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Summary

� As Arctic soils warm, thawed permafrost releases nitrogen (N) that could stimulate plant

productivity and thus offset soil carbon losses from tundra ecosystems. Although mycorrhizal

fungi could facilitate plant access to permafrost-derived N, their exploration capacity beyond

host plant root systems into deep, cold active layer soils adjacent to the permafrost table is

unknown.
� We characterized root-associated fungi (RAF) that colonized ericoid (ERM) and ectomycor-

rhizal (ECM) shrub roots and occurred below the maximum rooting depth in permafrost

thaw-front soil in tussock and shrub tundra communities. We explored the relationships

between root and thaw front fungal composition and plant uptake of a 15N tracer applied at

the permafrost boundary.
� We show that ERM and ECM shrubs associate with RAF at the thaw front providing evi-

dence for potential mycelial connectivity between roots and the permafrost boundary. Among

shrubs and tundra communities, RAF connectivity to the thaw boundary was ubiquitous. The

occurrence of particular RAF in both roots and thaw front soil was positively correlated with
15N recovered in shrub biomass
� Taxon-specific RAF associations could be a mechanism for the vertical redistribution of

deep, permafrost-derived nutrients, which may alleviate N limitation and stimulate productiv-

ity in warming tundra.

Introduction

Plant–mycorrhizal associations may control the potential for tun-
dra vegetation to influence the regional carbon (C) balance of
Arctic ecosystems. Both repeat photographic observations across
the Arctic and experimental warming studies show the infilling of
graminoid-dominated tundra by high productivity ectomycor-
rhizal (ECM) deciduous shrubs, along with the loss or stasis of
evergreen ericoid mycorrhizal (ERM) shrub cover (Tape et al.,
2006; Myers-Smith et al., 2011; Elmendorf et al., 2012; Sistla
et al., 2013; Jorgenson et al., 2015). These patterns of landscape
greening may be associated with permafrost thaw (Martin et al.,
2017; Rocha et al., 2018). Increases in plant productivity have
the potential to offset C losses from degrading permafrost that
underlies these ecosystems (Schuur et al., 2008); yet, plant pro-
ductivity is constrained by nutrient availability (Shaver et al.,
2001; Mack et al., 2004; DeMarco et al., 2014) and could be
mediated by mycorrhizal access to thawed permafrost nutrients.

Globally, permafrost temperatures have increased and in the
Northern Hemisphere have tracked increases in air temperature
(Biskaborn et al., 2019). On an annual timescale, with the pro-
gression of the growing season, the seasonally thawed portion of
the soil profile – the active layer – deepens. Directional warming

and increased active layer thickness may therefore lead to thawing
of transition layer and permafrost soils. Thawed permafrost soils
undergo decomposition as they warm, releasing nitrogen (N)
(Mack et al., 2010; Keuper et al., 2012; Salmon et al., 2018), a
primary limiting nutrient in tundra ecosystems (Shaver &
Chapin, 1991; Chapin et al., 1995). Recent studies suggest that
nonmycorrhizal sedges and forbs with deep roots can access per-
mafrost-derived N late in the growing season (Keuper et al.,
2017; Hewitt et al., 2018; Blume-Werry et al., 2019), stimulating
productivity (Keuper et al., 2017). However, the role of mycor-
rhizal fungi in controlling access to this novel nutrient source for
shallowly rooted tundra shrubs is unknown. Tundra shrub access
to deep nutrients could have a relatively high impact on regional
C balance due to their higher growth potentials and longer tissue
residence times than deeply rooted sedges and forbs.

Fungi are key to terrestrial nutrient cycling due to their
impacts on decomposition, transformation of nutrient pools, and
acquisition of nutrient sources to support their own production
and, in the case of mycorrhizal fungi, that of host plants (Read &
Perez-Moreno, 2003; Dighton, 2007; Hobbie & Horton, 2007;
Phillips et al., 2013). Of the mycorrhizal fungi, ERM and ECM
fungi dominate high-latitude ecosystems (Read, 1991). Both
ERM and ECM have saprotrophic capabilities to break down
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complex nutrients along with the ability to use labile forms of
nutrients (Bending & Read, 1996; Read, 1996; Read & Perez-
Moreno, 2003), both of which are released from newly thawed
permafrost (Mack et al., 2010; Keuper et al., 2012; Salmon et al.,
2018). Some ERM and ECM taxa are more adept at exploiting
nutrient sources by increasing extramatrical mycelium density in
nutrient-rich patches (Bending & Read, 1995; Dickie et al.,
1998; Tibbett, 2000; Smith & Read, 2008). Besides ERM and
ECM, other root-associated fungi (RAF) such as dark septate
endophytes (DSE) have been implicated in plant nutrient uptake
(Newsham et al., 2009; Newsham, 2011) albeit by poorly under-
stood physiological mechanisms. Together this suggests that RAF
are the gatekeepers of plant nutrient acquisition for many tundra
plants.

The exploration capacity of RAF beyond the root system of
host plants into deep, cold active layer soils adjacent to the per-
mafrost table is unknown. Few studies describe fungal distribu-
tions throughout the full active layer (but see Penton et al., 2013)
or at taxonomic resolutions that support ecological inferences.
However, many authors have suggested that ERM are important
only in surficial organic horizons due to shallow root proliferation
of their plant hosts (see references in Read, 1991) and the limited
extension of ERM hyphae beyond colonized roots (Read, 1991;
Grelet et al., 2010). By contrast, a number of ECM taxa can
extend the foraging reach of root systems in the form of extrama-
trical mycelium (Agerer, 2001; Weigt et al., 2012) that can grow
tens of meters (Dahlberg & Stenlid, 1990; Bonello et al., 1998;
Bergemann & Miller, 2002). Thus, ECM hosts should have a
greater capacity to access soil resources far below the rooting zone,
such as recently thawed permafrost-derived N, than would co-oc-
curring ERM hosts by virtue of their fungal traits.

