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Summary
� Knowledge about the distribution and local diversity patterns of arbuscular mycorrhizal
(AM) fungi are limited for extreme environments such as the Arctic, where most studies have
focused on spore morphology or root colonization. We here studied the joint effects of plant
species identity and elevation on AM fungal distribution and diversity.
� We sampled roots of 19 plant species in 18 locations in Northeast Greenland, using next
generation sequencing to identify AM fungi. We studied the joint effect of plant species, ele-
vation and selected abiotic conditions on AM fungal presence, richness and composition.
� We identi�ed 29 AM fungal virtual taxa (VT), of which six represent putatively new VT.
Arbuscular mycorrhizal fungal presence increased with elevation, and as vegetation cover and
the active soil layer decreased. Arbuscular mycorrhizal fungal composition was shaped jointly
by elevation and plant species identity.
� We demonstrate that the Arctic harbours a relatively species-rich and nonrandomly dis-
tributed diversity of AM fungi. Given the high diversity and general lack of knowledge
exposed herein, we encourage further research into the diversity, drivers and functional role
of AM fungi in the Arctic. Such insight is urgently needed for an area with some of the glob-
ally highest rates of climate change.

Introduction

Arbuscular mycorrhizal (AM) fungi are important root sym-
bionts found in the majority of terrestrial plant roots (van der
Heijden et al., 2015). Arbuscular mycorrhizal fungi can have
signi�cant impacts on plant �tness (Klironomos et al., 2000),
plant community composition (Hartnett & Wilson, 1999; van
der Heijden et al., 2008) and ecosystem functioning (van der
Heijden et al., 2015) – although in other cases, AM fungi
have been found to colonize plant roots with few bene�ts for
the plant (Cosme et al., 2018; Wang et al., 2021, 2022).
Since the advent of modern sequencing techniques, the global
diversity patterns of AM fungi have become increasingly well
understood (Kivlin et al., 2011; Davison et al., 2015, 2018).
Although many AM fungal species are distributed globally
(Davison et al., 2015), others are con�ned to particular habi-
tats or geographical regions (Veresoglou et al., 2013; Davison
et al., 2016) and may show remarkable niche differentiation,

in particular in relation to temperature and soil pH (Davison
et al., 2021). However, for some major land areas, including
the Arctic, AM fungal diversity and its drivers remain poorly
understood ( �Opik et al., 2013; P�artel et al., 2017), even
though AM fungal communities in the Arctic are distinct
from those in other areas (Vasar et al., 2022).

As the Arctic regions are crucial for the storage of large por-
tions of the Earth�s carbon (C) stocks (Mack et al., 2004), it is
important to understand the potential drivers of these stocks.
Mycorrhizal fungi, including AM fungi, may contribute to C
cycling and storage via impacts on plant photosynthetic rates, use
of photosynthates, and C storage in their biomass (Read &
Perez-Moreno, 2003; Godbold et al., 2006; Soudzilovskaia et al.,
2015a,b; Deckmyn et al., 2020). Arctic regions are currently
experiencing the globally highest rates of climate change
(IPCC, 2014), so we urgently need to understand the general
diversity and role of AM fungi in cold climates, and the environ-
mental drivers of local AM fungal communities.
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Compared to temperate environments, few studies exist on
the regional species pool of AM fungi in Arctic environments,
the relative abundance of taxa and the structuring of AM fungal
communities along environmental gradients. The existing studies
from the Arctic typically have relied on either spore morphologi-
cal identi�cation from soil samples (with some uncertainty
about host plant identity), or root colonization quanti�cation
(bringing little information about AM fungal species diversity)
(although see Appoloni et al., 2008; �Opik et al., 2013; Davison
et al., 2018).

In a study along a latitudinal gradient in the Canadian Arctic,
Olsson et al. (2004) found high AM fungal root colonization at
the southernmost sites, but little to no colonization at the north-
ernmost sites, despite the presence of putative AM plants. The
most northern sites did, however, sustain a higher degree of non-
mycorrhizal plants. A higher abundance of non-mycorrhizal and
facultative mycorrhizal plants in harsh environments is a com-
mon pattern (Bueno et al., 2017). For the Arctic, several explana-
tions have been proposed for the low prevalence of AM plants, as
reviewed in Kyt�oviita (2005). One hypothesis attributes this pat-
tern to history, because the Arctic ecosystem has evolved relatively
recently and been deglaciated for only 3000–8000 yr. Another
notion is that mycorrhizal associations with higher degradative
abilities, such as ericoid mycorrhiza or ectomycorrhiza, will
provide a larger bene�t to plants, and therefore be more preva-
lent. Finally, Kyt�oviita (2005) proposes that the low prevalence
of AM fungi might be a consequence of poor adaptation by AM
fungi to nutrient uptake in cold environments. From the perspec-
tive of an Arctic plant, the costs for sustaining an AM fungal part-
ner may then outweigh the bene�ts. With regards to AM fungal
colonization of roots, several studies from the Arctic nonetheless
have found colonization levels ranging from 11–36% root length
colonized (Allen et al., 2006), through 27–51% root length colo-
nized (Ormsby et al., 2007), to 37–85% root length colonized
(Olsson et al., 2004). Newsham et al. (2017) studied 102 plants
from 11 plant species, and found structures resembling AM fungi
in 41 of the plant individuals.

