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Abstract
The	ecological	impacts	of	long‐term	elevated	atmospheric	CO2 (eCO2)	levels	on	soil	mi‐
crobiota	remain	largely	unknown.	This	is	particularly	true	for	the	arbuscular	mycorrhizal	
(AM)	fungi,	which	form	mutualistic	associations	with	over	two‐thirds	of	terrestrial	plant	
species	and	are	entirely	dependent	on	their	plant	hosts	for	carbon.	Here,	we	use	high‐
resolution	amplicon	sequencing	(Illumina,	HiSeq)	to	quantify	the	response	of	AM	fun‐
gal	communities	to	the	longest	running	(>15	years)	free‐air	carbon	dioxide	enrichment	
(FACE)	experiment	in	the	Northern	Hemisphere	(GiFACE);	providing	the	first	evaluation	
of	these	responses	from	old‐growth	(>100	years)	semi‐natural	grasslands	subjected	to	a	
20% increase in atmospheric CO2. eCO2	significantly	increased	AM	fungal	richness	but	
had	a	less‐pronounced	impact	on	the	composition	of	their	communities.	However,	while	
broader changes in community composition were not observed, more subtle responses 
of	 specific	AM	 fungal	 taxa	were	with	populations	both	 increasing	 and	decreasing	 in	
abundance in response to eCO2.	Most	population‐level	 responses	 to	eCO2 were not 
consistent through time, with a significant interaction between sampling time and eCO2 
treatment	 being	 observed.	 This	 suggests	 that	 the	 temporal	 dynamics	 of	 AM	 fungal	
populations	may	be	disturbed	by	anthropogenic	stressors.	As	AM	fungi	are	functionally	
differentiated, with different taxa providing different benefits to host plants, changes in 
population densities in response to eCO2 may significantly impact terrestrial plant com‐
munities and their productivity. Thus, predictions regarding future terrestrial ecosys‐
tems must consider changes both aboveground and belowground, but avoid relying on 
broad‐scale	community‐level	responses	of	soil	microbes	observed	on	single	occasions.
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1  | INTRODUCTION

Global atmospheric CO2 concentrations have steadily increased 
from 280 to over 400 ppm since the middle of the 19th century, 

contributing to elevated global temperatures and other climate change 
effects	 (Donat,	Lowry,	Alexander,	O'Gorman,	&	Maher,	2016;	 IPCC,	
2014).	Atmospheric	CO2	concentrations	will	continue	to	rise	and	likely	
reach	750	ppm	by	2100	(IPCC,	2014),	leading	to	further	environmental	
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changes. However, the ecological impacts of elevated CO2 (eCO2)	re‐
main poorly studied across many taxa and ecosystems. While studying 
the response to eCO2 of the aboveground component of terrestrial 
systems has provided significant insights into many plant physiologi‐
cal	processes	(Becklin,	Walker,	Way,	&	Ward,	2017;	Obermeier	et	al.,	
2017),	the	effects	on	belowground	communities	and	their	interactions	
remain	largely	unknown	(Becklin	et	al.,	2017;	Blankinship,	Niklaus,	&	
Hungate,	 2011;	 van	 der	 Putten	 et	 al.,	 2016).	 Yet,	 increases	 in	 pho‐
tosynthetic activity under eCO2	 (Ainsworth	&	Rogers,	2007)	will	 in‐
crease photosynthate transfer to plant roots and the flow of carbon 
through soil microbial communities (Cheng et al., 2012; Drigo et al., 
2010,	2013;	Staddon	et	al.,	2014),	potentially	altering	their	composi‐
tion	and	dynamics	(Johnson,	Angelard,	Sanders,	&	Kiers,	2013).

One functionally important group of soil microbes, with commu‐
nities	likely	to	respond	to	changes	in	photosynthate	supply	below‐
ground,	is	the	arbuscular	mycorrhizal	(AM)	fungi	(Drigo	et	al.,	2010,	
2013;	Dumbrell,	 Nelson,	Helgason,	Dytham,	&	 Fitter,	 2010a).	 AM	
fungi	are	obligately	symbiotic	endobiotrophs	of	approximately	two‐
thirds	of	all	land	plants	(Fitter	&	Moyersoen,	1996)	and	are	entirely	
dependent	on	plant	photosynthates	for	their	carbon	source	(Smith	&	
Read,	2008).	As	AM	fungi	inhabit	plant	roots,	they	receive	increased	
levels of photosynthates under eCO2 before other soil microbes 
(Drigo	et	al.,	2010,	2013)	and	previous	research	has	suggested	this	
leads	to	increased	arbuscular	mycorrhizal	fungal	colonization	under	
eCO2	 (Alberton,	 Kuyper,	 &	Gorissen,	 2005;	 Staddon,	 Jakobsen,	 &	
Blum,	2004;	Treseder,	2004).	Higher	levels	of	fungal	root	coloniza‐
tion alongside the presence of arbuscules indicate active symbiosis 
and physiological compatibility between symbionts, and thus, in‐
creases	in	plant	carbon	supply	to	the	AM	fungi	can	trigger	increased	
reciprocation in phosphorus and nitrogen to the plant, strengthening 
and	stabilizing	the	mutualism	(Fellbaum	et	al.,	2012,	2014).	However,	
how these eCO2 effects translate into changes in the diversity and 
composition	of	AM	fungal	communities	in	natural	ecosystems	is	un‐
clear	(Veresoglou,	Anderson,	de	Sousa,	Hempel,	&	Rillig,	2016).

Morphological	 traits	 of	 mycorrhizal	 fungal	 root	 structures	 are	
not	sufficient	for	taxa	identification	(Merryweather	&	Fitter,	1998);	
thus,	 for	 studies	 of	AM	 fungal	 populations	 and	 communities,	mo‐
lecular methods have routinely been used since their inception 
(Helgason,	Daniell,	Husband,	Fitter,	&	Young,	1998).	However,	these	
methods	have	yet	to	be	applied	to	a	long‐term	experiment	within	a	
natural	(as	opposed	to	agricultural)	system	that	examines	the	ecolog‐
ical impacts of eCO2.	Within	an	agricultural	soy	monoculture	free‐
air	carbon	dioxide	enrichment	(FACE)	system,	Cotton,	Fitter,	Miller,	
Dumbrell,	 and	 Helgason	 (2015)	 used	 molecular	 methods	 and	 re‐
vealed	increases	in	abundance	of	fast‐growing	r‐strategists	from	the	
Glomeraceae	family	 (Boddington	&	Dodd,	1999),	which	 likely	ben‐
efit	most	from	increased	availability	of	rhizosphere	carbon.	In	con‐
trast,	 slower	growing	K‐strategists	 (Boddington	&	Dodd,	1999;	de	
Souza,	Dalpé,	Declerck,	de	la	Providencia,	&	Séjalon‐Delmas,	2005)	
decrease	 in	abundance	within	the	same	system.	Previous	research	
has suggested increased availability of photosynthetic carbon may 
decrease	the	evenness	of	AM	fungal	communities,	as	release	from	
resource limitation often drives competitive exclusion (Dumbrell et 

al.,	2011,	2010a).	However,	despite	significant	increases	in	specific	
AM	fungal	taxa	in	agricultural	soy	monoculture	grown	under	eCO2, 
changes in community evenness were not observed and were prob‐
ably	 suppressed	by	 crop	 rotational	 practices	 (Cotton	et	 al.,	 2015).	
This is not necessarily unexpected, as inconsistent responses of fun‐
gal	 diversity,	 including	 in	 a	 few	 cases	AM	 fungi,	 to	 eCO2 are also 
reported across the only ten studies to examine this (Veresoglou et 
al.,	2016);	 for	recent	review,	see	Cotton	 (2018).	However,	 in	these	
studies	AM	fungal	responses	to	eCO2 were tested at the community 
level,	ignoring	the	subtler	population‐level	dynamics	throughout	the	
plant growth period that may be affected by eCO2. In addition, com‐
munity	and	population	ecology	data	from	long‐term	CO2 fumigation 
experiments	are	largely	missing	(Veresoglou	et	al.,	2016),	and	thus,	
established	longer‐term	effects	may	have	been	missed.

In	 this	 study,	 we	 investigate	 the	 impact	 of	 long‐term	 exposure	
(>15	years)	to	eCO2	on	the	indigenous	communities	of	AM	fungi	in	the	
semi‐natural	grassland	ecosystems	of	the	GiFACE	experiment.	Using	
next‐generation	sequencing	(NGS;	Illumina	HiSeq),	we	quantified	the	
response	of	AM	fungal	communities	to	eCO2 and tested the following 
hypotheses:	(a)	colonization	of	plant	roots	by	AM	fungi	will	 increase	
under eCO2,	reflecting	stronger	mycorrhizal	mutualisms;	(b)	AM	fungal	
responses to eCO2 will be taxon dependent, with increases in popu‐
lation	densities	of	fast‐growing	Glomeraceae	(r‐strategists)	relative	to	
slower	growing	groups	of	AM	fungi	(K‐strategists;	e.g.,	Gigasporaceae);	
and	(c)	while	subtle	changes	in	population	densities	are	likely	to	be	ob‐
served in response to eCO2,	complete	species	turnover	of	AM	fungal	
communities will not, but significant increases in the abundances of 
specific	AM	fungal	taxa	will	reduce	the	evenness	of	their	communities.

2  | MATERIALS AND METHODS

2.1 | Giessen free‐air carbon dioxide enrichment 
experiment

Initiated	in	1998,	the	Giessen	free‐air	carbon	dioxide	enrichment	
(GiFACE)	 study	 –	 located	 in	 a	 semi‐natural,	 nongrazed	 grassland	
near	Giessen	(50°32′N;	8°41.3′E;	172	m	above	sea	level),	Germany	
(Jäger	et	al.,	2003;	Obermeier	et	al.,	2017)	–	 is	known	 to	be	 the	
longest	 running	 FACE	 experiment	 on	 a	 grassland	 ecosystem	 in	
the	Northern	Hemisphere	 (Jäger	 et	 al.,	 2003).	 The	 long‐term	ef‐
fects of eCO2 (+20% of ambient CO2)	 have	 been	 investigated	 in	
the	GiFACE	 and	 have	 shown	 an	 enhanced	 aboveground	 produc‐
tion	of	plant	biomass	(Obermeier	et	al.,	2017)	and	strong	positive	
feedback	effects	on	 traits	 such	as	ecosystem	respiration	 (Keidel,	
Kammann,	 Grünhage,	 Moser,	 &	 Müller,	 2015)	 and	 nitrous	 oxide	
(N2O)	 production	 (Kammann,	 Müller,	 Grünhage,	 &	 Jäger,	 2008;	
Regan	et	al.,	2011).	The	GiFACE	experiment	is	one	of	the	rare	ex‐
periments	 set	 in	 an	old‐growth	 and	predominantly	C3	 perennial‐
dominated	 grassland	 that	 has	 been	 kept	 largely	 undisturbed	 for	
over 100 years. Importantly, the dominance of plant species and 
the	composition	of	plant	communities	at	GiFACE	do	not	differ	be‐
tween eCO2 and aCO2	FACE	rings	(Kammann,	Grünhage,	Grüters,	
Janze,	&	Jäger,	2005;	Obermeier,	Lehnert,	Ivanov,	Luterbacher,	&	
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Bendix,	2018),	 controlling	 for	effects	on	AM	fungal	communities	
that could be driven by changes in host species.

The study site receives ca. 644 mm annual mean precipitation 
with	a	mean	annual	temperature	of	9.9°C	(Abbasi	&	Müller,	2011).	
The permanent grassland has not been ploughed during the last 
100 years, and since 1995, the experiment has been managed with 
fertilizer	 (40	kg	N	ha−1 annum−1 from calcium ammonium nitrate, 
reducing	 potential	 nutrient	 limitations).	 Within	 the	 FACE	 rings,	
the grass was manually cut twice per year with garden scissors 
(3–5	cm	above	the	ground;	Andresen	et	al.,	2018).	The	grassland	is	
an Arrhenatheretum elatioris Br.Bl. Filipendula ulmaria subcommu‐
nity, dominated by 12 grass species, two legumes and 15 nonlegu‐
minous	herbs	(Abbasi	&	Müller,	2011;	see	Table	S1	for	a	full	species	
list of the predominately perennial plant species present in the 
GiFACE	rings	in	May	2013).	The	soil	is	classified	as	a	Fluvic	Gleysol	
and has a sandy clay loam texture over a clay layer, containing on 
average	4.5%	C	and	0.45%	N	(Abbasi	&	Müller,	2011;	Müller	et	al.,	
2009;	Table	S2).	The	GiFACE	experiment	comprises	6	FACE	rings	
with	an	inner	diameter	of	8	m,	arranged	in	three	paired	blocks	con‐
taining an eCO2 and an ambient CO2 (aCO2)	FACE	ring	(Figure	S1).	
eCO2	 FACE	 rings	maintain	CO2 concentrations at ca. 20% above 
ambient through fumigation with CO2 for 1–13 hr daily depending 
on	the	month	and	prevailing	wind	directions	(Tables	S3	and	S4).