The aim of our study was to investigate whether RAF con-
tribute to shrub access to newly-thawed permafrost N. We first
determined whether RAF mycobionts were present and active at
the permafrost thaw front beyond host plant root systems. We
then sampled mycorrhizas of ERM and ECM host plants and
compared these root tip fungal communities to fungal RNA and
DNA profiles from the permafrost thaw front. We tested for cor-
relations between the degree of host plant RAF connection to the
thaw front and acquisition of a deeply applied 15N tracer in tus-
sock and shrub tundra that represent communities on the spec-
trum of anticipated vegetation change across the Arctic (Myers-
Smith et al., 2011). Specifically, we asked the following questions:
(1) Do some host plants or tundra vegetation communities have
greater root-associated fungal connectivity to the thaw front?
(2) Are connections between root-associated fungi and the thaw
front related to the supply of deep N to plant tissues?
(3) Does the composition of fungi at the thaw front suggest a
large active soil community engaged in N acquisition that could
facilitate vertical transfer to host plants?
(4) What vegetation and edaphic factors influence the composi-
tion of root-associated fungi that may connect host plants to the
thaw front?

To our knowledge, this investigation provides the first observa-
tions of root-associated fungal connectivity to the thaw front and
contribution to plant acquisition of deep N offering insights into

how fungal communities may mediate ecosystem responses to the
release of permafrost-derived N.

Materials and Methods

Study site

The experiment was conducted in sub-arctic tundra near Eight
Mile Lake (63°52042″N, 149°15012″W), AK, USA, where per-
mafrost, vegetation and ecosystem carbon balance are well-stud-
ied (Schuur et al., 2007; Vogel et al., 2009; Mauritz et al., 2017).
The surface permafrost is relatively warm (�1.0°C) and thus vul-
nerable to thaw (Osterkamp & Romanovsky, 1999). Maximum
thaw depth has increased by 2.1 cm yr�1 due to surface per-
mafrost degradation (Plaza et al., 2019), and newly thawed per-
mafrost soils have greater inorganic nitrogen (N) content than
active layer soils (Salmon et al., 2018) near the study site. The
vegetation is classified as moist acidic tundra and is composed of
deeply rooted, nonmycorrhizal graminoids and forbs, and mod-
erately rooted deciduous and evergreen ectomycorrhizal (ECM)
and ericoid mycorrhizal (ERM) shrubs (Table 1; Hewitt et al.,
2018). Within the graminoid-dominated tussock tundra there
are patches of shrub tundra dominated by Betula nana L.

Isotope tracer addition and plant harvest

To investigate the ability of tundra shrubs to immediately access
permafrost-derived N, a deep 15N isotope tracer was applied at the
end of the growing season when active layer thickness was close to
its maximum (Hewitt et al., 2018). At the time of labeling, the
mean thaw depth measured in the experimental plots was
61.2 cm� 4.8 SE. In brief, 109 1 m2 plots (tussock n = 5 and
shrub n = 5) were labeled with 98 atom% ammonium chloride
applied at nine injection points at the permafrost table using long
stainless steel needles to achieve an addition of 250 mg of 15Nm�2

matching the composition and pool size of newly thawed N at this
site (Salmon et al., 2018, Supporting Information Methods S1).
Twenty-four hours after isotope addition, above- and below-
ground plant biomass was harvested to determine uptake of the
tracer. Belowground plant biomass and soils were collected at 10-
cm depth increments down to the permafrost boundary with the
exception of the top 0–5 cm of the soil profile. Live roots and rhi-
zomes were removed from organic and mineral soils at each depth
increment by hand and cleaned with nanopure water. Root species
identities were verified using plant internal transcribed spacer
(ITS) restriction fragment length polymorphism analysis and used
to correct fine-root species identity, biomass and isotope signature
(Hewitt et al. 2018). Root fungal communities were characterized
from these root samples (Methods S1).

Thaw front fungi sampling

To characterize the thaw front fungal community below the max-
imum rooting depth of mycorrhizal shrubs, we cored the 10 cm
of thawed soil above the permafrost table (c. 69 cm in tussock
and c. 48 cm in shrub at top of core) for fungal RNA and DNA
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analysis. We split the 10 cm core into four depth segments using
a sterile knife and sampled c. 2 g of soil from the center of each
segment directly into a MoBio RNeasy PowerSoil bead tube
(Qiagen Inc., Valencia, CA, USA), and immediately placed the
samples in liquid N.

Soil chemistry

For each soil depth increment we measured: (1) pH of air-dried
samples mixed in a 1 : 5 (organic) or 1 : 1 (mineral) solution with
nanopure water using a SympHony pH Meter (VWR, Radnor,
PA, USA); (2) C and N concentrations of bulk soil dried at 60°C
for 48 h, ground and run on an Elemental Analysis-Isotope Ratio
Mass Spectrometer (Delta Advantage, Thermo Fisher Scientific,
Waltham, MA, USA) coupled to an Elemental Combustion Ana-
lyzer (ECS4010, Costech, Valencia, CA, USA); (3) total N,
nitrate (NO3-N), ammonium (NH4-N), and dissolved organic C
(DOC) on ~ 35 g soil extracted in 0.1M K2SO4, filtered through
GF/A filters, measured on a TOC-L (DOC and total N, Shi-
madzu Corp., Kyoto, Japan) and a Smart Chem 200 (NO3-N
and NH4-N, Unity Scientific, Brookfield, CT, USA), and
expressed in relation to oven-dry equivalent. Soil depth incre-
ments were matched with the closest root-depth increment for
further analysis.

Root and thaw front fungal composition

Genomic DNAs from clean root samples were isolated with the
DNEasy Plant Mini Kit (Qiagen). Thaw-front fungal RNA and
DNA were isolated with the MoBio RNeasy PowerSoil kit (Qia-
gen) with the DNA elution kit according to the manufacturer’s
protocol. Complementary DNA (cDNA) was synthesized from
the isolated RNA using reverse transcription. The fungal ITS2
region from root DNA and soil DNA and cDNA were amplified
and sequenced using ITS4-Fun and 5.8S_Fun (Taylor et al.,
2016) on the Illumina MiSeq platform. Resulting sequences were
demultiplexed, quality-filtered and mapped to operational taxo-
nomic units (OTUs, GenBank accession no. MN151409-
MN152926; Table S1) at 97% similarity using the UPARSE
pipeline in USEARCH v.10.0.240 (Edgar, 2013). Taxonomy was
assigned using the RDP and Warcup ITS databases (Despande
et al., 2016) and supplemented with manual assignments based
on NCBI BLASTN and placement in maximum-likelihood trees
(Fig. S1). Guilds were assigned using a combination of
FUNGUILD (Nguyen et al., 2016) and investigator knowledge.
Root fungal communities were pooled by host species9 depth
increment after sequencing. Thaw-front fungal samples were ana-
lyzed in two ways: (1) separately for community analyses and (2)
the four depth samples from each 10-cm thaw-front core were
pooled after sequencing for analyses comparing thaw front and
root fungi and plant metrics (Methods S1).

