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Abstract
Questions: In	most	ecosystems,	some	organisms	can	be	considered	ecosystem	engi‐
neers	because	they	modify	their	physical	environment	in	a	way	that	can	affect	many	
other	organisms.	Nutrient	deposition	may	be	extremely	important	as	an	ecosystem	
engineering	 activity	 in	nutrient‐limited	environments,	 but	 this	mechanism	 remains	
understudied.	In	low‐Arctic	tundra,	a	region	characterized	by	continuous	permafrost,	
low‐nutrient	soils,	and	slow	nutrient	turnover,	Arctic	foxes	(Vulpes lagopus)	concen‐
trate	nutrients	on	their	dens	through	faecal	deposition	and	feeding	their	young.	This	
nutrient	concentration	enhances	productivity	in	patches	on	the	landscape,	likely	cre‐
ating	a	unique	habitat	for	a	variety	of	plants,	and	could	have	cascading	effects	on	the	
distribution	and	diversity	of	vegetation	on	the	tundra.
Location: Low‐Arctic	tundra	in	Wapusk	National	Park,	Manitoba,	Canada.
Methods: We	quantified	differences	in	vegetation	composition	between	20	fox	dens	
and	adjacent	control	sites.
Results: Plant	growth	form	differed	greatly	between	dens,	which	were	dominated	by	
deciduous	grasses	near	the	coast	and	erect	shrubs	farther	from	the	coast,	and	control	
sites,	which	were	dominated	by	evergreen	prostrate	shrubs.	Dens	also	had	more	forb	
cover	and	less	cover	of	lichens,	mosses,	and	sedges.	Species	composition	also	varied	
greatly	between	control	and	den	areas,	with	17	of	the	20	species	found	in	at	least	
10%	of	the	sampled	sites	being	indicator	species	for	dens	or	control	sites.
Conclusions: By	providing	habitat	for	plants	reliant	on	higher	nutrient	availability	not	
typical	of	tundra	heath,	Arctic	foxes	enhance	the	biodiversity	of	the	region.	These	
erect	plants	may	also	help	create	new	habitat	by	retaining	snow	on	normally	wind‐
swept	beach	ridges.	Overall,	this	study	illustrates	the	broader	impacts	of	predators	
on	diversity	and	community	composition	through	mechanisms	other	than	predation.
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1  | INTRODUC TION

Ecosystem	engineers,	organisms	that	create,	modify,	or	maintain	eco‐
systems	through	non‐trophic	interactions	(Jones,	Lawton,	&	Shachak,	
1994),	 cause	a	physical	 state	 change	 in	 their	 environment	 through	

direct	modification	of	biotic	or	abiotic	components	of	their	environ‐
ment.	When	considered	at	a	scale	that	encompasses	both	modified	
and	unmodified	habitats,	 ecosystem	engineering	enhances	 species	
richness	by	 increasing	habitat	diversity	 (Jones,	Lawton,	&	Shachak,	
1997).	Nutrient	deposition,	in	the	form	of	faeces,	has	been	explored	
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as	a	mechanism	of	ecosystem	engineering	in	both	terrestrial	(Bruun,	
Österdahl,	 Moen,	 &	 Angerbjörn,	 2005;	 Mohr,	 1943;	 Thompson,	
Thomas,	Readley,	Williamson,	&	Lawton,	1993)	and	marine	habitats	
(de	Wilde,	1991;	Reichelt,	1991;	Roman	&	McCarthy,	2010).	In	addi‐
tion	to	faecal	deposition,	predators	can	alter	nutrient	deposition	by	
moving	and/or	 failing	 to	consume	animal	carcasses,	which	are	 rich	
sources	of	nutrients	(Barry	et	al.,	2019;	Danell,	Berteaux,	&	Bråthen,	
2002).	 While	 these	 activities	 have	 a	 direct	 effect	 on	 autotrophs	
(Bonachela,	Raghib,	&	Levin,	2011;	Comerford,	2005),	they	can	also	
indirectly	 affect	 heterotrophs	 as	 well	 (Gharajehdaghipour	 &	 Roth,	
2018).