To date, few studies have investigated the diversity of AM
fungi in the Arctic. As these studies are based mostly on soil sam-
ples taken from a mixed rhizosphere, there is some uncertainty
about the link between AM fungal diversity and host plant iden-
tity. For example, Varga et al. (2015) used spore morphotyping
from soil samples to �nd 18 spore morphospecies, and Greipsson
et al. (2002) used trap-culturing and spore morphotyping to dis-
cover 11 morphospecies. Some DNA-based root and soil AM
fungal data exist from Iceland, Svalbard and the Scandinavian
Arctic (Appoloni et al., 2008; �Opik et al., 2013; Davison et al.,
2015, 2018; Garc��a de Le�on et al., 2018). Here, the species con-
cept most frequently adopted is that of Virtual Taxa (VT; �Opik
et al., 2010), for which most studies have shown moderate diver-
sity of approximately 10–20 VT per area. For example, in Ice-
land, Norrbotten (Sweden), and Lapland (Finland), authors
found species within the genera Glomeraceae, but also a few
Acaulosporaceae, Claroideoglomeraceae and Diversisporaceae
(Appoloni et al., 2008; �Opik et al., 2013; Davison et al., 2018;
Garc��a de Le�on et al., 2018). Of those identi�ed to VT, the

MaarjAM database showed that 9, 19 and 22 AM fungal VT have
been found in these areas, respectively.

Overall, although studies suggest that the presence of AM fun-
gal symbiosis is low in the Arctic at the level of both plant species
(Allen et al., 2006; Newsham et al., 2017) and individuals (New-
sham et al., 2017), cases of high root colonization by AM fungal
structures have still been reported (Olsson et al., 2004; Ormsby
et al., 2007), as have several species of AM fungi (Greipsson
et al., 2002; �Opik et al., 2013). It thus appears that there is still
much to learn about AM fungal diversity in the Arctic and how it
relates to plant species identity.

A particular knowledge gap relates to the impact and relative
importance of plant species identity in structuring AM fungal com-
munities, and how the in�uence of plant species identity varies
along environmental gradients (Helgason & Fitter, 2009; V�alyi
et al., 2016). Elevational gradients are convenient to address this
topic, because they show strong variation in the abiotic and biotic
environment (e.g. in temperature, resource availability and vegeta-
tion structure) at �ne spatial scales (K�orner, 2007). Simultaneously,
AM fungal richness, root colonization and spore density have been
found to decrease with increasing elevation (Gai et al., 2012). Even
though many AM fungal species are able to colonize a large range
of plant species, there is evidence that plant identity can leave a
detectable imprint on AM fungal community composition
(Vandenkoornhuyse et al., 2003; Hausmann & Hawkes, 2009;
Sepp et al., 2019; Davison et al., 2020). Additionally, studies have
found that elevational gradients may add a further signature to
plant–AM fungal associations: Li et al. (2014) reported that AM
fungal communities in two plant species were more similar at inter-
mediate elevations than at low or high elevations, respectively.
Whether Arctic AM fungal communities respond to such environ-
mental gradients remains to be resolved.

In order to study how variation in environmental conditions
and plant species identity in�uence the distribution of AM fungi
within the High Arctic, we used an elevational gradient located
in the Zackenberg valley, Northeast Greenland. We identi�ed
AM fungi by amplicon-sequencing the roots of 19 Arctic plant
species, sampled at 18 locations along the elevational gradient. At
each sampling location, we characterized the abiotic and biotic
environment. We targeted the following questions:
(1) What is the species richness and composition of AM fungal
communities in the High Arctic?
(2) What are the relative and joint impacts of elevation and
plant species in explaining the presence, richness, composition
and network structure of AM fungal communities?
(3) How do the abiotic and biotic factors varying along eleva-
tion in�uence AM fungal occurrence, richness and community
composition?

Based on global patterns in the structuring of mutualistic asso-
ciations, we expected Arctic AM fungal species to be generalists
(Schleuning et al., 2012), able to live in a broad range of habitats,
to be globally widespread (Orme et al., 2006) and to lack unique
adaptation to the Arctic or local environment (e.g. �Opik et al.,
2006; Davison et al., 2015). Based on records from the MaarjAM
database (maarjam.ut.ee), we expected to �nd the species richness
to be in the range of 5–25 VT.
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