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Abstract
Mycorrhizal	associations	are	widespread	in	high-	latitude	ecosystems	and	are	poten-
tially	of	great	importance	for	global	carbon	dynamics.	Although	large	herbivores	play	a	
key	part	in	shaping	subarctic	plant	communities,	their	impact	on	mycorrhizal	dynamics	
is	largely	unknown.	We	measured	extramatrical	mycelial	(EMM)	biomass	during	one	
growing	 season	 in	 16-	year-	old	 herbivore	 exclosures	 and	 unenclosed	 control	 plots	
	(ambient),	at	three	mountain	birch	forests	and	two	shrub	heath	sites,	in	the	Scandes	
forest-	tundra	ecotone.	We	also	used	high-	throughput	amplicon	sequencing	for	taxo-
nomic	 identification	to	 investigate	differences	 in	fungal	species	composition.	At	the	
birch	forest	sites,	EMM	biomass	was	significantly	higher	in	exclosures	(1.36	±	0.43	g	
C/m2)	than	in	ambient	conditions	(0.66	±	0.17	g	C/m2)	and	was	positively	influenced	
by	soil	thawing	degree-	days.	At	the	shrub	heath	sites,	there	was	no	significant	effect	
on	 EMM	 biomass	 (exclosures:	 0.72	±	0.09	g	 C/m2;	 ambient	 plots:	 1.43	±	0.94).	
However,	EMM	biomass	was	negatively	related	to	Betula nana	abundance,	which	was	
greater	in	exclosures,	suggesting	that	grazing	affected	EMM	biomass	positively.	We	
found	no	significant	treatment	effects	on	fungal	diversity	but	the	most	abundant	ecto-
mycorrhizal	lineage/cortinarius,	showed	a	near-	significant	positive	effect	of	herbivore	
exclusion	(p	=	.08),	indicating	that	herbivory	also	affects	fungal	community	composi-
tion.	 These	 results	 suggest	 that	 herbivory	 can	 influence	 fungal	 biomass	 in	 highly	
context-	dependent	 ways	 in	 subarctic	 ecosystems.	 Considering	 the	 importance	 of	
root-	associated	 fungi	 for	ecosystem	carbon	balance,	 these	 findings	 could	have	 far-	
reaching	implications.

K E Y W O R D S

Betula nana,	Betula pubescens	subsp.	czerepanovii,	ectomycorrhiza,	extramatrical	mycelia,	
herbivory,	mountain	birch	forest,	shrub	heath

1  | INTRODUCTION

Ectomycorrhizal	 (ECM)	 associations	 are	 widespread	 in	 arctic	 and	
subarctic	 ecosystems	 (Newsham,	 Upson,	 &	 Read,	 2009)	 and	 are	
potentially	of	great	 importance	for	carbon	 (C)	and	nutrient	cycling	

(Averill,	 Turner,	 &	 Finzi,	 2014;	 Clemmensen	 et	al.,	 2013,	 2015;	
Ekblad	et	al.,	2013).	Tundra	plants	have	been	found	to	divert	up	to	
17%	of	their	photosynthetic	C	to	mycorrhizal	fungi	and	in	turn	re-
ceive	up	 to	61%	of	 their	 required	nitrogen	 (N)	 (Hobbie	&	Hobbie,	
2006;	Yano,	 Shaver,	 Giblin,	 &	 Rastetter,	 2010).	 This	 plant–fungus	
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mutualism	has	implications	for	C	dynamics	on	a	wide	scale.	For	in-
stance,	a	major	part	of	the	stored	C	in	boreal	soils	 is	derived	from	
roots	 and	 associated	 fungi,	 rather	 than	 aboveground	 plant	 litter	
(Clemmensen	et	al.,	2013).	Furthermore,	on	a	global	 scale,	 soils	 in	
ecosystems	dominated	by	ECM	and	ericoid	mycorrhizal	(ERM)	host	
plants	contain	70%	more	C	per	unit	nitrogen	than	soil	in	ecosystems	
dominated	by	arbuscular	mycorrhiza	(AM)-	associated	plants	(Averill	
et	al.,	 2014),	 underlining	 the	 importance	 of	 mycorrhizae	 as	 regu-
lators	 of	 ecosystem	 C	 dynamics.	 Accordingly,	 factors	 influencing	
plant–fungus	 interactions,	such	as	herbivory,	may	potentially	have	
global	implications.

Herbivores	such	as	reindeer	(Rangifer tarandus)	and	moose	(Alces 
alces)	 play	 an	 important	 part	 in	 shaping	 arctic	 and	 subarctic	 plant	
communities	 and	 can	 substantially	 reduce	 the	biomass	of	mountain	
birch,	Betula pubescens	 subsp.	czerepanovii	 (N.	 I.	Orlova)	Hämet-	Ahti	
(Kumpula,	Stark,	&	Holand,	2011;	Öhmark,	Iason,	&	Palo,	2015),	and	
dwarf	birch,	Betula nana	L.	(Kumpula	et	al.,	2011;	Olofsson	et	al.,	2009;	
Post	&	Pedersen,	2008),	which	are	both	important	host	plant	species	
for	 ECM	 fungi	 (Clemmensen,	Michelsen,	 Jonasson,	&	 Shaver,	 2006;	
Michelsen,	Schmidt,	Jonasson,	Quarmby,	&	Sleep,	1996;	Ruotsalainen,	
Markkola,	&	Kozlov,	 2009).	 Browsing	 of	 these	 host	 plant	 species	 is	
likely	to	also	affect	mycorrhizal	fungi,	and	several	studies	show	a	neg-
ative	 effect	 of	 grazing	 on	 mycorrhizae	 (e.g.,	 Markkola	 et	al.,	 2004;	
Rossow,	Bryant,	&	Kielland,	1997;	Saravesi	et	al.,	2015).	The	 reason	
for	this	may	be	that	the	decline	in	photosynthate	production	impairs	
the	plant’s	ability	to	supply	its	symbiont	with	C	(Daft	&	Elgiahmi,	1978;	
Ekblad	et	al.,	2013;	Gehring	&	Whitham,	1991,	2002).	However,	the	
herbivore–plant–fungus	 interaction	 is	complex,	and	 in	some	ecosys-
tems,	an	 increase	 in	mycorrhizal	 colonization	 in	 response	 to	grazing	
has	been	found	(Bayne,	Brown,	&	Bethlenfalvay,	1984;	Wallace,	1981),	
while	a	meta-	analysis	of	99	studies	found	no	significant	decline	in	my-
corrhizal	colonization	under	herbivory	(Barto	&	Rillig,	2010).	One	pos-
sible	reason	for	these	contradictory	findings	is	that	grazing	affects	not	
only	mycorrhizal	colonization	but	also	species	composition	(Gehring	&	
Whitham,	2002;	Saikkonen	et	al.,	1999).	Mountain	birch	defoliation,	
for	instance,	may	shift	ECM	fungal	communities	toward	lineages	with	
lower	C	requirements,	which	may	hold	a	competitive	advantage	over	
those	that	invest	in	more	extensive	soil	exploration	when	photosyn-
thetic	capacity	is	reduced	(Parker	et	al.,	2016;	Saikkonen	et	al.,	1999;	
Saravesi	et	al.,	2015).	In	other	words,	it	is	possible	that	different	fungal	
taxonomic	groups	differ	 in	their	response	to	a	reduction	in	C	supply	
(Gehring	&	Whitham,	1994).

ECM	fungi	produce	extramatrical	mycelia	 (EMM)	that	grow	from	
ECM	root	tips	 into	surrounding	soil	to	forage	for	nutrients	and	seek	
new	root	tips	for	colonization	(Anderson	&	Cairney,	2007).	If	grazers	
cause	a	shift	in	ECM	species	composition	through	favoring	species	of	
certain	exploration	types,	grazing	effects	on	EMM	biomass	should	be	
particularly	pronounced,	but	as	most	studies	have	focused	on	mycor-
rhizal	colonization	of	roots,	little	is	known	about	the	effects	on	EMM	
(Ekblad	et	al.,	2013;	Gehring	&	Whitham,	2002).	EMM	play	a	key	part	
in	ecological	processes	 such	as	plant	nutrient	uptake	 (Harley,	1989)	
and	N	cycling	(Hodge	&	Fitter,	2010),	and	are	likely	to	have	an	import-
ant	role	in	C	cycling	(Cairney,	2012;	Ekblad	et	al.,	2013).	Thus,	there	is	

a	need	to	increase	our	understanding	of	the	importance	of	herbivory	
on	EMM	production	and	community	dynamics	(Ekblad	et	al.,	2013).

Using	 16-	year-	old	 herbivore	 exclosures,	we	 investigated	 the	 ef-
fects	of	grazing	on	EMM	biomass	during	one	growing	season	in	two	
different	vegetation	types	at	a	total	of	five	sites	in	the	Scandes	forest-	
tundra	ecotone.	We	hypothesize	that	excluding	 large	herbivores	will	
positively	 influence	EMM	biomass,	 through	an	 increased	abundance	
of	 important	 ECM	host	 plant	 species.	 Furthermore,	we	hypothesize	
that	a	long-	term	release	from	grazing	will	also	affect	the	fungal	com-
munity	composition,	as	competitive	interactions	will	shift	when	distur-
bance	is	decreased.

2  | MATERIALS AND METHODS

2.1 | Study sites

The	study	was	conducted	over	the	growing	season	of	2011,	 in	two	
southern	study	areas,	Fulufjället	 (61°N,	12°E)	and	Långfjället	 (62°N,	
12°E),	 and	 one	 northern	 area,	 Pulsuvuoma	 (68°N,	 21°E),	 in	 the	
Scandinavian	 mountain	 range.	 The	 two	 southern	 study	 areas	 con-
sisted	 of	 two	 sites	 each—a	 shrub	 heath	 (above	 the	 forest	 line)	 and	
a	 mountain	 birch	 forest	 site,	 whereas	 in	 Pulsuvuoma,	 there	 was	 a	
mountain	birch	 forest	 site	only.	This	made	a	 total	of	 five	 sites.	The	
soils	at	the	sites	have	podsol	profiles	throughout,	with	till	and,	in	some	
cases,	weathered	soil	at	the	base	(Eriksson,	Niva,	&	Caruso,	2007).	The	
humus	layer	is	about	3–5	cm.

Fulufjället	is	the	southernmost	field	site.	The	shrub	heath,	located	
on	a	north-	facing	slope	at	930	m	a.s.l.,	 is	characterized	by	the	ECM-	
forming	B. nana	 in	the	shrub	layer.	The	field	layer,	however,	 is	domi-
nated	by	ERM-	forming	dwarf	shrubs	such	as	Calluna vulgaris	(L.)	Hull, 
Vaccinium vitis-idaea	 L., Vaccinium myrtillus	 L.,	 and	 Empetrum nigrum 
subsp. hermaphroditum	 (Hagerup)	 Böcher	 along	 with	 the	 graminoid	
Deschampsia flexuosa	L.	In	the	bottom	layer,	lichens	such	as	Cladonia 
spp.	and	Cetraria islandica	(L.)	Ach.	are	abundant.	The	birch	forest	site	
(880	m	a.s.l.)	 lies	 in	 a	 low	 forest	 dominated	by	ECM-	forming	Betula 
pubescens	subsp. czerepanovii	(from	here	on	just	B. pubescens)	with	an	
undergrowth	of	dwarf	 shrubs,	 such	as	Vaccinium	 spp.	and	E. nigrum, 
and	grasses,	 such	as	D. flexuosa	 and	Nardus stricta,	 as	well	as	herbs,	
mainly	 Trientalis europea	 L.	 and	 Solidago virgaurea	 L.	 In	 the	 bottom	
layer,	mosses	such	as	Pleurozium schreberi	L.	and	Barbilophozia lycopo-
dioides	 (Wallr.)	Loeske,	are	more	common	than	lichens.	Unlike	at	the	
other	sites,	 reindeer	husbandry	has	not	been	practiced	at	Fulufjället	
since	the	19th	century	(Naturvårdsverket	2002).