The	effects	of	ecosystem	engineers	are	 likely	 to	be	more	pro‐
nounced	when	they	affect	 limiting	resources.	For	 instance,	kanga‐
roo	rat	burrowing,	which	dries	soil,	increasingly	affects	soil	moisture	
over	a	precipitation	gradient.	Consequently,	burrows	have	a	greater	
effect	on	nitrogen	mineralization	and	plant	species	beta	diversity	as	
precipitation	increases	(Grinath,	Larios,	Prugh,	Brashares,	&	Suding,	
2019).	Nutrient	deposition	 therefore	most	 likely	affects	communi‐
ties	when	it	occurs	in	nutrient‐limited	environments.	Tundra	ecosys‐
tems	are	 typically	nutrient‐limited,	with	a	 relatively	 shallow	active	
soil	layer	coupled	with	slow	nutrient	cycling	(Henry	&	Molau,	1997;	
Jonasson,	 Michelsen,	 &	 Schmidt,	 1999).	 Fertilization	 experiments	
have	confirmed	that	 tundra	plant	growth	 is	often	 limited	by	nitro‐
gen	and/or	phosphorus	(Gough,	Wookey,	&	Shaver,	2002;	Jonasson,	
1992;	Kelley	&	Epstein,	2009),	 suggesting	 that	nutrient	deposition	
could	be	an	important	ecosystem	service	provided	by	ecosystem	en‐
gineers	in	this	biome	(Gharajehdaghipour,	Roth,	Fafard,	&	Markham,	
2016).	 Upland	 areas	 of	 the	 tundra	 are	 characterized	 by	 a	 heath	
vegetation	of	 slow‐growing	dwarf	 shrubs,	 small	 forbs,	 graminoids,	
and	stress‐tolerant	 lichens	and	mosses	 (Ritchie,	1956).	The	ericoid	
mycorrhizal	fungi	associated	with	many	heath	plants	allows	them	to	
access	nutrients	from	recalcitrant	organic	sources,	which	cannot	be	
accessed	by	other	plants	 (Read	&	Perez‐Moreno,	2003).	 Increased	
nutrient	availability	in	heaths	is	therefore	likely	to	increase	the	abun‐
dance	of	species	more	reliant	on	inorganic	nutrients.

Arctic	foxes	(Vulpes lagopus)	exhibit	a	number	of	behaviours	that	
qualify	 them	 as	 ecosystem	 engineers.	 They	 use	 and	maintain	 the	
same	dens	 to	 rear	 young	 for	 decades,	 although	dens	may	 also	 go	
through	periods	when	they	are	not	used	for	raising	pups	(Roth,	2003;	
Tannerfeldt	&	Angerbjörn,	1998).	Dens	are	the	primary	site	of	faecal	
deposition	by	pups	and	consumption	of	prey	carcasses	brought	to	
them	by	the	adults.	This	nutrient	deposition	on	dens	enhances	soil	
nutrient	concentrations	and	 increases	primary	productivity	 (Bruun	
et	al.,	2005;	Gharajehdaghipour	et	al.,	2016).	As	nutrient	cycling	is	
slow	in	the	Arctic	(Jonasson	et	al.,	1999),	effects	of	nutrient‐enrich‐
ing	activities	by	foxes	may	persist	 long	after	dens	have	been	used	
for	 reproduction.	The	disturbed	earth	from	tunnel	excavation	also	
provides	 colonization	 opportunities	 for	 disturbance‐tolerant	 plant	
species	(Huntly	&	Reichman,	1994).

Despite	previous	research	into	nutrient	deposition	as	a	mecha‐
nism	of	ecosystem	engineering	in	both	terrestrial	and	aquatic	eco‐
systems	 (Bonachela	 et	 al.,	 2011;	 Bryce,	Wal,	 Mitchell,	 &	 Lambin,	
2013;	 Roman	 &	 McCarthy,	 2010;	 Smith	 &	 Conway,	 2007),	 the	