2.2 | Plant root sampling and AM fungal root 
colonization

Soil	cores	(84	cores,	diameter	ca.	100	mm;	depth	ca.	150	mm)	were	
collected from three aCO2	(A1,	A2	and	A3)	and	three	eCO2 rings (E1, 
E2	and	E3).	Soil	core	sampling	was	designed	to	cover	both	spatial	and	
temporal	variation	in	AM	fungal	communities.	Eight	soil	cores	were	
collected along the full length of the inner circle from each ring on 8 
May 2013 (spatial sampling),	with	two	additional	soil	cores	collected	
from	each	 ring	 on	7	May,	 4	 July	 and	30	 September	 2013	 (tempo‐
ral sampling).	Mixed	plant	roots	were	extracted	from	each	soil	core	
and washed. Only living roots were used for further analyses (visual 
inspection).	A	random	subsample	of	ca.	60%	of	roots	was	dried	at	
40°C	 and	 stored	 at	 room	 temperature	 prior	 to	 downstream	DNA	
processing. Remaining roots were stored in 70% ethanol to quantify 
AM	fungal	root	colonization.	To	assess	AM	fungal	colonization,	roots	
were	 cleared	with	 hot	 10%	KOH	and	 acidified	with	1	N	HCl.	 The	
intraradical fungal tissue was stained with 0.05% trypan blue in lac‐
toglycerol.	A	detailed	estimation	of	AM	fungal	structures	(arbuscules	
and	 intraradical	 hyphae)	 in	 the	 stained	 roots	 followed	 Trouvelot,	
Kough,	and	Gianinazzi‐Pearson	(1986)	and	used	an	Olympus	Provis	
AX70	microscope	(200×	total	magnification,	n = 30 mixed 1 cm long 
root	segments	from	each	sampled	core).

2.3 | Molecular methods

In	 order	 to	 quantify	 the	AM	 fungal	 community,	mixed	plant	 roots	
were	 homogenized	 using	 a	 Retsch	 mixer	 mill	 (Retsch).	 DNA	 was	

extracted	 from	a	50	mg	dry	 subsample	of	 the	homogenized	 roots	
using	MoBio	 PowerPlant	 DNA	 isolation	 kits	 (MoBio	 Laboratories,	
Inc.),	 following	 the	 manufacturer's	 instructions.	 AM	 fungal	 com‐
munities were quantified using Illumina HiSeq NGS of amplicons 
of	 the	 SSU	 (small	 subunit)	 rRNA	gene,	which	 is	 a	 frequently	 used	
marker	gene	in	studies	of	AM	fungal	diversity	(Cotton,	Dumbrell,	&	
Helgason,	2014;	Davison	et	al.,	2015;	Dumbrell	et	al.,	2010a;	Maček	
et	al.,	2011).

To	produce	amplicon	 libraries	for	 Illumina	HiSeq	NGS,	a	550‐bp	
fragment	 of	 the	 SSU	 rRNA	 gene	was	 first	 amplified	 by	 PCR	 using	
Kapa	HiFi	Hot	Start	ReadyMix	PCR	Kit	(KAPA	Biosystems),	the	uni‐
versal	eukaryotic	primer	NS31	(Simon,	Lalonde,	&	Bruns,	1992)	and	
the	primer	AM1,	which	excludes	plants,	amplifies	the	major	AM	fun‐
gal	families	(Helgason	et	al.,	1998)	and	provides	accurate	repeatabil‐
ity	with	no	detectable	PCR	biases	(Cotton	et	al.,	2014).	Forward	and	
reverse	primers	were	modified	to	contain	Illumina‐specific	overhang	
adapter	sequences	(Sigma).	PCR	was	carried	out	 in	a	25	µl	reaction	
volume	with	2.5	µl	of	DNA	template,	12.5	µl	of	Ready	Mix,	3	µM	of	
each	primer	 (PCR	conditions:	95°C	for	3	min;	32	cycles	at	95°C	for	
45	 s,	 62°C	 for	 45	 s	 and	72°C	 for	 1	min;	 and	72°C	 for	 5	min)	 on	 a	
Applied	Biosystems	Veriti	Thermal	Cycler	(Thermo	Fisher	Scientific).	
PCR	products	were	purified	using	Agencourt	AMPure	XP	magnetic	
beads	(Beckman	Coulter).	A	secondary	indexing	PCR	was	then	used	to	
attach Illumina sequencing adapters and multiplex indexes, using the 
Nextera	XT	Index	Kit	(Illumina)	and	following	Illumina's	recommended	
protocols.	 Secondary	 PCR	 products	were	 purified	 using	Agencourt	
AMPure	XP	magnetic	beads	(Beckman	Coulter),	before	quantification	
using	a	PicoGreen	Assay	on	a	NanoDrop	3300	Fluorospectrometer	
(Thermo	Scientific).	Equimolar	concentrations	of	75	successfully	am‐
plified samples were pooled and sequenced on an Illumina HiSeq 2500 
running	in	rapid	run	mode	with	V3	2	×	300	bp	paired‐end	chemistry	
at	The	Earlham	Institute,	UK	(formerly	The	Genome	Analysis	Centre).

2.4 | Bioinformatic analyses

HiSeq	 reads	were	analysed	 following	 full	guidelines	 for	paired‐read	
Illumina	amplicon	 libraries	 in	Dumbrell,	Ferguson,	 and	Clark	 (2016).	
Briefly, quality control of NGS data was performed following rec‐
ommendations	described	 in	Schirmer	et	al.	 (2015).	Raw	reads	were	
first quality trimmed using sickle	 version	1.33	 (Joshi	&	Fass,	 2011),	
using	the	default	Q20	quality	threshold	in	paired‐end	mode,	discard‐
ing	reads	with	ambiguous	bases	(Ns),	and	trimming	only	from	the	3′	
end.	Quality	trimmed	reads	were	then	subjected	to	error	correction	
using	BayesHammer	 (Nikolenko,	Korobeynikov,	&	Alekseyev,	 2013)	
implemented	 with	 default	 settings	 in	 SPAdes	 v3.7.1	 (Nurk	 et	 al.,	
2013).	Forward	and	reverse	reads	were	then	paired‐end	aligned	and	
primers	removed	using	the	PEAR	algorithm	(Zhang,	Kobert,	Flouri,	&	
Stamatakis,	2014)	implemented	in	PANDAseq	version	1.33	(Masella,	
Bartram,	 Truszkowski,	 Brown,	 &	Neufeld,	 2012).	 To	 remove	 overly	
short or poorly aligned reads, we imposed a length filter; this removed 
reads	that	were	shorter	than	95%	of	the	target	amplicon's	length,	using	
custom	Linux	shell	commands.	Paired	reads	were	then	de‐replicated,	
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sorted by abundance and clustered into operational taxonomic units 
(OTUs)	 at	 a	 97%	 similarity	 threshold,	 and	 chimeras	 were	 removed	
using vsearch	v2.1.2	(Rognes,	Flouri,	Nichols,	Quince,	&	Mahé,	2016).	
Low	abundance	OTUs	(<3	occurrences)	were	also	removed	as	these	
are	more	likely	to	be	nonbiological	(Flynn,	Brown,	Chain,	MacIsaac,	&	
Cristescu,	2015).	All	aforementioned	analyses	were	conducted	using	
the bio‐linux	8	operating	system	(Field	et	al.,	2006).

Representative sequences from each OTU were compared to 
the	MaarjAM	database	(Öpik	et	al.,	2010)	using	blast	(Altschul,	Gish,	
Miller,	Myers,	&	Lipman,	1990),	 in	order	to	determine	their	closest	
matched	virtual	 taxon	 (VT;	Öpik	et	al.,	2010),	and	to	 identify	non‐
AM	fungal	OTUs,	which	were	subsequently	 removed	from	further	
analyses. The representative sequence of the closest matched VT 
to	each	OTU	was	extracted	from	the	MaarjAM	database,	alongside	
the closest matched sequences to each OTU identified from the 
NCBI database; these sequences were then aligned using ClustalW 
(Thompson,	Gibson,	Plewniak,	Jeanmougin,	&	Higgins,	1997)	and	a	
neighbour‐joining	phylogeny	(Saitou	&	Nei,	1987),	based	on	a	Jukes–
Cantor	(Jukes	&	Cantor,	1969)	substitution	model	and	with	Geosiphon 
pyriformis	 (Gehrig,	Schüßler,	&	Kluge,	1996)	as	a	 specific	outgroup	
to	the	AM	fungi	as	well	as	Corallochytrium limacisporum, a choano‐
zoan,	as	a	general	outgroup	to	all	fungi	(Vandenkoornhuyse,	Baldauf,	
Leyval,	 Straczek,	 &	 Young,	 2002),	 was	 constructed.	 Phylogenetic	
support	was	calculated	via	bootstrapping	with	10,000	pseudo‐repli‐
cates	(Felsenstein,	1985).	All	phylogenetic	analyses	were	performed	
using geneious	version	5.5.7	(Kearse	et	al.,	2012).

2.5 | Data analysis

Expected differences in CO2 concentrations and any unexpected dif‐
ferences in soil physicochemical properties (pH, moisture, carbon, 

nitrate,	 ammonium),	 between	 aCO2 and eCO2	 FACE	 rings,	 were	
checked	using	linear	mixed‐effects	models,	with	block	as	a	random	
factor (see Tables S2–S5 for soil properties and CO2	fumigation	data).	
We investigated the effects of eCO2	on	AM	fungal	root	colonization	
parameters	(colonization	frequency	and	intensity	in	the	root	system,	
arbuscule	abundance)	 and	community	 (OTU)	evenness	using	 linear	
mixed‐effects	models.	 These	models	 quantify	 the	effects	of	 eCO2 
while	controlling	 for	differences	between	FACE	 ring	pairs	 (blocks).	
Community	evenness	was	quantified	using	Simpson's	evenness	index	
(see	Morris	et	al.,	2014).	All	root	colonization	variables	and	commu‐
nity	evenness	values	were	logit‐transformed	to	meet	linear	modelling	
assumptions	(Warton	&	Hui,	2011).	In	all	mixed‐effects	models,	CO2 
treatment was included as a fixed effect, while spatial differences 
between	blocks	were	accounted	for	by	including	block	as	a	random	
effect. p‐values	were	calculated	by	comparing	t‐statistics	to	a	normal	
distribution (mean = 0 and SD	=	1).	To	determine	whether	AM	fungal	
OTU richness was affected by eCO2, we used a negative binomial 
generalized	 linear	mixed‐effects	model	 (GLMM).	We	controlled	for	
differences	in	amplicon	library	sizes	by	including	log	(number	of	se‐
quences)	as	the	first	(fixed)	term	in	the	model.	This	approach	to	deal‐
ing with heterogeneity in sequencing effort is advocated (Warton, 
Foster,	De'ath,	Stoklosa,	&	Dunstan,	2015)	as	it	avoids	many	of	the	
undesirable data properties introduced by alternatives such as rar‐
efaction	 (McMurdie	&	Holmes,	 2014).	 All	 other	 fixed	 and	 random	
effects were specified as described previously. For the purpose of 
visualizing	OTU	 richness	 and	 evenness	 differences	 between	 treat‐
ments,	we	 rarefied	communities	 to	 the	smallest	 library	size	before	
producing Figure 1a,b.

Differences	 in	 overall	 AM	 fungal	 community	 composition	
were	visualized	using	nonmetric	multidimensional	scaling	(NMDS)	
on Bray–Curtis distances. To investigate how the abundance of 

F I G U R E  1  Differences	in	(a)	AM	fungal	OTU	richness,	(b)	Simpson's	community	evenness	and	(c)	rank	abundance	distributions	between	
eCO2 and aCO2	rings	at	GiFACE.	AM	fungal	OTU	richness	is	significantly	increased	in	eCO2 rings compared with aCO2 rings (a; p	=	.01),	
whereas CO2	treatment	has	no	effect	on	AM	fungal	community	evenness	(b	&	c;	p	=	.95).	In	panels	(a)	and	(b),	filled	triangles	represent	
means, boxes show median values bound by 25–75 percentiles, and lines minima and maxima. Outliers are points >1.5 times the interquartile 
range away from the median
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AM	 fungal	 OTUs	 changed	 between	 aCO2 and eCO2 conditions 
and	FACE	ring	pairs	(blocks),	multivariate	generalized	linear	mod‐
els	 (MV‐GLMs)	were	 used	 (Wang,	 Naumann,	Wright,	 &	Warton,	
2012).	A	negative	binomial	error	 family	was	used	 to	account	 for	
overdispersion, a common property of microbial count data. The 
effect of heterogeneity in sequencing depth was incorporated by 
including	an	offset	term	(log‐transformed	number	of	sequences).	
As	described	above,	including	the	interaction	between	block	and	
CO2 allowed us to determine whether the influence of CO2 varied 
between	spatial	blocks.	The	influence	of	sampling	date	on	the	rela‐
tionship between CO2	conditions	and	AM	fungal	OTU	abundances	
was examined by repeating this analysis with the temporal sam‐
ples,	where	we	used	sampling	 time	as	a	 factor	 in	place	of	block.	
Sampling	date	was	incorporated	into	the	MV‐GLMs	as	a	separate	
model covariate and as an interaction term with CO2 treatment. 
Multivariate and unadjusted univariate p‐values were obtained by 
Wald tests, both using 10,000 Monte Carlo permutations. For all 
MV‐GLM	analyses,	only	OTUs	that	occurred	in	two	or	more	sam‐
ples were included, as OTUs occurring in only one sample are not 
likely	to	yield	useful	or	statistically	robust	insight	into	the	effects	
of eCO2	on	AM	fungal	communities.	For	some	OTUs,	we	observed	
complete	separation,	a	problem	that	can	cause	model	optimizers	
to crash when one or more levels of a categorical variable per‐
fectly predict a mean abundance of 0. We identified these OTUs 
by their disproportionately large standard errors (e.g., >100 on 
the	 log‐link	 scale).	 As	 model	 coefficients,	 and	 by	 extension	 the	
univariate p values, are not robust when separation is observed, 
we	 remodelled	 these	OTUs	 using	 bias‐reduction	 binomial	 GLMs	

(BR‐GLMs,	 Firth,	 1993),	 a	method	 that	 allows	 robust	 estimation	
of	model	coefficients	when	separation	is	present.	As	models	esti‐
mate the probability of occurrence under the different CO2 con‐
ditions rather than actual abundance per se, we do not present 
output from these models in our figures.

