest	herb's	population	genetic	structure.	We	applied	microsatellite	
markers	to	estimate	the	movement	activity	of	the	bumblebee	as	well	as	the	popula-
tion	genetic	structure	of	the	forest	herb.	We	modelled	the	movement	activity	as	a	
function	of	various	landscape	metrics.	Those	metrics	found	to	explain	the	movement	
activity	best	were	then	used	to	explain	the	population	genetic	structure	of	the	forest	
herb.	The	bumblebee	movement	activity	was	affected	by	the	cover	of	maize	fields	
and	semi-	natural	grasslands	on	a	larger	spatial	scale	and	by	landscape	heterogeneity	
on	a	smaller	spatial	scale.	For	some	measures	of	the	forest	herb's	population	genetic	
structure,	that	is,	allelic	richness,	observed	heterozygosity	and	the	F-	value,	the	com-
binations	of	 landscape	metrics,	which	explained	the	 linker	movement	activity	best,	
yielded	lower	AICc	values	than	95%	of	the	models	including	all	possible	combinations	
of landscape metrics.
Synthesis:	The	genetic	linker,	B. pascuorum, mediates landscape effects on the pop-

ulation	genetic	structure	of	the	forest	herb	P. multiflorum.	Our	study	 indicates,	 that	
the movement of the genetic linker among forest patches, and thus the pollen driven 
gene	flow	of	the	herb,	depends	on	the	relative	value	of	floral	resources	in	the	specific	
landscape	 setting.	Noteworthy,	 the	 population	 genetic	 structure	 of	 the	 long-	lived,	
clonal	forest	herb	species	correlated	with	recent	land-	use	types	such	as	maize,	which	
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1  |  INTRODUC TION

Numerous	 specialist	 species	 evolved	 under	 long-	term	 stable	 con-
ditions	 within	 extensive	 areas	 of	 contiguous	 habitat	 in	 late	 suc-
cessional	 states,	 such	 as	 forests	 (Pickett,	 1976).	 However,	 human	
activities	transformed	such	landscapes	significantly	in	recent	centu-
ries.	Large	parts	once	dominated	by	natural	habitats	were	converted	
into	agricultural	landscapes	(Ellis,	2011).	These	landscapes	are	com-
posed	of	mosaics	of	various	land-	use	types,	with	semi-	natural	hab-
itat	 patches	 being	 small	 and	 isolated	 from	 each	 other	 (Hendrickx	
et al., 2007;	Kennedy	et	al.,	2019).	Additionally,	agriculture	itself	is	
continuously	evolving,	resulting	in	changes	in	farming	practices	and	
crop	types	grown	(Thrall	et	al.,	2010).	Besides	direct	effects	of	hab-
itat	loss	and	isolation,	wild	plant	populations	are	indirectly	affected	
by	 how	 the	 landscape	 composition	 impacts	 their	 genetic	 linkers,	
that	is,	the	animals	that	connect	distinct	plant	populations	by	trans-
porting	pollen	or	seeds	(Feigs	et	al.,	2022; Jeltsch et al., 2013).	For	
these	mobile	organisms,	there	are	diverse	mechanisms	by	which	the	
landscape	 composition	 influences	 their	 abundance	and	movement	
behaviour.	This	 can	occur	by	offering	nesting	or	 foraging	habitats	
(Miller	&	Cale,	2000;	Westrich,	1996),	and	by	guiding	or	hindering	
passage	between	habitats	(Klaus	et	al.,	2015;	Krewenka	et	al.,	2011).	
The effects of landscape composition on the movement of these 
linkers	 among	 plant	 populations	 play	 a	 crucial	 role	 in	 determining	
their	genetic	connectivity	(Aguilar	et	al.,	2006).

The	species-	rich	herb	layer	of	temperate	forest	patches	contrib-
utes	a	relevant	proportion	to	the	overall	biodiversity	within	agricul-
tural	landscapes	(Billeter	et	al.,	2008;	Valdés	et	al.,	2015).	Many	forest	
herb	species	exhibit	 traits	 that	can	be	 interpreted	as	adaptions	 to	
long-	term	stable	conditions,	that	is,	they	employ	clonal	reproduction	
strategies	and	produce	few	and	heavy	seeds,	making	long-	distance	
seed	dispersal	a	rare	event	(Honnay	et	al.,	2005;	Whigham,	2004).	
If populations of such species are small and isolated, genetic linkers 
that	 realize	gene	 flow	across	 the	agricultural	matrix	 should	be	es-
sential	 for	 their	 long-	term	 survival	 (Honnay	 et	 al.,	 2005; Young 
et al., 1996).	 Theoretically,	 forest	 herb	 populations	 could	 be	 buff-
ered from the effects of landscape composition changes in the short 
term	by	primarily	reproducing	vegetatively	(Honnay	et	al.,	2005),	but	
numerous	studies	have	demonstrated	that	habitat	loss	and	fragmen-
tation	affect	the	population	genetic	structure	of	forest	herbs	within	
agricultural	landscapes	(Gentili	et	al.,	2018;	Jacquemyn	et	al.,	2006; 

Kolb	 &	 Durka,	 2013;	 Naaf	 et	 al.,	 2021;	 Vandepitte	 et	 al.,	 2007; 
Vellend,	2004).	Furthermore,	studies	have	suggested	that	the	land-
scape	 composition	 in	 between	 the	 forest	 patches	may	 also	 shape	
the	herbs'	population	genetic	structure	(Decocq	et	al.,	2021; Guiller 
et al., 2023;	Schmidt	et	al.,	2009).	In	fact,	the	landscape	composition	
might	even	exert	a	greater	influence	on	the	population	genetic	struc-
ture	of	forest	herbs	than	habitat	loss	and	fragmentation	per	se	(Naaf	
et al., 2022).	Review	articles	for	various	types	of	mosaic-	like	 land-
scapes highlight that landscape composition is a major determinant 
of	functional	connectivity	of	plant	populations	(Driscoll	et	al.,	2013; 
Murphy	&	Lovett-	Doust,	2004).	The	presumed	mechanism	here	 is	
the	influence	of	the	landscape	composition	on	the	behaviour	of	the	
genetic linkers. Therefore, landscape effects on plants were often 
interpreted as responses of seed or pollen vectors to the land-
scape	composition	(Aavik	et	al.,	2017;	Favre-	Bac	et	al.,	2016;	Kamm	
et al., 2010;	Kramer	et	al.,	2011;	Schmidt	et	al.,	2009).	Occasionally,	
genetic	 linkers	 are	 also	 invoked	 to	 explain	 the	 absence	of	 genetic	
isolation	 effects	 among	 spatially	 fragmented	 plant	 populations	
(Honnay	et	al.,	2006;	Sork	&	Smouse,	2006).

For	forest	herb	species	with	low	seed	dispersal	capabilities,	the	
effects of specific landscape elements and the overall composition 
of	the	landscape	on	the	movement	activity	of	associated	pollinators	
might	 be	 particularly	 relevant.	 Such	 effects	 of	 landscape	 compo-
sition	on	abundances	and	behaviour	have	been	shown	 for	various	
pollinators	 including	 bees	 (Krewenka	 et	 al.,	 2011),	 flies	 (Haenke	
et al., 2014),	 butterflies	 (Flick	 et	 al.,	 2012)	 and	 birds	 (Tscharntke	
et al., 2008).	 One	 type	 of	 pollinator	 that	 has	 been	 shown	 to	 act	
as	 a	 genetic	 linker	 among	 forest	 herb	 populations	 is	 the	 foraging	
workers	 of	 bumblebees	 (Feigs	 et	 al.,	2022).	 Bumblebees	 pollinate	
a	 range	of	 forest	herbs,	especially	species	with	 long	corollas,	such	
as Polygonatum	 spp.	 (Hasegawa	&	Kudo,	2005;	Naaf	 et	 al.,	2021),	
Phyteuma	spp.	(Kolb,	2008),	Primula	spp.	(Van	Rossum	et	al.,	2011)	
or Stachys sylvatica	 (Fussell	&	Corbet,	 1991).	 They	 can	move	over	
longer	 distances	 and	 regularly	 traverse	 the	 agricultural	 matrix	
(Redhead	 et	 al.,	2016).	 The	 abundance	 of	 bumblebee	workers,	 as	
well	as	their	 foraging	or	nesting	behaviour,	has	been	shown	to	re-
spond	 to	 landscape	 elements,	 such	 as	 different	 crop	 types	 or	 lin-
ear	elements.	For	instance,	rapeseed	cover	at	a	landscape	scale	was	
positively	 related	 to	bumblebee	density	 (Westphal	et	al.,	2003)	as	
well	 as	 colony	 growth	 (Westphal	 et	 al.,	2006).	Whether	 these	 ef-
fects of rapeseed translate into increasing or decreasing pollination 

have	been	existing	 for	not	more	 than	a	 few	decades	within	 these	 landscapes.	This	
underscores	the	short	time	in	which	land-	use	changes	can	influence	the	evolutionary	
potential	of	long-	lived	wild	plants.

K E Y W O R D S
bumblebees,	forest	herbs,	genetic	linker,	genetic	structure,	landscape	composition,	landscape	
genetics,	SSR
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services	 in	 nearby	 semi-	natural	 habitats	 depends	 on	 the	 spatial	
scale	 considered	 (Kovács-	Hostyánszki	 et	 al.,	2013).	 Other	 studies	
have	 shown	 that	 bumblebees	 tend	 to	 avoid	 crossing	 linear	 land-
scape	elements,	such	as	hedgerows	 (Cranmer	et	al.,	2012; Garratt 
et al., 2017;	Klaus	et	al.,	2015)	and	roads	(Bhattacharya	et	al.,	2003),	
and	instead	prefer	flying	along	them.	Beyond	specific	landscape	ele-
ments,	landscapes	featuring	a	higher	diversity	of	land-	use	types	are	
considered	to	provide	more	abundant	and	diverse	 floral	 resources	
for	 pollinators	 (Persson	 &	 Smith,	2013).	 This	 enhanced	 food	 sup-
ply	 resulted	 in	 larger	 body	 sizes	 of	 bumblebee	 workers	 (Persson	
&	Smith,	2011),	which	could	 indicate	 larger	 foraging	ranges	 (Grass	
et al., 2018),	potentially	increasing	their	activity	as	a	genetic	linker.	
However,	bumblebees	exhibited	shorter	foraging	distances	in	more	
complex	 landscapes	 compared	 to	 more	 homogeneous	 landscapes	
(Jha	&	Kremen,	2013),	such	as	those	dominated	by	a	single	crop	like	
maize	(Hass	et	al.,	2019).

However, studies focusing on the effects of landscape compo-
sition	 on	 pollinators	 do	 not	 typically	 address	 their	 role	 as	 genetic	
linkers	for	particular	plants	within	specific	habitats.	From	the	plant's	
perspective,	it	is	not	the	pollinator's	abundance	and	general	move-
ment	activity	across	the	landscape	that	is	relevant	for	gene	flow,	but	
rather	 it	 is	directed	movement	between	 the	plant's	populations	 in	
distinct	habitat	patches	 (Hadley	&	Betts,	2012).	An	assessment	of	
the	impact	of	landscape	composition	on	the	capacity	of	pollinators	
to	function	as	genetic	linkers	is	therefore	needed.	Such	an	integrated	
approach	may	 show	 that	 landscape	effects	on	 the	genetic	 linker's	
movement	activity	among	habitat	patches	translate	into	landscape	
effects on the population genetic structure of the associated plant 
species.	Only	a	few	studies	have	shown	that	 landscape	effects	on	
pollinators	 could	 be	 translated	 into	 landscape	 effects	 on	 plants	
(Cranmer	et	al.,	2012;	Herbertsson	et	al.,	2021;	Meyer	et	al.,	2005),	
but	these	scarce	cases	provide	good	examples	of	how	to	address	the	
plant–pollinator–landscape	complex	in	a	more	holistic	study	design.	
They	demonstrated	how	higher	seed	sets	occur	as	a	consequence	of	
landscape	effects	on	pollen	vector	 activity.	Unaddressed	 remains,	
however,	 how	 pollinator	 movements	 translate	 into	 realized	 gene	
flow	among	spatially	isolated	plant	populations.	Some	studies	tack-
led	this	question	using	fluorescent	dye	 (Kormann	et	al.,	2016;	Van	
Geert et al., 2014;	Van	Rossum	et	al.,	2011).	Their	analyses	provided	
a comprehensive understanding of the impacts of the distances cov-
ered	by	all	 pollen	vectors	and	 the	quantity	of	pollen	 they	convey.	
However,	 different	 pollinator	 species	 respond	 distinctively	 to	 the	
landscape,	and	the	realized	pollen	flow	reflects	the	combined	out-
come of all these interactions. The same is true for studies that ana-
lysed	the	effects	of	communities	of	pollinators	with	varying	mobility	
on	the	population	genetic	structure	of	plants	 (Castilla	et	al.,	2017; 
Torres-	Vanegas	et	al.,	2019).	Consequently,	the	precise	contribution	
of a particular pollinator species to gene flow remains undisclosed 
by	those	approaches.

To	address	effectively	how	a	specific	genetic	linker	mediates	land-
scape	effects	on	the	genetic	structure	of	plant	populations,	a	study	
should	combine	landscape	data,	movement	data	of	the	genetic	linker	
and	population	genetic	structure	data	of	the	plant	species.	Previous	

studies demonstrated that the recent agricultural landscape compo-
sition	significantly	affects	 the	genetic	diversity	and	differentiation	
of	populations	of	the	forest	herb	Polygonatum multiflorum despite its 
longevity	(Naaf	et	al.,	2022)	and	that	this	genetic	diversity	and	dif-
ferentiation	is	also	significantly	affected	by	the	movement	activity	
of one of P. multiflorum's main pollinators, that is, Bombus pascuorum 
(Feigs	et	al.,	2022).	With	the	present	study,	we	now	aim	(a)	to	inves-
tigate	how	the	landscape	composition	affects	the	movement	activity	
of B. pascuorum as a genetic linker of P. multiflorum,	and	(b)	to	assess	
how	much	of	the	forest	herb's	population	genetic	structure	can	be	
explained	by	those	landscape	features	that	influence	the	movement	
activity	of	B. pascuorum.	We	examined	these	two	objectives	by	test-
ing	the	following	two	hypotheses:

H1. The landscape composition around the forest 
patches	and	between	pairs	of	forest	patches	signifi-
cantly	 affects	 the	movement	 activity	of	 the	genetic	
linker B. pascuorum.

H2. Those landscape metrics that are most relevant 
to	 explain	 the	 bumblebee's	 movement	 activity	 will	
also	contribute	significantly	to	explaining	the	popula-
tion	genetic	structure	of	the	forest	herb.	In	particular,	
these	landscape	metrics	will	explain	the	herb's	popu-
lation	genetic	structure	better	than	random	combina-
tions of landscape metrics.

2  |  MATERIAL S AND METHODS

2.1  |  Study species

Polygonatum multiflorum	(L.)	ALL.	(Figure S1A–C)	is	a	slow-	colonizing	
forest	 specialist	 (Brunet,	 2007;	 Schmidt	 et	 al.,	 2014;	 Verheyen	
et al., 2003)	which	exhibits	not	only	strong	clonal	growth	but	also	
regular	 seedling	 recruitment	 (Kosiński,	2012).	 The	 species	 blooms	
in	 spring,	 is	 strictly	outcrossing	 and	depends	on	 insect	pollination	
(Klotz	 et	 al.,	 2002).	 Its	 flowers	 grow	 on	 axillary	 peduncles,	 with	
2–6	flowers	in	the	leaf	axils,	and	blossom	sequentially	from	the	top	
to	 the	 bottom	of	 the	 shoot	 (Kosiński,	2012).	 Its	 corolla	 is	 special-
ized	 in	 long-	tongued	bumblebees	as	pollinators	 (Feigs	et	al.,	2022; 
Kosiński,	2012;	Naaf	et	al.,	2021).