The	second	study	area,	Långfjället,	is	also	located	in	the	southern	
part	of	the	mountain	range,	about	55	km	north	of	Fulufjället.	The	veg-
etation	is	similar	to	Fulufjället	but	the	birch	forest	at	Långfjället	also	
contains	scattered	occurrences	of	Pinus sylvestris	L.	The	shrub	heath	
site	(840	m	a.s.l.)	 is	 located	on	an	east-	facing	slope	and	is	grazed	by	
reindeer	 from	 June	 to	 September,	whereas	 the	 birch	 forest	 (800	m	
a.s.l.)	 is	mainly	 grazed	 in	June,	 before	 the	 reindeer	 are	driven	up	 to	
higher	elevations	by	the	emerging	mosquitos,	and	in	October,	as	the	
herds	pass	 through	on	 their	way	back	down	 to	 the	winter	 pastures	
(Jörgen	Jonsson,	Idre	Sami	Village,	pers.	comm.).	Over	the	experimental	
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period	(1995–2011),	the	number	of	reindeer	has	been	fairly	constant	
with	about	3.0	reindeer	per	km2	(Vowles	et	al.,	2017).

At	the	Pulsuvuoma	birch	forest	site	(460	m	a.s.l.),	the	tree	layer	is	
completely	dominated	by	B. pubescens.	The	dominant	 species	 in	 the	
field	and	bottom	layer	are	 largely	the	same	as	at	the	southern	sites,	
with	the	most	noticeable	difference	being	the	absence	of	C. vulgaris 
(see	Vowles	et	al.	(2017)	for	full	list	of	species	abundances	at	all	sites).	
The	Pulsuvuoma	site	is	frequented	by	reindeer	approximately	between	
November	 and	 January,	 although	 this	 varies	 considerably	 between	
years	 (Per-	Gustav	 Idivuoma,	Lainiovuoma	Sami	village,	pers.	comm.).	
In	contrast	to	Långfjället,	the	number	of	reindeer	increased	over	the	
exclosure	period	(1995–2011)	from	about	2.0	to	3.5	reindeer	per	km2 
(Vowles	et	al.,	2017)

2.2 | Experimental design

In	 1995,	 six	 plots	 (25	×	25	m)	 were	 established	 at	 each	 site	 (see	
Eriksson	et	al.	 (2007)	 for	 full	background),	and	 the	same	plots	were	
used	in	this	study.	Three	of	the	plots	at	each	site	were	surrounded	by	
fences,	1.7	m	high	 (hereafter	 referred	 to	 as	exclosures).	The	 fences	
exclude	large	herbivores,	such	as	moose	and	reindeer,	while	small	her-
bivores,	such	as	hares	and	rodents,	still	had	full	access	due	to	the	large	
mesh	 size.	The	other	 three	plots	 (from	here	on	 referred	 to	 as	 “am-
bient”	plots,	as	 they	 represent	natural,	 i.e.,	grazed,	conditions)	were	
marked	only	with	dug	out	corners	and	were	left	accessible	to	grazers.

2.3 | EMM biomass

To	estimate	the	effect	of	grazer	exclusion	on	EMM	biomass,	four	nylon	
sand-	filled	 ingrowth	mesh	bags	(mesh	size	50	μm;	length	10	cm	and	
diameter	2	cm;	40.0	g	silica	sand,	free	of	organic	matter;	550°C/24	hr)	
per	plot	were	installed	in	May	or	June	2011	(see	below),	3–4	m	from	
the	center	of	the	plot	in	each	cardinal	direction.	Immediately	prior	to	
the	installation,	a	2-	cm	soil	core,	10	cm	long,	was	removed	and	each	
bag	was	 vertically	 inserted	 such	 that	 the	 upper	 end	was	 level	with	
the	 soil	 surface	 (and	 left	 exposed).	 The	 sand-	filled	 bags	 are	mainly	
colonized	by	mycorrhizal	fungi	due	to	the	absence	of	a	carbon	source	
(Wallander,	Ekblad,	&	Bergh,	2011).	In	fall	2011,	just	before	the	soil	
froze,	the	bags	were	collected	and	frozen	within	a	few	hours	before	
further	processing.	The	incubation	time	per	site	was	148	(24	May	–	
20	Oct),	148	(25	May	–	21	Oct),	and	112	(8	June	–	27	Sept)	days	for	
Fulufjället,	Långfjället,	and	Pulsuvuoma,	respectively.

The	 sand	 from	 the	 four	 bags	 from	each	 plot	 (in	 total	 160	g	 dry	
weight)	was	mixed,	and	fungal	mycelia	were	extracted	from	a	subsa-
mple	of	80.0	g	wet	weight	using	the	technique	of	Kjöller	et	al.	(2012).	
The	extracted	mycelia	samples	were	then	freeze-	dried.	When	dry,	the	
extracted	mycelia	were	 further	 rinsed	 from	 sand	grains	before	 ana-
lyzed	 for	C	and	N	concentrations.	Some	sand	particles	 still	 adhered	
to	the	harvested	mycelia,	and	the	N%	data	were	therefore	corrected	
assuming	 a	 C	 concentration	 of	 49.75%,	which	was	 the	 highest	 C%	
found	and	taken	to	represent	sand-	free	mycelia.	To	obtain	the	water	
content	of	the	sand,	the	remaining	sand	sample	was	freeze-	dried	and	
then	weighed	allowing	for	correction	of	the	biomass	estimation.

2.4 | Temperature measurements

Temperature	loggers	(Tinytag	plus	2	TGP-	4020,	Gemini	Data	Loggers,	
UK)	were	installed	at	the	same	time	as	the	mesh	bags	and	soil	tem-
perature	were	 recorded	 and	 logged	once	per	 hour	 in	 the	 center	 of	
each	plot,	at	a	depth	of	2	cm,	for	the	duration	of	the	experiment.	From	
the	temperature	data,	thawing	degree-	days	(TDD),	which	is	the	sum	
of	all	mean	daily	temperatures	above	0°C,	were	calculated	according	
to	Molau	and	Mølgaard	 (1996)	for	the	period	that	the	bags	were	 in	
the	ground.

2.5 | Vegetation inventories

During	the	summer	of	2011,	vegetation	inventories	of	each	plot	were	
carried	out,	 in	order	 to	quantify	abundances	of	 the	dominant	ECM-	
forming	species	(B. pubescens	at	the	birch	forest	sites	and	B. nana	at	
the	shrub	heath	sites).	For	the	tree	layer	inventories	in	the	birch	for-
est,	a	1.5	m	strip	along	the	edges	was	excluded,	to	avoid	edge	effects,	
and	 the	 remaining	22	×	22	m	area	of	each	plot	was	divided	 into	16	
squares	of	5.5	×	5.5	m	each.	 In	six	randomly	selected	squares	of	the	
16,	we	measured	height	and	base	diameter	for	every	birch	taller	than	
20	cm.	For	trees	taller	than	130	cm,	diameter	at	breast	height	was	also	
measured.	The	biomass	(dry	weight	of	living	tree	tissue)	of	the	moun-
tain	birch	stands	in	each	plot	was	then	estimated	using	the	equation	
developed	by	Dahlberg,	Berge,	Petersson,	and	Vencatasawmy	(2004):

TBAi	 is	 the	 cross-	sectional	 area	per	 tree	 at	breast	height	 (mm
2),	

and	n	is	the	number	of	trees	measured	in	the	plot.	The	birch	biomass	
per	plot	was	then	rescaled	to	kilograms	per	hectare.	As	the	equation	
uses	 area	 at	 breast	 height,	 only	 individuals	 taller	 than	130	cm	were	
included	in	biomass	estimations.	Unfortunately,	tree	inventories	could	
only	be	carried	out	in	five	of	the	six	plots	at	the	Fulufjället	birch	forest	
site.

For	the	field	layer	(i.e.,	herbs	and	small	shrubs,	excluding	cryptog-
ams)	inventories,	a	1.5	m	strip	was	again	excluded	from	each	plot,	and	
the	remaining	area	was	divided	into	484	1	×	1	m	subplots.	Twenty	of	
these	1	×	1	m	subplots	were	randomly	chosen	and	a	0.5	×	0.5	m	steel	
grid,	divided	into	100	equally	sized	quadrats,	was	laid	out	in	the	south-
ern	corner	of	each	subplot.	Frequencies	(cover)	of	all	species	were	then	
recorded	by	counting	the	number	of	quadrats	 in	which	each	species	
occurred.

We	 then	 used	 B. pubescens	 biomass	 and	 B. nana	 frequency	 (for	
which	no	reliable	function	to	estimate	biomass	was	found	in	the	liter-
ature)	as	factors	in	the	linear	models.

2.6 | Soil and root sampling and analysis

Two	soil	cores	were	taken	(and	pooled)	from	each	of	two	randomly	
selected	 subplots,	 using	 a	 soil	 core	 sampler	 (diameter	 7	cm,	 length	

Tree biomass per plot (kg)=

n
∑

i=1

e
(−5.4923+0.9803∗Ln(TBAi))
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10	cm).	 These	were	 stored	 at	 4°C	 until	we	 returned	 to	 the	 labora-
tory,	where	they	were	frozen	until	analysis.	Organic	and	mineral	lay-
ers	were	separated	out	and	sieved	through	a	2	mm	mesh.	Subsamples	
from	both	 layers	were	analyzed	 for	C	and	N	content	 through	mass	
spectrometry	 (ANCA-	TGII	 interfaced	 with	 a	 20–20	 IRMS,	 SerCon,	
UK),	as	well	as	pH	and	loss	on	ignition.	Roots	<2	mm	diameter	from	
both	 soil	 horizons	 were	 also	 extracted	 and	 analyzed,	 separately,	
through	mass	spectrometry.

2.7 | DNA extraction, amplification, and sequencing

After	the	sand	from	the	four	bags	from	each	plot	was	pooled,	DNA	was	
extracted	from	500	mg	 (dry	weight)	subsamples	using	a	NucleoSpin	
Soil	 kit	 (Machery-	Nagel	GmbH,	Germany).	 The	SL1	 lysis	 buffer	 and	
SX	enhancer	included	in	the	kit	were	used.	DNA	was	eluted	in	20	μL	
of	the	supplied	elution	buffer.	DNA	was	quantified	in	the	extracts	by	
fluorometry	(QuBit	3.0,	Thermo	Fisher	Scientific,	USA),	with	individual	
extracts	ranging	from	4.32	to	24.6	ng	total	DNA.	The	second	internal	
transcribed	spacer	(ITS2)	region	of	ribosomal	DNA	was	amplified	by	
polymerase	 chain	 reaction	 (PCR)	 using	 the	 fungi-	specific	 gITS7	 for-
ward	primer	(Ihrmark	et	al.,	2012)	and	the	general	eukaryote	ITS4	re-
verse	primer	 (White,	Bruns,	Lee,	&	Taylor,	1990).	The	gITS7	primer	
included	unique	indexed	tags	for	each	sample	to	allow	for	multiplex	
sequencing.	 Amplication	 of	 the	 ITS2	 region	was	 performed	 using	 a	
real-	time	 (quantitative)	 PCR	 instrument	 (CFX96	 Touch,	 Bio-	Rad	
Laboratories,	Inc.,	USA)	in	order	to	observe	the	process	of	the	reac-
tion	and	stop	it,	while	the	majority	of	the	samples	were	still	in	the	log-	
linear	 amplification	 phase,	 as	 described	by	Urbina,	 Scofield,	Cafaro,	
and	Rosling	(2016).	The	reaction	mix	was	SSOAdvanced	SYBR	Green	
Master	Mix	(Bio-	Rad	Laboratories,	Inc.,	USA)	at	1×	concentration,	with	
0.8 μM	of	each	primer	and	approximately	600	pg	of	extracted	DNA.	
The	PCR	was	run	with	the	protocol:	98°C	for	3	min,	followed	by	30	
cycles	of	98°C	for	15	s,	52°C	for	45	s,	60°C	for	30	s,	and	finally	a	melt	
curve	was	 generated	 from	65°	 to	 95°	 in	 increments	 of	 0.5°C.	 PCR	
products	were	cleaned	using	the	ZR-	96	DNA	Clean	&	Concentrator-	5	
kit	(Zymo	Research	Corporation,	USA).	DNA	concentration	was	once	
again	 quantified	 by	 fluorescence	 using	 the	 QuBit	 3.0	 fluorometer,	
and	up	to	30	ng	of	each	duplicate	sample,	if	available,	was	pooled	for	
sequencing.	The	pooled	 library	was	sequenced	using	a	PacBio	RS	 II	
(Pacific	 Biosciences,	 USA)	 at	 the	Uppsala	Genome	Center	 (Uppsala	
University,	Sweden)	using	four	single-	molecule	real-	time	(SMRT)	cells.