All	 statistical,	 diversity	 and	 community	 analyses	 were	 con‐
ducted using the r statistical language version 3.3.1 with standard 
R	 libraries	 (R	Core	Team,	2016);	 the	community	analysis	 specific	
package	 “vegan”	 (Oksanen	 et	 al.,	 2018)	 and	 statistical	 packages	
“stats”	 (R	 Core	 Team,	 2016),	 “mvabund”	 (Wang	 et	 al.,	 2012),	
“brglm”	 (Kosmidis,	 2017)	 and	 “lme4”	 (Bates,	 Mächler,	 Bolker,	 &	
Walker,	2015).

3  | RESULTS

3.1 | GiFACE long‐term grassland experiment

The	GiFACE	experiment	maintained	significantly	increased	(ca.	20%)	
CO2 concentrations in eCO2 treatment rings, compared with aCO2 
rings during each of the three sampling months (Table S4; May 2013, 
t = 44.26, p	<	.001;	July	2013,	t = 42.67, p < .001; September 2013, 
t = 84.97, p	<	.001).	Importantly,	soil	moisture	(Table	S5),	pH,	amount	
of NH4, NO3,	%	N,	%	C	and	C/N	(Table	S2)	did	not	significantly	dif‐
fer between eCO2 and aCO2 rings (moisture, t = 1.43, p = .15; pH, 
t = 0.00, p = 1; NH4, t	=	−.21,	p = .83; NO3, t	=	−0.36,	p = .72; % N, 
t	=	−1.06,	p = .29; % C, t = 0.28, p = .78; C/N, t	=	−0.50,	p = .62).	
Despite the increased concentrations of CO2,	patterns	of	AM	fungal	
root	colonization	did	not	significantly	differ	between	eCO2 and aCO2 

TA B L E  1   The effects of elevated CO2	on	mycorrhizal	fungal	root	colonization	analysed	with	linear	mixed‐effects	models

Variable Ring Ambient Elevated eCO2 coefficient t‐statistic p value

% a 1 26.18 ± 14.48 20.69 ± 9.00 0.05	(0.27) 0.19 .85

2 24.18 ± 15.09 28.16 ± 16.41

3 12.55 ± 14.94 15.29 ± 13.61

%	A 1 7.35 ± 5.54 5.34 ± 3.70 0.18	(0.21) 0.83 .41

2 4.62 ± 3.65 7.87 ± 5.30

3 2.99 ± 4.35 3.32 ± 3.15

% F 1 90.39 ± 8.43 89.17 ± 14.99 0.56	(0.35) 1.59 .11

2 85.92 ± 16.21 95.42 ± 6.65

3 84.73 ± 9.09 87.92 ± 12.72

% m 1 27.68 ± 5.76 27.44 ± 8.19 0.16	(0.10) 1.56 .12

2 21.69 ± 5.89 28.83 ± 5.49

3 19.95 ± 7.18 22.06 ± 7.29

% M 1 25.30 ± 6.89 25.00 ± 9.77 0.21	(0.14) 1.51 .13

2 19.23 ± 7.64 27.65 ± 6.33

3 17.40 ± 7.84 19.96 ± 8.28

Note: Estimation	of	mycorrhizal	fungal	colonization	according	to	(Trouvelot	et	al.,	1986)	calculated	for	arbuscule	abundance	in	mycorrhizal	parts	of	
root	fragments	(%	a),	arbuscule	abundance	in	the	root	system	(%	A),	frequency	of	mycorrhiza	in	the	root	system	(%	F),	intensity	of	the	mycorrhizal	
fungal	colonization	in	the	root	fragments	(%	m)	and	intensity	of	the	mycorrhizal	fungal	colonization	in	the	root	system	(%	M).	Parameters	are	calcu‐
lated	from	eight	replicate	samples	(30	root	fragments	each).	Mean	values	±	1	SD	of	the	mean	are	presented.	For	each	colonization	variable,	ring	was	
specified	as	a	random	intercept	to	account	for	spatial	autocorrelation.	A	positive	eCO2	coefficient	indicates	greater	mycorrhizal	fungal	colonization	
under elevated CO2.
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rings, when evaluated using the spatial samples (Table 1; t < 1.59, 
p	>	.1	in	all	cases).

3.2 | AM fungal diversity at GiFACE

We	sampled	a	total	of	55	AM	fungal	OTUs	from	eight	AM	fungal	
families	across	the	GiFACE	experiment	 (Figure	S2).	Seventy‐five	
samples	(out	of	84)	successfully	amplified	the	targeted	SSU	rRNA	
gene and, after stringent quality control (quality trimming, error 
correction	and	paired‐end	alignment	removed	2.53	million	reads,	
stringent length filtering discarded a further 6.61 million reads, 
and	70,649	non‐AM	 fungal	 reads	were	 removed),	 produced	 the	
4,997,208	 Illumina	HiSeq	 reads	 (median	 length	 =	 549,	 IQR	 =	 1)	
on which our analyses are based. Visual inspection of rarefied 
OTU accumulation curves confirmed OTU accumulation had 
plateaued in all samples (HiSeq reads per sample: min = 6,454; 
median	=	64,286;	max	=	245,700).	The	most	abundant	ten	OTUs	
represented	a	total	of	90.5%	of	all	detected	AM	fungal	sequences	
(Figure	 S2).	 Among	 these,	 OTU1	 (Rhizophagus fasciculatus/intr
aradices/irregularis	 clade,	 most	 similar	 to	 MaarjAM	 VT113)	 and	
OTU4	 (Glomeraceae,	 most	 similar	 to	 MaarjAM	 VT163)	 are	 the	
two	most	abundant	OTUs	in	the	GiFACE	experiment	and	are	also	
the two most abundant in both eCO2 and aCO2	 rings.	The	 rank	
relative abundance distributions of the ten most abundant OTUs 
from eCO2 and aCO2 rings were almost identical, other than for 
OTU305 and OTU1835 which decreased by 2 and 9 places, re‐
spectively, under eCO2 conditions.

3.3 | Impacts of eCO2 on AM fungal communities

Based on the samples collected on 8 May (intensive spatial sam‐
pling),	 eCO2	 significantly	 increased	 AM	 fungal	 OTU	 richness	 per	

sample over aCO2 (Figure 1; coefficient = 0.16, z = 2.57, p	=	.01),	but	
had no significant effect on community evenness (Figure 1; coef‐
ficient	=	−0.003,	t	=	−0.22,	p	=	.95).

3.4 | Impacts of eCO2 on AM fungal community 
composition

Compositional	 changes	 in	AM	 fungal	 communities	were	visualized	
using	 nonmetric	 multidimensional	 scaling	 plots	 (NMDS)	 based	 on	
Bray–Curtis	distance	(Figure	2a;	stress	=	0.23).	There	was	no	clear	
separation between aCO2 and eCO2	AM	fungal	communities	in	the	
spatial	sampling,	while	in	our	temporal	sampling,	AM	fungal	commu‐
nities from aCO2 and eCO2 show minor differences in composition.

A	more	 detailed	 examination	 of	 AM	 fungal	 community	 com‐
position by modelling OTU abundances using multivariate mod‐
els	 (MV‐GLMs	or	BR‐GLMs)	of	 spatial	 sample	data	 revealed	 that	
eCO2 treatment (z1, 44 = 11.50, p	<	.001),	FACE	block	(z2, 43 = 18.91, 
p	<	.001)	and	their	interaction	(z2, 43 = 13.63, p	<	.001)	significantly	
affected OTU abundances, after controlling for unequal sequenc‐
ing depths. Univariate tests showed that 17 OTUs were signifi‐
cantly affected by eCO2	 regardless	of	FACE	ring	 (Figure	3;	Table	
S6; z1, 44 > 0.0003, p	<	.041	in	all	cases),	and	22	OTUs	were	signifi‐
cantly affected by the interaction of eCO2	and	FACE	ring	together	
(Figure 3; Table S6; z2, 43 > 2.89, p	<	.049	in	all	cases).	Of	the	OTUs	
affected by CO2 treatment, seven were significantly less abun‐
dant under eCO2 conditions than aCO2 conditions (Figure 3; OTUs 
93, 305, 787, 1,006, 5,502, 32,253, and 46,393; z1, 44 > 0.0003, 
p	 <	 .027	 in	 all	 cases),	whereas	10	OTUs	were	 significantly	more	
abundant under eCO2 than aCO2 conditions (Figure 3; OTUs 6, 
139, 207, 662, 1,864, 3,771, 6,921, 12,964, 49,666 and 49,925; 
z1, 44 > 0.035, p	<	 .041	in	all	cases).	For	the	OTUs	that	showed	a	
mean	abundance	of	0	under	certain	treatments,	BR‐GLMs	showed	

F I G U R E  2  Nonmetric	multidimensional	scaling	(NMDS)	plots	for	(a)	spatial	and	(b)	temporal	samples	from	GiFACE.	Black	and	grey	
symbols represent samples from aCO2 and eCO2 treatments, respectively. Square, circle and triangle symbols either represent samples from 
FACE	ring	blocks	1,	2	and	3,	respectively	(a),	or	samples	collected	in	May,	July	and	September	2013,	respectively	(b).	Samples	that	appear	
closer	together	represent	AM	fungal	communities	that	are	compositionally	more	similar	than	those	further	apart
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that: OTU 49,666 had an overall positive response to elevated CO2 
(coef = 4.58, z1, 44 = 3.23, p	<	.01),	therefore	being	more	likely	to	
occur in elevated CO2 conditions. In contrast, OTU 787 was sig‐
nificantly	less	likely	to	occur	in	eCO2	conditions	(coef	=	−7.74,	z1, 

44, p	<	.001).	OTUs	277	and	43,243	showed	significant	interactions	
between	block	and	CO2 conditions, indicating that CO2 conditions 
only	 influenced	their	probability	of	occurrence	 in	specific	blocks	
(|z2, 43| > 2.47, p	<	.05	in	both	cases).

Univariate	tests	showed	that	two	families	(Archaeosporaceae	
and	Glomeraceae)	were	significantly	affected	by	eCO2 (Figure 4; 
Table	 S7)	 and	were	more	 abundant	 under	 eCO2 than aCO2 con‐
ditions (z1, 44 > 3.25, p	<	 .0008	in	both	cases).	The	same	families	
also	had	significantly	different	abundances	across	FACE	rings,	but	

only the Glomeraceae were significantly affected by the inter‐
action	between	FACE	 rings	and	eCO2 (z2, 43 > 13.27, p	<	 .0001).	
Acaulosporaceae	 and	 Ambisporaceae	 both	 showed	 evidence	 of	
separation issues for several covariates (SE > 300 for some fac‐
tor	 levels).	Modelling	 these	 families	with	BR‐GLMs	 showed	 that	
Ambisporaceae	 were	 not	 significantly	 more	 likely	 to	 occur	 in	
any	of	the	treatments	or	blocks	 (|z| < 1.09, p	>	 .28	for	all	 terms),	
whereas	Acaulosporaceae	were	significantly	more	likely	to	occur	
under eCO2 conditions (coef = 0.18, z1, 44 = 3.03, p	<	.01),	but	also	
showed	significant	spatial	variation	between	blocks	(|z|2, 43 = 4.74, 
p	<	.001	for	all	block	terms).

3.5 | Temporal changes in AM fungal communities

Arbuscular	mycorrhizal	fungal	OTU	richness	did	not	change	sig‐
nificantly across sampled months or between aCO2 and eCO2 
treatments over the course of the temporal data set (GLMM; 
coefficient = 0.02, z = 0.02, p	=	 .89;	Table	S8).	Nor	was	 there	
any	significant	interaction	between	sampling	date	(i.e.,	month)	
and CO2 treatment (z >	−0.31,	p	>	.76	for	all	interaction	terms).	
Compositional	 changes	 in	 AM	 fungal	 communities,	 visualized	
using	 nonmetric	 multidimensional	 scaling	 plots	 (Figure	 2b),	
showed	 a	 minor	 separation	 between	 AM	 fungal	 communities	
from aCO2 and eCO2	 through	 time	 (Figure	 2b,	 stress	 =	 0.20).	
Analysis	 of	 the	 temporal	 data	 set	 using	 MV‐GLMs	 revealed	
that sampling time (z2, 26 = 14.44, p	 <	 .001),	 FACE	 ring	 (z2, 

24 = 22.85, p	<	.001)	and	CO2 treatment (z1, 23 = 12.45, p < .001)	
all affected OTU abundances alone, as well as the interac‐
tion between sampling time and CO2 treatment (z2, 21 = 12.35, 
p < .001).	Twenty‐seven	OTUs	were	found	to	significantly	dif‐
fer in abundance between sampling time (Figure 5 and Table S9; 
z2, 27 > 0.003, p	<	.049	in	all	cases),	34	OTUs	differed	between	
FACE	blocks	(Figure	5	and	Table	S9;	z2, 27 > 0.06, p < .043 in all 
cases)	and	21	OTUs	differed	between	CO2 treatment (Figure 5 
and Table S9; z1, 27 > 0.0003, p	<	.039	in	all	cases).	Additionally,	

F I G U R E  3  Volcano	plot	of	MV‐GLM	
modelled shifts in OTU abundances under 
eCO2 conditions, compared to aCO2 
conditions. Coloured points above the 
horizontal	dotted	line	represent	OTUs	
that showed statistically significant shifts 
in abundance (p	<	.05),	whereas	hollow	
points	below	the	horizontal	dotted	
line represent OTUs that did not show 
statistically significant shifts (p	>	.05).	
OTUs further to the left were less 
abundant under eCO2 conditions, while 
OTUs to the right were more abundant 
under eCO2 conditions
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F I G U R E  4  Volcano	plot	of	MV‐GLM	modelled	shifts	in	AM	
fungal family abundances under eCO2 conditions, compared to 
aCO2	conditions.	Coloured	points	above	the	horizontal	dotted	line	
represent families that showed statistically significant shifts in 
abundance (p	<	.05),	whereas	hollow	points	below	the	horizontal	
dotted line represent families that did not show statistically 
significant shifts (p	>	.05).	Families	further	to	the	left	were	less	
abundant under eCO2 conditions, while families to the right were 
more abundant under eCO2 conditions
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22 OTUs had a significant interaction term between sampling 
time and CO2 treatment indicating that the effect of eCO2 on 
AM	fungal	populations	may	vary	throughout	the	period	of	the	
year we sampled (Figure 5 and Table S9; z2, 27 > 0.004, p < .05 
in	all	cases).