Our	own	field	observations	showed	that,	among	the	 identified	
species,	 the	 two	 bumblebee	 species	B. pascuorum and B. pratorum 
contributed	approximately	93%	(54%	for	B. pascuorum	and	39%	for	
B. pratorum)	of	pollination	events	during	53.5 h	of	flower	observation	
for P. multiflorum	in	isolated	forest	patches	within	European	agricul-
tural landscapes. Bombus pascuorum	 (SCOPOLI,	1763)	 (Figure S1C)	
is	 one	 of	 the	 most	 common	 long-	tongued	 bumblebee	 species	 in	
European	landscapes	including	fields	and	forests	(Gómez-	Martínez	
et al., 2020).	Similar	to	other	bumblebee	species,	B. pascuorum is a 
central-	place	forager	with	a	queen	establishing	a	nest	in	spring	at	a	
suitable	position,	which	is	often	found	along	the	boundaries	between	
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the	field	and	the	forest	(Kells	&	Goulson,	2003).	From	this	central	po-
sition,	workers	fly	to	foraging	habitats	with	floral	resources,	which	
in the case of B. pascuorum include forests. It was shown that the 
workers'	movement	activity	of	B. pascuorum is correlated with the 
population genetic structure of P. multiflorum	 (Feigs	 et	 al.,	 2022).	
Knowledge	regarding	the	seed	vectors	of	P. multiflorum	is	limited,	but	
it is considered to have a low seed dispersal potential and is classified 
as	autochorous	(Müller-	Schneider,	1986).	Long-	distance	dispersal	of	
its	toxic	fleshy	berries	by	birds	or	mid-	sized	carnivores	is	considered	
rare	(Ehrlén	&	Eriksson,	2000;	Müller-	Schneider,	1986;	Schaumann	
&	Heinken,	2002),	while	short-	distance	dispersal	by	rodents	might	
happen	more	frequently	(Ehrlén	&	Eriksson,	1993).

2.2  |  Landscape analysis

This	 study	 was	 conducted	 in	 three	 5 x 5 km	 landscape	 windows	
within	 typical	 Central	 European	 agricultural	 landscapes,	 located	
in	western	Germany,	eastern	Germany	and	southern	Sweden.	The	
three	landscape	windows	differed	slightly	in	their	landscape	com-
position	(Supplement	S2).	In	each	landscape	window,	we	selected	
six	 forest	 patches	 that	 were	 occupied	 by	 P. multiflorum and that 
were	forested	at	least	since	the	19th	century.	We	considered	the	
individuals of P. multiflorum within one forest patch as a distinct 
population.	The	population	boundary	did	not	necessarily	align	with	
the	forest	patch	boundary.	 In	this	case,	we	checked	if	no	further	
individuals	were	present	within	a	100-	m	buffer.	We	analysed	the	
landscape	 in	 between	 these	 forest	 patches	 at	 two	 levels	 (Naaf	
et al., 2022):	 the	 node	 level	with	 buffer	 zones	 around	 each	 for-
est	herb	population	 (Schmidt	et	al.,	2009)	and	the	 link	 level	with	
rectangular landscape strips connecting the centres of each plant 
population	 (Braunisch	 et	 al.,	2010).	 To	 do	 so,	 we	 created	 digital	
land-	use	maps	with	ESRI	ArcGIS	Map	version	10.8.2	(Figure S2)	for	
the	three	landscape	windows	based	on	recent	orthophotos	accord-
ing	to	Naaf	et	al.	 (2022).	For	arable	 fields,	we	also	differentiated	
the	dominance	of	three	different	crop	types,	that	is,	oil	seed	rape,	
maize	and	other	cereals,	over	the	preceding	decade	(Figures S2.3–
S2.5).	 The	 underlying	 data	 were	 collected	 within	 the	 European	
Integrated	 Administration	 and	 Control	 System	 (IACS)	 (European	
Commission 2020).	Crop-	type	dominance	was	measured	as	raster	
data	with	a	cell	size	of	10 m.	One	dominance	value	was	calculated	
for	each	cell	 for	a	period	from	2008	 (eastern	Germany,	southern	
Sweden)	and	2009	(western	Germany)	to	2017	for	the	forest	herbs	
and	from	2008/2009	to	2019	for	the	genetic	linker.	A	dominance	
value	 of	 1	 indicates	 the	 presence	 of	 the	 crop	 type	 in	 each	 year	
and	a	value	of	0	indicates	absence	across	all	years.	The	dominance	
values	for	both	periods	were	highly	correlated	(Figures S2.6–S2.7).	
We	calculated	the	per	cent	cover	of	11	area-	based	land-	use	types,	
the	relative	 length	of	4	 linear	 landscape	elements	 (= total length 
divided	by	 the	 area	of	 the	buffer	 zone	or	 the	 strip	 area,	 respec-
tively)	and	2	index	measures,	that	is,	the	Shannon	diversity	of	land-	
use	 types,	 from	here	on	called	 landscape	heterogeneity,	 and	 the	
density	of	all	land-	use	patch	edges	(Table 1).	We	used	five	different	

buffer	 distances	 (125 ,	 250,	 500,	 1000	 and	 2000 m)	 at	 the	 node	
level	 and	 five	 different	 width-	to-	length	 ratios	 for	 the	 landscape	
strips	(1:7,	1:5,	1:3,	1:2	and	2:3)	at	the	link	level.

2.3  |  Sampling and genotyping

Within	 the	 selected	 18	 forest	 patches,	 we	 sampled	 leaf	 mate-
rial of 20 individuals per P. multiflorum population in spring of 
2018	 (Table S4.1).	 Less	 than	20	 individuals	were	 used	when	pop-
ulation	 sizes	 were	 very	 small	 or	 genotyping	 failed	 (Table S4.1).	
Additionally,	 we	 collected	 14–36	 (mean = 24)	 individuals	 of	B. pas-
cuorum	(Table S4.1)	in	each	of	these	forest	patches	during	spring	in	
2018	 and	 2019.	We	 collected	 the	 bumblebees	with	Malaise	 traps	
that were placed in the middle of flowering patches of P. multiflo-
rum	(Figure S1B)	and	with	hand	net	catches.	We	used	microsatellite	
markers	to	estimate	(a)	the	population	genetic	structure	of	P. multi-
florum	 and	 (b)	 the	movement	 activity	of	B. pascuorum. The marker 
set of P. multiflorum consisted of 6 loci, resulting in 134 alleles, while 
the marker set of B. pascuorum	comprised	8	loci,	yielding	148	alleles.	
Both	marker	sets	could	successfully	distinguish	between	the	sam-
pled	individuals.	For	detailed	information	regarding	DNA	extraction,	
primers,	PCR	conditions,	genotyping	error	rates	and	checks	for	the	

TA B L E  1 We	used	11	area-	based	landscape	metrics,	4	linear	
landscape	elements	and	2	index	measures.

Area- based metrics Per cent cover of…

D_FOREST Deciduous forest

C_FOREST Coniferous forest

GRASS Grassland in general

SEMNATGRASS Semi-	natural	grassland

SEMNATVEG Other	semi-	natural	vegetation

ORCHARD Traditional orchards

SETTLE Settlement	area

ARABLE Arable	land	in	general	(includes	also	
rapeseed,	maize	and	cereal)

RAPESEED Oilseed rape

MAIZE Maize

CEREAL Cereals

Linear landscape elements Relative length of…

L_FRINGE Herbaceous	fringes	(<3 m	width)

L_WOOD Woody	linear	elements

L_ROAD Roads

L_WATER Water	courses

Index metrics

LANDHET Landscape	heterogeneity	(Shannon	
diversity	of	land-	use	types)

EDGEDEN Land-	use	parcel	edge	density	[m ha	−1]

Note:	All	land-	use	variables	were	measured	at	the	node	and	at	the	link	
level	in	five	buffer	distances	/width-	to-	length	ratios	(node	level:	125,	
250,	500,	1000	and,	2000 m;	link	level:	1:7,	1:5,	1:3,	1:2	and,	2:3).
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    |  5 of 18FEIGS et al.

occurrence	 of	 clones,	 see	Naaf	 et	 al.	 (2021)	 for	P. multiflorum and 
Feigs	et	al.	(2022)	for	B. pascuorum.

2.4  |  Indicators of population genetic structure and 
movement activity

At	the	node	level,	we	calculated	four	genetic	measures	for	P. multi-
florum,	 including	allelic	 richness	 (Ar),	 expected	heterozygosity	 (He),	
observed	heterozygosity	(Ho)	and	the	F-	value	(F = He/Ho).	For	clonal	
plant species in small and fragmented populations, the F-	value	can	
deviate	 negatively	 from	 Hardy–Weinberg	 equilibrium	 (Stoeckel	
et al., 2006).	A	Previous	study	found	such	heterozygote	excess	for	
P. multiflorum with significant negative F-	values	(Feigs	et	al.,	2022).	
Here,	observed	heterozygosity	per	population	was	 larger	 than	ex-
pected	 heterozygosity.	 In	 this	 case,	 the	 F-	value	 cannot	 be	 inter-
preted as an inbreeding coefficient	 (Stoeckel	 et	 al.,	2006).	 Instead,	
we anticipate that higher gene flow among populations leads to an 
F- value	closer	to	zero	and	a	decrease	in	observed	heterozygosity.

At	 the	 link	 level,	 we	 used	 1	minus	 the	 pairwise	 proportion	 of	
shared	 alleles	 (DPS).	 In	 a	 previous	 study	 (Feigs	 et	 al.,	 2022),	 they	
found DPS of P. multiflorum, from here on called PolDPS,	to	be	posi-
tively	affected	by	the	bumblebee	movement	activity.

We	used	genetic	measures	also	 to	estimate	 the	movement	ac-
tivity	 of	B. pascuorum.	Genetic	 analysis	 is	 an	 effective	method	 for	
estimating	the	movement	activity	of	flying	insects,	especially	when	
high	 numbers	 of	 individuals	 and	 larger	 ranges	 are	 included	 in	 the	
analysis	 (Goulson,	 2010;	 Osborne	 et	 al.,	 2002).	 However,	 not	 all	
forms	 of	 a	 pollinator's	movement	 are	 equally	 relevant	 for	 serving	
as	 a	 genetic	 linker	 (Jeltsch	 et	 al.,	2013).	 One	 relevant	 type	 is	 the	
foraging	 movement	 of	 bumblebee	 workers.	 This	 is	 because	 the	
workers	 of	 the	 same	 nest	 communicate	 about	 forage	 resources	
(Dornhaus	&	Chittka,	1999),	are	relatively	flower	constant	(Chittka	
et al., 1999; Goulson, 2010)	 and	establish	 fixed	 trap	 lines	 (Ohashi	
&	Thomson,	2009).	To	estimate	the	foraging	movement	activity	of	
bumblebee	 nests,	 an	 effective	 framework	 utilizes	 sibship	 assign-
ment	(Carvell	et	al.,	2012;	Jha	&	Kremen,	2013;	Knight	et	al.,	2005; 
Redhead et al., 2016).	 Here,	 workers	 from	 different	 locations	 are	
used	to	estimate	nest-	specific	foraging	distances,	similar	to	mark–re-
capture	studies,	but	with	putative	siblings	as	reobserved	units	(Mola	
&	Williams,	 2019).	 In	 this	 study,	we	 apply	 the	 same	 rationale	 but	
analyse	which	nests	contribute	workers	to	multiple	forest	patches.	
For	each	forest	patch,	we	computed	(a)	NESTSshared:	the	number	of	
nests assigned to focal forest patch i that are shared with at least one 
other	forest	patch,	divided	by	the	total	number	of	nests	assigned	to	
forest patch I;	and	(b)	FOREST- PATCHESshared:	 the	number	of	forest	
patches with which focal forest patch i shares at least one assigned 
nest. To calculate the two indicators at the node level, we identi-
fied which workers of B. pascuorum	shared	the	same	nest	by	using	
the	full-	likelihood	algorithm	of	the	COLONY	2.0	software	(Jones	&	
Wang,	2010).	We	ran	the	software	with	the	settings	‘monogamous	
mating’	for	both	males	and	females	and	a	‘medium	long	run’,	follow-
ing	the	settings	published	for	the	same	species	in	Dreier	et	al.	(2014).	

Each	combination	of	landscape	window	and	year	was	analysed	sep-
arately.	The	runs	were	repeated	with	different	random	numbers	of	
seeds.	If	the	probability	of	individuals	being	full	siblings	was	larger	
than	80%	in	both	runs,	we	treated	them	as	individuals	from	a	shared	
nest	(Feigs	et	al.,	2022).

The	 two	 indicators	 for	 the	 movement	 activity	 among-	forest	
patches	at	 the	node	 level	have	been	 identified	as	 relevant	 for	 the	
gene flow of P. multiflorum	among-	forest	patches	in	a	previous	study	
(Feigs	 et	 al.,	2022).	 Another	movement	 indicator,	which	 has	 been	
found	to	be	relevant	 for	 the	gene	flow	of	P. multiflorum at the link 
level, was DPS	(1	minus	the	pairwise	proportion	of	shared	alleles)	for	
B. pascuorum, from here on called BomDPS to avoid confusion with 
PolDPS.	Unlike	the	indicators	based	on	nest	estimation,	this	measure	
partially	reflects	other	movement	types	besides	the	workers'	forag-
ing activities as the dispersal of the species in the landscape window. 
All	three	of	them	are	indirect	 indicators	derived	from	the	relation-
ship of specimens and their sampling locations.

2.5  |  Data analysis

In	17	of	the	18	studied	forest	patches,	the	number	of	captured	in-
dividuals of B. pascuorum was >10, which we considered sufficient 
for	 our	 analyses	 (Table S4.1).	 We	 employed	 linear	 mixed	 models	
(LMM)	using	the	lme function from the R package nlme	version	3.1-	
155	(Pinheiro	et	al.,	2019).	In	the	link-	level	analysis,	we	incorporated	
the	 dependency	 structure	 of	 plant	 population	 pairs	 that	 shared	 a	
common	population.	This	was	achieved	by	defining	the	correlation	
structure using the corMLPE	function	(Pope,	2020).	We	also	added	
the	geographic	distance	between	the	centres	of	 the	plant	popula-
tions	 as	 a	 potential	 explanatory	 variable	 besides	 the	 landscape	
metrics,	since	a	previous	study	showed	that	it	might	be	relevant	for	
explaining	genetic	differentiation	of	P. multiflorum	(Naaf	et	al.,	2021).	
To	improve	the	symmetry	of	the	variable	distributions,	all	variables	
were	Box-	Cox	 transformed.	 Subsequently,	 they	were	 centred	 and	
scaled	to	mean = 0	and	standard	deviation = 1	to	obtain	standardized	
regression coefficients. The landscape windows were included in all 
models as a random intercept term.

We	conducted	our	analysis	in	four	steps,	as	illustrated	in	Figure 1.
Step 1	served	two	purposes,	that	is,	to	test	our	hypothesis	1	on	

the	 linker's	movement	 activity	 and	 to	 identify	 those	 sets	 of	 land-
scape	metrics	that	will	be	used	for	modelling	the	herb's	population	
genetic	structure	in	Step	2.	This	step	involved	modelling	the	linker's	
movement	 activity	 indicators	 (NESTSshared, FOREST- PATCHESshared 
and BomDPS)	as	a	function	of	landscape	metrics.	These	models	are	
referred to as Step 1 Models	(Figure 1).	First,	we	determined	at	which	
buffer	size	(node	level)	or	width-	to-	length	ratio	(link	level)	each	land-
scape	metric	 showed	 the	 strongest	 effect.	We	 selected	 the	mod-
els	with	buffer	distances	or	width-	to-	length	ratios	that	yielded	the	
lowest	AICc	(Akaike	information	criterion	corrected	for	small	sample	
size;	Anderson	&	Burnham,	2002)	 for	 each	 landscape	metric	 indi-
vidually.	To	account	 for	curvilinear	or	unimodal	 relationships,	qua-
dratic	terms	were	included	in	the	models	if	they	lowered	the	AICc.	
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6 of 18  |     FEIGS et al.