2.8 | Bioinformatics

We	used	Mothur	 (v.1.34.4;	 (Schloss	et	al.,	2009)	 for	quality	 filtering	
and	 demultiplexing	 of	 the	 PacBIO	 consensus	 sequences	 (bdiffs	=	1,	
minlength	=	80,	 qwindowaverage	=	30,	 qwindowsize	=	50).	 Quality	
filtering	was	followed	by	demultiplexing	as	well	as	removing	tags	and	
primers	 using	 the	 command	 “trim.seqs”	 in	Mothur	with	 the	 follow-
ing	options:	maxambig	=	0,	bdiffs	=	1,	minlength	=	80,	processors	=	1,	
qwindowaverage	=	30,	qwindowsize	=	50.	ITS	regions	were	extracted	
from	quality-	filtered	sequences	using	ITS	extractor	(Bengtsson-	Palme	
et	al.,	2013).	For	clustering	of	sequences,	we	used	USEARCH	(v8.0)	

(Edgar,	 2010)	 using	 the	 command	 “cluster_fast”	 with	 standard	 op-
tions.	Chimeras	were	detected	using	Uchime	(Edgar,	Haas,	Clemente,	
Quince,	 &	 Knight,	 2011)	 which	 along	with	 sequences	 shorter	 than	
100	bp	long	were	discarded.	The	remaining	sequences	were	used	to	
generate	operational	taxonomic	units	 (OTUs)	based	on	97%	similar-
ity	threshold	in	Usearch	(Edgar,	2010).	OTUs	were	assigned	to	guild	
and	lineage	using	default	settings	in	FUNGuild	(Nguyen	et	al.,	2016)	
and	hyphal	exploration	type	according	to	the	classification	of	Agerer	
(2006).	Taxonomy	and	lineage	were	assigned	based	on	the	taxonomic	
information	of	the	best	blast	hit.	Lineages	are	designated	by	a	slash	
(/)	 followed	 by	 the	 dominant	 genus,	 genera,	 or	 higher	 level	 taxon.	
Blast	searching	was	performed	against	UNITE	database	(Koljalg	et	al.,	
2013).	Relative	abundances	of	guilds,	lineages,	and	exploration	types	
were	calculated	for	each	plot.

2.9 | Data analyses

All	statistical	analyses	were	carried	out	using	the	software	R	(R	Core	
Team	2012).	Linear	models	were	used	to	test	for	differences	in	EMM	
biomass.	We	 analyzed	 the	 birch	 forest	 and	 shrub	heath	 sites	 sepa-
rately	as	we	hypothesized	that	the	abundance	of	the	dominant	ECM	
host	plants	 in	each	plant	community,	which	was	B. pubescens	at	 the	
birch	forest	sites	and	B. nana	at	the	dry	heath	sites,	is	one	of	the	main	
drivers	of	EMM	production,	and	we	wanted	to	 include	these	meas-
urements,	along	with	soil	TDD,	as	covariates	in	the	models.	Thus,	the	
birch	forest	model	 included	the	factors	treatment,	site,	B. pubescens 
biomass	and	soil	TDD,	whereas	the	shrub	heath	model	used	the	fac-
tors	treatment,	site,	B. nana	frequency	and	soil	TDD.	Furthermore,	we	
used	separate	linear	models	to	evaluate	whether	there	were	any	dif-
ferences	in	B. pubescens	biomass,	B. nana	frequency,	and	soil	TDD	be-
tween	sites	or	treatments	(i.e.,	with	factors	treatment*site)	and	then	
used	the	lsmeans	package	(Lenth,	2016)	to	obtain	t-	ratios	and		p-	values	
of	 treatment	 effects	 at	 each	 site.	 All	 data	were	 log-	transformed	 to	
fulfill	assumptions	of	normality.	In	addition,	we	used	linear	regression	
to	explore	relationships	between	mycelial	biomass	and	soil	TDD	and	
B. nana	frequency.

We	also	used	mycorrhizal	fungal	OTU	data	to	calculate	diversity	
indices	for	the	fungal	community,	for	both	all	mycorrhizal	species	and	
ECM	 species	 only.	We	 calculated	 Shannon’s	H,	 Fischer’s	α,	 and	 the	
complement	(1-	D)	and	reciprocal	(1/D)	forms	of	Simpson’s	D	using	the	
diversity	 function	 in	 the	vegan	 package	 of	 R	 (Oksanen	 et	al.,	 2013)	
and	evenness	 indices	of	Simpson’s	D	and	Shannon’s	H	according	 to	
Magurran	(2004).	Linear	models	were	used	to	test	for	treatment	dif-
ferences	 in	 relative	 abundances	 of	 guilds,	 lineages,	 and	 exploration	
types	as	well	as	diversity	measures,	where,	in	contrast	to	the	mycelia	
biomass	models,	both	vegetation	types	were	included	in	the	model	to	
increase	statistical	power.

We	 tested	 the	 effect	 of	 grazing,	 vegetation	 type,	 and	 soil	 vari-
ables,	 including	pH,	soil	organic	matter,	and	C:N	ratio,	on	both	ECM	
and	total	OTU	composition	using	the	multivariate	version	of	ANOVA	
(PERMANOVA)	as	 implemented	 in	the	adonis	 function	of	 the	vegan	
package	 of	 R	 (Oksanen	 et	al.,	 2013).	 Each	 variable	was	 tested	 in	 a	
single-	factor	analysis.	All	results	were	considered	significant	if	p	<	.05.
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3  | RESULTS

3.1 | Mycelial biomass

In	the	birch	forest	at	Fulufjället,	mycelial	biomass	was	more	than	four	
times	as	high	in	exclosures,	and	at	Långfjället,	it	was	nearly	twice	as	
high	 as	 in	 ambient	 plots	 (Figure	1).	 At	 Pulsuvuoma,	 there	 appeared	
to	be	no	treatment	effect,	but	overall	the	negative	effect	of	grazing	
on	 mycelial	 ingrowth	 was	 significant	 (p <	.01,	 Table	1).	 The	 effect	
of	 B. pubescens	 biomass	 on	 EMM	 biomass	 was	 not	 significant,	 but	
the	effect	of	 soil	TDD	was	 (p	<	.01).	This	 appeared	 to	be	driven	by	
a	significant	positive	correlation	between	TDD	and	EMM	biomass	in	
Pulsuvuoma	(Figure	2,	Table	1).

At	 the	shrub	heath	sites,	 the	ambient	plots	at	Långfjället	had	a	
threefold	 higher	 EMM	 biomass	 than	 exclosures,	 but	 at	 Fulufjället,	
where	 there	 are	 no	 reindeer,	 there	 was	 no	 difference	 (Figure	1).	
Overall,	 treatment	 was	 not	 statistically	 significant,	 although	 there	
was	 a	 significant	 site	 effect	 (p =	.01,	 Table	2).	 There	 was	 also	 a	

near-	significant	 effect	 of	 B. nana	 frequency	 (p	=	.06),	 which	 at	
Långfjället	was	negatively	correlated	 to	mycelial	biomass	 (Figure	3,	
Table	2).

3.2 | Betula pubescens biomass, B. nana 
frequency, and soil TDD

We	 found	 no	 significant	 differences	 in	B. pubescens	 biomass	 and	
B. nana	 frequency	 between	 exclosures	 and	 ambient	 plots,	 even	
though	 there	was	 a	 near-	significant	 treatment	 effect	 on	B. pube-
scens	biomass	at	the	Fulufjället	birch	forest	site	(p	=	.07).	Soil	TDD	
were	 significantly	 higher	 in	 exclosures	 at	 Fulufjället	 shrub	 heath	
and	 significantly	 lower	 in	 exclosures	 at	 Långfjället	 shrub	 heath	
(Table	3).

3.3 | Fungal community composition

From	 117,583	 consensus	 sequences,	 84,811	 reads	 passed	 quality	
filtering.	 In	 total,	 of	 84,811	 quality-	filtered	 reads	 submitted	 to	 ITS	
extractor	 (Bengtsson-	Palme	et	al.,	 2013),	 77,095	 ITS2	 regions	were	

F IGURE  1 Mean	extramatrical	mycelial	(EMM)	biomass	
(±standard	error,	n	=	3)	at	the	five	study	sites.	Grazer	exclosure	
was	significant	at	the	birch	forest	sites	(***p	<	.01).	Ambient	plots	
(green)	were	accessible	to	all	herbivores,	while	exclosures	(red)	were	
surrounded	by	fences	that	keep	out	large	mammals,	such	as	moose	
and	reindeer
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TABLE  1 ANOVA	results	showing	effects	of	treatment,	site,	
Betula pubescens	subsp.	czerepanovii	biomass,	and	soil	thawing	
degree-	days	(TDD)	on	extramatrical	mycelia	biomass	at	the	birch	
forest	sites.

Birch forest Df F p

Treatment 1 14.4 .00

Site 2 2.1 .18

B. pubescens	biomass 1 0.1 .77

Soil	TDD 1 12.1 .01

Treatment*Site 2 9.4 .01

Bold	values	significant	at	p	<	.05

F IGURE  2 Relationship	between	extramatrical	mycelial	(EMM)	
biomass	and	soil	thawing	degree-	days	at	Pulsuvuoma	birch	forest	
site,	including	R2	and	p-	value	from	linear	regression.	Gray	area	shows	
95%	confidence	interval.	Ambient	plots	(green)	were	accessible	to	
all	herbivores,	while	exclosures	(red)	were	surrounded	by	fences	that	
keep	out	large	mammals,	such	as	moose	and	reindeer
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TABLE  2 ANOVA	results	showing	effects	of	treatment,	site,	
Betula nana	frequency,	and	soil	thawing	degree-	days	(TDD)	on	
extramatrical	mycelia	biomass	at	the	shrub	heath	sites.

Shrub heath Df F p

Treatment 1 4.1 .09

Site 1 11.7 .01

B. nana	frequency 1 5.6 .06

Soil	TDD 1 2.3 .18

Treatment*Site 1 3.6 .11

Bold	values	significant	at	p	<	.05
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detected,	of	which	13	were	chimeric.	 In	addition,	100	and	44	were	
detected	as	reference-		and	de	novo-	based	chimeras,	and	3,259	reads	
were	 less	 than	100	bp	 long.	The	average	 length	of	OTU	sequences	
was	279.006	bp.

The	remaining	sequences	were	clustered	into	1,353	OTUs.	Of	these,	
851	 were	 Ascomycetes,	 306	 Basidiomycetes,	 15	 Rozellomycetes,	
seven	 Zygomycetes,	 three	 Chytridiomycetes,	 one	 Glomeromycete,	
and	the	rest	(170)	were	unidentified.	As	for	functional	guilds,	44	OTUs	
were	classified	as	ERM	species	(which	corresponds	to	an	average	rel-
ative	abundance	of	3%),	38	as	ECM	(average	relative	abundance	1%),	
one	as	AM	(rel.	abun.	<1%),	and	272	as	saprotrophs	(rel.	abun.	22%).	A	
total	of	877	OTUs	were	of	unknown	functional	guild	(65%).	Remaining	
OTUs	(121)	consisted	of	different	endophytes,	pathogens,	and	para-
sites	(8%).	Manual	checking	of	the	20	most	common	OTUs	returned	as	
“of	unidentified	functional	guild”	in	FUNGuild,	which	made	up	~50%	
of	all	unidentified	OTU	sequences,	revealed	six	additional	saprotrophs	
but	no	mycorrhizal	species.

In	total,	ERM	comprised	a	larger	part	of	the	identified	OTUs	than	
ECM,	but	we	found	no	significant	differences	in	relative	proportions	
of	AM,	ERM,	or	ECM	fungi	between	treatments,	vegetation	types,	or	
sites	 (Figure	4).	Nor	could	we	find	any	significant	differences	 in	my-
corrhizal	species	evenness.	Of	the	identified	ECM	lineages,	/cortinar-
ius	was	the	most	abundant	and	was	more	abundant	inside	exclosures	
at	 all	 five	 sites	 (Figure	5),	which	was	close	 to	 statistically	 significant	
(p	=	.08,	Table	4).	Because	/cortinarius	was	 so	much	more	abundant	
than	the	remaining	lineages,	classification	by	hyphal	exploration	type	
yielded	very	similar	results,	with	the	medium-	distance	fringe	type,	in	
our	study	represented	by	/cortinarius	and	/piloderma,	showing	a	near-	
significant	effect	of	treatment	(p	=	.07,	Table	5).