All	of	the	AM	fungal	families	significantly	differed	in	abundance	
or occupancy across sampling times (Figure 6 and Table S10; z2, 

26 > 0.043, p	 <	 .01	 in	 all	 cases),	 except	 the	Claroideoglomeraceae	
(z2, 26 < 0.38, p	 >	 .71	 for	 all	 sampling	months),	 Gigasporaceae	 (z2, 

26 < 0.54, p	>	.06	for	all	sampling	months)	and	the	Paraglomeraceae	

(z2, 26 < 0.55, p	>	 .30).	 In	addition,	 the	occupancy	of	 two	AM	fun‐
gal families was significantly lower in eCO2 rings compared with 
aCO2	 rings	 (BR‐GLM;	 Acaulosporaceae,	 z1, 27	 =	 −30.04,	 p < .001; 
Diversisporaceae, z1, 27	=	−5.33,	p	<	.001),	across	sampling	months.	
Three	 AM	 fungal	 families	 (Diversisporaceae,	 Gigasporaceae	 and	
Glomeraceae)	 also	 had	 significant	 interaction	 terms	 (z2, 21 > 0.03, 
p	<	.004	for	all	cases),	indicating	that	the	effect	of	eCO2	on	some	AM	
fungal families may vary temporally.

F I G U R E  5  Volcano	plot	of	MV‐GLM	modelled	shifts	in	OTU	
abundances under eCO2 conditions and between sampling months. 
Coloured	points	above	the	horizontal	dotted	line	represent	
OTUs that showed statistically significant shifts in abundance 
(p	<	.05),	whereas	hollow	points	below	the	horizontal	dotted	line	
represent OTUs that did not show statistically significant shifts 
(p	>	.05).	OTUs	further	to	the	left	were	less	abundant	under	eCO2 
conditions, while OTUs to the right were more abundant under 
eCO2 conditions. For OTUs where p < 10–10, we rounded p to 10–10 
for	ease	of	visualization
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F I G U R E  6  Volcano	plot	of	MV‐GLM	modelled	shifts	in	AM	
fungal family abundances under eCO2 conditions and between 
sampling	months.	Coloured	points	above	the	horizontal	dotted	
line represent families that showed statistically significant shifts in 
abundance (p	<	.05),	whereas	hollow	points	below	the	horizontal	
dotted line represent families that did not show statistically 
significant shifts (p	>	.05).	Families	further	to	the	left	were	less	
abundant under eCO2 conditions, while families to the right 
were more abundant under eCO2 conditions. For families where 
p < 10–10, we rounded p to 10–10	for	ease	of	visualization
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4  | DISCUSSION

This	study	reveals	the	ecological	response	of	AM	fungal	communities	
from	an	old‐grown	 semi‐natural	 temperate	 grassland	 to	 long‐term	
(>15	years)	eCO2	(ca.	+20%	of	ambient)	conditions	that	reflect	future	
climate	change	scenarios.	While	root	colonization	by	AM	fungi	did	
not change in response to eCO2	(Table	1),	the	AM	fungal	community	
did	significantly	increase	in	taxon	(OTU)	richness,	but	with	no	change	
in community evenness, under eCO2	treatments	(Figure	1).	In	addi‐
tion,	 the	 composition	of	AM	 fungal	 communities	 also	 significantly	
responded to eCO2 treatments. However, this was driven by subtle 
responses	of	specific	AM	fungal	taxa	(OTUs),	with	these	populations	
both increasing and decreasing in abundance in response to eCO2 
(Figures	3	and	5),	rather	than	a	complete	turnover	or	resorting	of	all	
AM	fungal	taxa	(Figure	2).	Furthermore,	these	population‐level	re‐
sponses varied through time with population dynamics significantly 
interacting with eCO2 responses. These responses were observed 
both	at	the	species	(OTU)	level	and	at	the	family	level,	with	the	highly	
dominant Glomeraceae, significantly increasing in abundance under 
eCO2	(Figure	4),	which	may	be	reflective	of	the	ecologically	relevant	
functional traits (e.g., mycelium growth, phosphate and carbon me‐
tabolism,	 and	 spore	 formation)	 that	 are	 conserved	 at	 higher	 taxo‐
nomic	levels	within	the	AM	fungi	(Cotton	et	al.,	2015;	Powell	et	al.,	
2009).

4.1 | Root colonization with AM fungi

In	 contrast	 to	our	expectations	 that	AM	 fungal	 root	 colonization	
would increase under eCO2, there was no significant increase ob‐
served in the mixed roots sampled from eCO2 treatments com‐
pared with aCO2	treatments.	Plant	roots	in	natural	grasslands	are	
usually	highly	colonized	with	AM	fungi	(Smith	&	Read,	2008),	and	
the	frequency	of	mycorrhization	within	roots	at	GiFACE	was	close	
to saturation regardless of CO2	treatment	(Table	1).	Thus,	further	
increases under eCO2 conditions could be limited. While previ‐
ous	research	has	shown	increased	mycorrhizal	fungal	colonization	
under eCO2	(see	Alberton	et	al.,	2005	for	meta‐analyses;	Treseder,	
2004),	 the	 experimental	 designs	 behind	 these	 results	 have	 var‐
ied extensively (e.g., with different: fumigation approaches, CO2 
concentrations,	 plant	 species,	 duration	 and	 fertilizer	 treatments)	
and	very	 few	studies	have	assessed	 root	colonization	 from	FACE	
experiments (but see Gamper et al., 2004; Garcia, Ovasapyan, 
Greas,	&	Treseder,	2008;	Runion	et	al.,	1994;	Staddon,	Gregersen,	
&	 Jakobsen,	 2004).	 Typically,	 FACE	 studies	 recorded	 far	 smaller	
responses	of	AM	 fungal	 root	 colonization	 to	eCO2 than all other 
experimental setups (e.g., pots and fumigation chambers; for re‐
view,	 see	 Alberton	 et	 al.,	 2005;	 Treseder,	 2004),	 suggesting	 re‐
sults may be dependent upon the environmental context, and/or 
temporal	 and	 spatial	 scale	 of	 the	 study.	 Pot‐based	 eCO2 fumiga‐
tion	 experiments	 are	 limited	 by	 cultivable	 (usually	 fast‐growing)	
AM	 fungal	 taxa.	 They	 are	 typically	 of	 short	 duration	 and	mycor‐
rhizal	networks	develop	during	the	experiment,	with	assessments	

of	root	colonization	reflecting	increased	colonization	speed	under	
eCO2	 (Gamper	et	al.,	2004;	Treseder,	2004).	Within	FACE	experi‐
ments,	root	colonization	by	AM	fungi	tends	to	be	evaluated	after	
the	experiment	is	well	established,	reflecting	end‐point	responses	
to eCO2	conditions	(Gamper	et	al.,	2004).	Thus,	the	long‐term	dura‐
tion	of	GiFACE	coupled	with	the	natural	diversity	of	grassland	plant	
and	AM	fungal	taxa	has	allowed	for	similar	levels	of	root	coloniza‐
tion to exist regardless of CO2 treatment.

4.2 | AM fungal diversity in GiFACE

We	 recorded	 a	 total	 of	 55	AM	 fungal	 taxa	 (OTUs)	 from	eight	AM	
fungal	 families.	This	estimate	of	AM	fungal	OTU	richness	 is	as	ex‐
pected from grassland systems, given both the number and nature 
(i.e.,	mixed	roots)	of	samples	examined,	and	the	NGS	methods	used	
(Dumbrell	 et	 al.,	 2011;	 Hiiesalu	 et	 al.,	 2014;	 Moora	 et	 al.,	 2014).	
Average	AM	fungal	richness	was	higher	under	eCO2 compared with 
aCO2 treatments (though both treatments had equivalent total taxon 
pools	of	51	OTUs).	Previously	observed	increases	in	total	fungal	di‐
versity under eCO2 are determined by the length of the experiment 
(Veresoglou	et	al.,	2016).	Longer‐term	studies	allow	greater	recruit‐
ment	from	the	meta‐community	of	taxa	pre‐adapted	to	these	new	
environmental conditions and if sufficiently long term, the evolution 
of	new	species	(Johnson	et	al.,	2013;	Veresoglou	et	al.,	2016),	both	
of	which	increase	local	taxa	richness.	At	the	GiFACE,	the	expansive	
semi‐natural	grassland	surrounding	eCO2	FACE	rings	and	the	long‐
term experimental duration certainly provide ample opportunity for 
recruitment	of	pre‐adaptive	AM	fungal	taxa	from	the	meta‐commu‐
nity. However, as few OTUs were unique to eCO2 treatments, it may 
be	that	greater	resource	(rhizodeposited	photosynthates;	Cheng	et	
al.,	2012;	Drigo	et	al.,	2010,	2013)	and/or	habitat	(increased	root	bio‐
mass;	Canadell,	Pitelka,	&	Ingram,	1996;	Carrillo	et	al.,	2014;	Fitter	
et	al.,	1997)	availability	is	simply	supporting	a	greater	number	of	AM	
fungal OTUs than in aCO2 treatments.

The indirect influence of eCO2	 on	 AM	 fungi	 via	 increases	 in	
root biomass (Canadell et al., 1996; Carrillo et al., 2014; Fitter et 
al.,	 1997)	 and/or	 root	 turnover	 (Allard	 et	 al.,	 2005;	 Canadell	 et	
al.,	 1996;	Fitter	 et	 al.,	 1997;	Nie,	 Lu,	Bell,	Raut,	&	Pendall,	 2013)	
are potentially major factors explaining our results. If increases in 
rhizodeposited	 photosynthates	 in	 eCO2 treatments were driving 
changes	in	AM	fungal	communities,	this	change	in	resource	limita‐
tion	between	treatments	would	likely	reduce	the	evenness	of	AM	
fungal	communities,	as	initially	hypothesized.	However,	there	was	
little	evidence	of	this,	and	AM	fungal	communities	from	both	aCO2 
and eCO2 treatments displayed typical patterns of dominance 
(ca.	>40%	sequences	belong	to	the	dominant	OTU)	found	consis‐
tently	across	AM	studies	(Dumbrell,	Nelson,	Helgason,	Dytham,	&	
Fitter,	2010b;	Lekberg	et	al.,	2012;	Verbruggen,	van	der	Heijden,	
Weedon,	Kowalchuk,	&	Rö‐Ling,	 2012).	As	 increases	 in	 root	 bio‐
mass under eCO2 are driven by increases in root turnover and the 
production	of	fine	roots	(Allard	et	al.,	2005;	Canadell	et	al.,	1996;	
Fitter	 et	 al.,	 1997;	Nie	 et	 al.,	 2013),	which	 are	 preferentially	 col‐
onized	 by	 AM	 fungi	 over	 older	 roots	 (Smith	 &	 Read,	 2008),	 this	
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offers a parsimonious explanation for observed results. Moreover, 
data	 from	GiFACE	demonstrate	 increases	 in	 fine	 root	production	
and root turnover in eCO2	treatments	(Lenhart,	2008).

4.3 | AM fungal community composition

The	composition	of	AM	fungal	communities	significantly	changes	in	
response to eCO2	at	GiFACE.	However,	this	reflects	subtle	changes	
in	 the	 relative	 abundances	 of	 specific	 AM	 fungal	 populations	 and	
not the presence of a novel eCO2 community that is entirely com‐
positionally distinct from communities recorded in aCO2 conditions. 
These findings support our initial hypothesis and result from earlier 
work	on	agricultural	systems	(Cotton	et	al.,	2015)	and	pot‐based	ex‐
periments	(Klironomos	et	al.,	2005;	Klironomos,	Ursic,	Rillig,	&	Allen,	
1998).	However,	whether	 these	population‐level	 responses	 reflect	
predicted	shifts	towards	faster	growing	r‐strategists	(Glomeraceae)	
at	 the	 expense	 of	 slower	 growing	K‐strategists	 (Gigasporaceae)	 is	
less clear.