Subsets of fungal communities

Our fungal data were derived from three sources (roots, thaw-
front soil DNA and thaw-front soil RNA) and assigned toT
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community subsets (Table S2; Fig. S2). First, we described the
total thaw front community (TOTTF), which we subset into
putatively active (ACTTF) and dormant (DORTF) components
(Table S2; Fig. S2). The ACTTF contains OTUs observed in
thaw-front RNA, thaw front-RNA and DNA, or thaw-front
DNA also in root-tip mycorrhiza communities. The ACTTF is
the fungal community that has the potential to acquire per-
mafrost-derived N, whereas the DORTF component, which was
observed only in thaw-front DNA, is likely not involved. We as-
sumed that all taxa detected on roots were active (ACTR),
because spores and ancient DNA are not expected to have
appreciable abundances on clean, actively growing roots. From
the active fungi at the thaw front and on roots (ACTTF and
ACTR), which encompasses fungi of many guilds, the root-asso-
ciated fungi (RAFTF and RAFR) were derived as OTUs with
guild or taxonomic identities that infer mycorrhizal function
(Table S2; Fig. S2). When an OTU in the RAFTF and RAFR
was observed in the same plot, it was determined to be a RAF
taxon that may potentially connect root systems to the thaw
front, referred to as RAF connector taxa (CONTF and CONR)
(Table S2; Fig. S2). Subsequent analyses were conducted on
each community subset.

Statistical analyses

We calculated a fungal connectivity index that represents the
degree to which taxa on root systems of a given host plant at
each depth increment also were represented at or ‘connected’ to
the thaw front (CONR and CONTF). Due to inadequate recov-
ery of RNA from the thaw front, a combination of RNA and
DNA OTUs were used for connectivity calculations (CONTF),
and derived from the active fungi observed at the thaw front
(ATCTF) (Table S2; Fig. S2), a decision validated with a sensi-
tivity analysis comparing RNA and ATCTF profiles (Methods
S1). The connectivity index was calculated from the CON com-
munity subset as the relative abundance of a given OTU in a
root sample (CONR) multiplied by the relative abundance of
that OTU at the thaw front (CONTF) of the same plot. In
addition to the OTU-level connectivity indices, we attained an
overall connectivity index for each host plant 9 depth by sum-
ming the connectivity metric of all OTUs, and we further
summed this at the host plant 9 plot level (Methods S1). We
tested for relationships between OTU-specific and the summed
connectivity indices and plant metrics.

All analyses were completed in R 3.5.2 (R Core Team, 2018).
For all analyses, the OTU table was relativized in the PHYLOSEQ

package (McMurdie & Holmes, 2013) by community subset
depending on the research question at hand (Methods S1).

Variation in RAF connectivity to the thaw front and N
uptake

We built candidate linear mixed effects models with the pack-
age R/NLME (Pinheiro et al., 2017) to test whether the fungal
connectivity index, representing potential connection between
fine roots and the thaw front, was related to each fixed factor

that represented a hypothetical driver of connectivity: host-
plant species, tundra community, fine-root biomass (g m�2)
and the ratio of root: thaw depth. Here, each sample repre-
sented host plant9 depth increment. Plot was included as a
random factor to account for spatial differences and the corre-
lation structure of an autocorrelation moving-average model
(i.e. corARMA, Zuur et al., 2009) was implemented to account
for nonindependence among root samples within plots. Con-
nectivity was rank-transformed to meet assumptions of
homoscedasticity and normality. For each candidate model, we
calculated AICc (sample size corrected Akaike Information Cri-
terion) and ranked model Akaike weights with the AICMODAVG

package (Mazerolle, 2019). We computed model-averaged esti-
mates to assess the significance of the fixed factors (Burnham
& Anderson, 2002).

We tested whether fungal connectivity to the thaw front was
related to the supply of deep N to plant tissues. First, we used a
logistic mixed effects model to explore whether the fixed factor of
summed connectivity index (host plant 9 depth) was related to
the acquisition of isotope (y/n) with plot as the random factor
using the LME4 package (Bates et al., 2015). We also assessed
covariation in isotope concentration, atom percent excess (APE),
and pool size (g 15N m–2) in fine root samples in relation to the
summed connectivity index by fitting linear mixed effects models
using the NLME package. We resorted to ranking APE and pool
size to meet model assumptions. First, we tested whether varia-
tion in isotope metrics were a function of the fixed factors con-
nectivity 9 host plant species and connectivity 9 tundra
community. Neither interactions were significant; therefore, the
final models tested were ranked fine root APE or pool size as a
function of the fixed factors connectivity, host plant, and tundra
community with plot as a random factor and a corARMA struc-
ture. Because our interest was in the effect of connectivity on the
isotope in fine root samples, we tested model significance by eval-
uating the log likelihood ratio (L ratio) of our final model in
comparison to the model with the fixed factors host plant and
tundra community. We also tested whether taxon-specific con-
nectivity covaried with deep N access. Diagnostic plots indicated
a high level of skew in both the isotope and OTU-level connec-
tivity, which did not improve with transformations or adjust-
ments to model-specified data distributions. As such, we
calculated Spearman correlation coefficients between the OTU-
level connectivity index and the pool of isotope in each fine root
sample.