In	the	subsequent	steps,	we	focused	only	on	landscape	metrics	that	
showed	an	effect	in	the	single-	metric	models	at	a	significance	level	
of	alpha = 0.15	based	on	likelihood-	ratio	tests.	This	relatively	toler-
ant threshold was used as a preselection criterion for the following 
multivariable	models	to	avoid	excluding	potentially	 important	can-
didates.	 Second,	we	 applied	model	 selection	 by	 fitting	 all	 subsets	
of	the	remaining	landscape	metrics,	with	a	maximum	of	two	terms	
at the node level and four terms at the link level. Landscape metrics 
with	a	Pearson	correlation	of	 |r| ≥ .7	were	not	used	simultaneously	
in	the	same	model.	We	kept	all	models	with	∆AICc < 2	and	used	the	
results	to	answer	Hypothesis	1,	interpreting	all	effects	with	p < .1	in	
the	selected	models.	Since	the	landscape	metrics	do	not	only	reflect	
the	landscape	composition	in	the	sampling	years	but	also	the	recent	
past,	 we	 believe	 that	 the	 detected	 effects	 on	 movement	 activity	
among-	forest	patches	 should	be	consistent	across	different	years.	
The corresponding sets of landscape metrics were used for further 
analyses	in	Step	2.

In Step 2,	 we	 modelled	 the	 forest	 herb's	 population	 genetic	
structure as a function of those sets of landscape metrics that were 
identified	as	most	relevant	for	the	pollinator	movement	activity	in	
Step	1.	These	models	are	referred	to	as	Step 2 Models	(Figure 1).	At	
the	node	level,	the	genetic	response	variables	were	Ar, He, Ho and F; 
at the link level: PolDPS.	Statistical	significance	of	model	terms	was	
assessed with t-	tests.

The purpose of Step 3 was to model the population genetic 
structure	of	the	forest	herb	(node	level:	Ar, He, Ho and F; link level: 
PolDPS)	as	a	function	of	all	possible	combinations	of	landscape	met-
rics	including	all	radii	and	length-	to-	width	ratios.	These	models	are	

referred to as Step 3 Models	(Figure 1).	The	Step	3	Models	included	
all	possible	combinations	of	linear	and	quadratic	terms.	A	quadratic	
term	was	only	allowed	if	its	linear	term	was	also	included	in	the	same	
model.	At	 the	node	 level,	 two	terms	were	allowed,	and	at	 the	 link	
level, four terms were allowed, according to the respective sample 
sizes.	We	excluded	models	that	involved	combinations	of	landscape	
metrics	with	a	collinearity	of	|r| ≥ .7	and	models	that	the	lme function 
was	unable	to	fit	due	to	convergence	failures.	All	models	of	Step	3	
Models	with	∆AICc < 2	were	selected	as	Step 3 Models best.

Finally,	 in	Step 4, we compared the outcomes of Step 2 Models 
with those of Step 3 Models.	The	rationale	behind	this	is	to	validate	to	
which	extent	effects	of	landscape	metrics	on	the	genetic	structure	
of	the	forest	herb	are	mediated	by	B. pascuorum's	movement	activity.	
The	population	genetic	structure	of	the	forest	herb	reflects	the	sum	
of all historical and recent effects of pollinators and seed vectors, 
as	well	as	other	demographic	processes.	This	is	particularly	true	for	
P. multiflorum,	given	its'	longevity	and	overlapping	generations.	The	
herb's	genetic	structure	will	react	more	slowly	to	the	landscape	com-
position	than	the	linker's	genetic	movement	indicators.	With	these	
conditions	in	mind,	it	is	essential	for	our	study	to	separate	the	signal	
that landscape metrics left in the population genetic structure of the 
forest	herb	via	the	pollinator's	movement	activity	from	other	causes,	
and	to	ensure	that	any	significant	effects	are	not	a	result	of	chance.	
We	achieve	this	through	two	complementary	approaches:

1.	 For	 each	 population	 genetic	 measure,	 we	 tested	 whether	 the	
AICc	 values	 of	 Step	 2	Models,	 including	 the	 landscape	metrics	
selected	for	the	genetic	linker,	were	lower	than	the	AICc	values	

F I G U R E  1 Overview	of	the	four	steps	
of	data	analysis.	Input/output	and	process	
steps are depicted using different shapes. 
The	colour	of	the	objects	indicates	which	
data sets are involved in each specific 
step.
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    |  7 of 18FEIGS et al.

of	 95%	 of	 Step	 3	 Models,	 which	 encompassed	 the	 complete	
set	 of	 landscape	 metrics,	 thereby	 accounting	 for	 all	 potential	
causes of the population genetic structure. If this was the case, 
we	 interpreted	 it	as	a	signal	 that	 the	genetic	 linker's	movement	
activity	 contributes	 to	 the	detectable	 landscape	 effects	 on	 the	
forest	 herb's	 population	 genetic	 structure.

2.	 We	also	compared	the	goodness	of	fit	of	Step	2	Models	and	Step	
3	Models	best,	as	well	as	the	identity	of	included	landscape	met-
rics	and	their	effect	sizes	and	directions,	in	a	descriptive	way.

3  |  RESULTS

3.1  |  Landscape effects on pollinator movement 
activity (Step 1 Models)

In the multimetric models and at the node level, there were two 
best	 models	 with	 ∆AICc < 2	 for	 NESTSshared	 (Table 2:	 Models	 1a	
and	1b)	and	a	single	best	one	for	FOREST- PATCHESshared	(Model	1c).	
In	Models	 1a	 and	 1c	maize	 cover	 in	 a	 buffer	 distance	 of	 2000 m	
(Figure 2a,e)	and	landscape	heterogeneity	within	125 m	buffer	dis-
tance	 (Figure 2b,f)	 showed	 positive	 effects	 on	NESTSshared and on 
FOREST- PATCHESshared.	In	Model	1b,	NESTSshared decreased with per 
cent	cover	of	semi-	natural	grassland	within	a	2000 m	buffer	distance	
(Figure 2c).	Edge	density	within	a	250 m	buffer	distance	had	an	uni-
modal	effect	that	was	marginally	significant	(p = .0519)	(Figure 2d).	At	
the	link	level,	there	were	two	best	models	for	BomDPS. The effects of 
both	landscape	metrics	on	BomDPS	were	positive	(Figure 2g–j).

3.2  |  Translating landscape effects to the forest 
herb (Step 2 Models)

In	total,	we	fitted	10	Step	2	Models	(Table 3),	categorized	into	two	
sets of landscape metrics for each population genetic measure of 

P. multiflorum.	 We	 found	 significant	 effects	 of	 area-	based	 land-
scape	 metrics,	 which	 had	 been	 selected	 to	 explain	 the	 pollina-
tor	 movement	 indicators,	 at	 2000 m	 buffer	 sizes.	 Maize	 cover	
had a positive effect on Ar	 (Model	 2a,	 Figure 3a)	 and	 F	 (Model	
2g, Figure 3j),	 but	 a	negative	effect	on	Ho	 (Model	2e,	 Figure 3f)	
of P. multiflorum	 (Table 3).	 In	 contrast,	 the	 cover	 of	 semi-	natural	
grassland had a negative effect on Ar	 (Model	2b,	 Figure 3c)	 and	
F	 (Model	 2h,	 Figure 3l),	 but	 a	 positive	 effect	 on	Ho	 (Model	 2f,	
Figure 3h).	 Additionally,	 index	 variables	 had	 significant	 effects	
at	smaller	buffer	distances	within	the	same	models.	For	instance,	
landscape	heterogeneity	within	a	buffer	distance	of	125 m	posi-
tively	 affected	Ar	 (Model	 2a,	 Figure 3b),	while	 the	 edge	 density	
within	a	250 m	buffer	exhibited	an	unimodal	effect	on	Ho with a 
maximum	above	the	mean	edge	density	(Model	2f,	Figure 3i).	For	
He and PolDPS,	no	significant	landscape	effects	could	be	detected	
in	Step	2	Models.

3.3  |  Comparison of Step 2 Models with Step 
3 Models

According	 to	 AICc	 values,	 four	 Step	 2	Models	 ranked	 lower	 than	
95%	of	Step	3	Models	for	the	specific	population	genetic	measure	
(Figure 4, Table S7).	These	four	models	are	interpreted	as	perform-
ing	better	than	expected	by	chance.	Specifically,	Model	2a	ranked	
lower for Ar,	Model	2f	 for	Ho	 and	Models	2g	and	2h	 for	F.	Model	
2e	ranked	lower	than	94.8%	of	Step	3	Models	for	Ho and, thus, was 
only	 slightly	 under	 the	 threshold	 of	 95%.	 For	He and PolDPS,	 Step	
2	Models	 performed	 at	 best	 better	 than	 76%	 and	 69%	 of	 Step	 3	
Models	respectively.

Three	 to	 five	 models	 were	 identified	 as	 best	 models	 with	
∆AICc < 2	 (Step	 3	 Models	 best)	 for	 the	 different	 genetic	 diver-
sity	measures	 (Ar, He, Ho, F)	 of	 P. multiflorum	 (Table 4, Table S8.1, 
Figure S8.2).	 In	 contrast,	 for	PolDPS,	 there	were	55	models	 below	
∆AICc < 2.	The	landscape	metrics,	which	occurred	most	frequently	

TA B L E  2 Summary	of	five	Step	1	Models	(landscape	effects	on	pollinator	movement	indicators)	at	the	node	level	(NESTSshared, FOREST- 
PATCHESshared)	and	link	level	(BomDPS).

Models Movement indicator Included landscape metrics with regression coefficient and p- value r2

Model	1a NESTSshared MAIZE2000 LANDHET125 .66/.66

b = 0.85,	p = .0001 b = 0.45,	p = .0143

Model	1b NESTSshared SEMNATGRASS2000 EDGEDEN250 EDGEDEN2502 .66/.66

b = −0.78,	p = .0003 b = 0.24,	p = .1473 b = 0.28,	p = .0519

Model	1c FOREST- PATCHESshared MAIZE2000 LANDHET125 .75/.75

b = 0.92,	p < .0001 b = 0.4,	p = .012

Model	1d BomDPS SEMNATGRASS1to3 MAIZE1to7 MAIZE1to72 .09/.72

b = 0.42,	p = .0104 b = 0.45,	p = .0007 b = −0.21,	p = .0493

Model	1e BomDPS SEMNATGRASS1to3 MAIZE1to7 .08/.74

b = 0.43,	p = .0110 b = 0.36,	p = .0043

Note:	Shown	are	the	included	landscape	metrics	for	each	model,	the	marginal/conditional	r2	values	and	standardized	regression	coefficients	b and 
p-	values.
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8 of 18  |     FEIGS et al.

in	Step	3	Models	best,	were	LANDHET	for	Ar,	SEMNATVEG	for	He, 
MAIZE	 for	Ho,	 SEMNATGRASS	and	C-	FOREST	 for	F	 and	L_ROAD	
for PolDPS.	Three	of	six	of	these	were	also	found	in	Step	2	Models.	
Additionally,	some	of	the	 landscape	metrics	 in	Step	3	Models	best	
shared	identical	buffer	sizes	with	Step	2	Models,	such	as	MAIZE2000	
for He, Ho and F,	 as	well	 as	 SEMINATGRASS2000	 for	F. However, 
none	of	the	Step	3	Models	best	shared	more	than	one	term	with	Step	
2	Models.	Certain	 landscape	metrics	 like	SEMNATVEG,	CEREALS,	
RAPESEED,	GRASS,	ORCHARD,	 SETTLE,	 L_ROAD,	 L_FRINGE,	C_
FOREST	and	D_FOREST	were	absent	in	any	Step	2	Model,	but	ap-
peared	in	Step	3	Models	best.

4  |  DISCUSSION

With	our	integrated	approach,	we	showed	that	the	landscape	com-
position	 significantly	 influenced	 the	 movement	 of	 B. pascuorum 
among	isolated	populations	of	the	forest	herb	P. multiflorum, which 
confirmed	our	first	hypothesis.	We	also	showed	for	Ar, Ho and F that 
landscape	effects	on	the	pollinator	movement	activity	can	be	trans-
lated	into	landscape	effects	on	the	forest	herb's	population	genetic	
structure.	These	results	partially	confirmed	our	second	hypothesis.

4.1 | The movement activity of the genetic linker is 
sensitive to landscape effects at different spatial scales

Our	 results	 demonstrated	 that	 the	 mechanisms	 behind	 the	 land-
scape	 effects	 on	 the	 movement	 activity	 of	 B. pascuorum cannot 
solely	be	derived	from	studies	on	its	abundance.	Such	studies	aimed	
to	predict	the	abundance	of	B. pascuorum from the landscape com-
position	at	different	buffer	sizes	and	identified	the	best	models	for	
predicting	visitation	rates	and	abundances	at	buffer	sizes	of	1000 m	
(Knight	et	al.,	2009;	Westphal	et	al.,	2006).	They	showed	that	land-	
use	types	with	high	floral	resources,	such	as	rapeseed	fields,	were	
most	 relevant	 to	explain	 the	numbers	of	 flower	visitors	and	nests	
because	they	promoted	colony	development	and	survival.	However,	
whether workers of B. pascuorum	move	among-	forest	patches	does	
not	necessarily	depend	on	colony	numbers	or	sizes.

Our	study,	focusing	on	movement	indicators,	revealed	two	dis-
tinct	 scales	 of	 influence:	 a	 local	 scale	with	 buffer	 sizes	 of	 125	 or	
250 m	and	a	 landscape	scale	with	buffer	sizes	of	2000 m	 (Table 2, 
Figure 2).	 Effects	 of	 landscape	 composition	 on	 the	 foraging	 be-
haviour	 of	 bumblebees	 across	 multiple	 spatial	 scales	 have	 been	
demonstrated	before	(Jha	&	Kremen,	2013).	At	the	landscape	scale,	
we propose that our findings reflect the relative attractiveness of 
the	forest	herb's	floral	resources	in	the	specific	landscape	context,	
while	 at	 the	 local	 scale,	 the	mechanisms	behind	our	 results	might	
involve	resource	complementation,	nest	distribution	or	bumblebees'	
navigation	 patterns.	 In	 the	 following,	 we	 will	 explore	 the	 mecha-
nisms	at	both	scales.

F I G U R E  2 Visualization	of	landscape	effects	(cf.	Table 2)	on	
indicators of B. pascuorum	movements	among-	forest	patches	(Step	
1	Models).	The	figures	present	the	partial	effects	of	the	different	
Step	1	Models	1a–1e	with	significance	levels	of	p < .05	(depicted	as	
solid	lines)	and	p < .1	(depicted	as	dashed	lines).	The	95%	confidence	
bands	are	represented	in	grey,	and	the	filled	squares	represent	the	
partial residuals.
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4.2  |  Context- specific value of the forest herb's 
floral resources on the landscape scale

The Circe principle	 describes	 landscapes	 as	 mosaics	 of	 habitats,	
in	 which	 the	 relative	 resource	 value	 of	 each	 habitat	 depends	
on	 the	 resources	 provided	 by	 the	 neighbouring	 habitat	 types	
(Lander	et	al.,	2011).	This	aligns	with	studies	showing	 that	bum-
blebees'	foraging	decisions	depend	on	the	relative	value	of	habi-
tat	within	 a	 specific	 spatial	 and	 temporal	 context	 (Bontšutšnaja	
et al., 2021;	Jha	&	Kremen,	2013;	Proesmans	et	al.,	2019).	Applied	
to our results that NESTSshared and FOREST- PATCHESshared in-
creased	with	MAIZE2000	(Model	1a,	Model	1c)	and	decreased	with	
SEMNATGRASS2000	 (Model	 1b),	 this	 rationale	 suggests	 that	 the	
contrasting	 features	 of	 semi-	natural	 grassland	 and	 intensively	
managed	 maize	 fields	 influence	 the	 value	 of	 forest	 as	 a	 forag-
ing	habitat	 (Jakobsson	&	Ågren,	2014).	Such	opposing	effects	of	
(semi-	natural)	grassland	and	maize	on	the	total	bumblebee	abun-
dance	 in	wheat	fields	have	been	demonstrated	at	buffer	sizes	of	
1000 m	(Alignier	et	al.,	2023).