At	 the	 family	 level,	 the	 Glomeraceae	 did	 significantly	 increase	
in eCO2 treatments compared with aCO2 treatments, while the 
Gigasporaceae	did	not	 change	 significantly.	Cotton	et	 al.	 (2015)	 re‐
ported	 similar	 results	 from	 an	 agricultural	 FACE	 experiment.	 This	
highlighted that the easily cultured Glomeraceae taxa that are most 
likely	r‐strategists	could	grow	and	provide	phosphorus	to	host	plants	
quickly	(Boddington	&	Dodd,	1999;	Sýkorová,	Ineichen,	Wiemken,	&	
Redecker,	 2007)	with	 a	 high	 reciprocal	 capability	 of	 using	 recently	
fixed	 carbon	 (Drigo	et	 al.,	 2010),	whereas	 slower	growing	K‐strate‐
gists	like	taxa	of	Gigasporaceae	would	be	outcompeted	(Cotton	et	al.,	
2015).	However,	at	the	species	 level,	Glomeraceae	OTUs	increased,	
decreased and did not change in abundance in response to eCO2, sug‐
gesting	this	mechanism	is	not	universally	applicable	across	AM	fun‐
gal	taxa	within	a	family.	For	example,	the	commonest	OTU	(OTU1)	at	
GiFACE	was	from	the	Glomeraceae	and	did	not	respond	differently	
to eCO2 and aCO2 treatments. This taxon was putatively identified as 
Rhizophagus fasciculatus/intraradices/irregularis cluster (VT113; follow‐
ing	Öpik	et	al.,	2010;	Öpik	et	al.,	2013),	which	is	a	widely	distributed	
AM	fungal	taxon,	found	throughout	environmental	studies	and	as	cul‐
tures	(Öpik	et	al.,	2010;	Savary	et	al.,	2018).	OTU1's	(VT113)	lack	of	
response to eCO2	treatment	was	surprising	as	its	sister	taxon	(VT114)	
is	considered	to	be	particularly	effective	at	quickly	obtaining	carbon	
from	host	plants	(Vandenkoornhuyse	et	al.,	2007)	and	subsequently	
tends to increase in abundance following eCO2 exposure (Cotton et 
al.,	2015).	Very	little	is	known	about	the	mechanisms	and	regulation	of	
resource	exchange	between	plants	and	AM	fungi	(Cotton	et	al.,	2015)	
and	while	the	principle	of	“optimal	allocation”	(Johnson	et	al.,	2013)	
has been suggested as an explanation behind increased abundance 
of	 r‐strategists	 in	 the	 eCO2 world, not enough information is avail‐
able	 to	separate	all	AM	fungal	 taxa	 into	 r	and	K	groupings.	 Indeed,	
similar	 patterns	 were	 observed	 across	 both	 AM	 fungal	 families	
(Archaeosporaceae	 and	 Glomeraceae)	 that	 increased	 in	 abundance	
under eCO2	conditions.	Across	these	families,	approximately	half	the	
OTUs decreased and the rest increased in abundance in response to 

eCO2	(Figure	3,	Table	S6).	Generally,	those	OTUs	increasing	in	abun‐
dance were present but exceptionally rare within aCO2 treatments, 
suggesting	that	taxa	which	normally	exist	at	the	edge	of	their	realized	
niche may benefit from an eCO2	fertilization	effect.

4.4 | Temporal changes in AM fungal communities

Across	temporal	samples	collected	in	May,	July	and	September,	the	
composition	of	AM	fungal	communities	significantly	changed	in	re‐
sponse to eCO2, and again this reflected changes in the abundances 
of	a	few	populations	rather	than	a	larger	resorting	of	the	AM	fungal	
community. There was a strong interaction between CO2 treatments 
and sampling month, and the populations that changed in density 
in response to eCO2 were not consistent through time. Notably, ca. 
50% of all OTUs that responded to eCO2 did not do so in all sam‐
pled months. Moreover, only eight OTUs, which showed a significant 
response to eCO2 from the main spatially extensive samples, still 
showed a response when considered temporally, and in some cases 
(e.g.,	OTU	93),	the	overall	direction	of	their	response	(i.e.,	increased	
or	decreased	abundance)	had	reversed.

In temperate European grasslands, during the main plant growth 
period	 (April	 to	 October),	 AM	 fungal	 communities	 vary	 little	 in	
composition	 (Davison	et	al.,	2012;	Dumbrell	 et	 al.,	2011;	Santos‐
González,	 Finlay,	 &	 Tehler,	 2007;	 Varela‐Cervero,	 López‐García,	
Barea,	 &	 Azcón‐Aguilar,	 2016).	 Similar	 results	 were	 observed	 at	
GiFACE,	with	only	subtle	changes	in	overall	AM	fungal	community	
composition	during	this	period.	However,	some	AM	fungal	popu‐
lations did show significant changes in abundance between sam‐
ples regardless of CO2 treatment, and a number of these had their 
temporal dynamics altered by eCO2	treatments.	Abiotic	soil	factors	
are	consistent	across	GiFACE	treatments	(Table	S2),	as	is	temporal	
variability	 in	 those	 linked	 to	 climate	 such	 as	 soil	moisture	 (Table	
S2)	and	temperature.	Thus,	changes	 in	 temporal	dynamics	of	AM	
fungal populations between aCO2 and eCO2 treatments are most 
likely	caused	by	changes	in	biotic	variables	that	are	known	to	be	in‐
fluenced by eCO2.	As	root	biomass	and	associated	increases	in	root	
turnover	(births	and	deaths)	accumulate	earlier	in	the	growing	sea‐
son under eCO2	(Fitter	et	al.,	1997),	temporal	changes	in	the	abun‐
dance	of	AM	 fungal	populations	 (i.e.,	 population	phenology)	may	
simply be happening earlier. These temporal changes would also 
be evident in aCO2 treatments, but lagging behind those observed 
under eCO2. While formally testing this would require far greater 
temporal	 sampling	 than	 presented	 in	 this	 work,	 our	 preliminary	
observations suggest this is not the case as population dynamics 
from aCO2 treatments are largely unpredictable from eCO2 data 
and	vice	versa.	Alternatively,	 the	continued	temporal	 turnover	of	
roots and increased accumulation of root biomass under eCO2 con‐
ditions	(Allard	et	al.,	2005;	Canadell	et	al.,	1996;	Nie	et	al.,	2013)	is	
simply providing a dynamic source of novel environments for the 
AM	fungi.	This	would	allow	rarer	and	potentially	weaker	competi‐
tors	a	chance	to	establish	in	roots	in	the	absence	of	other	AM	fungi.	
If	this	were	the	case,	the	within‐plant‐growth‐period	dynamics	of	
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many	AM	fungal	populations	would	exhibit	largely	stochastic	fluc‐
tuations in population abundances, and not a clear unimodal rela‐
tionship between sampling date and population abundance. While 
there	is	evidence	for	this	within	the	GiFACE	data,	finer	scale	tem‐
poral sampling is required to demonstrate this conclusively.

5  | CONCLUSION

This	work	demonstrates	 the	 importance	of	 long‐term	experiments	
in understanding the impact of global change on terrestrial eco‐
systems	 (Maček,	 Vodnik,	 Pfanz,	 Low‐Décarie,	 &	 Dumbrell,	 2016)	
and the need to account for both aboveground and belowground 
components of biodiversity if we are to fully understand how these 
ecosystems will behave in the future. The study provides a compre‐
hensive	assessment	of	how	AM	fungi	from	semi‐natural	grasslands	
respond to eCO2 and uses the most recent molecular tools to probe 
the	longest	running	temperate	grassland	FACE	experiment	globally.	
Results highlight the susceptibility of these functionally important 
soil microbes to global change, with responses evident across both 
population and community levels. Importantly, we demonstrate that 
the	dynamics	of	AM	fungal	populations	with	the	main	plant	growth	
period change in response to eCO2. This raises critical questions and 
highlights the need for far greater research into temporal response 
of	AM	fungi	to	environmental	change;	the	functional	differentiation	
observed	across	AM	 fungal	 taxa	means	 any	 changes	 in	 their	 tem‐
poral dynamics has the potential to resonate throughout associated 
plant communities, changing aboveground competition dynamics 
and thus future ecosystem productivity in currently unpredictable 
ways.

ACKNOWLEDGEMENTS

The	authors	acknowledge	the	financial	support	from	the	Slovenian	
Research	 Agency	 (projects	 J4‐5526,	 J4‐7052	 and	 Research	 Core	
Funding	 No.	 P4‐008),	 the	 funding	 from	 the	 German	 Science	
Foundation	 (DFG)	 and	 the	 Hessian	 State	 Ministry	 for	 Higher	
Education,	 Research	 and	 the	 Arts	 (LOEWE).	 AJD	 and	 DRC	 were	
supported	by	a	UK	Natural	Environment	Research	Council	 (NERC)	
quota	 award	 studentship	 (471757).	NŠ	 research	visits	 to	UK	were	
supported	by	 action	COST	FP1305	Short	Term	Scientific	Mission.	
We	also	thank	the	students	Peter	Atanackov	and	Judith	Gerstner	for	
technical assistance.

AUTHOR CONTRIBUTION

The authors declare that there are no conflicts of interest. I.M., 
A.J.D.,	D.V.	 and	C.M.	 designed	 the	 research;	 I.M.,	N.Š.,	D.V.,	G.M.	
and	C.M.	performed	the	research	(field	and	laboratory	work);	A.J.D.,	
N.Š.	and	D.R.C.	analysed	the	data;	and	I.M.,	A.J.D.,	N.Š.	and	D.R.C.	
wrote the manuscript.

DATA AVAILABILITY

Raw sequence data have been submitted to the European Nucleotide 
Archive	under	the	Accession	no.	PRJEB19402.	Other	data	necessary	
to reproduce our analyses are available in Supporting Information 
Tables S2–S10.

ORCID

Irena Maček  https://orcid.org/0000‐0002‐5945‐5582 

Alex J. Dumbrell  https://orcid.org/0000‐0001‐6282‐3043 

R E FE R E N C E S

Abbasi,	M.	K.,	&	Müller,	C.	(2011).	Trace	gas	fluxes	of	CO2, CH4 and N2O 
in a permanent grassland soil exposed to elevated CO2 in the Giessen 
FACE	study.	Atmospheric Chemistry and Physics, 11, 9333–9342.

Ainsworth,	E.	A.,	&	Rogers,	A.	 (2007).	The	response	of	photosynthesis	
and stomatal conductance to rising [CO2]: Mechanisms and environ‐
mental interactions. Plant, Cell and Environment, 30, 258–270.

Alberton,	 O.,	 Kuyper,	 T.	 W.,	 &	 Gorissen,	 A.	 (2005).	 Taking	 myco‐
centrism	 seriously:	 Mycorrhizal	 fungal	 and	 plant	 responses	
to elevated CO2. New Phytologist, 167, 859–868. https ://doi.
org/10.1111/j.1469‐8137.2005.01458.x

Allard,	V.,	Newton,	P.	C.	D.,	Lieffering,	M.,	Soussana,	J.	F.,	Carran,	R.	A.,	
&	Matthew,	C.	(2005).	Increased	quantity	and	quality	of	coarse	soil	
organic matter fraction at elevated CO2	 in	a	grazed	grassland	are	a	
consequence of enhanced root growth rate and turnover. Plant and 
Soil, 276,	49–60.	https	://doi.org/10.1007/s11104‐005‐5675‐9

Altschul,	S.	F.,	Gish,	W.,	Miller,	W.,	Myers,	E.	W.,	&	Lipman,	D.	J.	(1990).	
Basic local alignment search tool. Journal of Molecular Biology, 215, 
403–410.	https	://doi.org/10.1016/S0022‐2836(05)80360‐2

Andresen,	 L.	 C.,	 Yuan,	 N.,	 Seibert,	 R.,	 Moser,	 G.,	 Kammann,	 C.	 I.,	
Luterbacher,	J.,	…	Müller,	C.	(2018).	Biomass	responses	in	a	temper‐
ate European grassland through 17 years of elevated CO2. Global 
Change Biology, 24(9),	3875–3885.

Bates,	D.,	Mächler,	M.,	Bolker,	B.	M.,	&	Walker,	S.	C.	(2015).	Fitting	linear	
mixed‐effects	models	using	 lme4.	Journal of Statistical Software, 67, 
1–48.

Becklin,	K.	M.,	Walker,	S.	M.,	Way,	D.	A.,	&	Ward,	J.	K.	(2017).	CO2 studies 
remain	 key	 to	 understanding	 a	 future	world.	New Phytologist, 214, 
34–40.

Blankinship,	J.	C.,	Niklaus,	P.	A.,	&	Hungate,	B.	A.	(2011).	A	meta‐analysis	
of responses of soil biota to global change. Oecologia, 165, 553–565. 
https	://doi.org/10.1007/s00442‐011‐1909‐0

Boddington,	C.	L.,	&	Dodd,	J.	C.	(1999).	Evidence	that	differences	in	phos‐
phate	metabolism	in	mycorrhizas	formed	by	species	of	Glomus and 
Gigaspora	might	be	related	to	their	life‐cycle	strategies.	New Phytologist, 
142,	531–538.	https	://doi.org/10.1046/j.1469‐8137.1999.00422.x

Canadell,	J.	G.,	Pitelka,	L.	F.,	&	Ingram,	J.	S.	I.	 (1996).	The	effect	of	ele‐
vated [CO2]	on	plant‐soil	carbon	below‐ground:	A	summary	and	syn‐
thesis. Plant and Soil, 187, 391–400.