We also explored how connectivity related to the overall acqui-
sition of deep N within 24 h. We summed both fungal connec-
tivity and aboveground and belowground percent tracer
recovered by host plant 9 plot. Host plant 9 plot estimates of
tracer recovery were summed from aboveground harvest tissues
and rhizomes and belowground harvest root samples. We mod-
eled the ranked percent isotope recovery in relation to the fixed
factor connectivity with plot as a random factor using the same
model evaluation steps described above. Again, we computed
Spearman correlation coefficients between the OTU-level con-
nectivity index and percent tracer recovered by each host plant to
evaluate taxon-specific effects on total deep N access.
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Characterization of thaw front and root fungal
communities

We tested whether fungal composition at the permafrost bound-
ary suggests a large active community with the potential to trans-
fer N vertically to host plants. We first characterized the dormant
(DORTF) and active (ACTTF) thaw front communities and com-
pared the root-associated fungi at the thaw front (RAFTF) to taxa
observed on roots (RAFR). We evaluated variation in composi-
tion of root and thaw front root-associated fungi (RAFTF and
RAFR) and potential connector taxa (CONTF and CONR)
among host plant species and tussock and shrub tundra commu-
nities using nonmetric multidimensional scaling (NMDS) ordi-
nations (Kruskal, 1964) with the R/VEGAN package (Oksanen
et al., 2012). We determined which environmental variables were
correlated (P < 0.05) with variation in connector taxa (CONTF

and CONR) composition. We used permutational multivariate
analysis of variance to make comparisons between fungal com-
munities associated with tundra communities (ACTTF, RAFTF,
RAFR, CONR) and host plants (RAFR, CONR) in the R/VEGAN
package. We used indicator species analysis of OTUs that com-
prised at least 1% of the total fungi by relative abundance to test
whether the relative abundance of each OTU indicated a signifi-
cant association with host plant and/or tundra community for
root and thaw front community subsets (ACTTF, RAFR, CONR)
with the R/INDICSPECIES package (De Caceres & Legendre, 2009).

Results

Does RAF connectivity vary by host and tundra
community?

Neither host species nor tundra community were strong explana-
tory variables of the degree of RAF connectivity (Table 2; Fig. 1).
The best models explaining variation in RAF connectivity
included root: thaw depth followed by fine-root biomass
(Table 2). However, the model-averaged parameter estimates for
these top fixed factors lacked significant explanatory power
(Fig. S3a,b, root: thaw depth est(n=81) = 2.19, 95% CI =�1.07,
5.44; fine-root biomass est(n=81) = 0.64, 95% CI �2.15, 3.44),
suggesting that overall connectivity to the thaw front is

ubiquitous regardless of root traits, host or tundra community in
our study system.

Is RAF connectivity linked to plant access to newly thawed
permafrost-derived N?

RAF connectivity and fine-root isotope uptake The magnitude
of RAF connectivity did not predict the presence of deeply
applied 15N isotope in a fine-root sample (z-value(n=81) =�1.25,
P = 0.21). When we assessed continuous variation in enrichment,
the overall RAF connectivity again explained neither variation in
APE (L ratio(n=81) = 1.59, P = 0.21) nor the pool of isotope (L
ratio(n=81) = 1.29, P = 0.26) in fine-root samples, supporting the
logistic model results.

We observed 16 OTUs with significant positive (n = 8) or neg-
ative (n = 8) correlations between isotope pool size and the
OTU-level connectivity index (Fig. 2a; Table S3). The connec-
tivities of five ascomycetes, all in the Helotiaceae, and three basid-
iomycetes, were positively correlated with tracer pool size in fine-

Table 2 Ranked candidate model comparison of plant metrics explaining variation in fungal connectivity between root systems and the thaw front at Eight
Mile Lake, AK, USA.

Model Variable K AICc D AICc AICc wi Log L Rm
2 Rc

2

M1 Root: thaw depth 5 660.12 0 0.66 �324.66 0.02 0.79
M2 Fine-root biomass (g m�2) 5 663.29 3.16 0.14 �326.24 0.02 0.77
Null None 4 664.55 4.42 0.07 �328.01 0 0.76
Full M1 +M2 +M3 +M4 11 664.95 4.83 0.06 �319.56 0.15 0.81
M3 Tundra community 5 665.38 5.25 0.05 �327.29 0.11 0.76
M4 Host plant 8 667.17 7.04 0.02 �324.58 0.02 0.79

Candidate model attributes include the number of parameters (K), the sample size corrected Akaike information criterion (AICc), the change in AICc relative
to the best model (DAICc), the AICc-based model weight (AICc wi), the Log-likelihood (Log L), the marginal R2 accounting for fixed effects only (Rm

2), and
the conditional R2 accounting for both fixed and random effects (Rc

2). M1 was assessed as the best model of the suite of models tested based on AICc;
however, model-averaged parameter estimates of the root: thaw depth indicate that this, the best parameter and candidate model, was not a significant
predictor of variation in RAF connectivity.

Fig. 1 Fungal connectivity of putatively root-associated fungi between
roots and the thaw front environment for each host species in tussock and
shrub tundra. Boxplot represents the connectivity index for fine-root
samples at each depth increment among plots. The lower and upper
bounds of the boxplot show the first and third quartiles (the 25th and 75th

percentiles), the middle line shows the median, whiskers above and below
the boxplot indicate 1.5 9 inter-quartile range, and points beyond the
whiskers indicate outlying points.
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root samples. Tylospora asterophora showed the strongest positive
correlation, whereas Hyaloscypha sp. showed the strongest nega-
tive correlation.

RAF connectivity and total isotope recovery Average percent-
age tracer recovery in live plant biomass was low but detectable,
ranging from 0.001%� 0.0009 to 1.33%� 1.31. Overall, there
was a tendency for greater RAF connectivity to result in a modest
increase in percentage tracer recovered (L ratio(n=50) = 3.13,
P = 0.08) in plant tissues. Isotope recovery and fungal

connectivity was highest for V. uliginosum in tussock tundra, but
this relationship was not different between species or tundra com-
munity (Fig. 3). Our analysis revealed taxon-specific relationships
between the OTU-connectivity index and the total percentage
tracer recovered (Fig. 2b; Table S3). Ascomycetes in the Helo-
tiales showed significant positive and negative correlations with
total percentage isotope recovered in plant tissue. Of the Basid-
iomycota, the genera Cortinarius, Lactarius and Serendipita
showed positive correlations, whereas another Serendipita,
Mycena, and an unknown Agaricomycete showed negative

(a)

(b)

Fig. 2 Spearman’s rank correlation
coefficients for operational taxonomic units
with significant correlations between (a)
tracer pool (g 15Nm�2) of fine-root samples
and summed connectivity index to the thaw
front (host plant9 depth), and (b) overall
percentage of tracer recovered in above- and
belowground plant tissues and summed
connectivity index to the thaw front (host
plant9 plot).
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correlations between the connectivity index and percentage tracer
recovered. The majority of fungi that were significantly correlated
with isotope recovery in total plant biomass were helotialian
fungi (Fig. 2b; Table S3).