Semi-	natural	 grassland	 is	 often	 considered	 among	 the	 most	
attractive	foraging	and	nesting	habitats	for	insects	in	agricultural	
landscapes	(Ekroos	et	al.,	2013, 2015),	which	is	also	true	for	B. pas-
cuorum	(Goulson	et	al.,	2010).	It	offers	abundant	and	diverse	floral	

resources	 (Johansen	 et	 al.,	2022),	 also	 during	 the	 flowering	 pe-
riod of P. multiflorum	(Jachuła	et	al.,	2022).	In	contrast,	maize	fields	
are	known	to	provide	hardly	any	floral	 resources,	even	 less	than	
other	wind-	pollinated	 crops	because	of	 high	 inputs	of	 fertilizers	
and	 herbicides	 which	 minimize	 the	 abundance	 of	 any	 wildflow-
ers	(Alignier	et	al.,	2023;	Fagúndez	et	al.,	2016; Hass et al., 2019; 
Kleijn	 &	 Verbeek,	2000).	 Furthermore,	 because	maize	 fields	 re-
main	bare	soil	during	the	flowering	period	of	P. multiflorum in our 
region	 (Figure S1D),	we	consider	 them	as	highly	unattractive	 for	
pollinators.

Following	the	Circe	principle,	the	difference	in	the	relative	values	
among	potential	foraging	habitats	leads	to	a	higher	frequency	of	tra-
versing	resource-	poor	land-	use	types	by	the	genetic	linkers.	While	our	
node-	level	results	align	with	this	logic,	our	link-	level	results	contradict	
this interpretation. BomDPS	increased	both	with	higher	MAIZE1to7 and 
with	SEMNATGRASS1to3	(Models	1d	and	1e),	suggesting	that	workers	
avoid	flying	over	maize	fields.	Combining	both	levels	suggests	that,	in	
our	case,	avoiding	directions	with	high	maize	cover	prompts	genetic	
linkers	to	fly	more	directly	towards	forest,	enhancing	the	relative	value	
of	nearby	forests	as	foraging	habitat.	In	contrast,	semi-	natural	grass-
land	likely	affected	BomDPS	by	attracting	the	workers	through	the	pro-
vision	of	plenty	of	floral	resources,	thereby	reducing	the	relative	value	
of	forest	as	foraging	habitat,	which	is	consistent	with	our	findings	at	

TA B L E  3 Summary	of	10	Step	2	Models	describing	landscape	effects	on	the	population	genetic	structure	of	Polygonatum multiflorum.

Step 2 Model
Step 1 Model 
compared

Population 
genetic 
measure Included landscape metrics with regression coefficient and p- value r2 ∆AICc

Model	2a Model	1a/1c Ar MAIZE2000 LANDHET125 .33/.33 13.83

b = 0.50,	p = .0445 b = 0.52,	p = .0385

Model	2b Model	1b Ar SEMNATGRASS2000 EDGEDEN250 EDGEDEN2502 .30/.30 19.17

b = −0.56,	p = .0329 b = 0.34,	p = .1694 b = −0.02,	p = .9162

Model	2c Model	1a/1c He MAIZE2000 LANDHET125 .04/.14 13.78

b = 0.21,	p = .5285 b = 0.1,	p = .7271

Model	2d Model	1b He SEMNATGRASS2000 EDGEDEN250 EDGEDEN2502 .2/.2 15.64

b = −0.26,	p = .3135 b = 0.27,	p = .3009 b = −0.3,	p = .1733

Model	2e Model	1a/1c Ho MAIZE2000 LANDHET125 .41/.66 11.31

b = −0.80,	p = .0469 b = −0.24,	p = .2401

Model	2f Model	1b Ho SEMNATGRASS2000 EDGEDEN250 EDGEDEN2502 .72/.72 2.82

b = 0.61,	p = .0012 b = 0.36,	p = .0263 b = −0.36,	p = .0106

Model	2 g Model	1a/1c F MAIZE2000 LANDHET125 .63/.63 9.02

b = 0.86,	p = .0002 b = 0.25,	p = .1564

Model	2 h Model	1b F SEMNATGRASS2000 EDGEDEN250 EDGEDEN2502 .64/.64 12.95

b = −0.77,	p = .005 b = −0.14,	p = .3915 b = −0.14,	p = .3280

Model	2i Model	1d/1e DPS SEMNATGRASS1to3 MAIZE1to7 MAIZE1to72 .02/.35 26.77

b = −0.11,	p = .6795 b = 0.10,	p = .6312 b = −0.07,	p = .6875

Model	2j Model	1d/1e DPS SEMNATGRASS1to3 MAIZE1to7 .01/.36 28.1

b = −0.13,	p = .6282 b = −0.14,	p = .4887

Note:	At	the	node	level,	allelic	richness	(Ar),	expected	(He)	and	observed	heterozygosity	(Ho)	and	the	F-	value	are	used	as	response	variables	and	at	the	
link level PolDPS.	Presented	are	the	included	landscape	metrics	for	each	model,	the	marginal/conditional	r

2	values	and	the	∆AICc	in	comparison	to	the	
model	with	the	lowest	AICc	among	Step	3	Models	best	for	the	respective	population	genetic	measure.
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10 of 18  |     FEIGS et al.

the	node	level.	If	these	interpretations	hold	true,	they	exemplify	how	
utilizing	 both	 levels	 allows	 us	 to	 uncover	 a	 counterintuitive	way,	 by	
which	barriers	can	also	enhance	gene	flow	(Storfer	et	al.,	2010),	that	is,	
redirect	movement	along	the	barrier.

4.3  |  Mechanisms of how landscape heterogeneity 
increases among- forest patch movement activity 
at the local scale

At	 the	 local	 scale,	 the	 landscape	 heterogeneity	 was	 positively	
correlated with NESTSshared and FOREST- PATCHESshared	(Models	1a	
and 1c, Figure 2, Table 2),	and	edge	density	(Model	1b,	Figure 2, 
Table 2)	had	a	marginal	significant	quadratic	effect	on	NESTSshared. 
These findings elucidate how the surrounding landscape influ-
ences	 the	 extent	 to	 which	 forest	 patches	 share	 foraging	 bum-
blebees	 from	 the	 same	 nests.	 There	 are	 three	 non-	exclusive	
explanations	for	this	pattern:

1.	 The	 first	 explanation	 is	 given	 by	 landscape	 complementation	
(Ammann	 et	 al.,	 2024; Clake et al., 2022;	 Fahrig	 et	 al.,	 2011).	
Diverse	 habitats	 in	 a	 smaller	 area	 may	 provide	 more	 foraging	
resources	(Pywell	et	al.,	2006; Rundlöf et al., 2008).	Additionally,	
the	 boundary	 structures	 among	 different	 land-	use	 patches	 can	
also	 provide	 floral	 resources	 (Happe	 et	 al.,	 2018).	 As	 a	 conse-
quence, foraging workers might prefer moving among clusters 
of	 complementary	 land-	use	 types	 rather	 than	 among	 isolated	
single-	habitat	spots	if	those	clusters	provide	more	(diverse)	floral	
resources	 (Jha	 &	 Kremen,	 2013).	 In	 a	 previous	 study	 by	 Feigs	
et	al.	 (2022),	 they	showed	 that,	within	 the	same	 landscape	win-
dows,	 the	 mean	 distances	 between	 forest	 patches	 that	 shared	
B. pascuorum nests	 was	 2.4 km,	 indicating	 that	 at	 least	 a	 part	 of	
the	observed	bumblebee	workers	moved	among	multiple	clusters	
of	 complementary	 land-	use	 types	 even	 over	 longer	 distances.

2.	 More	 diverse	 landscapes,	 habitat	 boundaries	 and	 linear	 fea-
tures	provide	more	 suitable	nesting	 sites	 for	bumblebees	 (Kells	
&	 Goulson,	 2003;	 Meyer	 et	 al.,	 2005;	 Osborne	 et	 al.,	 2008; 

F I G U R E  3 Visualization	of	landscape	effects	(cf.	Table 3)	on	the	population	genetic	structure	of	Polygonatum multiflorum	(Step	2	Models)	
based	on	sets	of	landscape	metrics	selected	for	the	genetic	linker	(Step	1	Models).	Statistically	significant	effects	(p < .05)	are	represented	
by	solid	lines	with	95%	confidence	bands	depicted	in	grey.	Partial	residuals	are	represented	by	filled	squares.	Only	models	with	at	least	one	
significant term are shown.
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    |  11 of 18FEIGS et al.

Svensson	et	al.,	2000).	This	could	lead	to	a	higher	number	of	nests	
near	 the	 forest	patch,	 resulting	 in	 frequent	entries	 and	exits.	 If	
bumblebee	nests	are	 instead	within	 the	 forest	habitat,	workers	
might	rarely	visit	other	forest	patches	during	spring	if	sufficient	
flower	resources	exist	within	the	patch	to	sustain	the	nests.

3.	 Bumblebees	 exhibit	 complex	 navigation	 abilities	 (Brebner	
et al., 2021;	Fragoso	et	al.,	2021;	Osborne	et	al.,	2013),	with	land-
marks	 likely	being	one	of	 the	crucial	 components.	Within	more	
complex	landscapes,	bumblebees	appear	to	navigate	more	effec-
tively	(Cranmer	et	al.,	2012;	Plowright	&	Galen,	1985;	Van	Geert	
et al., 2010).	An	increased	diversity	of	surrounding	landscape	fea-
tures	might	enhance	the	chances	for	forest	patches	to	be	recog-
nized	and	relocated	(Hass	et	al.,	2019).	If	bumblebees	are	guided	
to	or	better	remember	patches,	it	could	elevate	the	likelihood	of	
revisiting these specific forest patches multiple times.

4.4  |  Landscape effects on genetic linkers can be 
translated into landscape effects on the forest herb's 
population genetic structure

Two	 primary	 observations	 suggest	 that	 landscape	 effects	 on	 the	
genetic linker translate into landscape effects on the population ge-
netics	of	the	forest	herb.	First,	for	Ar, Ho and F,	the	Step	2	Models	
met	the	criterion	of	performing	better	than	95%	of	Step	3	Models.	
Secondly,	for	the	same	measures,	several	of	the	terms	suggested	in	

Step	1	were	found	to	be	significant	in	Step	2	as	well.	These	observa-
tions	are	noteworthy,	 considering	 the	 long	generation	 time	of	 the	
clonal	and	long-	lived	forest	herb	species,	which	can	span	many	dec-
ades	(Kosiński,	2015).	We	anticipated	time	delays	between	any	land-
scape	change,	the	resulting	shifts	in	pollinator	movement	behaviour	
and	subsequent	changes	in	the	population	genetic	structure	of	for-
est	herbs.	This	delay	occurs	because	bumblebees	have	shorter	gen-
eration	 times	 (one	generation	per	year)	 than	perennial	plants,	 and	
because	forest	herbs	respond	to	movement	pattern	of	the	genetic	
linkers	and	not	directly	to	the	landscape	(Liu	et	al.,	2015).

As	described	above,	in	landscapes	with	fewer	floral	resources,	the	
value	of	forest	herbs'	pollen	and	nectar	for	the	genetic	linkers	should	
increase,	leading	to	more	pollen-	driven	gene	flow	among	P. multiflo-
rum	 populations.	At	 the	 landscape	 scale,	we	 found	 that	 the	 allelic	
richness of P. multiflorum	 populations	 increased	 with	 MAIZE2000 
(Model	2a),	whereas	it	decreased	with	SEMINATGRASS2000	(Model	
2b).	 These	 effect	 directions	 are	 interpretable	 in	 a	 straightforward	
manner. In contrast, assessing the effects on Ho and F requires 
considering that 15 of 17 populations of P. multiflorum	 displayed	
heterozygote	 excess,	 resulting	 in	 significantly	 negative	 F-	values	
(Feigs	et	al.,	2022;	Naaf	et	al.,	2021).	This	excess	stems	likely	from	
a	large	proportion	of	clonal	reproduction	(Reichel	et	al.,	2016)	and	
the dominance of a few pollen donors within populations in the 
past	 (Pudovkin	 et	 al.,	 1996;	 Stoeckel	 et	 al.,	2006).	We	 found	 that	
MAIZE2000	 positively	 affected	 the	 genetic	 linker	movement	 activ-
ity,	 that	 is,	 increased	 F	 (Model	 2g)	 and	 decreased	Ho	 (Model	 2e).	

F I G U R E  4 Visualization	of	the	model	comparison	between	Step	2	Models	and	Step	3	Models	(cf.	Table S7).	The	grey	kernel	density	plot	
illustrates	the	distribution	of	AICc	values	of	all	Step	3	Models,	considering	the	five	population	genetic	measures	of	Polygonatum multiflorum, 
that	is,	allelic	richness	(Ar),	expected	(He)	and	observed	heterozygosity	(Ho),	the	F-	value	(F)	at	the	node	level	and	PolDPS	at	the	link	level.	For	
each	measure,	the	yellow	lines	depict	AICc	values	of	Step	2	Models	within	the	distribution	of	Step	3	Models,	while	the	blue	lines	indicate	the	
95%	boundary.	The	symbols	indicate	the	sets	of	landscape	metrics.	AICc	values	were	scaled.
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12 of 18  |     FEIGS et al.

Conversely,	 a	 higher	 SEMINATGRASS2000 decreased F	 (Model	 2h)	
and increased Ho	 (Model	2f).	This	means	that	 in	 landscapes	with	a	
higher	dominance	of	maize,	 forest	herb	populations	 tend	 to	 reach	
Hardy–Weinberg	equilibrium	 (a	balance	between	genes	and	geno-
types,	comparable	to	a	situation	where	all	parents	contribute	equally	
to	the	populations'	genotypes	(Crow,	2001))	faster,	which	becomes	
evident in F-	values	closer	to	0	and	lower	Ho values due to increased 

pollen-	mediated	 gene	 flow.	 In	 contrast,	 in	 landscapes	 with	 more	
semi-	natural	 grassland,	 the	 genetic	 linker	 exhibits	 reduced	move-
ment	among-	forest	patches,	resulting	in	less	pollen-	mediated	gene	
flow among populations of P. multiflorum.

The	strong	impact	of	maize	cultivation	on	the	genetic	linker,	and	
consequently,	on	forest	herb	populations,	 is	remarkable,	especially	
considering	the	anticipated	time	delay	in	response	to	the	herb's	pop-
ulation	genetic	structure	and	the	short	history	of	maize	within	these	
landscapes	 of	 at	 most	 60 years	 (von	 Redwitz	 &	 Gerowitt,	 2018).	
Our	 sampling	 covered	 a	 high	 variance	of	 different	 levels	 of	maize	
dominance.	We	have	to	acknowledge	that	this	variance	was	nested	
according	to	our	landscape	windows	(Figures 2 and 3).	It	is	possible	
that	the	observed	effects	of	maize	and	semi-	natural	grassland	could	
just	 mirror	 other	 differences	 between	 these	 landscape	 windows,	
such	 as	 unmeasured	 landscape	 features	 or	 any	 characteristics	 of	
the	linker,	the	forest	herb	or	the	forest	patches.	Additionally,	differ-
ences in climatic conditions across these landscape windows cannot 
be	 ruled	 out.	 Still,	we	 are	 convinced	 that	 the	 observed	 pattern	 is	
due	to	the	stark	differences	in	MAIZE2000	and	SEMINATGRASS2000 
among	the	landscape	windows	(S2 and S3).	This	is	supported	by	our	
results	at	the	link	level,	at	which	maize	cover	was	less	nested	within	
landscape	windows	(Figure 2g,i).	To	further	explore	our	findings,	a	
subsequent	study	should	be	conducted	in	landscape	windows	with	
a	stronger	gradient	from	low	to	high	maize	and	semi-	natural	grass-
land cover within a landscape, or a higher replication over more than 
three landscapes.