The	PERMANOVA	showed	no	 significant	 effect	 of	 treatment	or	
any	of	the	measured	soil	or	root	variables	(Tables	S1	and	S2)	on	OTU	
community	composition	(p	>	.05).

TABLE  3 Elevation,	bedrock,	soil	type	coordinates,	and	duration	time	of	experiment	at	the	different	sites	(additional	data	from	Eriksson	
et	al.	(2007))	and	differences	in	B. nana	frequency,	B. pubescens	biomass	and	soil	TDD.	Bold	values	statistically	significant	at	p	<	.05

Shrub heath Birch forest

Fulufjället Långfjället Fulufjället Långfjället Pulsuvuoma

Elevation	(m	a.s.l.) 930 840 880 800 460

Bedrock Sandstone Dala	granite Sandstone Dala	granite Metagranodiorite,	
Metatonalite

Soil	type Gravelly	till Gravelly	till Gravelly	till Gravelly	till Till

Coordinates 61°38′11″	N 62°06′53″	N 61°38′45″	N 62°03′59″	N 68°20′19″	N

12°38′29″	E 12°16′30″	E 12°35′34″	E 12°14′56″	E 21°19′35″	E

Duration	of	experiment 24	May	–	20	Oct 25	May	–	21	Oct 24	May	–	20	Oct 25	May	–	21	Oct 8	June	–	27	Sept

Incubation	time	(days) 148 148 148 148 112

B. nana	frequency	(0–100)

Exclosures 17.5	(±5.0) 35.9	(±6.7) – – –

Ambient 14.9	(±9.0) 14.7	(±6.1) – – –

B. pubescens	biomass	(kg/ha²)

Exclosures – – 13,904	(±3188) 22,650	(±5732) 32,138	(±6131)

Ambient – – 7359	(±4559) 25061	(±2680) 35,218	(±3748)

TDD	Soil

Exclosures 1270.3 (±18.2) 1198.3 (±11.4) 1317.5	(±41.9) 1244.6	(±62.3) 821.2	(±145.5)

Ambient 1209.9 (±13.8) 1298.0 (±24.7) 1379.2	(±38.6) 1280.9	(±19.5) 864.2	(±58.0)

F IGURE  3 Relationship	between	extramatrical	mycelial	(EMM)	
biomass	and	Betula	nana	abundance	(expressed	as	frequency	
between	1	and	100)	at	Fulufjället	(triangles)	and	Långfjället	(circles)	
shrub	heath	sites.	Linear	regression	was	significant	at	Långfjället.	
Gray	areas	show	95%	confidence	intervals.	Ambient	plots	(green)	
were	accessible	to	all	herbivores,	while	exclosures	(red)	were	
surrounded	by	fences	that	keep	out	large	mammals,	such	as	moose	
and	reindeer
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4  | DISCUSSION

We	 found	 that	 grazer	 exclusion	had	a	 significant	positive	effect	on	
EMM	biomass	at	the	birch	forest	sites,	where	mycelial	biomass	was	
substantially	higher	 in	exclosures	at	both	Fulufjället	 and	Långfjället.	
The	 fact	 that	 the	 difference	 in	 mycelial	 biomass	 was	 greatest	 at	
Fulufjället,	where	there	are	no	reindeer,	suggests	that	moose	brows-
ing	may	have	a	greater	impact	on	mountain	birch	forests	than	brows-
ing	by	reindeer,	which	tend	to	not	spend	the	summer	months	there	
(Bernes,	 Bråthen,	 Forbes,	 Speed,	&	Moen,	 2015).	 Although	 no	 suf-
ficiently	 fine-	scale	 moose	 population	 data	 are	 available	 from	 our	

study	 areas,	 Fulufjället	 is	well	 known	 for	 its	 sizable	moose	 popula-
tion	(Naturvårdsverket	2002),	and	numerous	moose	droppings	were	
observed	 around	 the	 study	 site	 (T.	 Vowles,	 pers.	 obs.).	Moose	 can	
decrease	mycorrhizal	colonization	 in	 taiga	ecosystems	 through	win-
ter	 browsing	of	willow	and	poplar	 twigs	 (Rossow	et	al.,	 1997),	 and,	
furthermore,	browse	the	sites	throughout	the	summer,	which	would	
have	 a	 greater	 impact	 on	 the	 flow	of	 photosynthates	 to	 roots	 and,	
subsequently,	 mycorrhiza,	 as	 ECM	 fungi	 are	 dependent	 on	 newly	
fixed	carbon	 (Ekblad	et	al.,	2013;	Högberg	et	al.,	2001).	Contrary	to	
our	 hypothesis,	 however,	 we	 found	 no	 correlation	 between	 B. pu-
bescens	 biomass	 and	 EMM	 biomass	 which	 could	 mean	 that	 other	

F IGURE  4 Relative	abundances	
(mean	±	SE)	of	arbuscular	(AM),	ericoid	
(ERM),	and	ectomycorrhiza	(ECM)	based	
on	83	identified	mycorrhizal	OTUs	
(after	saprotrophs	and	unknowns	had	
been	filtered	out).	Ambient	plots	(green)	
were	accessible	to	all	herbivores,	while	
exclosures	(red)	were	surrounded	by	fences	
that	keep	out	large	mammals,	such	as	
moose	and	reindeer.	Långfj,	Långfjället;	
Fulufj,	Fulufjället;	Pulsu,	Pulsuvuoma;	S.H.,	
Shrub	heath;	B.F.,	Birch	forest
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F IGURE  5 Relative	abundances	
(mean	±	SE)	of	ectomycorrhizal	lineages	
based	on	38	identified	ectomycorrhizal	
OTUs.	Ambient	plots	(green)	were	
accessible	to	all	herbivores,	while	
exclosures	(red)	were	surrounded	by	fences	
that	keep	out	large	mammals,	such	as	
moose	and	reindeer.	Långfj,	Långfjället;	
Fulufj,	Fulufjället;	Pulsu,	Pulsuvuoma;	S.H.,	
Shrub	heath;	B.F.,	Birch	forest
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factors	 connected	 to	 herbivory,	 such	 as	 trampling	 and	 fertilization,	
may	have	influenced	mycelial	production,	although	no	correlation	to	
any	of	the	measured	soil	variables	corroborated	a	fertilization	effect	
either.	Trampling	from	deer	 is	known	to	sometimes	cause	soil	com-
paction	 (Heckel,	 Bourg,	McShea,	 &	 Kalisz,	 2010;	 Shelton,	 Henning,	
Schultz,	&	Clay,	2014),	which	may	affect	mycorrhiza	negatively	(Entry,	
Rygiewicz,	Watrud,	&	Donnelly,	2002),	but	as	we	did	not	measure	soil	
porosity,	we	cannot	make	any	such	deductions	from	our	study.	Hence,	
although	it	is	likely	that	the	differences	in	EMM	biomass	in	exclosures	
and	 ambient	 plots	 reflect	 herbivore	 influence,	 further	 research	 into	
the	precise	mechanisms	behind	this	is	needed.

Pulsuvuoma	 is	 the	 only	 site	where	 EMM	 biomass	was	 signifi-
cantly	 related	 to	 soil	 TDD.	 No	 effect	 of	 herbivore	 exclosure	was	
found,	but	considering	that	the	site	 is	generally	only	used	by	rein-
deer	 in	winter,	when	they	do	not	browse	mountain	birch	and	that	
moose	are	very	 rare	 in	 the	area	 (P-	G	 Idivuoma,	Lainiovuoma	Sami	
village,	pers.	comm.),	this	is	not	surprising.	Pulsuvuoma	is	located	in	
the	discontinuous	permafrost	zone	(Gisnås	et	al.,	2016),	in	contrast	
to	Fulufjället	and	Långfjället	that	have	no	permafrost.	Even	though	
it	has	a	 shorter	growing	season,	TDD	vary	more	between	plots	at	
Pulsuvuoma	 than	at	 the	other	 sites.	This	 suggests	 that	underlying	
permafrost	 in	places	 substantially	 influences	 the	 soil	 temperature.	
It	has	been	shown	that	ECM	fungi	are	able	to	survive	subzero	tem-
peratures	(Tibbett,	Sanders,	&	Cairney,	2002),	and	there	are	indica-
tions	 that	EMM	in	the	arctic	can	be	perennial	 (Clemmensen	et	al.,	
2006;	 Tibbett	 et	al.,	 2002).	 However,	 the	 optimum	 temperature	

for	ECM	fungal	growth	is	in	general	over	+20°C	for	both	arctic	and	
temperate	strains	and	at	temperatures	of	2°C	hyphal	growth	slows	
down	considerably	(Tibbett,	Sanders,	&	Cairney,	1998).	In	fact,	arc-
tic	strains	of	 the	ECM	Hebeloma	 fungi	have	been	found	to	reduce	
their	growth	rate	more	than	temperate	strains	at	low	temperatures,	
likely	as	a	physiological	adaptation	to	cold	where	resources	in	arc-
tic	 strains	are	more	 readily	diverted	 into	carbohydrate	buildup	 for	
cryoprotection	(Tibbett	et	al.,	1998).	This	slowed	growth	rate	at	low	
temperatures	would	explain	why	we	found	lower	EMM	biomass	in	
the	plots	with	the	lowest	number	of	TDD.

Surprisingly,	at	the	shrub	heath	at	Långfjället,	EMM	biomass	was	
negatively	related	to	the	abundance	of	the	dominant	ECM	host	spe-
cies,	which	at	the	shrub	heath	sites	is	B. nana.	This	contrasts	with	the	
finding	 that	 EMM	biomass	 increases	 as	B. nana	 production	 is	 stim-
ulated	 through	warming	 and	 fertilization	 (Clemmensen	 et	al.,	 2006;	
Deslippe,	Hartmann,	Mohn,	&	Simard,	2011).	In	our	study,	however,	
the	 relative	 increase	 in	B. nana	 cover	was	 caused	by	 a	 cessation	of	
grazing	(Vowles	et	al.,	2017).	It	is	possible	that	browsing	and	removal	
of	B. nana	biomass	in	ambient	plots	at	the	beginning	of	summer	cause	
dieback	and	subsequent	regrowth	of	EMM	hyphae	and	that	this	 in-
creased	mycelial	 turnover	 is	 the	 reason	 that	we	 found	more	 EMM	
biomass	in	grazed	plots	than	in	exclosures.	In	P. sylvestris	forests,	my-
celia	turnover	time	has	been	found	to	be	higher	in	younger	than	older	
forest	stands,	possibly	due	to	total	belowground	C	flux	being	 lower	
and	N	 immobilization	 being	 higher	 in	 older	 forest	 stands	 (Hagenbo	
et	al.,	2017).	The	same	could	perhaps	be	true	of	exclosures	compared	
to	ambient	plots	at	the	Långfjället	site,	where	in	the	absence	of	graz-
ing,	B. nana	was	allowed	to	proliferate,	increasing	the	competition	for	
resources.	It	could	also	have	to	do	with	the	fact	that	B. nana	is	able	to	
allocate	large	proportions	of	its	biomass	belowground	and	can	trans-
locate	 substantial	 amounts	 of	 nutrients	 between	plant	 parts	 during	
the	 season	 (Chapin,	 Johnson,	&	McKendrick,	 1980).	This	 high	 plas-
ticity	helps	it	to	respond	quickly	to	altered	environmental	conditions	
(Bret-	Harte	 et	al.,	 2001).	Therefore,	when	B. nana	 is	 suppressed	 by	
grazers,	 it	 is	possible	 that	 comparatively	more	C	 is	 allocated	 to	 the	
roots,	which	may	 stimulate	 fungal	 growth.	Many	 plants	 are	 known	
to	reallocate	photosynthetic	C	from	foliar	tissue	to	roots	in	response	
to	 grazing,	 thereby	 protecting	 resources	which	 may	 be	 stored	 and	
used	for	regrowth	or	to	increase	nutrient	uptake	(Babst	et	al.,	2005;	

Lineage Exploration type

Treatment Site

Df F p Df F p

/amanita C/SD/MDSa 1 1.13 .30 4 0.60 .67

/cortinarius MDF	(rarely	SD)¹ 1 3.36 .08 4 1.32 .30

/inocybe SD	(C/MDF)	a 1 0.01 .93 4 0.46 .76

/piloderma SD/MDFa 1 3.49 .08 4 1.40 .27

/pseudotomentella MDSb 1 0.43 .52 4 0.91 .48

/suillus–rhizopogon LD¹ 1 0.83 .37 4 0.86 .51

Unknown 1 1.65 .21 4 0.86 .50

aAgerer	(2006)
bDi	Marino	et	al.	(2007).