Characterization of thaw front and root fungal
communities

Our sequencing effort yielded > 19 million sequences from the
thaw front and > 10 million from root tips. These DNA (root and
soil) and RNA (soil) sequences were grouped into 1518 OTUs
(TOTTF + ACTR). Root DNA sequences (ACTR) yielded 1117
OTUs, and soil RNA and DNA sequences yielded 701 (TOTTF);
300 OTUs were found in both root and soil datasets (Table S1).
The active (ACTTF + ACTR) fungal community consisted of
1367 OTUs. Of these, 250 OTUs were unique to the soil thaw
front (i.e. not observed on roots) as either DNA or RNA, and 817
were unique to root communities (i.e. not observed in the soil). In
the ACT species pool, 300 (i.e. 22%) were categorized as RAF.
Finally, 55% of the RAF showed evidence of connection between
roots and soil, yielding 164 OTUs in the CON community.

Thaw-front fungi

The dormant thaw-front community (DORTF n = 151) repre-
sented only 0.05% of the total fungal reads, the majority of
which were either unassigned to a guild or assigned to multiple
guilds due to coarse taxonomic placement or poorly understood
ecologies (Table 3a,b).

The ACTTF community was composed of 550 OTUs, of
which the majority belonged to the Ascomycota, with the Basid-
iomycota a distant second, and the Mucoromycota represented a
very small proportion (Table 3a). By relative abundance, the

largest fraction of OTUs were assigned to multiple guilds fol-
lowed by ERM, ECM or saprotroph guilds (Table 3b). Taxa
assigned to other guilds accounted for < 5% of the ACTTF com-
munity. Helotiaceae sp. (OTU 1) was by far the most abundant
taxon (~25.52% relative abundance) followed by Pezoloma sp.
(OTU 2) and Rhizoschyphus ericae (OTU 3) which each made up
≥ 5% of the ACTTF community and thus indicated high relative
abundance of ERM in these deep, cold soils (Table 3b; Fig. 4a).

The ACTTF composition differed between tussock and shrub
communities (R2(n=69) = 0.23, P < 0.01). Of 63 indicator taxa in
the tussock community, the majority were assigned to multiple
guilds or were RAF identified as ERM, ECM or dark septate endo-
phytes (DSE) (Table S1). Thirty-six of the tussock indicator taxa
also were observed on roots. Rhizoscyphus ericae (OTU 98), was the
strongest indicator (IndVal = 0.925, P < 0.001) and had the highest
abundance of all indicator taxa that were found both at the thaw
front (c. 8.63% relative abundance) and on roots (c. 10.19%) in tus-
sock vegetation. Comparatively, there were only nine indicator taxa
at the shrub tundra thaw front (Table S1), four of which also were
found in the root community: Rhizoschypus sp. (OTU 25),
Lachnum pygmaeum (OTU 32) and Helotiaceae sp. (OTUs 31,
115). Following compositional patterns of the ACTTF, the thaw-
front root-associated fungi (RAFTF n = 268) also differed by tundra
community (Fig. S4; R2(n=81) = 0.17, P < 0.001).

Root-tip fungi

The sequence dataset from live roots (ACTR) yielded 1117
OTUs predominantly in the Ascomycota, secondarily in the
Basidiomycota, and few taxa with low abundance in the
Mucoromycota (Table 3a). There were 102 families and 149 gen-
era. Several of the most abundant OTUs were ERM and ECM
taxa (Fig. 4a). We observed that many taxa were assigned to non-
RAF or multiple guilds; however, of the taxa that could be
assigned to one guild, the majority were RAF (Table 3b).

Of the 1117 OTUs in ACTR, 379 were considered RAFR
(Fig. 4a) and followed the same abundance trends at the phylum
scale as the ACTR community (Table 3a). Of the 379 RAFR taxa,
~ 43% were assigned to one guild and a quarter were assigned to
multiple guilds or unassigned but classified as RAF due to taxo-
nomic affinities to a RAF guild. The composition of the RAFR
varied with tundra community (Fig. S4; R2(n=81) = 0.05,
P < 0.001) and host plant (R2(n=81) = 0.15, P < 0.001). There
were 13 indicator taxa of tussock tundra and 21 of shrub tundra
in the guilds ECM, ERM, multiple guilds and unassigned guilds
(Table S1). Nine of the tussock and seven of the shrub indicator
taxa also were observed at the thaw front (RAFTF; Table S1).
Empetrum nigrum was the only host with a RAF indicator taxon,
Pezoloma sp. (OTU702), that also was observed at the thaw front
(Table S1). Several RAF taxa showed significant associations with
groups of host plants (Table S1).

Connectivity between the thaw-front and root systems

Of the 300 RAF taxa that occurred in both root and thaw-front
profiles (RAFR + RAFTF), 164 occurred in the same plots and thus

Fig. 3 Mean percentage isotope recovered in above- and belowground
plant tissues in relation to the summed connectivity (host plant9 plot) of
root-associated fungi to the thaw front. Points represent means with SE.
Note different y-axes.
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were considered potential connector taxa between the thaw-front
and root systems (Figs 4b, 5). In the connector community
(CONR and CONTF), there were two phyla, 19 families, 28 gen-
era and 50 species assigned to multiple guilds, ERM, ECM, DSE
and unassigned (Table 3a,b). Surprisingly, the taxonomic identi-
ties of the top most-connected taxa show the potential importance
of ERM and DSE in addition to ECM in connecting plant roots
to permafrost resources (Fig. 6a,b). The most abundant CONR

taxa were Rhizoscyphus ericae (OTUs 98, 3), Helotiaceae sp. (OTU
15), and Helotiales sp. (OTU 24), emphasizing the importance of
ERM in potential access to the permafrost boundary.