Carrillo,	 Y.,	 Dijkstra,	 F.	 A.,	 LeCain,	 D.,	 Morgan,	 J.	 A.,	 Blumenthal,	 D.,	
Waldron,	 S.,	 &	 Pendall,	 E.	 (2014).	Disentangling	 root	 responses	 to	
climate change in a semiarid grassland. Oecologia, 175, 699–711.  
https	://doi.org/10.1007/s00442‐014‐2912‐z

Cheng,	L.,	Booker,	F.	L.,	Tu,	C.,	Burkey,	K.	O.,	Zhou,	L.,	Shew,	H.	D.,	…	
Hu,	S.	(2012).	Arbuscular	mycorrhizal	fungi	increase	organic	carbon	
decomposition under elevated CO2. Science, 336(6098),	1084–1087.	
https ://doi.org/10.1126/scien ce.1224304

info:ddbj-embl-genbank/PRJEB19402
https://orcid.org/0000-0002-5945-5582
https://orcid.org/0000-0002-5945-5582
https://orcid.org/0000-0001-6282-3043
https://orcid.org/0000-0001-6282-3043
https://doi.org/10.1111/j.1469-8137.2005.01458.x
https://doi.org/10.1111/j.1469-8137.2005.01458.x
https://doi.org/10.1007/s11104-005-5675-9
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1007/s00442-011-1909-0
https://doi.org/10.1046/j.1469-8137.1999.00422.x
https://doi.org/10.1007/s00442-014-2912-z
https://doi.org/10.1126/science.1224304


3456  |     MAČEK Et Al.

Cotton,	T.	E.	A.	(2018).	Arbuscular	mycorrhizal	fungal	communities	and	
global	 change:	An	uncertain	 future.	FEMS Microbiology Ecology, 94, 
fiy179. https ://doi.org/10.1093/femse c/fiy179

Cotton,	 T.	 E.	 A.,	 Dumbrell,	 A.	 J.,	 &	Helgason,	 T.	 (2014).	What	 goes	 in	
must come out: Testing for biases in molecular analysis of arbuscular 
mycorrhizal	fungal	communities.	PLoS ONE, 9, e109234. https ://doi.
org/10.1371/journ al.pone.0109234

Cotton,	T.	E.	A.,	Fitter,	A.	H.,	Miller,	R.	M.,	Dumbrell,	A.	J.,	&	Helgason,	
T.	(2015).	Fungi	in	the	future:	Interannual	variation	and	effects	of	
atmospheric	 change	 on	 arbuscular	 mycorrhizal	 fungal	 communi‐
ties. New Phytologist, 205, 1598–1607. https ://doi.org/10.1111/
nph.13224 

Davison,	J.,	Moora,	M.,	Öpik,	M.,	Adholeya,	A.,	Ainsaar,	L.,	Bâ,	A.,	…	Zobel,	
M.	(2015).	Global	assessment	of	arbuscular	mycorrhizal	fungus	diver‐
sity reveals very low endemism. Science, 127(6251),	970–973.

Davison,	 J.,	 Öpik,	 M.,	 Zobel,	 M.,	 Vasar,	 M.,	 Metsis,	 M.,	 &	 Moora,	 M.	
(2012).	 Communities	 of	 arbuscular	 mycorrhizal	 fungi	 detected	 in	
forest soil are spatially heterogeneous but do not vary throughout 
the growing season. PLoS ONE, 7, 1–8. https ://doi.org/10.1371/journ 
al.pone.0041938

de	Souza,	F.	A.,	Dalpé,	Y.,	Declerck,	S.,	de	la	Providencia,	I.	E.,	&	Séjalon‐
Delmas,	N.	 (2005).	Life	history	strategies	 in	Gigasporaceae:	 Insight	
from	monoxenic	culture.	 In	S.	Declerck,	D.	G.	Strullu	&	J.	A.	Fortin	
(Eds.),	In vitro culture of mycorrhizas	(pp.	73–91).	Heidelberg,	Germany:	
Springer‐Verlag.

Donat,	M.	G.,	Lowry,	A.	L.,	Alexander,	L.	V.,	O'Gorman,	P.	A.,	&	Maher,	
N.	(2016).	More	extreme	precipitation	in	the	world's	dry	and	wet	re‐
gions. Nature Climate Change, 6, 508–513. https ://doi.org/10.1038/
nclim ate2941

Drigo,	B.,	Kowalchuk,	G.	A.,	Knapp,	B.	A.,	Pijl,	A.	S.,	Boschker,	H.	T.	S.,	&	
van	Veen,	J.	A.	 (2013).	 Impacts	of	3	years	of	elevated	atmospheric	
CO2	on	rhizosphere	carbon	flow	and	microbial	community	dynamics.	
Global Change Biology, 19, 621–636.

Drigo,	B.,	Pijl,	A.	S.,	Duyts,	H.,	Kielak,	A.	M.,	Gamper,	H.	A.,	Houtekamer,	
M.	 J.,	…	Kowalchuk,	G.	A.	 (2010).	 Shifting	 carbon	 flow	 from	 roots	
into associated microbial communities in response to elevated at‐
mospheric CO2. Proceedings of the National Academy of Sciences 
of the United States of America, 107(24),	 10938–10942.	 https	://doi.
org/10.1073/pnas.09124 21107 

Dumbrell,	 A.	 J.,	 Ashton,	 P.	 D.,	 Aziz,	 N.,	 Feng,	 G.	 U.,	 Nelson,	 M.,	
Dytham,	 C.,	 …	Helgason,	 T.	 (2011).	 Distinct	 seasonal	 assemblages	
of	 arbuscular	 mycorrhizal	 fungi	 revealed	 by	 massively	 parallel	
pyrosequencing. New Phytologist, 190(3),	 794–804.	 https	://doi.
org/10.1111/j.1469‐8137.2010.03636.x

Dumbrell,	 A.	 J.,	 Ferguson,	 R.	 M.	W.,	 &	 Clark,	 D.	 R.	 (2016).	 Microbial	
community	 analysis	 by	 single‐amplicon	 high‐throughput	 next	 gen‐
eration sequencing: Data analysis – From raw output to ecology. In  
T.	 J.	McGenity,	K.	N.	Timmis	&	B.	Nogales	 (Eds.),	Hydrocarbon and 
lipid microbiology protocols: Microbial quantitation, community profiling 
and array approaches	(pp.	155–206).	Heidelberg,	Germany:	Springer.

Dumbrell,	 A.	 J.,	 Nelson,	M.,	 Helgason,	 T.,	 Dytham,	 C.,	 &	 Fitter,	 A.	 H.	
(2010a).	 Idiosyncrasy	and	overdominance	 in	 the	structure	of	natu‐
ral	communities	of	arbuscular	mycorrhizal	 fungi:	 Is	 there	a	 role	 for	
stochastic processes? Journal of Ecology, 98, 419–428. https ://doi.
org/10.1111/j.1365‐2745.2009.01622.x

Dumbrell,	 A.	 J.,	 Nelson,	M.,	 Helgason,	 T.,	 Dytham,	 C.,	 &	 Fitter,	 A.	 H.	
(2010b).	Relative	roles	of	niche	and	neutral	processes	in	structuring	
a soil microbial community. The ISME Journal, 4(3),	337–345.	https	://
doi.org/10.1038/ismej.2009.122

Fellbaum,	C.	 R.,	Gachomo,	 E.	W.,	 Beesetty,	 Y.,	 Choudhari,	 S.,	 Strahan,	
G.	D.,	 Pfeffer,	 P.	 E.,	…	Bucking,	H.	 (2012).	Carbon	 availability	 trig‐
gers	 fungal	 nitrogen	 uptake	 and	 transport	 in	 arbuscular	mycorrhi‐
zal	symbiosis.	Proceedings of the National Academy of Sciences of the 
United States of America, 109, 2666–2671. https ://doi.org/10.1073/
pnas.11186 50109 

Fellbaum,	C.	R.,	Mensah,	J.	A.,	Cloos,	A.	J.,	Strahan,	G.	E.,	Pfeffer,	P.	E.,	
Kiers,	E.	T.,	&	Bücking,	H.	(2014).	Fungal	nutrient	allocation	in	com‐
mon	mycorrhizal	networks	is	regulated	by	the	carbon	source	strength	
of individual host plants. New Phytologist, 203, 646–656. https ://doi.
org/10.1111/nph.12827 

Felsenstein,	 J.	 (1985).	 Confidence‐limits	 on	 phylogenies	 –	 An	 ap‐
proach using the bootstrap. Evolution, 39, 783–791. https ://doi.
org/10.1111/j.1558‐5646.1985.tb004	20.x

Field,	 D.,	 Tiwari,	 B.,	 Booth,	 T.,	 Houten,	 S.,	 Swan,	 D.,	 Bertrand,	 N.,	 &	
Thurston,	M.	(2006).	Open	software	for	biologists:	From	famine	to	
feast. Nature Biotechnology, 24, 801–803. https ://doi.org/10.1038/
nbt07	06‐801

Firth,	 D.	 (1993).	 Bias	 reduction	 of	 maximum	 likelihood	 estimates.	
Biometrika, 80, 27–38. https ://doi.org/10.1093/biome t/80.1.27

Fitter,	A.	H.,	Graves,	J.	D.,	Wolfenden,	J.,	Self,	G.	K.,	Brown,	T.	K.,	Bogie,	
D.,	&	Mansfield,	T.	A.	(1997).	Root	production	and	turnover	and	car‐
bon budgets of two contrasting grasslands under ambient and ele‐
vated atmospheric carbon dioxide concentrations. New Phytologist, 
137,	247–255.	https	://doi.org/10.1046/j.1469‐8137.1997.00804.x

Fitter,	A.	H.,	&	Moyersoen,	B.	(1996).	Evolutionary	trends	in	root‐microbe	
symbioses. Philosophical Transactions of the Royal Society of London. 
Series B: Biological Sciences, 351(1345),	1367–1375.

Flynn,	 J.	M.,	 Brown,	 E.	A.,	Chain,	 F.	 J.	 J.,	MacIsaac,	H.	 J.,	&	Cristescu,	
M.	 E.	 (2015).	 Toward	 accurate	 molecular	 identification	 of	 species	
in complex environmental samples: Testing the performance of se‐
quence filtering and clustering methods. Ecology and Evolution, 5, 
2252–2266. https ://doi.org/10.1002/ece3.1497

Gamper,	 H.,	 Peter,	 M.,	 Jansa,	 J.,	 Lüscher,	 A.,	 Hartwig,	 U.	 A.,	 &	
Leuchtmann,	A.	(2004).	Arbuscular	mycorrhizal	fungi	benefit	from	7	
years of free air CO2	enrichment	in	well‐fertilized	grass	and	legume	
monocultures. Global Change Biology, 10(2),	 189–199.	 https	://doi.
org/10.1111/j.1529‐8817.2003.00734.x

Garcia,	 M.	 O.,	 Ovasapyan,	 T.,	 Greas,	 M.,	 &	 Treseder,	 K.	 K.	 (2008).	
Mycorrhizal	dynamics	under	elevated	CO2	and	nitrogen	fertilization	
in a warm temperate forest. Plant and Soil, 303, 301–310. https ://doi.
org/10.1007/s11104‐007‐9509‐9

Gehrig,	H.,	Schüßler,	A.,	&	Kluge,	M.	(1996).	Geosiphon pyriforme, a fungus 
forming endocytobiosis with Nostoc	(Cyanobacteria),	is	an	ancestral	
member	 of	 the	Glomales:	 Evidence	 by	 SSU	 rRNA	 analysis.	 Journal 
of Molecular Evolution, 43, 71–81. https ://doi.org/10.1007/BF023 
52301 

Helgason,	T.,	Daniell,	T.	J.,	Husband,	R.,	Fitter,	A.	H.,	&	Young,	J.	P.	W.	
(1998).	Ploughing	up	the	wood‐wide	web?	Nature, 394, 431. https ://
doi.org/10.1038/28764 

Hiiesalu,	 I.,	 Pärtel,	M.,	Davison,	 J.,	Gerhold,	P.,	Metsis,	M.,	Moora,	M.,	
…	Wilson,	 S.	D.	 (2014).	 Species	 richness	 of	 arbuscular	mycorrhizal	
fungi:	Associations	with	grassland	plant	richness	and	biomass.	New 
Phytologist, 203(1),	233–244.	https	://doi.org/10.1111/nph.12765	

IPCC	 (2014).	 Contribution	 of	Working	Groups	 I,	 II	 and	 III	 to	 the	 Fifth	
Assessment	 Report	 of	 the	 Intergovernmental	 Panel	 on	 Climate	
Change.	In	Core	Writing	Team,	R.	K.	Pachauri	&	L.	A.	Meyer	(Eds.),	
Climate change 2014: Synthesis report	(pp.	151).	Geneva,	Switzerland:	
IPCC.

Jäger,	H.	 J.,	 Schmidt,	 S.	W.,	Kammann,	C.,	Grunhage,	 L.,	Mülller,	C.,	&	
Hanewald,	 K.	 (2003).	 The	 University	 of	 Giessen	 Free‐Air	 Carbon	
Dioxide Enrichment study: Description of the experimental site and 
of a new enrichment system. Journal of Applied Botany‐Angewandte 
Botanik, 77, 117–127.