4.5  |  The limits of translating landscape effects on 
genetic linkers to those on forest herbs

Our integrated approach also revealed the limits for translating the 
landscape	 effects	 from	 bumblebee	 movement	 indicators	 to	 the	
herb's	 population	 genetic	measures.	 The	 limits	 became	 evident	 in	
that	none	of	the	sets	of	 landscape	metrics	detected	 in	Step	1	had	
been	 selected	 as	 optimal	 to	 explain	 the	 plant	 population	 genetic	
measures	 in	 Step	 3.	 This	 emphasizes	 the	 need	 for	 caution	 when	
attributing	 patterns	 in	 a	 plant's	 population	 genetic	 structure	 to	
the	 expected	 behaviour	 of	 its	 most	 likely	 genetic	 linker	 (Kramer	
et al., 2011; Lanes et al., 2018;	Stoll	et	al.,	2020).	The	limits	can	be	
found	both	on	the	side	of	the	movement	indicators	as	well	as	on	the	
side of the population genetic measures.

On the side of the movement indicators, landscape effects need 
to	 be	 relatively	 strong	 and	 stable	 over	 time	 to	 become	 evident.	
Otherwise,	 as	we	observed	with	 the	 relatively	 low	marginal	 r2 for 
BomDPS	 (<.1;	Models	 1d,	 e),	 it	 is	 unlikely	 that	 such	 effects	will	 be	
traceable	 in	 the	plant's	population	genetic	structure	 (Models	2i,	 j).	
Also,	landscape	elements	might	affect	the	genetic	linkers	in	multiple	
ways	at	the	same	time.	If	it	holds	true	that	a	higher	landscape	hetero-
geneity	at	the	local	scale	increases	the	movement	activity	because	
of	 the	 higher	 floral	 resources	 provided	 by	 complements	 including	
forest	 patches	 and	 other	 habitat	 types	 as	 elaborated	 above,	 this	
would	also	mean	 that	workers	 collect	pollen	 from	a	 larger	 variety	

TA B L E  4 Summary	of	Step	3	Models	best.

Measure

N Step 3 
Models 
best Landscape metrics

Buffers/width- 
to- length ratio

Ar 3 LANDHET*	(3) 250, 500

D_FOREST	(2) 125

GRASS	(1) 2000

He 5 SEMNATVEG	(4) 2000

MAIZE*	(3) 2000*,	1000,	
500, 250

WATER	(1) 2000

ORCHARD	(1) 1000

Ho 5 MAIZE*	(5) 2000*,	1000

D_FOREST	(2) 500

C_FOREST	(2) 500, 250

L_FRINGE	(1) 250

F 3 SEMNATGRASS*	(2) 2000*

C_FOREST	(2) 250, 125

MAIZE*	(1) 2000*

L_FRINGE	(1) 500

DPS 55 L_ROAD	(54) 1 to 2, 1 to 3, 
1 to 2

ORCHARD	(34) 1 to 2, 1 to 3, 
2 to 3

L_WATER	(19) 1 to 2, 1 to 3, 1 
to 5, 2 to 3

RAPESEED	(18) 1 to 2, 1 to 3, 
2 to 3

CEREAL	(17) 1 to 2, 2 to 3

MAIZE*	(17) 1 to 2, 1 to 3, 
2 to 3

EDGEDEN	(17) 1 to 2, 1 to 3, 
2 to 3

GRASS	(10) 1 to 2, 1 to 5, 
2 to 3

LANDHET	(10) 1 to 7, 2 to 3

L_WOOD	(10) 1 to 2, 1 to 3, 1 
to 7, 2 to 3

D_FOREST	(5) 1 to 2, 2 to 3

SEMNATVEG	(4) 1 to 3, 2 to 3

SEMNATGRASS*	(2) 1 to 5, 2 to 3

SETTLE	(1) 2 to 3

Note:	The	table	displays	the	number	of	Step	3	Models	best	with	
∆AICc < 2,	the	count	of	corresponding	landscape	metrics	in	these	
models	and	the	corresponding	landscape	buffers	or	width-	to-	length	
ratios involved. Landscape metrics marked with an asterisk occurred 
also	in	Step	2	Models.

 20457758, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70078 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [22/08/2024]. 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



    |  13 of 18FEIGS et al.

of	plants.	Consequently,	flower	constancy	would	decrease,	which	is	
one of the main factors determining chances of successful pollen 
transport	(Popic	et	al.,	2013).	This	could	be	an	explanation	for	why	
we	did	not	find	significant	effects	of	LANDHET125 on Ho and F in the 
Step	2	Models	(Figure 3).

Another	reason	for	the	lack	of	effects	of	land	use	metrics	at	the	
local	scale	 in	some	of	 the	Step	2	Models	could	be	 that	a	more	di-
verse landscape surrounding a forest patch might also enhance the 
local	pollination	service	provided	by	B. pascuorum individuals within 
the	 forest	patch	 (Ekroos	et	 al.,	2015).	 This	would	 lead	 to	a	higher	
reproduction	 rate	dominated	by	 those	 large	clones	within	 the	 for-
est	 patches	 (see	 previous	 subsection).	 This	 second	 argumentation	
better	elucidates	why	we	found	significant	effects	in	Step	2	Models	
for Ar	 (Model	2a),	which	 is	more	sensitive	to	the	new	introduction	
of	alleles,	but	not	for	Ho	(Model	2e)	and	F	(Model	2g),	which	rather	
reflect	the	equilibrium	of	the	allele	composition	within	a	population	
(Greenbaum	et	al.,	2014).

On	 the	 side	 of	 the	 forest	 herb,	 the	 population	 genetic	 mea-
sures	reflect	an	accumulation	of	different	effects	over	many	years.	
This	might	explain	why	the	Step	3	Models	best	included	landscape	
metrics	 that	 could	 not	 be	 linked	 to	 the	 recent	movement	 activity	
of B. pascuorum.	Even	 though	Step	2	Models	exhibited	quite	 large	
marginal and conditional r2-	values	in	some	cases,	only	for	Ho, the r2-	
values	of	Step	2	Models	and	Step	3	Model	best	were	at	a	comparable	
level	 (Model	2f:	 .72/.72;	Model	3i:	 .76/.76).	At	 least	three	different	
mechanisms	that	cover	multiple	years	could	be	reflected	in	the	Step	
3	Models	best	that	are	beyond	what	Step	2	Models	could	capture:

First,	the	agricultural	landscape	is	under	constant	change.	Other	
landscape	elements	might	have	affected	the	movement	activity	of	
B. pascuorum	 in	 the	 past	 but	might	 be	 of	 lower	 importance	 in	 the	
present,	 for	 instance,	 due	 to	 shifts	 in	 dominant	 crop	 types	 at	 the	
landscape	 level.	 Therefore,	 their	 effects	 are	 not	 traceable	 in	 the	
movement	 indicators	 anymore	 but	 still	 in	 the	 population	 genetic	
structure	of	the	forest	herb.	This	might	be	true	for	the	effects	of	ce-
reals or rapeseed on PolDPS	(Table 4, Table S8.1)	or	the	semi-	natural	
vegetation for He	(Models	3	e-	h,	Table 4, Table S8.1).

Second,	alternations	in	landscape	composition	are	also	known	to	
result	in	shifts	in	the	pollinator	communities	(Vray	et	al.,	2019).	Notably,	
the	proportion	of	grassland	holds	a	recognized	influence	on	the	com-
position	of	bumblebee	species	 (Vray	et	al.,	2019).	Such	shifts	 in	 the	
pollinator communities can also include changes in the main pollinator 
species.	For	instance,	if	landscapes	once	had	a	higher	forest	cover,	the	
main pollinator of P. multiflorum	could	have	been	a	bumblebee	species	
that	 prefers	 forest	 as	 habitat,	 such	 as	Bombus hypnorum	 (Crowther	
et al., 2014).	The	transition	of	more	habitat-	specialized	pollinators	to	
less	habitat-	specialized	pollinators	 like	B. pascuorum is an anticipated 
consequence	 of	 landscape	 fragmentation	 (Hadley	 &	 Betts,	 2012).	
Correspondingly,	the	forest	herb's	population	genetic	structure	might	
still	bear	the	imprint	of	higher	forest	cover	present	in	the	studied	land-
scape	only	a	few	hundred	years	ago	(Huang	et	al.,	2024).

Third,	even	though	the	importance	of	long-	distance	seed	disper-
sal vectors for P. multiflorum	is	unknown,	the	fleshy	berries	imply	that	
seed	vectors	such	as	forest	birds	or	mammals	might	also	contribute	

to gene flow of P. multiflorum	 (Johnson	et	 al.,	 1985).	 If	 these	 seed	
vectors	are	forest	species,	they	should	also	respond	to	forest	cover	
(Heikkinen	 et	 al.,	 2004;	 Radford	 &	 Bennett,	 2007).	 Even	 if	 seed	
dispersal	 events	 are	 rare,	 they	 should	manifest	 themselves	 in	 the	
plant's	population	genetic	structure	over	many	years.

A	major	limitation	of	our	integrated	approach	was	that	it	could	
only	explain	the	specific	part	of	the	population	genetic	structure	
of P. multiflorum that correlated with landscape metrics influenc-
ing	the	movement	activity	of	B. pascuorum. This leaves a large part 
of landscape effects on the overall population genetic structure 
of P. multiflorum	 unaddressed.	However,	 our	 findings	 suggest	 ex-
panding our approach to include movement indicators of multiple 
important	genetic	linker	species.	Such	an	analysis	would	allow	us	
to	differentiate	which	landscape	metrics	 influence	the	activity	of	
one or multiple genetic linker species as well as the specific effect 
strengths	and	directions.	Theoretically,	it	could	also	include	(mul-
tiple)	seed	vectors,	which	in	the	case	of	P. multiflorum would have 
to	be	identified	first.

Future	research	on	the	effects	of	landscape	composition	should	
also	more	directly	address	the	temporal	scales,	which	are	reflected	
by	 the	 forest	 herbs'	 population	 genetic	 structure	 and	 the	 genetic	
linkers'	movement	indicators	(Balkenhol	et	al.,	2009).	Regarding	the	
past, this means including historical landscape metrics from multiple 
points	in	time	to	determine	how	long	the	patterns,	displayed	by	cur-
rent	population	genetic	measures	as	well	as	by	the	linkers'	movement	
indicators,	date	back.	Concerning	the	present,	paternity	analysis	of	
the	forest	herb	populations	would	allow	to	quantify	the	amount	of	
contemporary	pollen	flow	among	populations	per	year	(Holderegger	
et al., 2010)	and	would	provide	insights	into	how	this	pollen	flow	is	
related to effects of the current landscape composition on the con-
temporary	linker	movement	activity.

5  |  CONCLUSION

Our	 research	 uncovered	 that	 the	 among-	forest	 patch	 movement	
activity	 of	 B. pascuorum	 is	 influenced	 by	 the	 landscape	 composi-
tion	both	at	the	landscape	and	the	local	scale.	The	mechanisms	we	
employ	to	 interpret	these	effects	cannot	be	directly	 inferred	from	
knowledge	about	landscape	effects	on	abundances	of	B. pascuorum. 
This	underscores	the	importance	of	separately	examining	each	eco-
logical function of an organism. In the concrete case of the pollinator 
B. pascuorum,	this	necessitates	careful	distinction	between	the	ways	
in	which	the	landscape	affects	its	function	for	forest	herbs'	seed	set	
and recruitment and its function as their genetic linker.

Our	 study	 further	 demonstrated	 the	 feasibility	 of	 translating	
landscape	effects	on	the	movement	activity	of	a	genetic	linker	into	
landscape effects on the population genetic structure of a plant. 
Notably,	this	was	also	possible	for	landscape	elements	relatively	re-
cently	introduced,	such	as	maize.	Consequently,	the	recent	activity	
of	the	genetic	linker	is	responsible	for	a	considerable	proportion	of	
individuals	in	the	forest	herb	populations,	which	are	thus	relatively	
young	 and	 of	 sexual	 origin.	 This	 observation	 is	 noteworthy,	 as	 it	

 20457758, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70078 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [22/08/2024]. 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



14 of 18  |     FEIGS et al.

demonstrates	that	not	only	processes	over	centuries	but	also	those	
occurring	within	 a	 few	decades,	 such	as	 shifts	 in	 crop	 type	domi-
nance,	contribute	to	shaping	the	evolutionary	potential	of	this	long-	
living	and	clonal	forest	herb.	In	conclusion,	our	findings	underscore	
the	importance	of	integrating	the	distribution	of	floral	resources	on	
a landscape scale into conservation approaches aiming at increasing 
the	functional	connectivity	of	long-	living	species	such	as	clonal	for-
est	herbs.

AUTHOR CONTRIBUTIONS
Jannis Till Feigs:	Conceptualization	(lead);	data	curation	(lead);	formal	
analysis	 (lead);	 investigation	 (lead);	 methodology	 (lead);	 resources	
(lead);	 software	 (lead);	 visualization	 (lead);	 writing	 –	 original	 draft	
(lead);	writing	–	review	and	editing	(lead).	Siyu Huang:	Visualization	
(supporting);	writing	–	original	draft	 (supporting);	writing	–	 review	
and	 editing	 (supporting).	 Jörg Brunet:	 Supervision	 (supporting);	
writing	–	original	draft	(supporting).	Martin Diekmann:	Supervision	
(supporting);	writing	–	original	draft	(supporting).	Per- Ola Hedwall: 
Writing	–	original	 draft	 (supporting).	Katja Kramp:	 Funding	 acqui-
sition	 (equal);	 methodology	 (supporting);	 project	 administration	
(supporting);	 resources	 (equal);	 software	 (supporting);	 supervision	
(supporting).	Stephanie I. J. Holzhauer:	Conceptualization	(support-
ing);	funding	acquisition	(equal);	methodology	(supporting);	project	
administration	(supporting);	supervision	(supporting);	writing	–	orig-
inal	draft	(supporting).	Tobias Naaf:	Conceptualization	(supporting);	
data	 curation	 (supporting);	 formal	 analysis	 (supporting);	 funding	
acquisition	 (equal);	 investigation	 (supporting);	 methodology	 (sup-
porting);	 project	 administration	 (lead);	 resources	 (equal);	 software	
(equal);	supervision	(lead);	validation	(supporting);	visualization	(sup-
porting);	writing	–	original	draft	 (supporting);	writing	–	review	and	
editing	(supporting).

ACKNOWLEDG MENTS
We	thank	Susanne	Schulz	from	the	Leibniz	Centre	for	Agricultural	
Landscape	 Research	 (ZALF)	 for	 her	 support	 in	 working	 with	 the	
high-	performance	cluster	(HPC).	Open	Access	funding	enabled	and	
organized	by	Projekt	DEAL.

FUNDING INFORMATION
We	thank	 the	German	Research	Foundation	as	 funders	of	 this	 re-
search	(research	grants	NA	1067/2–1,	HO	4742/2–1	and	KR	5060/1–
1).	This	includes	the	research	work	of	JTF,	KK,	SH,	SIJH	and	TN.	This	
work	was	supported	by	the	FWO	Scientific	research	network	FLEUR	
(http://	www.	fleur.	ugent.	be).	 This	 research	 was	 also	 partly	 funded	
by	 the	 German	 Federal	Ministry	 of	 Food	 and	 Agriculture	 (BMEL)	
and	the	Ministry	for	Science,	Research	and	Culture	of	the	State	of	
Brandenburg	(MWFK).

CONFLIC T OF INTERE S T S TATEMENT
The	authors	declare	that	the	research	was	conducted	in	the	absence	
of	any	commercial	or	financial	relationships	that	could	be	construed	
as a potential conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
All	datasets	are	accessible	on	DRYAD:	The	node-	level	data	for	P. mul-
tiflorum via https://	doi.	org/	10.	5061/	dryad.	tb2rb	p00k,	the	link-	level	
data for P. multiflorum via https://	doi.	org/	10.	5061/	dryad.	h70rx	
wdkf,	 the	allele	tables	of	the	pollinators	via	https://	datad	ryad.	org/	
stash/		datas	et/	10.	5061/	dryad.	sf7m0	cg8w and all landscape metrics 
via https://	doi.	org/	10.	5061/	dryad.	h70rx	wdkf.	 The	R-	script	 for	 the	
analysis	is	stored	as	supplementary	files.