The connector community observed on roots (CONR) had
compositional differences between host plants (R2(n=81) = 0.16,
P < 0.01) and tundra communities (R2(n=81) = 0.05, P < 0.01;
Fig. 7a). Ten taxa were indicators of shrub tundra: Rhizoscyphus
(OTUs 127, 215, 242 and 662), Lactarius rufus (OTU 37),
Mycena sp. (OTU 58), Serendipita vermifera (OTU 174) and sev-
eral poorly identified Hyaloscyphaceae sp. (OTUs 49, 59, 337;
Table S1). Tussock tundra had nine indicator taxa: Rhizoscyphus
(OTUs 1608, 1265), Pezoloma (OTU 702), along with Russula
nitida (OTU 41), Meliniomyces variabilis (OTU 709),
Serendipita vermifera (OTUs 129), Thelephora terrestris (OTU

Table 3 Counts and taxonomic relative abundances for (a) phyla and (b) guilds for each community subset observed on root tips and at the permafrost
thaw front at Eight Mile Lake, AK, USA.

(a)

Community Phylum No. of OTUs Relative abundance, RA (%)

Dormant thaw front Ascomycota 91 75.8 *
n = 151 OTUs Basidiomycota 58 24.09 *

Mucoromycota 2 0.11 *
Active thaw front Ascomycota 372 81.22 ●
n = 550 OTUs Basidiomycota 163 17.39 ●

Mucoromycota 15 1.39 ●
Active root tip Ascomycota 769 75.48 ◊
n = 1117 OTUs Basidiomycota 315 24.33 ◊

Glomeromycota 1 1.01E-05 ◊
Mucoromycota 32 0.18 ◊

Root-associated fungal connectors Ascomycota 118 67.96 (root tip) +
n = 164 OTUs 84.48 (thaw front) +

Basidiomycota 46 32.04 (root tip) +
15.52 (thaw front) +

(b)

Guild

Dormant thaw front ACT thaw front ACT root tip RAF connectors

n = 151 OTUs n = 550 OTUs n = 1117 OTUs n = 164 OTUs

No. of
OTUs

Relative
abundance
(%)*

No. of
OTUs

Relative
abundance
(%)•

No. of
OTUs

Relative
abundance
(%)◊

No. of
OTUs

Relative
abundance
roots (%)+

Relative
abundance
thaw front (%)+

Animal
endosymbiont

5 5.77 10 4.25 12 0.14

Animal pathogen 1 0.03 3 8.20E-04
AM 1 1.00E-04
DSE 1 0.04 17 3.01 17 2.8 8 4.46 7.73
ECM 27 8.79 60 10.98 80 13.43 36 19.72 19.36
ERM 5 0.71 60 21.74 66 23.9 46 35.49 40.99
Fungal parasite 1 2.26 1 2.00E-05 3 6.80E-03
Lichenized 7 2.89 7 0.13 14 0.18
Lichenicolous 2 0.25 2 11.82
Multiple 24 11 157 45.07 302 29.43 55 36.36 31.4
Bryophilous 1 1.30E-04
Plant pathogen 14 12.02 13 0.16 29 0.43
Saprotroph 25 16.05 63 8.12 151 11.77
Unassigned 42 40.47 159 6.26 436 6.09 19 3.96 0.52

AM, arbuscular mycorrhizal; DSE, dark septate endophyte; ECM, ectomycorrhizal; ERM, ericoid mycorrhizal; ACT, active; RAF, root-associated fungi.
Connectors were observed on roots and at the thaw front in the same profile.
*, RA out of 151 operational taxonomic units (OTUs).
•, RA out of 550 OTUs.
◊, RA out of 1117 OTUs.
+, RA out of 164 OTUs.
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106) and Helotiales (OTUs 216, 110; Table S1). Individual host
plants did not have significant associations with particular CONR

taxa. However, the ERM hosts together had five indicator taxa
that also were observed at the thaw front (Table S1): Clavaria
sphagnicola (OTU 64), Rhizoscyphus ericae (OTUs 912, 1608),
Serendipita vermifera (OTU 76) and an unknown Helotiaceae
(OTU 102). The CON community, as a whole, accounted for
71% of the RAF (RAFR + RAFTF) by relative abundance, sug-
gesting a large active community that may facilitate the vertical
transfer of thawed permafrost N. Individual taxa within the
CONR +CONTF community occurred in 0.6% to 88% of the
samples.

We observed correlations (P < 0.05) between the composition
of connector taxa observed on roots (CONR) and bulk soil %N,
bulk soil C : N, and extractable dissolved inorganic N (µg
NO3+NH4 ODE�1; Fig. 7a; Table S4). In contrast, thaw depth
was the only variable correlated with the composition of the

connector taxa observed at the thaw front (CONTF; Fig. 7b;
Table S4).

Discussion

Overview

Our previous research showed that only nonmycorrhizal plants
extend their roots to the thaw front (Hewitt et al., 2018), posing
a conundrum. Why would mycorrhizal plants forgo the opportu-
nity to acquire limiting nutrients that are relatively abundant
close to the permafrost? Here we show that all ERM and ECM
host plants examined were associated with mycobionts that
occurred in an active state at the permafrost thaw front. To our
knowledge, this is the first evidence that ECM and ERM host
plants have access to N in the region of thawing permafrost
through their mycobionts. Furthermore, we found that plant

(a)

(b)

Fig. 4 Fungal taxonomic relative abundances from thaw-front and root communities. The operational taxonomic units (OTUs) shown include the 10 most
abundant OTUs from each of the following groups: (a) putatively root-associated fungi at the thaw front and on roots (RAFTF and RAFR) and (b) potential
root-associated connector fungi at the thaw front and on roots (CONTF and CONR). The relative abundances shown on the y-axis of panel (a) were
relativized by the active fungal community (ACTTF and ACTR), and panel (b) by the root-associated community (RAFTF and RAFR). SE computed based on
relative abundances in each of the 69 soil samples and 81 root samples. Fungal guild: ECM, ectomycorrhizal; ERM, ericoid mycorrhizal; and Multiple guilds.
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uptake of thaw front N was correlated with specific root-associ-
ated fungi.