effects	on	plant	community	dynamics	are	understudied,	especially	
in	 tundra	 ecosystems	 (Jonasson,	 1992;	 Kelley	 &	 Epstein,	 2009;	
Yano,	 Shaver,	 Rastetter,	 Giblin,	 &	 Laundre,	 2013).	 Denning	 activ‐
ity	 by	 Arctic	 foxes	 has	 resulted	 in	 large	 changes	 in	 plant	 species	
composition	in	some	studies	(Bruun	et	al.,	2005),	but	not	in	others	
(Anthony,	1996).	Therefore,	our	objective	was	 to	quantify	 the	po‐
tential	effects	of	nutrient	deposition	by	Arctic	foxes	on	the	upland	
heath	plant	community	composition	of	the	low‐Arctic	landscape	by	
comparing	plant	assemblages	on	and	off	the	dens.	Our	past	work	in	
the	study	area	found	that	dens	have	higher	soil	N	and	P	availability	
and	greater	plant	biomass	than	non‐den	areas	 (Gharajehdaghipour	
et	al.,	2016).	We	hypothesized	that	Arctic	foxes	act	as	ecosystem	en‐
gineers	primarily	by	increasing	nutrient	availability	on	dens,	support‐
ing	an	assemblage	of	plant	species	that	may	not	thrive	elsewhere	on	
the	 tundra	heath.	We	also	examined	how	recent	 fox	 reproduction	
affected	soil	moisture	and	the	how	proximity	of	dens	to	the	coast,	
which	influences	the	microclimate	of	dens,	alters	the	impact	Arctic	
foxes	have	on	plant	abundance.

2  | METHODS

The	study	was	 located	within	Wapusk	National	Park,	on	 the	west	
coast	of	Hudson	Bay	 in	northern	Manitoba	 (58°34′	N,	93°11′	W).	
The	climate	of	the	area	is	strongly	influenced	by	Hudson	Bay,	which	
is	 frozen	 for	seven	 to	eight	months	of	 the	year	and	exerts	a	cool‐
ing	effect	on	 the	coast	 (Rouse,	1991).	The	 landscape	of	 the	 study	
area	 is	 a	 flat	 coastal	 plain	 consisting	 of	 alternating	 ancient	 beach	
ridges	of	 limestone	gravel	and	wet	hollows	 running	parallel	 to	 the	
coast	(Johnson,	1987;	Ritchie,	1956).	These	ridges	are	dominated	by	
lichens	and	heath	species	and	provide	suitable	denning	habitat	for	
Arctic	foxes	in	the	area	(Roth,	2003).

Between	30	July	and	5	August	2015,	we	sampled	20	fox	dens	
and	20	adjacent	 control	 areas	 (Figure	1).	 Fox	 activity	 at	 dens	was	
discerned	through	presence	of	cleared‐out	burrows,	fresh	scat,	dig‐
ging,	and/or	pups.	Vegetation	surveys	were	conducted	on	each	den	
and	control	area	using	five	1‐m2	quadrats:	one	at	the	centre	of	the	
sampled	area	and	one	in	each	cardinal	direction	5	m	from	the	centre.	
All	den	quadrats	were	within	the	den	perimeter,	defined	by	the	pres‐
ence	of	burrows.	Control	areas	were	sampled	50	m	along	the	beach	
ridge	from	the	den	centre,	at	a	similar	aspect,	slope,	and	elevation	to	
the	dens.	Within	each	quadrat,	the	presence	of	each	vascular	plant	
species	 and	 the	 percent	 cover	 of	 each	 growth	 form	 (erect	 shrubs	
taller	than	25	cm,	prostrate	shrubs	less	than	25	cm,	grasses,	sedges,	
forbs,	mosses	and	lichens)	were	estimated	visually.	Soil	moisture	was	
measured	using	 a	 soil	moisture	probe	 (ML2x	ThetaProbe,	Delta	T	
Devices	 Inc.)	 in	each	quadrant	of	each	quadrat	and	measurements	
averaged.	The	distance	to	the	ocean	of	each	sampled	area	was	de‐
termined	using	satellite	imagery	and	the	distance	measurement	tool	
in	Google	Maps	(maps.google.com,	accessed	in	2015).