TABLE  4 ANOVA	results	showing	
effects	of	treatment	and	site	on	identified	
ectomycorrhizal	lineages	as	well	as	hyphal	
exploration	type	as	classified	by	Agerer	
(2006)	and	Di	Marino,	Koljalg,	and	Agerer	
(2007).	C,	contact;	SD,	short-	distance;	
MDS,	medium-	distance	smooth;	MDF,	
medium-	distance	fringe;	LD,	long-	distance

TABLE  5 ANOVA	results	showing	effects	of	treatment	and	site	
on	hyphal	exploration	type	of	ectomycorrhizal	lineages	as	classified	
by	Agerer	(2006)	and	Di	Marino	et	al.	(2007)

Exploration type

Treatment Site

Df F p Df F p

Medium-	distance	
fringe/short-	distance

1 3.60 .07 4 1.20 .34

Contact/short-	
distance/medium-	
distance	smooth

1 1.18 .29 4 0.60 .67

Long-	distance 1 0.83 .37 4 0.86 .51
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Holland,	Cheng,	&	Crossley,	1996;	Schwachtje	et	al.,	2006).	This	may	
be	the	reason	that	mycorrhizal	colonization	of	perennial	grasses	and	
forbs	in	some	cases	has	been	found	to	actually	increase	following	her-
bivory	(Barto	&	Rillig,	2010).	It	has	been	suggested	that	the	increase	
in	C	exudates	under	grazing	pressure,	and	subsequently	in	microbial	
activity	and	N	mineralization,	may	select	for	maintaining	high	mycor-
rhizal	colonization	even	under	heavy	defoliation,	in	order	to	facilitate	
plant	access	to	the	short-	term	pulse	of	mineralized	N	following	foli-
age	removal	(Barto	&	Rillig,	2010).	Hence,	it	is	possible	that	the	larger	
EMM	biomass	in	ambient	plots	compared	to	exclosures	is	a	result	of	
a	 larger	allocation	of	C	 to	belowground	 tissue,	 in	order	 to	optimize	
nutrient	uptake	in	nutrient-	poor	environments	even	when	photosyn-
thetic	ability	is	impaired.

Although	 a	 previous	 study	 found	 that	 mountain	 birch	 defolia-
tion	 caused	 by	 autumnal	 and	 winter	 moth	 (Epirrita autumnata	 and	
Operophtera brumata)	altered	ECM	fungal	communities	(Parker	et	al.,	
2016),	 linear	 models	 in	 our	 study	 showed	 no	 significant	 treatment	
effects	on	diversity	or	evenness.	Nor	did	we	find	any	significant	dif-
ferences	 in	 the	 relative	 proportions	 of	 AM,	 ERM,	 and	 ECM	 fungi,	
despite	the	surprising	finding	that	there	were	more	ERM	OTUs	than	
ECM,	which	we	assume	were	mostly	spores	due	to	wash	offs,	which	
would	contribute	little	to	biomass.	We	did,	however,	find	indications	
that	the	most	abundant	 lineage,	/cortinarius,	was	positively	affected	
by	 the	 exclusion	 of	 herbivores.	 One	 reason	 for	 this	 could	 be	 that	
Cortinarius	 spp.,	 which	 can	 be	 sensitive	 to	 fertilization	 (Brandrud,	
1995)	and	disturbance	(Sun	et	al.,	2015),	benefit	from	the	absence	of	
trampling	and	fertilization	through	droppings	and	urine.	It	is	also	con-
ceivable	that	a	greater	competition	for	resources	caused	by	a	release	
from	grazing	would	favor	nutrient	uptake	efficient	yet	C-	demanding	
mycorrhizal	species	such	as	Cortinarius	spp.,	which	have	high-	biomass	
growth	forms,	medium-	distance	exploration	types,	and	the	capacity	to	
access	 limiting	N	by	breaking	down	complex	organic	matter	 (Simard	
et	al.,	 2015).	However,	 further	 studies,	with	 larger	 sample	 sizes,	 are	
evidently	needed	to	delve	deeper	into	the	effects	of	grazing	on	fungal	
community	dynamics.

The	 large	 abundance	 of	 /cortinarius	 is	 in	 line	with	 other	 recent	
studies	from	the	Scandes	forest-	tundra	ecotone	(Parker	et	al.,	2016;	
Saravesi	 et	al.,	 2015),	which	 nuances	 the	 view	 that	Cortinarius	 spp.	
are	unwilling	 to	colonize	mineral	 substrates	 (Wallander	et	al.,	2013).	
Moreover,	we	cannot	 rule	out	 that	 the	 sand	 substrate	 causes	 some	
kind	 of	 selection	 bias	 toward	 certain	 fungal	 species.	 Hendricks,	
Mitchell,	Kuehn,	Pecot,	and	Sims	(2006)	found	that	mycelial	ingrowth	
was	greater	when	natural	soil	was	used	as	substrate	rather	than	sand,	
which	means	that	we	may	have	consistently	underestimated	the	my-
celia	production	in	our	study.	The	use	of	natural	soil	as	a	substrate	can	
also	be	problematical,	however,	due	to	the	large	and	variable	amounts	
of	background	 fungal	biomass	 (Wallander	et	al.,	 2013).	Not	much	 is	
known,	to	our	knowledge,	about	mesh	bag	selection	bias	toward	cer-
tain	species,	especially	in	tundra	areas	and	is	a	question	that	needs	to	
be	investigated	further.	Sequencing	of	sampled	soil	cores	adjacent	to	
the	mesh	bags	could	in	future	studies	give	valuable	information	about	
resident	fungal	communities,	even	though	problems	relating	to	turn-
over	times	may	arise	in	such	comparisons.	Another	surprising	finding	

was	 that	 ERM	 comprised	 a	 larger	 part	 of	 the	 identified	OTUs	 than	
ECM.	How	much	ericoid	mycorrhizas	contribute	to	the	soil	mycelium	
is	 largely	unknown	 (Read	&	Perez-	Moreno,	2003),	but	 in	boreal	and	
temperate	 forests,	EMM	 is	 thought	 to	be	mainly	produced	by	ECM	
fungi	associated	with	trees	(Ekblad	et	al.,	2013).	It	is	possible	that	in	
ericoid-	dominated	 ecosystems	 like	 ours,	 ERM	produces	more	 EMM	
than	previously	recognized	and	is	a	question	that	is	in	need	of	further	
research.

On	a	final	note,	our	results	showed	that	the	EMM	biomass	in	the	
studied	subarctic	vegetation	types	is	low	compared	to	those	reported	
previously	 in	boreal	and	temperate	forests	 (Ekblad	et	al.,	2013).	The	
average	ambient	EMM	biomass	recorded	was	0.66	g	C/m2	in	the	birch	
forest	and	1.43	g	C/m2	on	the	shrub	heath.	There	was	considerable	
variation	between	sites,	especially	at	the	shrub	heath	where	the	myce-
lial	biomass	in	Långfjället	was	nearly	five	times	as	high	as	in	Fulufjället.	
Despite	 this,	 the	 results	are	comparable	with	earlier	 findings	 from	a	
dry	 subarctic	 heath	 in	 Sweden	 (ca	 1.25	g	 mycelial	 biomass	 per	 m2,	
June–August)	 (Clemmensen	et	al.,	2006),	as	well	as	that	recorded	at	
the	tree	line	in	the	Swiss	Alps	(ca	0.4–1.75	g	mycelial	biomass	per	m2,	
June-	September)	 (Hagedorn	 et	al.,	 2013).	 In	 other	 northern	biomes,	
Wallander,	 Göransson,	 and	 Rosengren	 (2004)	 reported	 hyphal	 bio-
mass	to	be	29.5	and	21	g	C/m2	in	a	Norway	spruce	forest	and	a	mixed	
oak–spruce	forest,	respectively.	If	we	compare	these	values	to	“abo-
veground”	NPP,	Berggren	Kleja	et	al.	 (2008)	reported	NPP	estimates	
ranging	from	333	to	590	g	C	m−2	year−1	in	three	40-	year-	old	Swedish	
Picea abies	 forests,	whereas	 in	 a	mountain	 birch	 forest,	 the	 NPP	 is	
considerable	lower	(2.5	g	C	m−2	year−1;	calculated	from	data	given	in	
Hedenås	et	al.	 (2011)).	Hence,	EMM	production	appears	 to	account	
for	a	larger	part	of	total	ecosystem	productivity	in	the	mountain	birch	
forest	(approximately	25%)	compared	to	a	boreal	forest	(approximately	
10%).

5  | CONCLUDING REMARKS

This	 study,	one	of	 the	 first	of	 its	kind	 in	arctic	and	alpine	 tree	 line	
ecosystems,	shows	that	aboveground	grazing	affects	EMM	biomass	
in	 these	 environments.	 The	 EMM	 biomass	 in	 the	 birch	 forest	 at	
Fulufjället	 and	 Långfjället	was	 positively	 affected	 by	 the	 exclusion	
of	herbivores,	 as	hypothesized.	 In	contrast,	 grazer	exclusion	at	 the	
shrub	heath	at	Långfjället	resulted	in	reduced	mycelial	biomass.	This	
surprising	 finding	 implies	 a	 large	 degree	of	 context	 dependency	 in	
how	EMM	production	changes	under	grazing.	In	view	of	recent	stud-
ies	that	have	highlighted	the	importance	of	ECM	for	decomposition	
of	 soil	 organic	 matter	 (Hartley	 et	al.,	 2012),	 such	 a	 stimulation	 of	
EMM	growth	could	potentially	 lead	 to	an	acceleration	of	C	cycling	
in	 the	subarctic.	Despite	being	a	crucial	 component	 in	arctic	C	dy-
namics,	the	influence	of	herbivory	on	microbial	processes	is	a	vastly	
understudied	 area.	Consequently,	more	 studies,	which	 address	 the	
effect	of	grazing	on	the	complete	mycorrhizal	system	(both	root	tip	
and	EMM),	 are	needed	 to	 further	 explore	 the	 interaction	between	
herbivores,	 plant	 community	 change,	 and	 C	 dynamics	 in	 northern	
ecosystems.



1028  |     VOWLES Et aL.

ACKNOWLEDGMENTS

The	authors	 thank	Kjell	Vowles	 for	assistance	 in	 the	 field	and	Stina	
Johlander	 in	 the	 laboratory,	 and	 Urban	 Gunnarson	 and	 Bengt	
Landström	at	the	County	Boards	of	Dalarna	and	Norrbotten	for	gen-
erous	help	with	practical	matters.	The	Swedish	Research	Council	for	
Environment,	 Agricultural	 Sciences	 and	 Spatial	 Planning	 (grant	 no.	
214-	2010-	1411	to	R.G.B.)	supported	this	work	and	 is	gratefully	ac-
knowledged.	The	work	was	also	conducted	with	financial	support	from	
The	Strategic	Research	Area	BECC	(Biodiversity	and	Ecosystems	in	a	
Changing	 Climate);	 www.cec.lu.se/research/becc	 and	 the	 Estonian	
Science	Foundation	grants	(PUT1317	to	M.B.).

CONFLICT OF INTEREST

None	declared.

AUTHOR CONTRIBUTIONS

T.V.	and	R.G.B.	designed	the	study	and	conducted	the	field	work.	F.L.,	
A.E.,	B.F.,	M.R.,	and	R.G.B.	conducted	the	laboratory	work.	M.R.	and	
B.F.	planned	the	community	sequencing.	M.B.	conducted	bioinformat-
ics	 analyses.	 T.V.,	 F.L.,	M.B.,	 and	R.G.B	 analyzed	 the	 data.	 T.V.	 and	
F.L.	led	the	writing	of	the	manuscript	with	the	help	of	R.G.B.	All	au-
thors	contributed	critically	 to	 the	drafts	and	gave	 final	approval	 for	
publication.

DATA ACCESSIBILITY

All	consensus	(read	of	insert)	sequences	were	submitted	to	the	Short	
Read	Archive	(SRA)	under	the	accession	number	SRP120113.