Johnson,	N.	C.,	Angelard,	C.,	Sanders,	I.	R.,	&	Kiers,	E.	T.	(2013).	Predicting	
community	 and	 ecosystem	 outcomes	 of	 mycorrhizal	 responses	 to	
global change. Ecology Letters, 16, 140–153. https ://doi.org/10.1111/
ele.12085 

Joshi,	N.,	&	Fass,	J.	(2011).	Sickle: A sliding‐window, adaptive, quality‐based 
trimming tool for FastQ files (Version 1.33) [Software]. Retrieved from 
https	://github.com/najos	hi/sickle

https://doi.org/10.1093/femsec/fiy179
https://doi.org/10.1371/journal.pone.0109234
https://doi.org/10.1371/journal.pone.0109234
https://doi.org/10.1111/nph.13224
https://doi.org/10.1111/nph.13224
https://doi.org/10.1371/journal.pone.0041938
https://doi.org/10.1371/journal.pone.0041938
https://doi.org/10.1038/nclimate2941
https://doi.org/10.1038/nclimate2941
https://doi.org/10.1073/pnas.0912421107
https://doi.org/10.1073/pnas.0912421107
https://doi.org/10.1111/j.1469-8137.2010.03636.x
https://doi.org/10.1111/j.1469-8137.2010.03636.x
https://doi.org/10.1111/j.1365-2745.2009.01622.x
https://doi.org/10.1111/j.1365-2745.2009.01622.x
https://doi.org/10.1038/ismej.2009.122
https://doi.org/10.1038/ismej.2009.122
https://doi.org/10.1073/pnas.1118650109
https://doi.org/10.1073/pnas.1118650109
https://doi.org/10.1111/nph.12827
https://doi.org/10.1111/nph.12827
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1038/nbt0706-801
https://doi.org/10.1038/nbt0706-801
https://doi.org/10.1093/biomet/80.1.27
https://doi.org/10.1046/j.1469-8137.1997.00804.x
https://doi.org/10.1002/ece3.1497
https://doi.org/10.1111/j.1529-8817.2003.00734.x
https://doi.org/10.1111/j.1529-8817.2003.00734.x
https://doi.org/10.1007/s11104-007-9509-9
https://doi.org/10.1007/s11104-007-9509-9
https://doi.org/10.1007/BF02352301
https://doi.org/10.1007/BF02352301
https://doi.org/10.1038/28764
https://doi.org/10.1038/28764
https://doi.org/10.1111/nph.12765
https://doi.org/10.1111/ele.12085
https://doi.org/10.1111/ele.12085
https://github.com/najoshi/sickle


     |  3457MAČEK Et Al.

Jukes,	T.	H.,	&	Cantor,	C.	R.	 (1969).	 Evolution	of	protein	molecules.	 In	
H.	N.	Munro	(Ed.),	Mammalian protein metabolism,	Vol.	3	(pp.	21–32).	
New	York,	NY:	Academic	Press.

Kammann,	C.,	Grünhage,	L.,	Grüters,	U.,	Janze,	S.,	&	Jäger,	H.	J.	(2005).	
Response of aboveground grassland biomass and soil moisture to 
moderate	long‐term	CO2 enrichment. Basic and Applied Ecology, 6(4),	
351–365. https ://doi.org/10.1016/j.baae.2005.01.011

Kammann,	C.,	Müller,	C.,	Grünhage,	 L.,	&	 Jäger,	H.	 J.	 (2008).	 Elevated	
CO2 stimulates N2O emissions in permanent grassland. Soil Biology 
& Biochemistry, 40, 2194–2205. https ://doi.org/10.1016/j.soilb 
io.2008.04.012

Kearse,	M.,	Moir,	R.,	Wilson,	A.,	Stones‐Havas,	S.,	Cheung,	M.,	Sturrock,	
S.,	…	Drummond,	A.	 (2012).	Geneious	Basic:	An	 integrated	and	ex‐
tendable	desktop	software	platform	for	the	organization	and	analy‐
sis of sequence data. Bioinformatics, 28(12),	1647–1649.	https	://doi.
org/10.1093/bioin forma tics/bts199

Keidel,	 L.,	 Kammann,	C.,	Grünhage,	 L.,	Moser,	G.,	&	Müller,	C.	 (2015).	
Positive	feedback	of	elevated	CO2 on soil respiration in late autumn 
and winter. Biogeosciences, 12, 1257–1269.

Klironomos,	 J.	 N.,	 Allen,	M.	 F.,	 Rillig,	M.	 C.,	 Piotrowski,	 J.,	Makvandi‐
Nejad,	S.,	Wolfe,	B.	E.,	&	Powell,	 J.	R.	 (2005).	Abrupt	 rise	 in	atmo‐
spheric CO2 overestimates community response in a model plant–
soil system. Nature, 433, 621. https ://doi.org/10.1038/natur e03268

Klironomos,	J.	N.,	Ursic,	M.,	Rillig,	M.	C.,	&	Allen,	M.	F.	(1998).	Interspecific	
differences	in	the	response	of	arbuscular	mycorrhizal	fungi	to	Artemisia 
tridentata grown under elevated atmospheric CO2. New Phytologist, 
138,	599–605.	https	://doi.org/10.1046/j.1469‐8137.1998.00141.x

Kosmidis,	 I.	 (2017).	 brglm: Bias reduction in generalized linear models. 
Retrieved	 from	 https	://cran.r‐proje	ct.org/web/packa	ges/brglm	2/
index.html

Lekberg,	Y.,	Schnoor,	T.,	Kjøller,	R.,	Gibbons,	S.	M.,	Hansen,	L.	H.,	Al‐Soud,	
W.	 A.,	 …	 Rosendahl,	 S.	 (2012).	 454‐Sequencing	 reveals	 stochastic	
local reassembly and high disturbance tolerance within arbuscular 
mycorrhizal	fungal	communities.	Journal of Ecology, 100(1),	151–160.	
https	://doi.org/10.1111/j.1365‐2745.2011.01894.x

Lenhart,	K.	(2008).	The effects of long‐term Free Air CO2 Enrichment (FACE) 
on soil aggregation, soil carbon input, and ecosystem CO2 dynamics in a 
temperate grassland ecosystem	(PhD	thesis),	Justus‐Liebig‐Universität	
Gießen,	121	pp.

Maček,	I.,	Dumbrell,	A.	J.,	Nelson,	M.,	Fitter,	A.	H.,	Vodnik,	D.,	&	Helgason,	
T.	(2011).	Local	adaptation	to	soil	hypoxia	determines	the	structure	
of	an	arbuscular	mycorrhizal	fungal	community	in	roots	from	natural	
CO2 springs. Applied and Environmental Microbiology, 77, 4770–4777.

Maček,	I.,	Vodnik,	D.,	Pfanz,	H.,	Low‐Décarie,	E.,	&	Dumbrell,	A.	J.	(2016).	
Locally	extreme	environments	as	natural	 long‐term	experiments	 in	
ecology.	In	A.	J.	Dumbrell,	R.	Kordas	&	G.	Woodward	(Eds.),	Advances 
in ecological research, large scale ecology: Model systems to global per‐
spectives,	Vol.	55	(pp.	283–323).	Oxford,	UK:	Academic	Press.

Masella,	 A.	 P.,	 Bartram,	 A.	 K.,	 Truszkowski,	 J.	 M.,	 Brown,	 D.	 G.,	 &	
Neufeld,	 J.	 D.	 (2012).	 PANDAseq:	 Paired‐end	 assembler	 for	
Illumina sequences. BMC Bioinformatics, 13, 1–7. https ://doi.
org/10.1186/1471‐2105‐13‐31

McMurdie,	P.	J.,	&	Holmes,	S.	(2014).	Waste	not,	want	not:	Why	rarefy‐
ing microbiome data is inadmissible. PLoS Computational Biology, 10, 
e1003531. https ://doi.org/10.1371/journ al.pcbi.1003531

Merryweather,	J.,	&	Fitter,	A.	(1998).	The	arbuscular	mycorrhizal	fungi	of	
Hyacinthoides non‐scripta – I. Diversity of fungal taxa. New Phytologist, 
138,	117–129.	https	://doi.org/10.1046/j.1469‐8137.1998.00888.x

Moora,	M.,	Davison,	J.,	Öpik,	M.,	Metsis,	M.,	Saks,	Ü.,	Jairus,	T.,	…	Zobel,	
M.	 (2014).	 Anthropogenic	 land	 use	 shapes	 the	 composition	 and	
phylogenetic	 structure	 of	 soil	 arbuscular	 mycorrhizal	 fungal	 com‐
munities. FEMS Microbiology Ecology, 90(3),	 609–621.	 https	://doi.
org/10.1111/1574‐6941.12420	

Morris,	 E.	 K.,	 Caruso,	 T.,	 Buscot,	 F.,	 Fischer,	 M.,	 Hancock,	 C.,	 Maier,	
T.	 S.,	 …	 Rillig,	 M.	 C.	 (2014).	 Choosing	 and	 using	 diversity	 indices:	

Insights for ecological applications from the German Biodiversity 
Exploratories. Ecology and Evolution, 4(18),	 3514–3524.	 https	://doi.
org/10.1002/ece3.1155

Müller,	 C.,	 Rütting,	 T.,	 Abbasi,	 M.	 K.,	 Laughlin,	 R.	 J.,	 Kammann,	 C.,	
Clough,	T.	J.,	…	Stevens,	R.	J.	(2009).	Effect	of	elevated	CO2 on soil N 
dynamics in a temperate grassland soil. Soil Biology and Biochemistry, 
41(9),	1996–2001.	https	://doi.org/10.1016/j.soilb	io.2009.07.003

Nie,	 M.,	 Lu,	 M.,	 Bell,	 J.,	 Raut,	 S.,	 &	 Pendall,	 E.	 (2013).	 Altered	 root	
traits due to elevated CO2:	 A	 meta‐analysis.	 Global Ecology and 
Biogeography, 22, 1095–1105.

Nikolenko,	 S.	 I.,	 Korobeynikov,	 A.	 I.,	 &	 Alekseyev,	 M.	 A.	 (2013).	
BayesHammer: Bayesian clustering for error correction in 
single‐cell	 sequencing.	 BMC Genomics, 14, S7. https ://doi.
org/10.1186/1471‐2164‐14‐S1‐S7

Nurk,	S.,	Bankevich,	A.,	Antipov,	D.,	Gurevich,	A.	A.,	Korobeynikov,	A.,	
Lapidus,	A.,	…	Pevzner,	P.	A.	(2013).	Assembling	single‐cell	genomes	
and	 mini‐metagenomes	 from	 chimeric	 MDA	 products.	 Journal of 
Computational Biology, 20(10),	 714–737.	 https	://doi.org/10.1089/
cmb.2013.0084

Obermeier,	W.	A.,	Lehnert,	L.	W.,	Ivanov,	M.	A.,	Luterbacher,	J.,	&	Bendix,	
J.	(2018).	Reduced	summer	aboveground	productivity	in	temperate	
C3 grasslands under future climate regimes. Earth's Future, 6(5),	716–
729. https ://doi.org/10.1029/2018E F000833

Obermeier,	W.	A.,	Lehnert,	L.	W.,	Kammann,	C.	I.,	Müller,	C.,	Grünhage,	
L.,	Luterbacher,	J.,	…	Bendix,	J.	(2017).	Reduced	CO2	fertilization	ef‐
fect in temperate C3 grasslands under more extreme weather con‐
ditions. Nature Climate Change, 7, 137–141. https ://doi.org/10.1038/
nclim ate3191

Oksanen,	J.,	Blanchet,	F.	G.,	Friendly,	M.,	Kindt,	R.,	Legendre,	P.,	McGlinn,	
D.,	…	Wagner,	H.	(2018).	Vegan: Community ecology package version. 
Retrieved	from	https	://CRAN.R‐proje	ct.org/packa	ge=vegan	

Öpik,	M.,	Vanatoa,	A.,	Vanatoa,	E.,	Moora,	M.,	Davison,	J.,	Kalwij,	J.	M.,	
…	Zobel,	M.	(2010).	The	online	database	MaarjAM	reveals	global	and	
ecosystemic	 distribution	 patterns	 in	 arbuscular	 mycorrhizal	 fungi	
(Glomeromycota).	The New Phytologist, 188(1),	223–241.	https	://doi.
org/10.1111/j.1469‐8137.2010.03334.x

Öpik,	M.,	 Zobel,	M.,	 Cantero,	 J.	 J.,	 Davison,	 J.,	 Facelli,	 J.	M.,	 Hiiesalu,	
I.,	 …	 Moora,	 M.	 (2013).	 Global	 sampling	 of	 plant	 roots	 ex‐
pands the described molecular diversity of arbuscular mycor‐
rhizal	 fungi.	 Mycorrhiza, 23, 411–430. https ://doi.org/10.1007/
s00572‐013‐0482‐2

Powell,	J.	R.,	Parrent,	J.	L.,	Hart,	M.	M.,	Klironomos,	J.	N.,	Rillig,	M.	C.,	
&	 Maherali,	 H.	 (2009).	 Phylogenetic	 trait	 conservatism	 and	 the	
evolution	 of	 functional	 trade‐offs	 in	 arbuscular	 mycorrhizal	 fungi.	
Proceedings of the Royal Society B: Biological Sciences, 276(1676),	
4237–4245.