Each	 den	 and	 control	 area	 was	 considered	 a	 replicate.	
Therefore,	the	data	analysis	was	based	on	mean	values	from	the	
sampled	quadrats	 in	each	den	and	control.	Soil	moisture	and	the	
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number	of	species	per	quadrat	and	per	site	were	compared	using	
paired	 t	 tests.	 Mean	 cover	 of	 plant	 growth	 forms	 and	 number	
of	 species	 per	 growth	 form	 on	 den	 and	 control	 were	 compared	
using	Wilcoxon	 signed	 rank	 tests	 with	 a	 Bonferroni	 adjustment	
(i.e.,	for	the	seven	growth	forms,	the	critical	p‐value	was	0.0071).	
We	 also	 compared	 soil	moisture	 and	 cover	 of	 growth	 forms	 be‐
tween	 inactive	 dens	 and	 dens	with	 pups,	 or	 dens	with	 any	 sign	
of	 activity,	using	one‐way	ANOVAs.	The	effect	of	 the	 soil	mois‐
ture	and	distance	to	the	ocean	on	the	abundance	of	growth	forms	
was	 examined	 using	 least	 squares	 using	 linear	models.	We	used	
the	frequency	of	species	occurrence	in	the	five	quadrats	 in	each	
area	to	conduct	an	indicator	species	analysis	(Dufrêne	&	Legendre,	
1997),	which	determines	 if	species	are	associated	with	predeter‐
mined	 community	 subtypes,	 i.e.,	 den	 or	 control	 areas.	 All	 data	
analysis	was	performed	using	JMP	(version	10.0.0,	2012,	SAS	Inc.)	

except	for	the	indicator	species	analysis,	which	was	done	using	the	
labdsv	package	in	R	(version	3.3.2;	R	Core	Team,	2018).

3  | RESULTS

The	abundance	of	all	plant	growth	forms	differed	significantly	be‐
tween	control	and	den	areas	(Figure	2).	Control	areas	were	domi‐
nated	 by	 typical	 Arctic	 heath	 prostrate	 shrubs,	 which	 made	 up	
79.6%	of	all	plant	cover.	The	most	frequently	encountered	shrubs	
were	evergreen,	mainly	Dryas integrifolia and Arctostaphylos alpina 
(Appendix	 S1).	 Sedges,	 mosses	 and	 lichens	 were	 11.6,	 44.6	 and	
3.9	times	more	abundant,	respectively,	on	heath	controls	than	on	
den	areas,	 although	 they	made	up	a	 small	portion	of	 the	vegeta‐
tion	cover.	In	contrast,	den	areas	were	dominated	by	grasses,	erect	

F I G U R E  1  Map	of	study	site	in	
Wapusk	National	Park,	Canada,	indicating	
sampled	Arctic	fox	(Vulpes lagopus)	den	
locations	[Colour	figure	can	be	viewed	at	
wileyonlinelibrary.com]

Cape 
Churchill

La Perouse 
Bay

www.wileyonlinelibrary.com
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shrubs	 (Salix athabascensis and Salix glauca,	 hereafter	 referred	 to	
as S. athabacensis	 as	 they	were	often	difficult	 to	distinguish)	 and	
forbs.	The	grass	cover	was	overwhelmingly	Leymus mollis	growing	
over	1	m	high,	with	an	average	cover	of	27.1	±	3.0%,	and	found	in	
90%	of	the	den	sites.	In	comparison,	L. mollis occurred in only 20% 
of	the	control	sites,	where	individuals	were	<30	cm	high	and	mean	
cover	never	exceeded	1%.