ORCID

Robert G. Björk  http://orcid.org/0000-0001-7346-666X 

REFERENCES

Agerer,	R.	(2006).	Fungal	relationships	and	structural	identity	of	their	ecto-
mycorrhizae.	Mycological Progress,	5,	67–107.	https://doi.org/10.1007/
s11557-006-0505-x

Anderson,	I.	C.,	&	Cairney,	J.	W.	G.	(2007).	Ectomycorrhizal	fungi:	exploring	
the	mycelial	frontier.	Fems Microbiology Reviews,	31,	388–406.	https://
doi.org/10.1111/j.1574-6976.2007.00073.x

Averill,	 C.,	 Turner,	 B.L.,	 &	 Finzi,	 A.C.	 (2014).	 Mycorrhiza-	mediated	 com-
petition	between	plants	and	decomposers	drives	soil	carbon	storage.	
Nature,	505,	543-+.	https://doi.org/10.1038/nature12901

Babst,	B.	A.,	Ferrieri,	R.	A.,	Gray,	D.	W.,	Lerdau,	M.,	Schlyer,	D.	J.,	Schueller,	
M.,	…	Orians,	C.	M.	(2005).	Jasmonic	acid	induces	rapid	changes	in	car-
bon	transport	and	partitioning	in	Populus.	New Phytologist,	167,	63–72.	
https://doi.org/10.1111/j.1469-8137.2005.01388.x

Barto,	E.	K.,	&	Rillig,	M.	C.	(2010).	Does	herbivory	really	suppress	mycor-
rhiza?	 A	 meta-	analysis.	 Journal of Ecology,	 98,	 745–753.	 https://doi.
org/10.1111/j.1365-2745.2010.01658.x

Bayne,	H.	G.,	Brown,	M.	S.,	&	Bethlenfalvay,	G.	J.	(1984).	Defoliation	effects	
on	mycorrhizal	 colonization,	 nitrogen-	fixation	 and	 photosynthesis	 in	

the	 glycine-	glomus-	rhizobium	 symbiosis.	 Physiologia Plantarum,	 62,	
576–580.	https://doi.org/10.1111/j.1399-3054.1984.tb02802.x

Bengtsson-Palme,	 J.,	 Ryberg,	 M.,	 Hartmann,	 M.,	 Branco,	 S.,	 Wang,	 Z.,	
Godhe,	A.,	…	Nilsson,	R.	H.	 (2013).	 Improved	software	detection	and	
extraction	 of	 ITS1	 and	 ITS2	 from	 ribosomal	 ITS	 sequences	 of	 fungi	
and	other	eukaryotes	 for	analysis	of	environmental	 sequencing	data.	
Methods in Ecology and Evolution,	4,	914–919.

Berggren	 Kleja,	 D.,	 Svensson,	 M.,	 Majdi,	 H.,	 Jansson,	 P.-E.,	 Langvall,	
O.,	Bergkvist,	B.,	…	Sveriges,	 l.	 (2008).	Pools	and	 fluxes	of	 carbon	 in	
three	Norway	spruce	ecosystems	along	a	climatic	gradient	in	Sweden.	
Biogeochemistry,	89,	7.	https://doi.org/10.1007/s10533-007-9136-9

Bernes,	C.,	Bråthen,	K.A.,	Forbes,	B.C.,	Speed,	J.D.M.,	&	Moen,	J.	 (2015).	
What	are	the	impacts	of	reindeer/caribou	(Rangifer	tarandus	L.)	on	arc-
tic	and	alpine	vegetation?	A	systematic	review	Environmental Evidence,	
4,	4.	https://doi.org/10.1186/s13750-014-0030-3

Brandrud,	T.	E.	 (1995).	The	effects	of	 experimental	 nitrogen	addition	on	
the	 ectomycorrhizal	 fungus	 flora	 in	 an	 oligotrophic	 spruce	 forest	 at	
Gardsjon,	 Sweden.	 Forest Ecology and Management,	 71,	 111–122.	
https://doi.org/10.1016/0378-1127(94)06088-Z

Bret-Harte,	M.	 S.,	 Shaver,	G.	 R.,	 Zoerner,	 J.	 P.,	 Johnstone,	 J.	 F.,	Wagner,	
J.	 L.,	 Chavez,	 A.	 S.,	 …	 Laundre,	 J.	 A.	 (2001).	 Developmental	
plasticity	 allows	 Betula nana	 to	 dominate	 tundra	 subjected	
to	 an	 altered	 environment.	 Ecology,	 82,	 18–32.	 https://doi.
org/10.1890/0012-9658(2001)082[0018:DPABNT]2.0.CO;2

Cairney,	J.	W.	G.	(2012).	Extramatrical	mycelia	of	ectomycorrhizal	fungi	as	
moderators	of	carbon	dynamics	in	forest	soil.	Soil Biology & Biochemistry,	
47,	198–208.	https://doi.org/10.1016/j.soilbio.2011.12.029

Chapin,	F.	S.,	Johnson,	D.	A.,	&	McKendrick,	J.	D.	(1980).	Seasonal	move-
ment	 of	 nutrients	 in	 plants	 of	 differing	 growth	 form	 in	 an	 Alaskan	
tundra	ecosystem	–	implications	for	Herbivory.	Journal of Ecology,	68,	
189–209.

Clemmensen,	 K.	 E.,	 Bahr,	 A.,	 Ovaskainen,	 O.,	 Dahlberg,	 A.,	 Ekblad,	 A.,	
Wallander,	H.,	…	Lindahl,	B.	D.	(2013).	Roots	and	associated	fungi	drive	
long-	term	carbon	sequestration	 in	boreal	forest.	Science,	339,	1615–
1618.	https://doi.org/10.1126/science.1231923

Clemmensen,	K.	E.,	Finlay,	R.	D.,	Dahlberg,	A.,	Stenlid,	J.,	Wardle,	D.	A.,	
&	Lindahl,	B.	D.	(2015).	Carbon	sequestration	is	related	to	mycorrhi-
zal	 fungal	 community	 shifts	 during	 long-	term	 succession	 in	 boreal	
forests.	New Phytologist,	205,	1525–1536.	https://doi.org/10.1111/
nph.13208

Clemmensen,	 K.	 E.,	Michelsen,	A.,	 Jonasson,	 S.,	 &	 Shaver,	 G.	 R.	 (2006).	
Increased	ectomycorrhizal	fungal	abundance	after	long-	term	fertiliza-
tion	 and	warming	 of	 two	 arctic	 tundra	 ecosystems.	New Phytologist,	
171,	391–404.	https://doi.org/10.1111/j.1469-8137.2006.01778.x

Daft,	M.	J.,	&	Elgiahmi,	A.	A.	 (1978).	Effect	of	Arbuscular	Mycorrhiza	on	
plant-	growth.	8.	Effects	of	defoliation	and	light	on	selected	hosts.	New 
Phytologist,	80,	365–372.	https://doi.org/10.1111/j.1469-8137.1978.
tb01570.x

Dahlberg,	U.,	Berge,	T.	W.,	Petersson,	H.,	&	Vencatasawmy,	C.	P.	 (2004).	
Modelling	 biomass	 and	 leaf	 area	 index	 in	 a	 sub-	arctic	 Scandinavian	
mountain	 area.	 Scandinavian Journal of Forest Research,	 19,	 60–71.	
https://doi.org/10.1080/02827580310019266

Deslippe,	J.	R.,	Hartmann,	M.,	Mohn,	W.	W.,	&	Simard,	S.	W.	(2011).	Long-	
term	experimental	manipulation	of	climate	alters	the	ectomycorrhizal	
community	of	Betula	nana	in	Arctic	tundra.	Global Change Biology,	17,	
1625–1636.	https://doi.org/10.1111/j.1365-2486.2010.02318.x

Di	 Marino,	 E.,	 Koljalg,	 U.,	 &	 Agerer,	 R.	 (2007).	 The	 ectomycorrhizae	 of	
Pseudotomentella	humicola	on	Picea	abies.	Nova Hedwigia,	84,	429–
440.	https://doi.org/10.1127/0029-5035/2007/0084-0429

Edgar,	 R.	 C.	 (2010).	 Search	 and	 clustering	 orders	 of	 magnitude	 faster	
than	BLAST.	Bioinformatics,	26,	2460–2461.	https://doi.org/10.1093/
bioinformatics/btq461

Edgar,	 R.	 C.,	 Haas,	 B.	 J.,	 Clemente,	 J.	 C.,	 Quince,	 C.,	 &	 Knight,	 R.	
(2011).	 UCHIME	 improves	 sensitivity	 and	 speed	 of	 chimera	

http://www.cec.lu.se/research/becc
http://orcid.org/0000-0001-7346-666X
http://orcid.org/0000-0001-7346-666X
https://doi.org/10.1007/s11557-006-0505-x
https://doi.org/10.1007/s11557-006-0505-x
https://doi.org/10.1111/j.1574-6976.2007.00073.x
https://doi.org/10.1111/j.1574-6976.2007.00073.x
https://doi.org/10.1038/nature12901
https://doi.org/10.1111/j.1469-8137.2005.01388.x
https://doi.org/10.1111/j.1365-2745.2010.01658.x
https://doi.org/10.1111/j.1365-2745.2010.01658.x
https://doi.org/10.1111/j.1399-3054.1984.tb02802.x
https://doi.org/10.1007/s10533-007-9136-9
https://doi.org/10.1186/s13750-014-0030-3
https://doi.org/10.1016/0378-1127(94)06088-Z
https://doi.org/10.1890/0012-9658(2001)082[0018:DPABNT]2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082[0018:DPABNT]2.0.CO;2
https://doi.org/10.1016/j.soilbio.2011.12.029
https://doi.org/10.1126/science.1231923
https://doi.org/10.1111/nph.13208
https://doi.org/10.1111/nph.13208
https://doi.org/10.1111/j.1469-8137.2006.01778.x
https://doi.org/10.1111/j.1469-8137.1978.tb01570.x
https://doi.org/10.1111/j.1469-8137.1978.tb01570.x
https://doi.org/10.1080/02827580310019266
https://doi.org/10.1111/j.1365-2486.2010.02318.x
https://doi.org/10.1127/0029-5035/2007/0084-0429
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btq461


     |  1029VOWLES Et aL.

detection.	 Bioinformatics,	 27,	 2194–2200.	 https://doi.org/10.1093/
bioinformatics/btr381

Ekblad,	A.,	Wallander,	H.,	Godbold,	D.	L.,	Cruz,	C.,	Johnson,	D.,	Baldrian,	
P.,	 …	 Plassard,	 C.	 (2013).	 The	 production	 and	 turnover	 of	 extra-
matrical	 mycelium	 of	 ectomycorrhizal	 fungi	 in	 forest	 soils:	 role	 in	
carbon	 cycling.	Plant and Soil,	366,	 1–27.	 https://doi.org/10.1007/
s11104-013-1630-3

Entry,	J.	A.,	Rygiewicz,	P.	T.,	Watrud,	L.	S.,	&	Donnelly,	P.	K.	(2002).	Influence	
of	adverse	soil	conditions	on	the	formation	and	function	of	Arbuscular	
mycorrhizas.	Advances in Environmental Research,	7,	123–138.	https://
doi.org/10.1016/S1093-0191(01)00109-5

Eriksson,	 O.,	 Niva,	M.,	 &	 Caruso,	 A.	 (2007).	 Use	 and	 abuse	 of	 reindeer	
range.	Acta Phytogeographica Suecica,	87,	51–63.

Gehring,	 C.	 A.,	 &	 Whitham,	 T.	 G.	 (1991).	 Herbivore-	driven	 mycorrhizal	
mutualism	 in	 insect-	susceptible	 pinyon	 pine.	Nature,	353,	 556–557.	
https://doi.org/10.1038/353556a0

Gehring,	 C.	 A.,	 &	 Whitham,	 T.	 G.	 (1994).	 Interactions	 between	
Aboveground	 Herbivores	 and	 the	 Mycorrhizal	 Mutualists	 of	
Plants.	 Trends in Ecology & Evolution,	 9,	 251–255.	 https://doi.
org/10.1016/0169-5347(94)90290-9

Gehring,	 C.A.,	 &	Whitham,	 T.G.	 (2002).	 Mycorrhizae-Herbivore	 interac-
tions:	population	and	community	consequences.	In	I.R.	Sanders	&	van	
der	Heijden	M.G.A.	 (Eds.),	Mycorrhizal ecology	 (pp.	 295–320).	 Berlin:	
Springer.	https://doi.org/10.1007/978-3-540-38364-2

Gisnås,	 K.,	 Etzelmüller,	 B.,	 Lussana,	 C.,	 Hjort,	 J.,	 Sannel,	 A.B.K.,	 Isaksen,	
K.,	 …	Åkerman,	 J.	 (2016).	 Permafrost	Map	 for	Norway,	 Sweden	 and	
Finland:	Permafrost	map	for	Norway,	Sweden	and	Finland.	Permafrost 
and Periglacial Processes,	28,	359–378.