ORCID
Jannis Till Feigs  https://orcid.org/0009-0006-1676-8737 
Siyu Huang  https://orcid.org/0009-0000-8713-5490 
Stephanie I. J. Holzhauer  https://orcid.
org/0009-0009-5020-6318  
Jörg Brunet  https://orcid.org/0000-0003-2667-4575 
Martin Diekmann  https://orcid.org/0000-0001-8482-0679  
Per- Ola Hedwall  https://orcid.org/0000-0002-0120-7420 
Katja Kramp  https://orcid.org/0000-0003-4373-4699  
Tobias Naaf  https://orcid.org/0000-0002-4809-3694 

R E FE R E N C E S
Aavik,	T.,	Talve,	T.,	Thetloff,	M.,	Uuemaa,	E.,	&	Oja,	T.	(2017).	Genetic	con-

sequences	of	landscape	change	for	rare	endemic	plants–A	case	study	
of Rhinanthus osiliensis. Biological Conservation, 210, 125–135.

Aguilar,	R.,	Ashworth,	L.,	Galetto,	L.,	&	Aizen,	M.	A.	(2006).	Plant	repro-
ductive	susceptibility	to	habitat	fragmentation:	Review	and	synthe-
sis	through	a	meta-	analysis.	Ecology Letters, 9,	968–980.

Alignier,	A.,	Lenestour,	N.,	Jeavons,	E.,	van	Baaren,	J.,	Aviron,	S.,	Uroy,	
L.,	Ricono,	C.,	&	Le	Lann,	C.	(2023).	Floral	resource	maps:	A	tool	to	
explain	flower-	visiting	insect	abundance	at	multiple	spatial	scales.	
Landscape Ecology, 38, 1511–1525.

Ammann,	 L.,	 Bosem-	Baillod,	 A.,	 Herzog,	 F.,	 Frey,	D.,	 Entling,	M.	H.,	 &	
Albrecht,	 M.	 (2024).	 Spatio-	temporal	 complementarity	 of	 floral	
resources	sustains	wild	bee	pollinators	 in	agricultural	 landscapes.	
Agriculture, Ecosystems & Environment, 359, 108754.

Anderson,	D.	R.,	&	Burnham,	K.	P.	 (2002).	Avoiding	pitfalls	when	using	
information-	theoretic	methods.	The Journal of Wildlife Management, 
66,	912–918.

Balkenhol,	 N.,	 Gugerli,	 F.,	 Cushman,	 S.	 A.,	 Waits,	 L.	 P.,	 Coulon,	 A.,	
Arntzen,	 J.	W.,	Holderegger,	R.,	Wagner,	H.	H.,	&	Participants	of	
the	 Landscape	 Genetics	 Research	 Agenda	 Workshop.	 (2009).	
Identifying	future	research	needs	in	landscape	genetics:	Where	to	
from here? Landscape Ecology, 24, 455–463.

Bhattacharya,	M.,	Primack,	R.	B.,	&	Gerwein,	 J.	 (2003).	Are	 roads	 and	
railroads	barriers	to	bumblebee	movement	in	a	temperate	suburban	
conservation area? Biological Conservation, 109, 37–45.

Billeter,	R.,	Liira,	J.,	Bailey,	D.,	Bugter,	R.,	Arens,	P.,	Augenstein,	I.,	Aviron,	
S.,	Baudry,	J.,	Bukacek,	R.,	&	Burel,	F.	(2008).	Indicators	for	biodi-
versity	in	agricultural	landscapes:	A	pan-	European	study.	Journal of 
Applied Ecology, 45, 141–150.

Bontšutšnaja,	A.,	Karise,	R.,	Mänd,	M.,	&	Smagghe,	G.	 (2021).	Bumble	
bee	 foraged	 pollen	 analyses	 in	 spring	 time	 in	 southern	 Estonia	
shows	abundant	food	sources.	Insects, 12,	922.

Braunisch,	V.,	 Segelbacher,	G.,	&	Hirzel,	A.	H.	 (2010).	Modelling	 func-
tional	landscape	connectivity	from	genetic	population	structure:	A	
new	spatially	explicit	approach.	Molecular Ecology, 19, 3664–3678.

Brebner,	J.	S.,	Makinson,	J.	C.,	Bates,	O.	K.,	Rossi,	N.,	Lim,	K.	S.,	Dubois,	
T.,	Gómez-	Moracho,	T.,	Lihoreau,	M.,	Chittka,	L.,	&	Woodgate,	J.	L.	
(2021).	Bumble	bees	strategically	use	ground	level	linear	features	in	
navigation. Animal Behaviour, 179, 147–160.

 20457758, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70078 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [22/08/2024]. 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

http://www.fleur.ugent.be
https://doi.org/10.5061/dryad.tb2rbp00k
https://doi.org/10.5061/dryad.h70rxwdkf
https://doi.org/10.5061/dryad.h70rxwdkf
https://datadryad.org/stash/dataset/10.5061/dryad.sf7m0cg8w
https://datadryad.org/stash/dataset/10.5061/dryad.sf7m0cg8w
https://doi.org/10.5061/dryad.h70rxwdkf
https://orcid.org/0009-0006-1676-8737
https://orcid.org/0009-0006-1676-8737
https://orcid.org/0009-0000-8713-5490
https://orcid.org/0009-0000-8713-5490
https://orcid.org/0009-0009-5020-6318
https://orcid.org/0009-0009-5020-6318
https://orcid.org/0009-0009-5020-6318
https://orcid.org/0000-0003-2667-4575
https://orcid.org/0000-0003-2667-4575
https://orcid.org/0000-0001-8482-0679
https://orcid.org/0000-0001-8482-0679
https://orcid.org/0000-0002-0120-7420
https://orcid.org/0000-0002-0120-7420
https://orcid.org/0000-0003-4373-4699
https://orcid.org/0000-0003-4373-4699
https://orcid.org/0000-0002-4809-3694
https://orcid.org/0000-0002-4809-3694


    |  15 of 18FEIGS et al.

Brunet,	 J.	 (2007).	 Plant	 colonization	 in	 heterogeneous	 landscapes:	 An	
80-	year	perspective	on	restoration	of	broadleaved	forest	vegeta-
tion. Journal of Applied Ecology, 44, 563–572.

Carvell,	C.,	 Jordan,	W.	C.,	Bourke,	A.	F.,	Pickles,	R.,	Redhead,	 J.	W.,	&	
Heard,	 M.	 S.	 (2012).	 Molecular	 and	 spatial	 analyses	 reveal	 links	
between	colony-	specific	foraging	distance	and	landscape-	level	re-
source	availability	in	two	bumblebee	species.	Oikos, 121, 734–742.

Castilla,	A.	R.,	Pope,	N.	S.,	O'Connell,	M.,	Rodriguez,	M.	F.,	Treviño,	L.,	
Santos,	A.,	&	Jha,	S.	(2017).	Adding	landscape	genetics	and	individual	
traits	to	the	ecosystem	function	paradigm	reveals	the	importance	
of	species	functional	breadth.	Proceedings of the National Academy 
of Sciences of the United States of America, 114, 12761–12766.

Chittka,	L.,	Thomson,	J.	D.,	&	Waser,	N.	M.	(1999).	Flower	constancy,	insect	
psychology,	and	plant	evolution.	Naturwissenschaften, 86, 361–377.

Clake,	D.	J.,	Rogers,	S.	M.,	&	Galpern,	P.	(2022).	Landscape	complemen-
tation	 is	 a	 driver	 of	 bumble	 bee	 (Bombus	 sp.)	 abundance	 in	 the	
Canadian	Rocky	Mountains.	Landscape Ecology, 37, 713–728.

Cranmer,	L.,	McCollin,	D.,	&	Ollerton,	J.	(2012).	Landscape	structure	in-
fluences	pollinator	movements	and	directly	affects	plant	reproduc-
tive success. Oikos, 121, 562–568.

Crow,	J.	F.	(2001).	The	beanbag	lives	on.	Nature, 409, 771.
Crowther,	L.	P.,	Hein,	P.-	L.,	&	Bourke,	A.	F.	(2014).	Habitat	and	forage	as-

sociations	of	a	naturally	colonising	insect	pollinator,	the	tree	bum-
blebee	Bombus hypnorum. PLoS One, 9, e107568.

Decocq,	 G.,	 Guiller,	 A.,	 Kichey,	 T.,	 Van	 de	 Pitte,	 K.,	 Gallet-	Moron,	 E.,	
Honnay,	 O.,	 &	 Closset-	Kopp,	 D.	 (2021).	 Drivers	 of	 species	 and	
genetic	 diversity	 within	 forest	 metacommunities	 across	 agricul-
tural	 landscapes	 of	 different	 permeability.	Landscape Ecology, 36, 
3269–3286.

Dornhaus,	A.,	&	Chittka,	L.	 (1999).	Evolutionary	origins	of	bee	dances.	
Nature, 401, 38.

Dreier,	 S.,	 Redhead,	 J.	W.,	Warren,	 I.	 A.,	 Bourke,	 A.	 F.,	 Heard,	 M.	 S.,	
Jordan,	W.	C.,	Sumner,	S.,	Wang,	J.,	&	Carvell,	C.	(2014).	Fine-	scale	
spatial	 genetic	 structure	 of	 common	 and	 declining	 bumble	 bees	
across an agricultural landscape. Molecular Ecology, 23,	3384–3395.

Driscoll,	D.	A.,	Banks,	S.	C.,	Barton,	P.	S.,	Lindenmayer,	D.	B.,	&	Smith,	
A.	L.	(2013).	Conceptual	domain	of	the	matrix	in	fragmented	land-
scapes. Trends in Ecology & Evolution, 28, 605–613.

Ehrlén,	J.,	&	Eriksson,	O.	(1993).	Toxicity	in	fleshy	fruits:	A	non-	adaptive	
trait? Oikos, 66, 107–113.

Ehrlén,	 J.,	 &	 Eriksson,	O.	 (2000).	 Dispersal	 limitation	 and	 patch	 occu-
pancy	in	forest	herbs.	Ecology, 81, 1667–1674.

Ekroos,	 J.,	 Jakobsson,	 A.,	Wideen,	 J.,	 Herbertsson,	 L.,	 Rundlöf,	 M.,	 &	
Smith,	H.	G.	(2015).	Effects	of	landscape	composition	and	configu-
ration	on	pollination	in	a	native	herb:	A	field	experiment.	Oecologia, 
179,	509–518.

Ekroos,	J.,	Rundlöf,	M.,	&	Smith,	H.	G.	(2013).	Trait-	dependent	responses	
of	flower-	visiting	insects	to	distance	to	semi-	natural	grasslands	and	
landscape	heterogeneity.	Landscape Ecology, 28,	1283–1292.

Ellis,	 E.	 C.	 (2011).	 Anthropogenic	 transformation	 of	 the	 terrestrial	
biosphere.	 Philosophical Transactions of the Royal Society A: 
Mathematical, Physical and Engineering Sciences, 369, 1010–1035.

European	Commission	(2020).	Integrated	administration	and	control	sys-
tem	 (IACS).	 Available	 from	 https://ec.europa.eu/info/food-farm-
ing-fisheries/key-policies/common-agricultural-policy/financ-
ing-cap/financial-assurance/managing-payments_en.	 Accessed	 10	
August	2021.

Fagúndez,	J.,	Olea,	P.	P.,	Tejedo,	P.,	Mateo-	Tomás,	P.,	&	Gómez,	D.	(2016).	
Irrigation	and	maize	cultivation	erode	plant	diversity	within	crops	
in	 Mediterranean	 dry	 cereal	 agro-	ecosystems.	 Environmental 
Management, 58, 164–174.

Fahrig,	 L.,	Baudry,	 J.,	Brotons,	 L.,	Burel,	 F.	G.,	Crist,	 T.	O.,	 Fuller,	R.	 J.,	
Sirami,	 C.,	 Siriwardena,	 G.	 M.,	 &	Martin,	 J.-	L.	 (2011).	 Functional	
landscape	 heterogeneity	 and	 animal	 biodiversity	 in	 agricultural	
landscapes. Ecology Letters, 14, 101–112.

Favre-	Bac,	L.,	Mony,	C.,	Ernoult,	A.,	Burel,	F.,	&	Arnaud,	J.-	F.	(2016).	Ditch	
network	 sustains	 functional	 connectivity	 and	 influences	patterns	
of gene flow in an intensive agricultural landscape. Heredity, 116, 
200–212.

Feigs,	J.	T.,	Holzhauer,	S.	I.,	Huang,	S.,	Brunet,	J.,	Diekmann,	M.,	Hedwall,	
P.-	O.,	 Kramp,	K.,	 &	Naaf,	 T.	 (2022).	 Pollinator	movement	 activity	
influences	genetic	diversity	and	differentiation	of	spatially	isolated	
populations	of	clonal	forest	herbs.	Frontiers in Ecology and Evolution, 
10,	908258.

Flick,	T.,	Feagan,	S.,	&	Fahrig,	L.	(2012).	Effects	of	landscape	structure	on	
butterfly	species	richness	and	abundance	in	agricultural	landscapes	
in eastern Ontario, Canada. Agriculture, Ecosystems & Environment, 
156, 123–133.

Fragoso,	F.	P.,	Jiang,	Q.,	Clayton,	M.	K.,	&	Brunet,	J.	(2021).	Patch	selec-
tion	by	bumble	bees	navigating	discontinuous	landscapes.	Scientific 
Reports, 11,	8986.

Fussell,	M.,	&	Corbet,	S.	A.	 (1991).	Forage	for	bumble	bees	and	honey	
bees	in	farmland:	A	case	study.	Journal of Apicultural Research, 30, 
87–97.

Garratt,	M.	P.,	Senapathi,	D.,	Coston,	D.	J.,	Mortimer,	S.	R.,	&	Potts,	S.	G.	
(2017).	The	benefits	of	hedgerows	for	pollinators	and	natural	ene-
mies	depends	on	hedge	quality	and	landscape	context.	Agriculture, 
Ecosystems & Environment, 247, 363–370.

Gentili,	R.,	Solari,	A.,	Diekmann,	M.,	Duprè,	C.,	Monti,	G.	S.,	Armiraglio,	
S.,	Assini,	S.,	&	Citterio,	S.	(2018).	Genetic	differentiation,	local	ad-
aptation	and	phenotypic	plasticity	in	fragmented	populations	of	a	
rare	forest	herb.	PeerJ, 6,	e4929.

Gómez-	Martínez,	C.,	Aase,	A.	L.	T.	O.,	Totland,	Ø.,	Rodríguez-	Pérez,	J.,	
Birkemoe,	 T.,	 Sverdrup-	Thygeson,	A.,	&	 Lázaro,	A.	 (2020).	 Forest	
fragmentation	modifies	 the	composition	of	bumblebee	communi-
ties and modulates their trophic and competitive interactions for 
pollination. Scientific Reports, 10, 10872.

Goulson,	 D.	 (2010).	 Bumblebees: Behaviour, ecology, and conservation. 
Oxford	University	Press.

Goulson,	D.,	Lepais,	O.,	O'Connor,	S.,	Osborne,	 J.	L.,	Sanderson,	R.	A.,	
Cussans,	J.,	Goffe,	L.,	&	Darvill,	B.	(2010).	Effects	of	land	use	at	a	
landscape	scale	on	bumblebee	nest	density	and	survival.	Journal of 
Applied Ecology, 47, 1207–1215.

Grass,	 I.,	 Jauker,	 B.,	 Steffan-	Dewenter,	 I.,	 Tscharntke,	 T.,	 &	 Jauker,	 F.	
(2018).	Past	and	potential	future	effects	of	habitat	fragmentation	
on	 structure	 and	 stability	 of	 plant–pollinator	 and	host–parasitoid	
networks. Nature Ecology & Evolution, 2, 1408–1417.

Greenbaum,	G.,	Templeton,	A.	R.,	Zarmi,	Y.,	&	Bar-	David,	S.	(2014).	Allelic	
richness	following	population	founding	events	–	A	stochastic	mod-
eling framework incorporating gene flow and genetic drift. PLoS 
One, 9, e115203.