We	 found	 a	 total	 of	 33	 vascular	 plant	 species	 in	 the	 sampled	
quadrats	(Appendix	S1).	Of	these	species,	17	were	indicators	for	ei‐
ther	den	or	heath	areas	(Table	1).	Six	of	these	species	were	unique	
to	dens	(Chamerion angustifolium,	Rubus acaulis,	Salix athabascensis,	
Draba glabella,	 Stellaria longipes,	 and	Cerastium alpinum)	 and	 three	
were	 unique	 to	 the	 control	 areas	 (Saxifraga oppositifolia, Oxytropis 
campestris and Physaria reediana).	Although	 the	number	of	 species	
per	quadrat	did	not	differ	between	den	(4.6	±	0.3)	and	control	areas	
(5.1	±	0.5,	t	=	1.071,	p	=	0.298)	the	total	number	of	species	 in	the	
five	quadrats	was	higher	 in	den	areas	 (9.5	±	0.7)	 than	heath	areas	
(6.5	±	0.6,	t	=	4.075,	p	=	0.0013).	This	difference	occurred	because	
only	dens	had	erect	 shrub	 species	 and	dens	had	 a	higher	number	
of	 forb	species	 (4.7	±	0.3	vs	2.0	±	0.3,	 t	=	5.067,	p	<	0.0001)	and	
grass	species	(1.9	±	0.1	vs	0.3	±	0.1,	t	=	5.922,	p	<	0.0001)	but	fewer	
prostrate	shrub	species	(1.9	±	0.3	vs	3.2	±	0.4,	t	=	3.158,	p	=	0.0052).

At	the	time	of	sampling	the	soil	was	uniformly	dry	(6.21	±	0.44%,	
mean	 ±	 SE)	 with	 no	 difference	 in	 soil	 moisture	 between	 den	 and	
control	areas	(t	=	0.202,	p	=	0.842).	Eleven	dens	had	signs	of	fox	ac‐
tivity,	 three	of	which	were	occupied	by	pups.	Soil	moisture	on	dens	
was	unaffected	by	the	presence	of	pups	(F1,19	=	0.0003,	p	=	0.985)	or	
any	sign	of	active	use	(F1,19	=	1.048,	p	=	0.320).	Since	dens	and	con‐
trol	areas	were	so	different	 in	 their	plant	growth	 forms	and	species	
composition,	we	examined	 the	effect	of	environmental	 variables	on	
their	vegetation	composition	 separately.	Grass	cover	was	negatively	
affected	by	the	distance	to	the	ocean	both	on	controls	(F1,18	=	5.027,	
p	=	0.038)	and	on	dens	(F1,18	=	7.060,	p	=	0.016).	For	the	control	areas,	
no	grass	was	found	farther	than	2.4	km	from	the	ocean,	whereas	all	

but	one	control	 location	<2.4	km	 from	 the	ocean	had	grass	present	
(Figure	3a).	On	dens,	grasses	were	found	across	the	full	range	of	dis‐
tances	 from	 the	ocean	but	cover	decreased	by	5.6%	with	every	km	
from	the	ocean	(Figure	3b).	Erect	shrubs	on	dens	showed	the	opposite	
pattern	(Figure	3c),	with	cover	increasing	with	distance	from	the	ocean	
(F1,18	=	8.600,	p	=	0.0089)	and	no	dens	within	2	km	of	the	ocean	hav‐
ing	>10%	cover	of	erect	shrubs	(no	erect	shrubs	were	found	on	con‐
trol	areas).	Distance	from	the	ocean	did	not	affect	cover	of	prostrate	
shrubs	(control	F1,18	=	0.115,	p	=	0.738;	den	F1,18	=	0.001,	p	=	0.983),	
sedges	(control	F1,18	=	1.500,	p = 0.237; den F1,18	=	0.120,	p	=	0.598),	
mosses	(control	F1,18	=	0.570,	p	=	0.460;	den	F1,18	=	0.238,	p	=	0.632),	
lichens	(control	F1,18	=	0.063,	p	=	0.805;	den	F1,18	=	0.005,	p	=	0.944),	
or	forbs	(control	F1,18	=	0.447,	p	=	0.512;	den	F1,18	=	0.348,	p	=	0.563).	
The	only	significant	relationships	between	plant	growth	form	and	soil	
moisture	were	on	control	areas,	where	soil	moisture	was	positively	re‐
lated	to	both	moss	(r2	=	0.304,	F1,18	=	7.881,	p	=	0.012)	and	lichen	cover	
(r2	=	0.526,	F1,18	=	19.94,	p	=	0.0003).