Hagedorn,	F.,	Hiltbrunner,	D.,	Streit,	K.,	Ekblad,	A.,	Lindahl,	B.,	Miltner,	A.,	
…	Hattenschwiler,	S.	(2013).	Nine	years	of	CO2	enrichment	at	the	al-
pine	treeline	stimulates	soil	 respiration	but	does	not	alter	soil	micro-
bial	communities.	Soil Biology & Biochemistry,	57,	390–400.	https://doi.
org/10.1016/j.soilbio.2012.10.001

Hagenbo,	A.,	Clemmensen,	K.	E.,	Finlay,	R.	D.,	Kyaschenko,	J.,	Lindahl,	B.	D.,	
Fransson,	P.,	&	Ekblad,	A.	(2017).	Changes	in	turnover	rather	than	pro-
duction	 regulate	biomass	of	 ectomycorrhizal	 fungal	mycelium	across	
a	 Pinus	 sylvestris	 chronosequence.	 New Phytologist,	 214,	 424–431.	
https://doi.org/10.1111/nph.14379

Harley,	J.	L.	 (1989).	The	significance	of	mycorrhiza.	Mycological Research,	
92,	129–139.	https://doi.org/10.1016/S0953-7562(89)80001-2

Hartley,	I.	P.,	Garnett,	M.	H.,	Sommerkorn,	M.,	Hopkins,	D.	W.,	Fletcher,	B.	
J.,	Sloan,	V.	L.,	…	Wookey,	P.	A.	(2012).	A	potential	loss	of	carbon	asso-
ciated	with	greater	plant	growth	in	the	European	Arctic.	Nature Climate 
Change,	2,	875–879.	https://doi.org/10.1038/nclimate1575

Heckel,	 C.	 D.,	 Bourg,	 N.	 A.,	 McShea,	 W.	 J.,	 &	 Kalisz,	 S.	 (2010).	
Nonconsumptive	effects	of	a	generalist	ungulate	herbivore	drive	de-
cline	 of	 unpalatable	 forest	 herbs.	 Ecology,	 91,	 319–326.	 https://doi.
org/10.1890/09-0628.1

Hedenås,	 H.,	 Olsson,	 H.,	 Jonasson,	 C.,	 Bergstedt,	 J.,	 Dahlberg,	 U.,	 &	
Callaghan,	T.	V.	(2011).	Changes	in	tree	growth,	biomass	and	vegetation	
over	a	13-	year	period	in	the	swedish	sub-	arctic.	Ambio,	40,	672–682.	
https://doi.org/10.1007/s13280-011-0173-1

Hendricks,	J.	J.,	Mitchell,	R.	J.,	Kuehn,	K.	A.,	Pecot,	S.	D.,	&	Sims,	S.	E.	(2006).	
Measuring	external	mycelia	production	of	ectomycorrhizal	fungi	in	the	
field:	the	soil	matrix	matters.	New Phytologist,	171,	179–186.	https://
doi.org/10.1111/j.1469-8137.2006.01742.x

Hobbie,	J.	E.,	&	Hobbie,	E.	A.	 (2006).	N-	15	 in	symbiotic	fungi	and	plants	
estimates	 nitrogen	 and	 carbon	 flux	 rates	 in	 Arctic	 tundra.	 Ecology,	
87,	 816–822.	 https://doi.org/10.1890/0012-9658(2006)87[816
:NISFAP]2.0.CO;2

Hodge,	A.,	&	 Fitter,	A.	H.	 (2010).	 Substantial	 nitrogen	 acquisition	 by	 ar-
buscular	 mycorrhizal	 fungi	 from	 organic	 material	 has	 implications	
for	 N	 cycling.	 Proceedings of the National Academy of Sciences of the 
United States of America,	107,	13754–13759.	https://doi.org/10.1073/
pnas.1005874107

Högberg,	 P.,	 Nordgren,	 A.,	 Buchmann,	 N.,	 Taylor,	 A.	 F.	 S.,	 Ekblad,	 A.,	
Högberg,	M.	N.,	…	Read,	D.	J.	(2001).	Large-	scale	forest	girdling	shows	
that	current	photosynthesis	drives	soil	respiration.	Nature,	411,	789–
792.	https://doi.org/10.1038/35081058

Holland,	J.	N.,	Cheng,	W.	X.,	&	Crossley,	D.	A.	 (1996).	Herbivore-	induced	
changes	 in	 plant	 carbon	 allocation:	 Assessment	 of	 below-	ground	
C	 fluxes	 using	 carbon-	14.	 Oecologia,	 107,	 87–94.	 https://doi.
org/10.1007/BF00582238

Ihrmark,	K.,	Bödeker,	I.	T.	M.,	Cruz-Martinez,	K.,	Friberg,	H.,	Kubartova,	A.,	
Schenck,	J.,	…	Sveriges,	 l.	 (2012).	New	primers	 to	amplify	 the	 fungal	
ITS2	 region	 –	 evaluation	 by	 454-	sequencing	 of	 artificial	 and	 natural	
communities.	 Fems Microbiology Ecology,	 82,	 666–677.	 https://doi.
org/10.1111/j.1574-6941.2012.01437.x

Kjöller,	 R.,	 Nilsson,	 L.	 O.,	 Hansen,	 K.,	 Schmidt,	 I.	 K.,	 Vesterdal,	 L.,	 &	
Gundersen,	 P.	 (2012).	Dramatic	 changes	 in	 ectomycorrhizal	 commu-
nity	composition,	root	tip	abundance	and	mycelial	production	along	a	
stand-	scale	nitrogen	deposition	gradient.	New Phytologist,	194,	278–
286.	https://doi.org/10.1111/j.1469-8137.2011.04041.x

Koljalg,	 U.,	 Nilsson,	 R.	 H.,	 Abarenkov,	 K.,	 Tedersoo,	 L.,	 Taylor,	 A.	 F.	 S.,	
Bahram,	M.,	…	Larsson,	K.	H.	 (2013).	Towards	a	unified	paradigm	for	
sequence-	based	 identification	of	 fungi.	Molecular Ecology,	22,	 5271–
5277.	https://doi.org/10.1111/mec.12481

Kumpula,	 J.,	 Stark,	 S.,	 &	 Holand,	 O.	 (2011).	 Seasonal	 grazing	 effects	 by	
semi-	domesticated	reindeer	on	subarctic	mountain	birch	forests.	Polar 
Biology,	34,	441–453.	https://doi.org/10.1007/s00300-010-0899-4

Lenth,	L.	V.	(2016).	Least-	squares	means:	the	R	package	lsmeans.	Journal of 
Statistical Software,	69,	1–33.

Magurran,	 A.	 E.	 (2004).	Measuring biological diversity.	 Oxford:	 Blackwell	
Publishing.

Markkola,	 A.,	 Kuikka,	 K.,	 Rautio,	 P.,	 Harma,	 E.,	 Roitto,	 M.,	 &	 Tuomi,	 J.	
(2004).	 Defoliation	 increases	 carbon	 limitations	 in	 ectomycorrhizal	
symbiosis	of	Betula	pubescens.	Oecologia,	140,	234–240.	https://doi.
org/10.1007/s00442-004-1587-2

Michelsen,	A.,	Schmidt,	I.	K.,	Jonasson,	S.,	Quarmby,	C.,	&	Sleep,	D.	(1996).	
Leaf	N-	15	abundance	of	subarctic	plants	provides	field	evidence	that	
ericoid,	 ectomycorrhizal	 and	 non-		 and	 arbuscular	 mycorrhizal	 spe-
cies	access	different	sources	of	soil	nitrogen.	Oecologia,	105,	53–63.	
https://doi.org/10.1007/BF00328791

Molau,	 U.,	 &	 Mølgaard,	 P.	 (1996).	 International tundra experiment (ITEX) 
manual.	Copenhagen,	Denmark:	Danish	Polar	Center.

Naturvårdsverket	(2002).	Naturförhållanden.	In	P.	Wallsten	&	L.	Bratt	(Eds.),	
Skötselplan Fulufjällets Nationalpark (in Swedish)	(pp.	15–40).	Stockholm:	
Lindblom	&	Co.

Newsham,	K.	K.,	Upson,	R.,	&	Read,	D.	J.	(2009).	Mycorrhizas	and	dark	sep-
tate	root	endophytes	in	polar	regions.	Fungal Ecology,	2,	10–20.	https://
doi.org/10.1016/j.funeco.2008.10.005

Nguyen,	N.	H.,	Song,	Z.	W.,	Bates,	S.	T.,	Branco,	S.,	Tedersoo,	L.,	Menke,	J.,	
…	Kennedy,	P.	G.	(2016).	FUNGuild:	An	open	annotation	tool	for	pars-
ing	fungal	community	datasets	by	ecological	guild.	Fungal Ecology,	20,	
241–248.	https://doi.org/10.1016/j.funeco.2015.06.006

Öhmark,	S.	M.,	Iason,	G.	R.,	&	Palo,	R.	T.	(2015).	Spatially	segregated	foraging	
patterns	of	moose	(Alces	alces)	and	mountain	hare	(Lepus	timidus)	in	a	
subarctic	 landscape:	different	tables	 in	the	same	restaurant?	Canadian 
Journal of Zoology,	93,	391–396.	https://doi.org/10.1139/cjz-2014-0332

Oksanen,	J.,	Blanchet,	F.G.,	Kindt,	R.,	Legendre,	P.,	Minchin,	P.R.,	O’Hara,	
R.B.,	Simpson,	G.L.,	Solymos,	P.,	Stevens,	M.H.H.,	&	Wagner,	H.	(2013)	
vegan:	Community	Ecology	Package.

Olofsson,	 J.,	 Oksanen,	 L.,	 Callaghan,	 T.,	 Hulme,	 P.	 E.,	 Oksanen,	 T.,	 &	
Suominen,	O.	 (2009).	Herbivores	 inhibit	 climate-	driven	 shrub	expan-
sion	on	the	tundra.	Global Change Biology,	15,	2681–2693.	https://doi.
org/10.1111/(ISSN)1365-2486

Parker,	T.	C.,	Sadowsky,	J.,	Dunleavy,	H.,	Subke,	J.-A.,	Frey,	S.	D.,	&	Wookey,	
P.	A.	(2017).	Slowed	Biogeochemical	Cycling	in	Sub-arctic	Birch	Forest	
Linked	to	Reduced	Mycorrhizal	Growth	and	Community	Change	after	a	
Defoliation	Event.	Ecosystems,	20,	316–330.

https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1007/s11104-013-1630-3
https://doi.org/10.1007/s11104-013-1630-3
https://doi.org/10.1016/S1093-0191(01)00109-5
https://doi.org/10.1016/S1093-0191(01)00109-5
https://doi.org/10.1038/353556a0
https://doi.org/10.1016/0169-5347(94)90290-9
https://doi.org/10.1016/0169-5347(94)90290-9
https://doi.org/10.1007/978-3-540-38364-2
https://doi.org/10.1016/j.soilbio.2012.10.001
https://doi.org/10.1016/j.soilbio.2012.10.001
https://doi.org/10.1111/nph.14379
https://doi.org/10.1016/S0953-7562(89)80001-2
https://doi.org/10.1038/nclimate1575
https://doi.org/10.1890/09-0628.1
https://doi.org/10.1890/09-0628.1
https://doi.org/10.1007/s13280-011-0173-1
https://doi.org/10.1111/j.1469-8137.2006.01742.x
https://doi.org/10.1111/j.1469-8137.2006.01742.x
https://doi.org/10.1890/0012-9658(2006)87[816:NISFAP]2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87[816:NISFAP]2.0.CO;2
https://doi.org/10.1073/pnas.1005874107
https://doi.org/10.1073/pnas.1005874107
https://doi.org/10.1038/35081058
https://doi.org/10.1007/BF00582238
https://doi.org/10.1007/BF00582238
https://doi.org/10.1111/j.1574-6941.2012.01437.x
https://doi.org/10.1111/j.1574-6941.2012.01437.x
https://doi.org/10.1111/j.1469-8137.2011.04041.x
https://doi.org/10.1111/mec.12481
https://doi.org/10.1007/s00300-010-0899-4
https://doi.org/10.1007/s00442-004-1587-2
https://doi.org/10.1007/s00442-004-1587-2
https://doi.org/10.1007/BF00328791
https://doi.org/10.1016/j.funeco.2008.10.005
https://doi.org/10.1016/j.funeco.2008.10.005
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1139/cjz-2014-0332
https://doi.org/10.1111/(ISSN)1365-2486
https://doi.org/10.1111/(ISSN)1365-2486


1030  |     VOWLES Et aL.