Guiller,	 A.,	 Decocq,	 G.,	 Kichey,	 T.,	 Poli,	 P.,	 Vandepitte,	 K.,	 Dubois,	 F.,	
Honnay,	O.,	 &	 Closset-	Kopp,	 D.	 (2023).	 Spatial	 genetic	 structure	
of	two	forest	plant	metapopulations	 in	dynamic	agricultural	 land-
scapes. Landscape and Urban Planning, 231, 104648.

Hadley,	A.	S.,	&	Betts,	M.	G.	(2012).	The	effects	of	landscape	fragmenta-
tion	on	pollination	dynamics:	Absence	of	evidence	not	evidence	of	
absence.	Biological Reviews, 87, 526–544.

Haenke,	 S.,	 Kovács-	Hostyánszki,	 A.,	 Fründ,	 J.,	 Batáry,	 P.,	 Jauker,	 B.,	
Tscharntke,	T.,	&	Holzschuh,	A.	(2014).	Landscape	configuration	of	
crops	and	hedgerows	drives	local	syrphid	fly	abundance.	Journal of 
Applied Ecology, 51, 505–513.

Happe,	A.-	K.,	Riesch,	F.,	Rösch,	V.,	Gallé,	R.,	Tscharntke,	T.,	&	Batáry,	P.	
(2018).	 Small-	scale	 agricultural	 landscapes	 and	 organic	 manage-
ment	 support	 wild	 bee	 communities	 of	 cereal	 field	 boundaries.	
Agriculture, Ecosystems & Environment, 254,	92–98.

Hasegawa,	T.,	&	Kudo,	G.	(2005).	Comparisons	of	growth	schedule,	re-
productive	 property	 and	 allocation	 pattern	 among	 three	 rhizom-
atous Polygonatum	 species	with	 reference	 to	 their	 habitat	 types.	
Plant Species Biology, 20, 23–32.

 20457758, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70078 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [22/08/2024]. 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://ec.europa.eu/info/food-farming-fisheries/key-policies/common-agricultural-policy/financing-cap/financial-assurance/managing-payments_en
https://ec.europa.eu/info/food-farming-fisheries/key-policies/common-agricultural-policy/financing-cap/financial-assurance/managing-payments_en
https://ec.europa.eu/info/food-farming-fisheries/key-policies/common-agricultural-policy/financing-cap/financial-assurance/managing-payments_en


16 of 18  |     FEIGS et al.

Hass,	A.	L.,	Brachmann,	L.,	Batáry,	P.,	Clough,	Y.,	Behling,	H.,	&	Tscharntke,	
T.	 (2019).	Maize-	dominated	 landscapes	reduce	bumblebee	colony	
growth	through	pollen	diversity	loss.	Journal of Applied Ecology, 56, 
294–304.

Heikkinen,	 R.	 K.,	 Luoto,	 M.,	 Virkkala,	 R.,	 &	 Rainio,	 K.	 (2004).	 Effects	
of	habitat	cover,	 landscape	structure	and	spatial	variables	on	 the	
abundance	 of	 birds	 in	 an	 agricultural–forest	 mosaic.	 Journal of 
Applied Ecology, 41, 824–835.

Hendrickx,	 F.,	 Maelfait,	 J.-	P.,	 Van	 Wingerden,	 W.,	 Schweiger,	 O.,	
Speelmans,	 M.,	 Aviron,	 S.,	 Augenstein,	 I.,	 Billeter,	 R.,	 Bailey,	 D.,	
Bukacek,	R.,	Burel,	F.,	Diekötter,	T.,	Dirksen,	J.,	Herzog,	F.,	Liira,	J.,	
Roubalova,	M.,	Vandomme,	V.,	&	Bugter,	R.	(2007).	How	landscape	
structure,	 land-	use	 intensity	 and	 habitat	 diversity	 affect	 compo-
nents	of	total	arthropod	diversity	in	agricultural	landscapes.	Journal 
of Applied Ecology, 44, 340–351.

Herbertsson,	 L.,	 Ekroos,	 J.,	 Albrecht,	 M.,	 Bartomeus,	 I.,	 Batáry,	 P.,	
Bommarco,	R.,	Caplat,	P.,	Diekötter,	T.,	Eikestam,	J.	M.,	&	Entling,	M.	
H.	(2021).	Bees	increase	seed	set	of	wild	plants	while	the	propor-
tion	of	arable	land	has	a	variable	effect	on	pollination	in	European	
agricultural landscapes. Plant Ecology and Evolution, 154, 341–350.

Holderegger,	R.,	Buehler,	D.,	Gugerli,	F.,	&	Manel,	S.	 (2010).	Landscape	
genetics of plants. Trends in Plant Science, 15, 675–683.

Honnay,	O.,	Coart,	E.,	Butaye,	J.,	Adriaens,	D.,	Van	Glabeke,	S.,	&	Roldán-	
Ruiz,	I.	(2006).	Low	impact	of	present	and	historical	landscape	con-
figuration on the genetics of fragmented Anthyllis vulneraria popu-
lations. Biological Conservation, 127,	411–419.

Honnay,	O.,	Jacquemyn,	H.,	Bossuyt,	B.,	&	Hermy,	M.	(2005).	Forest	frag-
mentation	effects	on	patch	occupancy	and	population	viability	of	
herbaceous	plant	species.	New Phytologist, 166, 723–736.

Huang,	S.,	Feigs,	J.	T.,	Holzhauer,	S.	I.	J.,	Kramp,	K.,	Brunet,	J.,	Decocq,	
G.,	De	Frenne,	P.,	Diekmann,	M.,	Liira,	J.,	Spicher,	F.,	Vangansbeke,	
P.,	Vanneste,	T.,	Verheyen,	K.,	&	Naaf,	T.	(2024).	Limited	effects	of	
population	age	on	the	genetic	structure	of	spatially	isolated	forest	
herb	populations	 in	 temperate	Europe.	Ecology and Evolution, 14, 
e10971.

Jachuła,	J.,	Denisow,	B.,	Wrzesień,	M.,	&	Ziółkowska,	E.	(2022).	The	need	
for	 weeds:	 Man-	made,	 non-	cropped	 habitats	 complement	 crops	
and	natural	habitats	in	providing	honey	bees	and	bumble	bees	with	
pollen resources. Science of the Total Environment, 840, 156551.

Jacquemyn,	H.,	Brys,	R.,	Honnay,	O.,	Hermy,	M.,	&	Roldan-	Ruiz,	I.	(2006).	
Sexual	reproduction,	clonal	diversity	and	genetic	differentiation	in	
patchily	distributed	populations	of	the	temperate	forest	herb	Paris 
quadrifolia	(Trilliaceae).	Oecologia, 147, 434–444.

Jakobsson,	A.,	&	Ågren,	J.	(2014).	Distance	to	semi-	natural	grassland	in-
fluences	seed	production	of	insect-	pollinated	herbs.	Oecologia, 175, 
199–208.

Jeltsch,	F.,	Bonte,	D.,	Pe'er,	G.,	Reineking,	B.,	Leimgruber,	P.,	Balkenhol,	
N.,	Schröder,	B.,	Buchmann,	C.	M.,	Mueller,	T.,	&	Blaum,	N.	(2013).	
Integrating	movement	ecology	with	biodiversity	research-	exploring	
new	 avenues	 to	 address	 spatiotemporal	 biodiversity	 dynamics.	
Movement Ecology, 1, 1–13.

Jha,	 S.,	 &	 Kremen,	 C.	 (2013).	 Resource	 diversity	 and	 landscape-	level	
homogeneity	drive	native	bee	foraging.	Proceedings of the National 
Academy of Sciences of the United States of America, 110, 555–558.

Johansen,	L.,	Henriksen,	M.	V.,	&	Wehn,	S.	 (2022).	The	contribution	of	
alternative	 habitats	 for	 conservation	 of	 plant	 species	 associated	
with	 threatened	 semi-	natural	 grasslands.	 Ecological Solutions and 
Evidence, 3, e12183.

Johnson,	R.	A.,	Willson,	M.	 F.,	 Thompson,	 J.	N.,	&	Bertin,	 R.	 I.	 (1985).	
Nutritional	values	of	wild	 fruits	and	consumption	by	migrant	 fru-
givorous. Ecology, 66,	819–827.

Jones,	O.	R.,	&	Wang,	J.	(2010).	COLONY:	A	program	for	parentage	and	
sibship	inference	from	multilocus	genotype	data.	Molecular Ecology 
Resources, 10, 551–555.

Kamm,	U.,	Gugerli,	F.,	Rotach,	P.,	Edwards,	P.,	&	Holderegger,	R.	(2010).	
Open	 areas	 in	 a	 landscape	 enhance	 pollen-	mediated	 gene	 flow	

of	a	tree	species:	Evidence	from	northern	Switzerland.	Landscape 
Ecology, 25,	903–911.

Kells,	 A.	 R.,	 &	Goulson,	 D.	 (2003).	 Preferred	 nesting	 sites	 of	 bumble-
bee	queens	(Hymenoptera:	Apidae)	 in	agroecosystems	in	the	UK.	
Biological Conservation, 109, 165–174.

Kennedy,	 C.	M.,	 Oakleaf,	 J.	 R.,	 Theobald,	 D.	M.,	 Baruch-	Mordo,	 S.,	 &	
Kiesecker,	J.	 (2019).	Managing	the	middle:	A	shift	 in	conservation	
priorities	based	on	the	global	human	modification	gradient.	Global 
Change Biology, 25, 811–826.

Klaus,	 F.,	 Bass,	 J.,	 Marholt,	 L.,	 Müller,	 B.,	 Klatt,	 B.,	 &	 Kormann,	 U.	
(2015).	Hedgerows	have	a	barrier	effect	and	channel	pollinator	
movement in the agricultural landscape. Journal of Landscape 
Ecology, 8, 22–31.

Kleijn,	D.,	&	Verbeek,	M.	(2000).	Factors	affecting	the	species	composi-
tion	of	arable	field	boundary	vegetation.	Journal of Applied Ecology, 
37, 256–266.

Klotz,	 S.,	 Kühn,	 I.,	 Durka,	 W.,	 &	 Briemle,	 G.	 (2002).	 BIOLFLOR: Eine 
Datenbank mit biologisch- ökologischen Merkmalen zur Flora von 
Deutschland.	Bundesamt	für	Naturschutz	Bonn.

Knight,	 M.	 E.,	 Martin,	 A.	 P.,	 Bishop,	 S.,	 Osborne,	 J.	 L.,	 Hale,	 R.	 J.,	
Sanderson,	R.	A.,	&	Goulson,	D.	 (2005).	An	interspecific	compari-
son	of	foraging	range	and	nest	density	of	four	bumblebee	(Bombus)	
species. Molecular Ecology, 14, 1811–1820.

Knight,	M.	E.,	Osborne,	J.	L.,	Sanderson,	R.	A.,	Hale,	R.	J.,	Martin,	A.	P.,	&	
Goulson,	D.	(2009).	Bumblebee	nest	density	and	the	scale	of	avail-
able	forage	in	arable	landscapes.	Insect Conservation and Diversity, 
2, 116–124.

Kolb,	A.	(2008).	Habitat	fragmentation	reduces	plant	fitness	by	disturb-
ing	 pollination	 and	 modifying	 response	 to	 herbivory.	 Biological 
Conservation, 141,	2540–2549.

Kolb,	A.,	&	Durka,	W.	 (2013).	Reduced	genetic	variation	mainly	affects	
early	rather	than	late	life-	cycle	stages.	Biological Conservation, 159, 
367–374.

Kormann,	U.,	Scherber,	C.,	Tscharntke,	T.,	Klein,	N.,	Larbig,	M.,	Valente,	
J.	 J.,	 Hadley,	 A.	 S.,	 &	 Betts,	 M.	 G.	 (2016).	 Corridors	 restore	
animal-	mediated	 pollination	 in	 fragmented	 tropical	 forest	 land-
scapes. Proceedings of the Royal Society B: Biological Sciences, 283, 
20152347.

Kosiński,	 I.	 (2012).	 Generative	 reproduction	 dynamics	 in	 populations	
of	 the	 perennial	 herb	 Polygonatum multiflorum	 (Asparagaceae).	
Annales Botanici Fennici, 49, 217–228.

Kosiński,	 I.	 (2015).	Ontogenetic	 development	 and	maturity	 of	 individ-
uals of Polygonatum multiflorum. Flora -  Morphology, Distribution, 
Functional Ecology of Plants, 216, 1–5.

Kovács-	Hostyánszki,	 A.,	 Haenke,	 S.,	 Batáry,	 P.,	 Jauker,	 B.,	 Báldi,	 A.,	
Tscharntke,	T.,	&	Holzschuh,	A.	(2013).	Contrasting	effects	of	mass-	
flowering	crops	on	bee	pollination	of	hedge	plants	at	different	spa-
tial and temporal scales. Ecological Applications, 23,	1938–1946.

Kramer,	A.	T.,	Fant,	J.	B.,	&	Ashley,	M.	V.	(2011).	Influences	of	landscape	
and	 pollinators	 on	 population	 genetic	 structure:	 Examples	 from	
three	 Penstemon	 (Plantaginaceae)	 species	 in	 the	 Great	 Basin.	
American Journal of Botany, 98,	109–121.

Krewenka,	K.	M.,	Holzschuh,	A.,	Tscharntke,	T.,	&	Dormann,	C.	F.	(2011).	
Landscape	 elements	 as	 potential	 barriers	 and	 corridors	 for	 bees,	
wasps and parasitoids. Biological Conservation, 144, 1816–1825.

Lander,	T.	A.,	Bebber,	D.	P.,	Choy,	C.	T.,	Harris,	 S.	A.,	&	Boshier,	D.	H.	
(2011).	 The	 Circe	 principle	 explains	 how	 resource-	rich	 land	 can	
waylay	 pollinators	 in	 fragmented	 landscapes.	Current Biology, 21, 
1302–1307.

Lanes,	É.	C.,	Pope,	N.	S.,	Alves,	R.,	Carvalho	Filho,	N.	M.,	Giannini,	T.	C.,	
Giulietti,	A.	M.,	 Imperatriz-	Fonseca,	V.	 L.,	Monteiro,	W.,	Oliveira,	
G.,	&	Silva,	A.	R.	(2018).	Landscape	genomic	conservation	assess-
ment	of	a	narrow-	endemic	and	a	widespread	morning	glory	 from	
Amazonian	savannas.	Frontiers in Plant Science, 9, 532.

Liu,	 M.,	 Compton,	 S.	 G.,	 Peng,	 F.-	E.,	 Zhang,	 J.,	 &	 Chen,	 X.-	Y.	 (2015).	
Movements	 of	 genes	 between	 populations:	 Are	 pollinators	

 20457758, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70078 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [22/08/2024]. 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



    |  17 of 18FEIGS et al.

more effective at transferring their own or plant genetic mark-
ers? Proceedings of the Royal Society B: Biological Sciences, 282, 
20150290.

Meyer,	B.,	Gaebele,	V.,	&	Steffan-	Dewenter,	I.	D.	(2005).	Patch	size	and	
landscape effects on pollinators and seed set of the horseshoe 
vetch, Hippocrepis comosa, in an agricultural landscape of central 
Europe.	Entomologia Generalis, 30, 173–185.

Miller,	J.	R.,	&	Cale,	P.	(2000).	Behavioral	mechanisms	and	habitat	use	by	
birds	in	a	fragmented	agricultural	landscape.	Ecological Applications, 
10, 1732–1748.

Mola,	J.	M.,	&	Williams,	N.	M.	(2019).	A	review	of	methods	for	the	study	
of	bumble	bee	movement.	Apidologie, 50,	497–514.

Müller-	Schneider,	 P.	 (1986).	 Verbreitungsbiologie der Blütenpflanzen 
Graubündens.	Geobotanisches	Institut	der	ETH,	Stiftung	Rübel.

Murphy,	H.	 T.,	&	 Lovett-	Doust,	 J.	 (2004).	Context	 and	 connectivity	 in	
plant	 metapopulations	 and	 landscape	 mosaics:	 Does	 the	 matrix	
matter? Oikos, 105, 3–14.