4  | DISCUSSION

Overall,	 the	mix	of	 tall	grasses,	erect	shrubs	and	 forbs	 found	on	
the	dens	is	a	unique	vegetation	assemblage,	not	only	on	the	beach	
ridge	heath,	but	 in	 the	entire	 region	 (see	Ritchie,	1956,	 for	a	 list	
of	 vegetation	 assemblages).	 Notably,	 all	 of	 the	 plants	 that	were	
indicators	of	dens	(except	Pyrola grandiflora and Saxifraga tricuspi‐
data)	associate	with	arbuscular	mycorrhizae.	They	therefore	must	

F I G U R E  2  Cover	(mean	±	SE)	of	plant	growth	forms	on	Arctic	
fox	dens	and	control	sites,	calculated	from	mean	cover	of	five	
quadrats	per	site.	*p	<	0.0071;	**p	<	0.0001	[Colour	figure	can	be	
viewed	at	wileyonlinelibrary.com]

TA B L E  1   Indicator	species	for	control	and	den	areas.	Indicator	
values	are	based	on	mean	frequency	of	occurrence	in	sampled	
quadrats

Species Indicator value p‐value

Control

Carex concinna 0.7900 0.0001

Dryas integrifolia 0.6940 0.0001

Saxifraga oppositifolia 0.6000 0.0001

Arctostaphylos alpina 0.5802 0.0107

Physaria reediana 0.4000 0.0028

Rhododendron lapponicum 0.2842 0.0324

Vaccinium uliginosum 0.2769 0.0402

Den

Leymus mollis 0.8299 0.0001

Rubus acaulis 0.7500 0.0001

Chamerion angustifolium 0.7500 0.0001

Poa alpina 0.7484 0.0010

Salix athabascensis 0.7000 0.0001

Saxifraga tricuspidata 0.5500 0.0015

Pyrola grandiflora 0.4667 0.0066

Achillea nigrescens 0.4219 0.0061

Draba glabella 0.4000 0.0037

Stellaria longipes 0.4000 0.0034

www.wileyonlinelibrary.com


     |  177
Journal of Vegetation Science

FAFARD et Al.

rely	on	uptake	of	inorganic	nitrogen	(Read	&	Perez‐Moreno,	2003),	
suggesting	their	presence	is	driven	by	the	increased	nutrient	avail‐
ability	 we	 previously	 found	 (Gharajehdaghipour	 et	 al.,	 2016).	
Although	heath	plants	have	the	ability	to	survive	under	conditions	
of	 low	nutrient	availability,	 faster‐growing	deciduous	species	are	
better	 able	make	use	of	 an	 increased	nutrient	 supply	 (Jonasson,	

1992;	Shaver	&	Chapin,	1980).	Heath	plants	are	therefore	replaced	
by	deciduous	grasses	and	shrubs	when	nutrients	become	available	
(Aerts,	1990;	Gutschick	&	Pushnik,	2005).	The	decrease	 in	pros‐
trate	 shrubs	and	 increase	 in	grasses	and	erect	deciduous	 shrubs	
that	 we	 found	 on	 dens	 is	 similar	 to	 what	 was	 found	 on	 Arctic	
fox	dens	 in	northern	Sweden	(Bruun	et	al.,	2005).	However,	that	
study	 found	a	much	 stronger	decrease	 in	dwarf	 shrubs,	 and	 the	
heath	vegetation	in	that	region	had	a	much	higher	species	diver‐
sity	 than	 our	 study	 area.	 Another	 study	 on	 fox	 dens	 in	western	
Alaska,	where	species	diversity	was	also	low	in	fox	habitats	(pin‐
gos),	showed	a	significant	(30%)	reduction	in	the	frequency	of	only	
one	of	 five	prostrate	shrubs	 found	on	the	dens	 (Anthony,	1996).	
It	 is	 therefore	 likely	 that	dwarf	shrub	displacement	due	to	nutri‐
ent	enrichment	may	be	more	pronounced	in	regions	with	a	greater	
species	pool.