R	Core	 Team	 (2016).	R: A language and environment for statistical com‐
puting.	 Vienna,	 Austria:	 R	 Foundation	 for	 Statistical	 Computing.	
Retrieved	from	https	://www.R‐proje	ct.org/

Regan,	K.,	Kammann,	C.,	Hartung,	K.,	Lenhart,	K.,	Müller,	C.,	Philippot,	L.,	
…	Marhan,	S.	 (2011).	Can	differences	 in	microbial	abundances	help	
explain enhanced N2O emissions in a permanent grassland under el‐
evated atmospheric CO2? Global Change Biology, 17(10),	3176–3186.	
https	://doi.org/10.1111/j.1365‐2486.2011.02470.x

Rognes,	T.,	Flouri,	T.,	Nichols,	B.,	Quince,	C.,	&	Mahé,	F.	(2016).	VSEARCH:	
A	 versatile	 open	 source	 tool	 for	 metagenomics.	 PeerJ, 4, e2584.  
https ://doi.org/10.7717/peerj.2584

Runion,	 G.	 B.,	 Curl,	 E.	 A.,	 Rogers,	 H.	 H.,	 Backman,	 P.	 A.,	 Rodriguez‐
Kábana,	R.,	&	Helms,	B.	E.	(1994).	Effects	of	free‐air	CO2 enrichment 
on	 microbial	 populations	 in	 the	 rhizosphere	 and	 phyllosphere	 of	
cotton. Agricultural and Forest Meteorology, 70, 117–130. https ://doi.
org/10.1016/0168‐1923(94)90051‐5

Saitou,	 N.,	 &	 Nei,	 M.	 (1987).	 The	 neighbor‐joining	 method	 –	 A	 new	
method for reconstructing phylogenetic trees. Molecular Biology and 
Evolution, 4, 406–425.

https://doi.org/10.1016/j.baae.2005.01.011
https://doi.org/10.1016/j.soilbio.2008.04.012
https://doi.org/10.1016/j.soilbio.2008.04.012
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1038/nature03268
https://doi.org/10.1046/j.1469-8137.1998.00141.x
https://cran.r-project.org/web/packages/brglm2/index.html
https://cran.r-project.org/web/packages/brglm2/index.html
https://doi.org/10.1111/j.1365-2745.2011.01894.x
https://doi.org/10.1186/1471-2105-13-31
https://doi.org/10.1186/1471-2105-13-31
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1046/j.1469-8137.1998.00888.x
https://doi.org/10.1111/1574-6941.12420
https://doi.org/10.1111/1574-6941.12420
https://doi.org/10.1002/ece3.1155
https://doi.org/10.1002/ece3.1155
https://doi.org/10.1016/j.soilbio.2009.07.003
https://doi.org/10.1186/1471-2164-14-S1-S7
https://doi.org/10.1186/1471-2164-14-S1-S7
https://doi.org/10.1089/cmb.2013.0084
https://doi.org/10.1089/cmb.2013.0084
https://doi.org/10.1029/2018EF000833
https://doi.org/10.1038/nclimate3191
https://doi.org/10.1038/nclimate3191
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1111/j.1469-8137.2010.03334.x
https://doi.org/10.1111/j.1469-8137.2010.03334.x
https://doi.org/10.1007/s00572-013-0482-2
https://doi.org/10.1007/s00572-013-0482-2
https://www.R-project.org/
https://doi.org/10.1111/j.1365-2486.2011.02470.x
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1016/0168-1923(94)90051-5
https://doi.org/10.1016/0168-1923(94)90051-5


3458  |     MAČEK Et Al.

Santos‐González,	 J.	 C.,	 Finlay,	 R.	D.,	&	Tehler,	A.	 (2007).	 Seasonal	 dy‐
namics	 of	 arbuscular	mycorrhizal	 fungal	 communities	 in	 roots	 in	 a	
seminatural grassland. Applied and Environmental Microbiology, 73, 
5613–5623.	https	://doi.org/10.1128/AEM.00262‐07

Savary,	R.,	Masclaux,	F.	G.,	Wyss,	T.,	Droh,	G.,	Cruz	Corella,	J.,	Machado,	
A.	P.,	…	Sanders,	I.	R.	(2018).	A	population	genomics	approach	shows	
widespread geographical distribution of cryptic genomic forms of 
the symbiotic fungus Rhizophagus irregularis. The ISME Journal, 12, 
17–30. https ://doi.org/10.1038/ismej.2017.153

Schirmer,	M.,	 Ijaz,	U.	Z.,	D'Amore,	R.,	Hall,	N.,	 Sloan,	W.	T.,	&	Quince,	
C.	(2015).	Insight	into	biases	and	sequencing	errors	for	amplicon	se‐
quencing with the Illumina MiSeq platform. Nucleic Acids Research, 
43(6),	e37.	https	://doi.org/10.1093/nar/gku1341

Simon,	 L.,	 Lalonde,	M.,	&	Bruns,	T.	D.	 (1992).	 Specific	 amplification	of	
18S	 fungal	 ribosomal	 genes	 from	 vesicular‐arbuscular	 endomycor‐
rhizal	fungi	colonizing	roots.	Applied and Environmental Microbiology, 
58, 291–295.

Smith,	S.	E.,	&	Read,	D.	J.	(2008).	Mycorrhizal symbiosis.	Cambridge,	UK:	
Academic	Press.

Staddon,	P.	L.,	Gregersen,	R.,	&	Jakobsen,	I.	(2004).	The	response	of	two	
Glomus	mycorrhizal	 fungi	 and	 a	 fine	 endophyte	 to	 elevated	 atmo‐
spheric CO2, soil warming and drought. Global Change Biology, 10, 
1909–1921.	https	://doi.org/10.1111/j.1365‐2486.2004.00861.x

Staddon,	 P.	 L.,	 Jakobsen,	 I.,	 &	 Blum,	 H.	 (2004).	 Nitrogen	 input	 medi‐
ates	 the	 effect	 of	 free‐air	 CO2	 enrichment	 on	 mycorrhizal	 fungal	
abundance. Global Change Biology, 10, 1678–1688. https ://doi.
org/10.1111/j.1365‐2486.2004.00853.x

Staddon,	P.	L.,	Reinsch,	S.,	Olsson,	P.	A.,	Ambus,	P.,	Lüscher,	A.,	&	Jakobsen,	
I.	 (2014).	A	decade	of	free‐air	CO2 enrichment increased the carbon 
throughput	in	a	grass‐clover	ecosystem	but	did	not	drastically	change	
carbon allocation patterns. Functional Ecology, 28(2),	538–545.

Sýkorová,	Z.,	Ineichen,	K.,	Wiemken,	A.,	&	Redecker,	D.	(2007).	The	cul‐
tivation	bias:	Different	communities	of	arbuscular	mycorrhizal	fungi	
detected in roots from the field, from bait plants transplanted to the 
field, and from a greenhouse trap experiment. Mycorrhiza, 18, 1–14. 
https	://doi.org/10.1007/s00572‐007‐0147‐0

Thompson,	 J.	D.,	Gibson,	T.	 J.,	Plewniak,	F.,	 Jeanmougin,	F.,	&	Higgins,	
D.	G.	(1997).	The	CLUSTAL‐X	interface:	Flexible	strategies	for	multi‐
ple sequence alignment aided by quality analysis tools. Nucleic Acids 
Research, 25, 4876–4882.

Treseder,	K.	K.	(2004).	A	meta‐analysis	of	mycorrhizal	responses	to	nitro‐
gen, phosphorus, and atmospheric CO2 in field studies. New Phytologist, 
164,	347–355.	https	://doi.org/10.1111/j.1469‐8137.2004.01159.x

Trouvelot,	A.,	Kough,	J.	L.,	&	Gianinazzi‐Pearson,	V.	 (1986).	Mesure	du	
taux	 de	mycorhization	 VA	 d'un	 système	 radiculaire.	 Recherche	 de	
méthodes	 d'estimation	 ayant	 une	 signification	 fonctionnelle.	 In	 V.	
Gianinazzi‐Pearson	&	S.	Gianinazzi	(Eds.),	Mycorrhizae: Physiology and 
genetics	(pp.	217–221).	Paris,	France:	INRA	Press.

van	 der	 Putten,	W.	H.,	 Bradford,	M.	 A.,	 Pernilla	 Brinkman,	 E.,	 van	 de	
Voorde,	T.	F.	J.,	Veen,	G.	F.,	&	Bailey,	J.	K.	(2016).	Where,	when	and	
how	 plant–soil	 feedback	 matters	 in	 a	 changing	 world.	 Functional 
Ecology, 30, 1109–1121.

Vandenkoornhuyse,	P.,	Baldauf,	S.	L.,	 Leyval,	C.,	Straczek,	 J.,	&	Young,	
J.	P.	W.	(2002).	Evolution	–	Extensive	fungal	diversity	in	plant	roots.	
Science, 295, 2051.

Vandenkoornhuyse,	 P.,	 Mahe,	 S.,	 Ineson,	 P.,	 Staddon,	 P.,	 Ostle,	 N.,	
Cliquet,	 J.‐B.,	 …	 Young,	 J.	 P.	W.	 (2007).	 Active	 root‐inhabiting	mi‐
crobes	identified	by	rapid	incorporation	of	plant‐derived	carbon	into	
RNA.	Proceedings of the National Academy of Sciences of the United 
States of America, 104(43),	 16970–16975.	 https	://doi.org/10.1073/
pnas.07059 02104 

Varela‐Cervero,	 S.,	 López‐García,	Á.,	 Barea,	 J.	M.,	&	Azcón‐Aguilar,	C.	
(2016).	Spring	to	autumn	changes	in	the	arbuscular	mycorrhizal	fun‐
gal community composition in the different propagule types asso‐
ciated to a Mediterranean shrubland. Plant and Soil, 408, 107–120. 
https	://doi.org/10.1007/s11104‐016‐2912‐3

Verbruggen,	E.,	Van	Der	Heijden,	M.	G.	A.,	Weedon,	 J.	T.,	Kowalchuk,	
G.	 A.,	 &	 Rö‐Ling,	 W.	 F.	 M.	 (2012).	 Community	 assembly,	 species	
richness	 and	 nestedness	 of	 arbuscular	 mycorrhizal	 fungi	 in	 ag‐
ricultural soils. Molecular Ecology, 21, 2341–2353. https ://doi.
org/10.1111/j.1365‐294X.2012.05534.x

Veresoglou,	 S.	 D.,	 Anderson,	 I.	 C.,	 de	 Sousa,	 N.	 M.	 F.,	 Hempel,	 S.,	 &	
Rillig,	 M.	 C.	 (2016).	 Resilience	 of	 fungal	 communities	 to	 elevated	
CO2. Microbial Ecology, 72, 493–495. https ://doi.org/10.1007/
s00248‐016‐0795‐8

Wang,	Y.,	Naumann,	U.,	Wright,	S.	T.,	&	Warton,	D.	 I.	 (2012).	mvabund	
‐	An	R	package	for	model‐based	analysis	of	multivariate	abundance	
data. Methods in Ecology and Evolution, 3, 471–474.

Warton,	 D.	 I.,	 Foster,	 S.	 D.,	 De'ath,	 G.,	 Stoklosa,	 J.,	 &	 Dunstan,	 P.	 K.	
(2015).	Model‐based	thinking	for	community	ecology.	Plant Ecology, 
216,	669–682.	https	://doi.org/10.1007/s11258‐014‐0366‐3

Warton,	D.	 I.,	 &	Hui,	 F.	 K.	 C.	 (2011).	 The	 arcsine	 is	 asinine:	 The	 anal‐
ysis of proportions in ecology. Ecology, 92, 3–10. https ://doi.
org/10.1890/10‐0340.1

Zhang,	 J.,	 Kobert,	 K.,	 Flouri,	 T.,	&	 Stamatakis,	 A.	 (2014).	 PEAR:	A	 fast	
and	 accurate	 Illumina	 Paired‐End	 reAd	mergeR.	Bioinformatics, 30, 
614–620. https ://doi.org/10.1093/bioin forma tics/btt593

SUPPORTING INFORMATION

Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	the	article.     

How to cite this article:	Maček	I,	Clark	DR,	Šibanc	N,	et	al.	
Impacts	of	long‐term	elevated	atmospheric	CO2 
concentrations	on	communities	of	arbuscular	mycorrhizal	
fungi. Mol Ecol. 2019;28:3445–3458. https ://doi.org/10.1111/
mec.15160 

https://doi.org/10.1128/AEM.00262-07
https://doi.org/10.1038/ismej.2017.153
https://doi.org/10.1093/nar/gku1341
https://doi.org/10.1111/j.1365-2486.2004.00861.x
https://doi.org/10.1111/j.1365-2486.2004.00853.x
https://doi.org/10.1111/j.1365-2486.2004.00853.x
https://doi.org/10.1007/s00572-007-0147-0
https://doi.org/10.1111/j.1469-8137.2004.01159.x
https://doi.org/10.1073/pnas.0705902104
https://doi.org/10.1073/pnas.0705902104
https://doi.org/10.1007/s11104-016-2912-3
https://doi.org/10.1111/j.1365-294X.2012.05534.x
https://doi.org/10.1111/j.1365-294X.2012.05534.x
https://doi.org/10.1007/s00248-016-0795-8
https://doi.org/10.1007/s00248-016-0795-8
https://doi.org/10.1007/s11258-014-0366-3
https://doi.org/10.1890/10-0340.1
https://doi.org/10.1890/10-0340.1
https://doi.org/10.1093/bioinformatics/btt593
https://doi.org/10.1111/mec.15160
https://doi.org/10.1111/mec.15160