Post,	 E.,	 &	 Pedersen,	 C.	 (2008).	 Opposing	 plant	 community	 responses	
to	warming	with	 and	without	 herbivores.	Proceedings of the National 
Academy of Sciences of the United States of America,	105,	12353–12358.	
https://doi.org/10.1073/pnas.0802421105

R	Core	Team	(2012).	R: A language and environment for statistical computing. 
Vienna,	Austria:	R	Foundation	for	Statistical	Computing.

Read,	D.	J.,	&	Perez-Moreno,	J.	 (2003).	Mycorrhizas	and	nutrient	cycling	
in	 ecosystems	 –	 a	 journey	 towards	 relevance?	New Phytologist,	157,	
475–492.	https://doi.org/10.1046/j.1469-8137.2003.00704.x

Rossow,	L.	J.,	Bryant,	J.	P.,	&	Kielland,	K.	(1997).	Effects	of	above-	ground	
browsing	by	mammals	on	mycorrhizal	infection	in	an	early	successional	
taiga	 ecosystem.	 Oecologia,	 110,	 94–98.	 https://doi.org/10.1007/
s004420050137

Ruotsalainen,	A.	L.,	Markkola,	A.	M.,	&	Kozlov,	M.	V.	(2009).	Mycorrhizal	col-
onisation	of	mountain	birch	(Betula	pubescens	ssp	czerepanovii)	along	
three	environmental	gradients:	does	life	in	harsh	environments	alter	
plant-	fungal	relationships?	Environmental Monitoring and Assessment,	
148,	215–232.	https://doi.org/10.1007/s10661-007-0152-y

Saikkonen,	 K.,	 Ahonen-Jonnarth,	 U.,	 Markkola,	 A.	 M.,	 Helander,	 M.,	
Tuomi,	 J.,	 Roitto,	 M.,	 &	 Ranta,	 H.	 (1999).	 Defoliation	 and	 mycor-
rhizal	 symbiosis:	 a	 functional	 balance	 between	 carbon	 sources	
and	 below-	ground	 sinks.	 Ecology Letters,	 2,	 19–26.	 https://doi.
org/10.1046/j.1461-0248.1999.21042.x

Saravesi,	 K.,	 Aikio,	 S.,	 Wali,	 P.	 R.,	 Ruotsalainen,	 A.	 L.,	 Kaukonen,	 M.,	
Huusko,	 K.,	 …	 Markkola,	 A.	 (2015).	 Moth	 outbreaks	 alter	 root-	
associated	 fungal	 communities	 in	 subarctic	 mountain	 birch	 for-
ests.	 Microbial Ecology,	 69,	 788–797.	 https://doi.org/10.1007/
s00248-015-0577-8

Schloss,	 P.	 D.,	 Westcott,	 S.	 L.,	 Ryabin,	 T.,	 Hall,	 J.	 R.,	 Hartmann,	 M.,	
Hollister,	 E.	 B.,	 …	Weber,	 C.	 F.	 (2009).	 Introducing	 mothur:	 open-	
source,	 platform-	independent,	 community-	supported	 software	
for	 describing	 and	 comparing	 microbial	 communities.	 Applied 
and Environmental Microbiology,	 75,	 7537–7541.	 https://doi.
org/10.1128/AEM.01541-09

Schwachtje,	J.,	Minchin,	P.	E.	H.,	Jahnke,	S.,	van	Dongen,	J.	T.,	Schittko,	U.,	
&	Baldwin,	 I.	T.	 (2006).	SNF1-	related	kinases	allow	plants	to	tolerate	
herbivory	 by	 allocating	 carbon	 to	 roots.	 Proceedings of the National 
Academy of Sciences of the United States of America,	103,	12935–12940.	
https://doi.org/10.1073/pnas.0602316103

Shelton,	 A.	 L.,	 Henning,	 J.	 A.,	 Schultz,	 P.,	 &	 Clay,	 K.	 (2014).	 Effects	 of	
abundant	white-	tailed	deer	on	vegetation,	animals,	mycorrhizal	fungi,	
and	 soils.	 Forest Ecology and Management,	 320,	 39–49.	 https://doi.
org/10.1016/j.foreco.2014.02.026

Simard,	S.,	Asay,	A.,	Beiler,	K.,	Bingham,	M.,	Deslippe,	J.,	He,	X.,	…	Teste,	
F.	(2015).	Resource	Transfer	Between	Plants	Through	Ectomycorrhizal	
Fungal	Networks.	In	T.	R.	Horton	(Ed.),	Mycorrhizal networks	(pp.	133–
176).	Netherlands,	Springer	Dordrecht	Heidelberg	New	York	London:	
Springer.	https://doi.org/10.1007/978-94-017-7395-9

Sun,	H.,	 Santalahti,	M.,	 Pumpanen,	J.,	Koster,	K.,	Berninger,	 F.,	 Raffaello,	
T.,	…	Heinonsalo,	J.	 (2015).	Fungal	community	shifts	 in	structure	and	
function	 across	 a	 boreal	 forest	 fire	 chronosequence.	 Applied and 
Environmental Microbiology,	81,	7869–7880.	https://doi.org/10.1128/
AEM.02063-15

Tibbett,	M.,	Sanders,	F.	E.,	&	Cairney,	J.	W.	G.	 (1998).	The	effect	of	tem-
perature	 and	 inorganic	 phosphorus	 supply	 on	 growth	 and	 acid	

phosphatase	 production	 in	 arctic	 and	 temperate	 strains	 of	 ectomy-
corrhizal	Hebeloma	spp.	 in	axenic	culture.	Mycological Research,	102,	
129–135.	https://doi.org/10.1017/S0953756297004681

Tibbett,	M.,	Sanders,	F.	E.,	&	Cairney,	J.	W.	G.	 (2002).	Low-	temperature-	
induced	 changes	 in	 trehalose,	mannitol	 and	 arabitol	 associated	with	
enhanced	 tolerance	 to	 freezing	 in	 ectomycorrhizal	 basidiomycetes	
(Hebeloma	spp.).	Mycorrhiza,	12,	249–255.

Urbina,	 H.,	 Scofield,	 D.	 G.,	 Cafaro,	 M.,	 &	 Rosling,	 A.	 (2016).	 DNA-	
metabarcoding	 uncovers	 the	 diversity	 of	 soil-	inhabiting	 fungi	 in	 the	
tropical	 island	of	Puerto	Rico.	Mycoscience,	57,	217–227.	https://doi.
org/10.1016/j.myc.2016.02.001

Vowles,	T.,	Gunnarsson,	B.,	Molau,	U.,	Hickler,	T.,	Klemedtsson,	L.,	&	Björk,	R.	
G.	(2017).	Expansion	of	deciduous	tall	shrubs	but	not	evergreen	dwarf	
shrubs	 inhibited	 by	 reindeer	 in	 Scandes	 mountain	 range.	 Journal of 
Ecology,	105,	1547–1561.	https://doi.org/10.1111/1365-2745.12753

Wallace,	L.	L.	(1981).	Growth,	morphology	and	gas-	exchange	of	mycorrhizal	
and	non-	mycorrhizal	panicum-	coloratum	L,	a	C-	4	grass	species,	under	
different	 clipping	 and	 fertilization	 regimes.	Oecologia,	 49,	 272–278.	
https://doi.org/10.1007/BF00349200

Wallander,	H.,	Ekblad,	A.,	&	Bergh,	J.	(2011).	Growth	and	carbon	seques-
tration	by	ectomycorrhizal	fungi	in	intensively	fertilized	Norway	spruce	
forests.	 Forest Ecology and Management,	262,	 999–1007.	 https://doi.
org/10.1016/j.foreco.2011.05.035

Wallander,	H.,	Ekblad,	A.,	Godbold,	D.	L.,	Johnson,	D.,	Bahr,	A.,	Baldrian,	
P.,	 …	 Rudawska,	M.	 (2013).	 Evaluation	 of	methods	 to	 estimate	 pro-
duction,	biomass	and	turnover	of	ectomycorrhizal	mycelium	in	forests	
soils	–	A	review.	Soil Biology & Biochemistry,	57,	1034–1047.	https://doi.
org/10.1016/j.soilbio.2012.08.027

Wallander,	H.,	Göransson,	H.,	&	Rosengren,	U.	(2004).	Production,	standing	
biomass	and	natural	abundance	of	N-	15	and	C-	13	in	ectomycorrhizal	
mycelia	collected	at	different	soil	depths	in	two	forest	types.	Oecologia,	
139,	89–97.	https://doi.org/10.1007/s00442-003-1477-z

White,	T.J.,	Bruns,	T.,	Lee,	S.,	&	Taylor,	J.	(1990).	38	-	Amplification	and	direct	
sequencing	of	fungal	ribosomal	RNA	genes	for	phylogenetics.	In	Michael	
A.	Innis,	David	H.	Gelfand,	John	J.	Sninsky	and	Thomas	J.	White	(Eds.),	
PCR protocols	(pp.	315–322).	San	Diego:	Academic	Press.

Yano,	Y.,	 Shaver,	 G.	 R.,	 Giblin,	A.	 E.,	 &	 Rastetter,	 E.	 B.	 (2010).	 Depleted	
N-	15	in	hydrolysable-	N	of	arctic	soils	and	its	implication	for	mycorrhi-
zal	 fungi-	plant	 interaction.	Biogeochemistry,	97,	183–194.	https://doi.
org/10.1007/s10533-009-9365-1

SUPPORTING INFORMATION

Additional	 Supporting	 Information	 may	 be	 found	 online	 in	 the	
	supporting	information	tab	for	this	article.

How to cite this article:	Vowles	T,	Lindwall	F,	Ekblad	A,	et	al.	
Complex	effects	of	mammalian	grazing	on	extramatrical	
mycelial	biomass	in	the	Scandes	forest-	tundra	ecotone.	Ecol 
Evol. 2018;8:1019–1030. https://doi.org/10.1002/ece3.3657

https://doi.org/10.1073/pnas.0802421105
https://doi.org/10.1046/j.1469-8137.2003.00704.x
https://doi.org/10.1007/s004420050137
https://doi.org/10.1007/s004420050137
https://doi.org/10.1007/s10661-007-0152-y
https://doi.org/10.1046/j.1461-0248.1999.21042.x
https://doi.org/10.1046/j.1461-0248.1999.21042.x
https://doi.org/10.1007/s00248-015-0577-8
https://doi.org/10.1007/s00248-015-0577-8
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1073/pnas.0602316103
https://doi.org/10.1016/j.foreco.2014.02.026
https://doi.org/10.1016/j.foreco.2014.02.026
https://doi.org/10.1007/978-94-017-7395-9
https://doi.org/10.1128/AEM.02063-15
https://doi.org/10.1128/AEM.02063-15
https://doi.org/10.1017/S0953756297004681
https://doi.org/10.1016/j.myc.2016.02.001
https://doi.org/10.1016/j.myc.2016.02.001
https://doi.org/10.1111/1365-2745.12753
https://doi.org/10.1007/BF00349200
https://doi.org/10.1016/j.foreco.2011.05.035
https://doi.org/10.1016/j.foreco.2011.05.035
https://doi.org/10.1016/j.soilbio.2012.08.027
https://doi.org/10.1016/j.soilbio.2012.08.027
https://doi.org/10.1007/s00442-003-1477-z
https://doi.org/10.1007/s10533-009-9365-1
https://doi.org/10.1007/s10533-009-9365-1
https://doi.org/10.1002/ece3.3657