Naaf,	T.,	Feigs,	J.	T.,	Huang,	S.,	Brunet,	J.,	Cousins,	S.	A.,	Decocq,	G.,	De	
Frenne,	 P.,	 Diekmann,	 M.,	 Govaert,	 S.,	 &	 Hedwall,	 P.-	O.	 (2021).	
Sensitivity	to	habitat	fragmentation	across	European	landscapes	in	
three	temperate	forest	herbs.	Landscape Ecology, 36, 2831–2848.

Naaf,	T.,	Feigs,	J.	T.,	Huang,	S.,	Brunet,	J.,	Cousins,	S.	A.	O.,	Decocq,	G.,	
De	Frenne,	 P.,	Diekmann,	M.,	Govaert,	 S.,	Hedwall,	 P.-	O.,	 Lenoir,	
J.,	 Liira,	 J.,	Meeussen,	 C.,	 Plue,	 J.,	 Vangansbeke,	 P.,	 Vanneste,	 T.,	
Verheyen,	K.,	Holzhauer,	S.	I.	J.,	&	Kramp,	K.	(2022).	Context	mat-
ters:	 The	 landscape	 matrix	 determines	 the	 population	 genetic	
structure	 of	 temperate	 forest	 herbs	 across	 Europe.	 Landscape 
Ecology, 37, 1365–1384.

Ohashi,	K.,	&	Thomson,	J.	D.	(2009).	Trapline	foraging	by	pollinators:	Its	
ontogeny,	economics	and	possible	consequences	for	plants.	Annals 
of Botany, 103, 1365–1378.

Osborne,	J.	L.,	Loxdale,	H.	D.,	&	Woiwod,	I.	P.	(2002).	Monitoring insect 
dispersal: methods and approaches.	 Dispersal	 Ecology:	 the	 42nd	
Symposium	of	the	British	Ecological	Society	held	at	the	University	
of	Reading,	2-5	April	2001.

Osborne,	 J.	 L.,	Martin,	 A.	 P.,	 Shortall,	 C.	 R.,	 Todd,	 A.	D.,	 Goulson,	D.,	
Knight,	M.	E.,	Hale,	R.	 J.,	&	Sanderson,	R.	A.	 (2008).	Quantifying	
and	comparing	bumblebee	nest	densities	in	gardens	and	country-
side	habitats.	Journal of Applied Ecology, 45,	784–792.

Osborne,	J.	L.,	Smith,	A.,	Clark,	S.	J.,	Reynolds,	D.	R.,	Barron,	M.	C.,	Lim,	
K.	S.,	&	Reynolds,	A.	M.	(2013).	The	ontogeny	of	bumblebee	flight	
trajectories:	 From	 naïve	 explorers	 to	 experienced	 foragers.	 PLoS 
One, 8, e78681.

Persson,	A.	S.,	&	Smith,	H.	G.	(2011).	Bumblebee	colonies	produce	larger	for-
agers	in	complex	landscapes.	Basic and Applied Ecology, 12,	695–702.

Persson,	A.	S.,	&	Smith,	H.	G.	 (2013).	Seasonal	persistence	of	bumble-
bee	 populations	 is	 affected	 by	 landscape	 context.	 Agriculture, 
Ecosystems & Environment, 165,	201–209.

Pickett,	 S.	 (1976).	 Succession:	 An	 evolutionary	 interpretation.	 The 
American Naturalist, 110,	107–119.

Pinheiro,	J.,	Bates,	D.,	DebRoy,	S.,	Sarkar,	D.,	&	R	Core	Team.	(2019).	Nlme: 
Linear and nonlinear mixed effects models. R package version 3.1–140.

Plowright,	R.,	&	Galen,	C.	 (1985).	Landmarks	or	obstacles:	The	effects	
of	 spatial	 heterogeneity	on	bumble	bee	 foraging	behavior.	Oikos, 
44,	459–464.

Pope,	N.	(2020).	corMLPE: A correlation structure for symmetric relational 
data.	R	Package	Version	0.0.2.

Popic,	T.	J.,	Wardle,	G.	M.,	&	Davila,	Y.	C.	(2013).	Flower-	visitor	networks	
only	 partially	 predict	 the	 function	 of	 pollen	 transport	 by	 bees.	
Austral Ecology, 38, 76–86.

Proesmans,	W.,	Bonte,	D.,	Smagghe,	G.,	Meeus,	I.,	&	Verheyen,	K.	(2019).	
Importance	 of	 forest	 fragments	 as	 pollinator	 habitat	 varies	 with	
season and guild. Basic and Applied Ecology, 34,	95–107.

Pudovkin,	A.,	Zaykin,	D.,	&	Hedgecock,	D.	 (1996).	On	the	potential	 for	
estimating	 the	 effective	 number	 of	 breeders	 from	heterozygote-	
excess	in	progeny.	Genetics, 144, 383–387.

Pywell,	 R.,	Warman,	 E.,	 Hulmes,	 L.,	 Hulmes,	 S.,	 Nuttall,	 P.,	 Sparks,	 T.,	
Critchley,	 C.,	 &	 Sherwood,	 A.	 (2006).	 Effectiveness	 of	 new	 agri-	
environment	schemes	in	providing	foraging	resources	for	bumble-
bees	in	intensively	farmed	landscapes.	Biological Conservation, 129, 
192–206.

Radford,	J.	Q.,	&	Bennett,	A.	F.	(2007).	The	relative	importance	of	land-
scape	properties	for	woodland	birds	in	agricultural	environments.	
Journal of Applied Ecology, 44, 737–747.

Redhead,	 J.	W.,	 Dreier,	 S.,	 Bourke,	 A.	 F.,	 Heard,	M.	 S.,	 Jordan,	W.	 C.,	
Sumner,	S.,	Wang,	J.,	&	Carvell,	C.	(2016).	Effects	of	habitat	compo-
sition and landscape structure on worker foraging distances of five 
bumble	bee	species.	Ecological Applications, 26,	726–739.

Reichel,	K.,	Masson,	J.-	P.,	Malrieu,	F.,	Arnaud-	Haond,	S.,	&	Stoeckel,	S.	
(2016).	Rare	sex	or	out	of	reach	equilibrium?	The	dynamics	of	F	IS	in	
partially	clonal	organisms.	BMC Genetics, 17, 1–16.

Rundlöf,	M.,	Nilsson,	H.,	 &	 Smith,	H.	G.	 (2008).	 Interacting	 effects	 of	
farming	practice	and	landscape	context	on	bumble	bees.	Biological 
Conservation, 141, 417–426.

Schaumann,	F.,	&	Heinken,	T.	 (2002).	Endozoochorous	seed	dispersal	
by	martens	 (Martes foina, M. martes)	 in	 two	woodland	 habitats.	
Flora- Morphology, Distribution, Functional Ecology of Plants, 197, 
370–378.

Schmidt,	 M.,	 Mölder,	 A.,	 Schönfelder,	 E.,	 Engel,	 F.,	 Schmiedel,	 I.,	 &	
Culmsee,	 H.	 (2014).	 Determining	 ancient	 woodland	 indicator	
plants	 for	practical	use:	A	new	approach	developed	 in	northwest	
Germany.	Forest Ecology and Management, 330,	228–239.

Schmidt,	T.,	Arens,	P.,	Smulders,	M.	J.,	Billeter,	R.,	Liira,	J.,	Augenstein,	I.,	
&	Durka,	W.	(2009).	Effects	of	landscape	structure	on	genetic	di-
versity	of	Geum urbanum L. populations in agricultural landscapes. 
Flora- Morphology, Distribution, Functional Ecology of Plants, 204, 
549–559.

Sork,	V.	L.,	&	Smouse,	P.	E.	(2006).	Genetic	analysis	of	landscape	connec-
tivity	in	tree	populations.	Landscape Ecology, 21, 821–836.

Stoeckel,	S.,	Grange,	J.,	Fernández-	Manjarres,	J.	F.,	Bilger,	I.,	Frascaria-	
Lacoste,	 N.,	 Frascacaria-	Lacoste,	 N.,	 &	 Mariette,	 S.	 (2006).	
Heterozygote	 excess	 in	 a	 self-	incompatible	 and	 partially	 clonal	
forest tree species—Prunus avium L. Molecular Ecology, 15, 
2109–2118.

Stoll,	A.,	Harpke,	D.,	Schütte,	C.,	Jimenez,	L.,	Letelier,	L.,	Blattner,	F.	R.,	&	
Quandt,	D.	(2020).	Landscape	genetics	of	the	endangered	Atacama	
Desert	 shrub	Balsamocarpon brevifolium	 in	 the	 context	of	habitat	
fragmentation. Global and Planetary Change, 184,	103059.

Storfer,	A.,	Murphy,	M.	A.,	 Spear,	 S.	F.,	Holderegger,	R.,	&	Waits,	 L.	P.	
(2010).	Landscape	genetics:	Where	are	we	now?	Molecular Ecology, 
19,	3496–3514.

Svensson,	B.,	Lagerlöf,	J.,	&	Svensson,	B.	G.	(2000).	Habitat	preferences	
of	nest-	seeking	bumble	bees	(Hymenoptera:	Apidae)	in	an	agricul-
tural landscape. Agriculture, Ecosystems & Environment, 77, 247–255.

Thrall,	P.	H.,	Bever,	J.	D.,	&	Burdon,	J.	J.	(2010).	Evolutionary	change	in	
agriculture: The past, present and future. Evolutionary Applications, 
3, 405.

Torres-	Vanegas,	 F.,	 Hadley,	 A.	 S.,	 Kormann,	 U.	 G.,	 Jones,	 F.	 A.,	 Betts,	
M.	G.,	&	Wagner,	H.	H.	(2019).	The	landscape	genetic	signature	of	
pollination	by	trapliners:	Evidence	from	the	tropical	herb.	Heliconia 
Tortuosa. Frontiers in Genetics, 10, 1206.

Tscharntke,	T.,	Sekercioglu,	C.	H.,	Dietsch,	T.	V.,	Sodhi,	N.	S.,	Hoehn,	P.,	
&	Tylianakis,	J.	M.	(2008).	Landscape	constraints	on	functional	di-
versity	of	birds	and	insects	in	tropical	agroecosystems.	Ecology, 89, 
944–951.

Valdés,	A.,	Lenoir,	J.,	Gallet-	Moron,	E.,	Andrieu,	E.,	Brunet,	J.,	Chabrerie,	
O.,	Closset-	Kopp,	D.,	Cousins,	S.	A.	O.,	Deconchat,	M.,	De	Frenne,	
P.,	De	Smedt,	P.,	Diekmann,	M.,	Hansen,	K.,	Hermy,	M.,	Kolb,	A.,	
Liira,	J.,	Lindgren,	J.,	Naaf,	T.,	Paal,	T.,	…	Decocq,	G.	(2015).	The	con-
tribution	of	patch-	scale	conditions	is	greater	than	that	of	macrocli-
mate	in	explaining	local	plant	diversity	in	fragmented	forests	across	
Europe.	Global Ecology and Biogeography, 24,	1094–1105.

 20457758, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70078 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [22/08/2024]. 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



18 of 18  |     FEIGS et al.

Van	Geert,	A.,	Triest,	L.,	&	Van	Rossum,	F.	 (2014).	Does	 the	surround-
ing	matrix	 influence	corridor	effectiveness	 for	pollen	dispersal	 in	
farmland? Perspectives in Plant Ecology, Evolution and Systematics, 
16,	180–189.

Van	Geert,	A.,	Van	Rossum,	F.,	&	Triest,	L.	(2010).	Do	linear	landscape	el-
ements	in	farmland	act	as	biological	corridors	for	pollen	dispersal?	
Journal of Ecology, 98, 178–187.

Van	Rossum,	F.,	Stiers,	I.,	Van	Geert,	A.,	Triest,	L.,	&	Hardy,	O.	J.	(2011).	
Fluorescent	 dye	 particles	 as	 pollen	 analogues	 for	measuring	 pol-
len	 dispersal	 in	 an	 insect-	pollinated	 forest	 herb.	 Oecologia, 165, 
663–674.

Vandepitte,	 K.,	 Jacquemyn,	 H.,	 Roldán-	Ruiz,	 I.,	 &	 Honnay,	 O.	 (2007).	
Landscape	genetics	of	the	self-	compatible	forest	herb	Geum urba-
num:	Effects	of	habitat	age,	fragmentation	and	local	environment.	
Molecular Ecology, 16,	4171–4179.

Vellend,	M.	(2004).	Parallel	effects	of	land-	use	history	on	species	diver-
sity	and	genetic	diversity	of	forest	herbs.	Ecology, 85, 3043–3055.

Verheyen,	K.,	Honnay,	O.,	Motzkin,	G.,	Hermy,	M.,	&	Foster,	D.	R.	(2003).	
Response	of	forest	plant	species	to	land-	use	change:	A	life-	history	
trait-	based	approach.	Journal of Ecology, 91, 563–577.

von	Redwitz,	C.,	&	Gerowitt,	B.	(2018).	Maize-	dominated	crop	sequences	
in	northern	Germany:	Reaction	of	the	weed	species	communities.	
Applied Vegetation Science, 21, 431–441.

Vray,	S.,	Rollin,	O.,	Rasmont,	P.,	Dufrêne,	M.,	Michez,	D.,	&	Dendoncker,	N.	
(2019).	A	century	of	local	changes	in	bumblebee	communities	and	
landscape	 composition	 in	 Belgium.	 Journal of Insect Conservation, 
23,	489–501.

Westphal,	C.,	Steffan-	Dewenter,	I.,	&	Tscharntke,	T.	(2003).	Mass	flower-
ing crops enhance pollinator densities at a landscape scale. Ecology 
Letters, 6,	961–965.

Westphal,	C.,	Steffan-	Dewenter,	I.,	&	Tscharntke,	T.	(2006).	Bumblebees	
experience	landscapes	at	different	spatial	scales:	Possible	implica-
tions	for	coexistence.	Oecologia, 149,	289–300.

Westrich,	P.	(1996).	Habitat requirements of central European bees and the 
problems of partial habitats.	Linnean	society	symposium	series	(pp.	
1–16).	Academic	Press	Limited.

Whigham,	D.	F.	(2004).	Ecology	of	woodland	herbs	in	temperate	decid-
uous forests. Annual Review of Ecology, Evolution, and Systematics, 
35, 583–621.

Young,	A.,	Boyle,	T.,	&	Brown,	T.	(1996).	The	population	genetic	conse-
quences	 of	 habitat	 fragmentation	 for	 plants.	 Trends in Ecology & 
Evolution, 11, 413–418.

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: Feigs,	J.	T.,	Huang,	S.,	Holzhauer,	S.	I.	
J.,	Brunet,	J.,	Diekmann,	M.,	Hedwall,	P.-O.,	Kramp,	K.,	&	Naaf,	
T.	(2024).	Bumblebees	mediate	landscape	effects	on	a	forest	
herb's	population	genetic	structure	in	European	agricultural	
landscapes. Ecology and Evolution, 14, e70078. https://doi.
org/10.1002/ece3.70078

 20457758, 2024, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.70078 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [22/08/2024]. 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/10.1002/ece3.70078
https://doi.org/10.1002/ece3.70078

	Bumblebees mediate landscape effects on a forest herb's population genetic structure in European agricultural landscapes
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study species
	2.2|Landscape analysis
	2.3|Sampling and genotyping
	2.4|Indicators of population genetic structure and movement activity
	2.5|Data analysis

	3|RESULTS
	3.1|Landscape effects on pollinator movement activity (Step 1 Models)
	3.2|Translating landscape effects to the forest herb (Step 2 Models)
	3.3|Comparison of Step 2 Models with Step 3 Models

	4|DISCUSSION
	4.1|The movement activity of the genetic linker is sensitive to landscape effects at different spatial scales
	4.2|Context-­specific value of the forest herb's floral resources on the landscape scale
	4.3|Mechanisms of how landscape heterogeneity increases among-­forest patch movement activity at the local scale
	4.4|Landscape effects on genetic linkers can be translated into landscape effects on the forest herb's population genetic structure
	4.5|The limits of translating landscape effects on genetic linkers to those on forest herbs

	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