Fungal composition

Our observations of fungal composition throughout the active layer
support previous investigations in surface soils where vegetation
community (tussock vs shrub) was a strong driver of microbial com-
position (Wallenstein et al., 2007). Previous reports of root-associ-
ated fungi (RAF) for tundra ECM and ERM hosts also corroborate
our observation of abundant taxa in the genera Rhizoscyphus,
Mycena, Russula, Lactarius, Meliniomyces, Cortinarius,
Phialocephala, Hyaloscypha and Leccinum (Walker et al., 2011; Tim-
ling & Taylor, 2012). We provide additional support for the view
that RAF are predominantly generalists among co-occurring ERM
(Walker et al., 2011) and ECM hosts (Timling et al., 2012). For
example, we observed few fungal indicator species for individual
plant hosts and abundant taxa amongmultiple hosts.

In a strongly N-limited system such as tundra (Schimel et al.,
1996; Mack et al., 2004), we would anticipate that RAF may
have greater ability to acquire N from newly thawed permafrost
due to less carbon (C) limitation compared to saprotrophs (Hog-
berg et al., 2007). Of the active thaw front (ACTTF) taxa that
could be identified to a single guild, most were RAF, followed by
saprotrophic fungi. However, we could not assign most taxa at
the thaw front to a single guild, in part due to poor taxonomic
identification and/or understanding of their ecologies. The roles
of these fungal guilds in deep N cycling must be further studied.

Fungal connectivity

An unexpected finding was the occurrence of numerous, active
ERM and ECM taxa at the thaw front. A substantial fraction of

these were designated as potential connectors because they were
found in thaw-front soil and on roots in the same profile. ERM
taxa along with other RAF ascomycetes are thought to have non-
strand-forming mycelia that do not extend far from colonized
fine roots (Smith & Read, 2008). Active ERM and other RAF
were observed at the thaw front up to 60 cm beyond the roots.
These findings contrast with the current paradigm that ericoid
roots and ERM activity are constrained to the upper soil layers
(Read, 1991). It is, however, important to acknowledge that we
do not know whether connector taxa on roots and at the thaw
front are from the same fungal genet (sensu Grelet et al., 2010).
Furthermore, our predictions that ECM hosts, such as Betula
nana, would show greater connection to the thaw front than
ERM hosts given the traits of the fungi they support, like rhi-
zomorph-forming exploration types (Agerer, 2001), was not sup-
ported; instead, all of the hosts examined, ERM in addition to
ECM, had RAF that also were observed below roots at the thaw
boundary. The origin of these fungi, however, is unknown. Con-
nector fungi may have grown to the thaw front from roots or they
may have emerged from thawed permafrost (Pither & Pickles,
2017).

The most abundant connector taxa, such as Rhizoscyphus and
Russula are some of the most frequently observed genera in the
Arctic (Timling & Taylor, 2012). Thus, dominant Arctic taxa
may play important roles in deep N cycling and plant nutrition.
Surprisingly, many of the indicator taxa observed in the present
study comprised a miniscule fraction of the overall relative abun-
dance, which may suggest a role for relatively rare taxa in deep N
access, too. The environmental variables that structured connec-
tor communities observed on root tips also have been implicated
in structuring fungal communities across the Arctic (i.e. vegeta-
tion composition and SOM characteristics; Timling et al., 2014),
suggesting that community patterns through the depth profile
may mirror larger geographical patterns. While the correlation
between thaw depth and the variation in connector composition
at the thaw front suggests that fungal communities vary vertically,
even quite deep in the profile.

Permafrost N uptake and fungi

Perhaps the most interesting finding was the occurrence of taxon-
specific correlations between the RAF connectivity index and iso-
tope acquisition. The basidiomycete operational taxonomic units
(OTUs) with the strongest positive correlations to isotope uptake
spanned several genera: Tylospora, Tricholoma, Cortinarius,
Serendipita and Lactarius; while the ascomyceteous fungi covered
several guild assignments (DSE, ERM, ECM and multiple guild
assignments) and were in the genera Rhizoscyphus, Phialocephala,
Lachnum and several helotialian fungi identified at coarser resolu-
tion. The abundant Rhizoscyphus ericae aggregate showed variable
but mostly positive relationships to deep N uptake. Our field
observations, therefore, support findings from a controlled exper-
imental setting that show helotialian fungi to be important to
plant N uptake (Grelet et al., 2009).

Our finding of both positive and negative correlations between
particular RAF connector taxa and tracer acquisition was

Fig. 5 Venn diagram showing richness of putatively root-associated fungi
observed at the thaw front and on roots (RAFTF and RAFR). Taxa reported
from DNA profiles of roots and DNA and RNA profiles of thaw front soils,
excluding putatively dormant operational taxonomic units that occur only
in soil DNA (DORTF). Shared taxa may provide connectivity between
shallow root systems and the deeper, permafrost thaw boundary.
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unexpected but may help explain why overall connectivity was
only modestly related to tracer recovery. One possible explana-
tion for negative correlations between particular OTUs and tracer
uptake is that these taxa act more as pathogens or decomposers
than as mycorrhizal symbionts, and therefore may be indicators
of less healthy roots that would be unlikely to take up tracer. This
is supported by the negative or mixed correlations with isotope
acquisition by taxa identified in the genera Serendipita, Clavaria,
Pezoloma, Hyaloscypha and Mycena. These taxa all have complex
and poorly understood ecologies, and several are closely related
to decomposers or pathogens (Birkebak et al., 2013; Weiß et al.,

2016; Grelet et al., 2017; Nilsson et al., 2018; Fehrer et al.,
2019). We also expect that with more extensive documentation
of RAF at the thaw front, greater connectivity would be observed.
In this study we conducted limited sampling of roots above and
soil near the point of tracer application. As a consequence, it is
certain that many fungal species which took up tracer were not,
by chance, among the connector OTUs recovered in our soil
samples. Furthermore, fungi that were present at the thaw front
might have been connected to roots that were not immediately
above, and so were not included in our root samples. Despite
these factors expected to dilute any signal of tracer movement

(a)

(b)

Fig. 6 Putatively root-associated fungal taxa
with the highest connectivity between roots
and the thaw front by (a) tundra community
and (b) host plant species. The fungal
connectivity index is calculated from the
root-associated fungi connector community
(CONTF and CONR) by multiplying the
relative abundance of each operational
taxonomic unit (OTU) in a root sample by
the relative abundance of that OTU in the
soil thaw-front sample from that plot. ECM,
ectomycorrhizal; ERM, ericoid mycorrhizal;
DSE, dark septate endophytes; MUL,
multiple guilds; UNK, unassigned due to
unknown guild.
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through connector fungi, we did document significant correla-
tions between individual taxa and isotope recovery and a weaker
trend in which the plants with the greatest connectivity also
showed the greatest isotope recovery, implicating RAF in the
acquisition of thaw front N. Follow-up studies are necessary to
directly test causality of the fungal connector taxa in the provision
of deep N to plants. One approach might be to sever the fungal

connection below the maximum rooting depth of each plant
species and measure tracer recovery in plant tissues.