The	dominance	of	grass	cover	on	dens	is	consistent	with	previ‐
ous	research	in	the	Arctic	showing	grasses	are	better	able	to	take	ad‐
vantage	of	increased	nutrients	compared	to	other	species	(Gough	et	
al.,	2002;	Hargreaves,	Horrigan,	&	Jefferies,	2009;	Nilsson,	Wardle,	
Zackrisson,	&	Jaderlund,	2002;	Parsons	et	al.,	1995).	The	shift	from	
prostrate	shrubs	to	grasses	has	also	been	found	in	fertilization	ex‐
periments	in	alpine	heaths	in	Italy	(Brancaleoni,	Gualmini,	Tomaselli,	
&	Gerdol,	2007).	Additionally,	the	greater	number	of	forb	species	on	
dens	seen	here	and	in	another	study	(Bruun	et	al.,	2005)	may	be	due	
to	foxes	creating	disturbed	habitat.

While	grasses	were	the	dominant	growth	form	on	dens,	they	be‐
came	less	dominant	away	from	the	coast	where	erect	shrubs	became	
dominant.	While	the	sharp	decline	in	temperature	and	evapotranspi‐
ration	near	the	coast	(Rouse,	1991)	could	affect	plant	distributions,	
the	increasing	dominance	of	grass	on	dens	near	the	coast	may	also	be	
the	result	of	the	availability	of	propagules.	In	this	region,	dunes	at	the	
coast	also	have	a	large	population	of	seed‐bearing	L. mollis	whereas	
we	 see	 little	 seed	 production	 of	 L. mollis	 on	 inland	 heaths,	 except	
on	the	dens.	This	coastal	population	may	therefore	provide	a	seed	
source	for	den	colonization.	This	seed	source	would	also	explain	the	
existence	of	the	grasses	off	the	dens	only	being	found	near	the	coast.

Shrub	expansion	 in	 the	Arctic	 in	 response	to	climate	change	 is	
well	 documented	 (Myers‐Smith	 et	 al.,	 2011),	 and	 our	 results	 sug‐
gest	 denning	 activity	 by	Arctic	 foxes	may	 contribute	 to	 increased	
shrub	cover.	Erect	shrubs	can	trap	more	snow	in	winter,	maintaining	
higher	 ground	 temperatures,	 increased	 nutrient	 cycling	 (Sturm	 et	
al.,	2005)	and	warmer	winter	habitat	for	small	mammals	(Reid	et	al.,	
2012).	Besides	retaining	more	snow,	grasses	growing	on	dens	also	
have	 a	 higher	 leaf	N,	which	 could	 also	 attract	 herbivores	 to	 dens	
(Gharajehdaghipour	&	Roth,	2018).	However,	 shrubs	can	also	pro‐
duce	a	litter	that	is	more	recalcitrant	(Steinwandter,	Schlick‐Steiner,	
Steiner,	&	Seeber,	2019),	offsetting	any	effect	of	 increased	winter	
temperature	on	nutrient	cycling.

Although	carnivores	make	up	a	small	proportion	of	the	biomass	
in	ecosystems	they	can	affect	vegetation	patterns	through	a	num‐
ber	of	processes.	They	can	cause	trophic	cascades	by	suppressing	
herbivory	(Beschta	&	Ripple,	2016).	They	can	also	affect	ecosystem	
processes	facilitated	by	prey.	For	example,	predation	on	seabirds	by	

F I G U R E  3  Relationship	between	abundance	of	plant	growth	
forms	and	distance	to	the	ocean	for	(A)	grasses	in	control	
areas	(y	=	0.187	−	0.037x,	r2	=	0.218),	(B)	grasses	on	dens	
(y	=	45.55	−	5.65x,	r2	=	0.300)	and	(C)	erect	shrubs	on	dens	
(y =	−5.30	+	6.10x,	r2	=	0.323)

Erect shrubs - dens

Grass - dens

Grass - controls
(A)

(B)

(C)
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Arctic	foxes	introduced	to	the	Aleutian	archipelago	severely	reduced	
transport	of	nutrients	from	ocean	to	land,	transforming	affected	is‐
lands	from	grasslands	to	tundra	(Croll,	Maron,	Estes,	Danner,	&	Byrd,	
2005).	In	contrast,	although	Arctic	fox	dens	occupy	a	small	fraction	
of	 the	 landscape,	by	directly	 concentrating	nutrients	 they	provide	
a	unique	nutrient‐rich	habitat,	and	the	resulting	plant	communities	
increase	the	community	diversity	across	the	landscape.
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