Role of connectors in N cycling

Uptake of permafrost-derived N by fungi could influence local N
cycling and ecosystem feedbacks to climate in two main ways.

(a)

(b)

Fig. 7 Correlations between environmental
factors and (a) root and (b) thaw-front root-
associated fungal connector communities
(CONTF and CONR). (a) Shows the first two
axes of the 3D NMDS of the root RAF
connector community (CONR, stress = 0.16,
nonmetric fit R2 = 0.97, linear fit R2 = 0.84).
The input matrix was 81 samples by 164
taxa. (b) Shows the two axes of the 2D
NMDS of the thaw front RAF connector
community (CONTF, stress = 0.21, nonmetric
fit R2 = 0.96, linear fit R2 = 0.83). The input
matrix was 69 samples by 164 taxa.
Environmental variables with a correlation P-
value < 0.05 were plotted on the NMDS
biplots. DIN, dissolved inorganic nitrogen (µg
NO3 + NH4/ode); bulk soil %N by mass, bulk
soil C : N; thaw depth (cm), maximum thaw
depth per plot.
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First, acquisition of newly thawed permafrost-derived N by
fungi, regardless of whether it is immediately transferred to
plants, would reduce the amount of N lost by hydrological flow
or transformations resulting in gaseous loss (Storer et al., 2018).
Second, the stimulation of both fungal and plant productivity
should sequester C (Clemmensen et al., 2006; Wallander, 2006)
and offset some C losses from permafrost soils as they warm.

Fungal biomass and extramatrical mycelium production
increases with warming and fertilization (Clemmensen et al.,
2006) and thus may provide a sink for permafrost-derived N.
Both ECM and ERM production dynamics are largely unknown,
particularly in tundra ecosystems or at depths deeper than 10 cm.
However, based on estimates of net primary production (NPP)
in tussock (430 g m�2 yr�1) and shrub (780 g m�2 yr�1) tundra
(Shaver, 2013) and estimates of extramatrical mycelium produc-
tion in relation to NPP (7.2% total NPP; Hobbie, 2006; Ekblad
et al., 2013), we would expect 30.96 g m�2 yr�1 in tussock to
56.16 g m�2 year�1 in shrub tundra in extramatrical mycelium
production. The N requirement of deciduous plant functional
types ranges from 0.60 (tussock) to 4.07 (shrub) and is
0.62 g Nm�2 yr�1 for evergreen shrubs (tussock) (Shaver &
Chapin, 1991). Fungal requirement ranges from 0.07 to
8.42 g Nm�2 yr�1 assuming the aforementioned production and
0.23–15%N in fungal biomass (Zhang & Elser, 2017). Fungal
N demand is rarely considered, but the range of N demand by
fungi overlaps substantially with the range of N demand for
plants.

The high sink strength of fungi for N could affect long-term
patterns of N cycling depending on the turnover of fungal
biomass. Although mycelial turnover is rapid in laboratory and
mesocosm studies (Bending & Read, 1995; Donnelly et al.,
2004; Smith & Read 2008), there are few estimates of fungal
biomass turnover in the field. One study estimated boreal forest
fungal biomass turnover rate at 0.1 yr�1 (Wallander et al., 2004;
Ekblad et al., 2013), which is similar or slower than root turnover
estimates (0.058–0.958 yr�1) for tundra and heath (Gill & Jack-
son, 2000) and suggests a mean residence time of 10 yr (Ekblad
et al., 2013). Fungal taxa and guilds also vary in turnover dynam-
ics. Long-distance rhizomorph-forming ECM taxa are associated
with rapid mobilization of N and low C sequestration in surface
soils, whereas ericoid dominance, with slow growing, slow
degrading, melanized hyphae, are associated with high C seques-
tration (Clemmensen et al., 2015). In our study, upwards of 75%
of the relative abundance of thaw-front fungi were ascomycetes
including over 300 helotialian OTUs, which may therefore repre-
sent a strong sink for permafrost-derived N with a relatively long
residence time.

Furthermore, taxon-specific physiological traits of RAF may
be an important modulator of plant acquisition of permafrost-
derived N. Although controls over N utilization, storage and
transfer to hosts by RAF are poorly understood, resource avail-
ability and demand are important factors (N€asholm et al., 2013).
With the progressive thaw of permafrost soils, N may be held in
mycobiont biomass and transferred to host plants over varying
timescales. In a companion study, we observed a lag in allocation
to foliar tissue by mycorrhizal compared to nonmycorrhizal host

plants (Hewitt et al., 2018). The ability of some fungal taxa to
persist beyond the end of the growing season (Tibbett & Cair-
ney, 2007) could result in fungal uptake of permafrost-derived
N late in the growing season when the active layer is deepest,
winter sequestration, and, for RAF, a lag in transfer to plant
parts until sink strength increases during the following growing
season.

The stimulation of plant productivity due to deep N uptake
has been demonstrated for deeply rooted nonmycorrhizal plants
(Keuper et al., 2017), but has yet to be shown for ERM and
ECM shrubs. Importantly, these are the plants most likely to
provide a C offset against permafrost C emissions as these ecosys-
tems warm due to their longer tissue residence times. Although
the drivers of competitive (fungal acquisition without deep N
transfer to plant hosts) vs facilitative (transfer of deep N to plant
hosts) interactions between tundra shrubs and mycobionts have
yet to be fully elucidated, our results demonstrate fungal uptake
of deep N and suggest that fungal allocation of permafrost nutri-
ents is critical to predicting the effects of deep N release on tun-
dra ecosystem N and C cycling.
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