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Soil warming (0—5.5°C above controls) effects on ectomycorrhizal growth, carbon sequestration and
community composition were examined in a Picea sitchensis forest spanning a geothermal gradient in
Iceland. Fungal communities were assayed with sand-filled ingrowth meshbags incubated in the soil for
5 months. Meshbags amended with compost made from maize leaves (a C4 plant enriched in '>C) were
incubated for 5 or 12 months and used to estimate C sequestration by the fungal community. Despite
increases in tree growth, moderate warming only slightly reduced or had no effect on mycelial growth
and had no effect on fungal carbon sequestration or overall ectomycorrhizal community composition.
Warming was associated with increased abundance of ascomycetes, particularly pyronemataceous
ectomycorrhizal fungi, and altered saprotrophic community composition. Increased nitrate availability
and root turnover may explain the lack of a positive ectomycorrhizal growth response to increased tree
growth and observed shifts in community composition with warming.

Soil warming

Picea sitchensis
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Wilcoxina
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1. Introduction

Global change has elevated temperatures by ~1.5°C (Moritz
et al,, 2002) in northern ecosystems and an additional 4—7 °C in-
crease is expected by 2100 (IPCC climate change 2007). These
temperature increases may have profound effects on plant pro-
ductivity and soil carbon cycling, and many warming experiments
have been performed to investigate these effects, which have in
turn been the subject of several meta-analyses (Rustad et al., 2001;
Wu et al,, 2011; Dieleman et al,, 2012). Soil respiration, net N
mineralization, and plant productivity have generally increased
and soil moisture decreased in response to warming. The balance
between carbon gain through plant growth and carbon loss
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through respiration will determine to what extent an ecosystem
will experience a net gain or loss of carbon. It is of utmost impor-
tance to understand the outcome of these opposing processes in
order to predict the effect of global change on carbon cycling,
especially in northern ecosystems (Davidson and Janssens, 2006).

Ectomycorrhizal fungi (EMF) dominate boreal, temperate, and
many arctic ecosystems, and these fungi are essential contributors
to nutrient and carbon cycling (Smith and Read, 2008). Up to 50% of
annual primary production can be allocated to EMF (Simard et al.
2002), and biomass production and turnover of EMF mycelia
represent a large influx to the soil carbon cycle. EMF necromass
turns over much more slowly than biomass (Schweigert et al., 2015;
Ekblad et al., 2016), and soil organic matter may to a large extent be
composed of fungal necromass (Langley and Hungate, 2003;
Godbold et al.,, 2006; Cairney, 2012; Clemmensen et al., 2013;
Ekblad et al., 2013).

In a recent meta-analysis, Mohan et al. (2014) investigated the
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effects of global change factors on mycorrhizal parameters and
found that 60% of the studies showed increased EMF abundance in
response to warming. These effects may be direct, through
enhanced metabolism of EMF (Staddon et al., 2002; Kivlin et al.,
2013), or indirect, through changes in plant performance
(Rygiewicz et al., 2000; Staddon et al., 2002). Elevated tempera-
tures may also enhance growth of EMF due to a longer growing
season (Majdi and Ohrvik, 2004; Leppilanni-Kuransuu et al., 2013),
or due to enhanced abundance of EM hosts, which in turn may
influence EMF abundance and growth in the soil (Clemmensen
et al., 2006). Negative effects of warming on EMF abundance have
also been found (17% of the studies in the meta-analysis performed
by Mohan et al., 2014). This could be an effect of reduced soil
moisture in response to warming. Interactive effects between soil
moisture and warming treatments on EMF growth have been
repeatedly observed (Lin et al., 2010; Geml et al., 2015; Peltoniemi
et al.,, 2015); Lin et al. (2010) observed that EMF growth in xeric
sites responded negatively to soil warming while EMF growth in
mesic sites responded positively.

In boreal and temperate forests EMF communities are species
rich, with over 50 species commonly reported (Wallander et al.,
2010; Pickles et al.,, 2012a) and over 100 taxa occasionally re-
ported from monodominant forest stands (Tedersoo et al., 2006;
Parrent and Vilgalys, 2007). The drivers maintaining this diversity
and the ecological niches of these taxa remain largely unknown,
but soil chemistry, depth, moisture and nutrient availability have all
been observed to influence EMF community composition (Bruns,
1995; Shi et al., 2002; Rosenstock et al., 2016; Pena et al., 2017).
Studies examining plant performance with different EMF symbi-
onts have revealed functional variation between EMF species in
regard to plant growth (Siemens and Zwiazek, 2008; Jones et al.,
2010), drought resistance (di Pietro et al., 2007), and recalcitrance
in soil (Fernandez and Koide, 2014; Fernandez et al., 2016). Soil
warming may also change the composition of the EMF community,
which in turn may influence carbon sequestration rates in the soil.
For instance, Deslippe at al. (2012) found greater abundance of EMF
species belonging to Cortinarius, with capacity to degrade organic
matter to obtain N, in response to warming of arctic soils.
Clemmensen et al. (2015) found that early successional stages of
coniferous forests in northern Sweden were dominated by long-
distance EMF exploration types with a high capability to degrade
organic matter to obtain N, while later successional forests were
dominated by melanin-rich EMF and ericoid mycorrhizal fungi,
potentially contributing to higher rates of carbon accumulation.

The predicted temperature increases in high latitude forest
ecosystems dominated by ectomycorrhizal trees, the functional
diversity of EMF communities, and the importance of EMF for
ecosystem carbon sequestration, highlight the need for a better
understanding of EMF responses to elevated temperatures, in terms
of both growth and community composition, in order to predict
how global change will affect carbon cycling in soils (Pickles et al.,
2012b; Kivlin et al., 2013).

Studies of warming effects on EMF to date have suffered from
methodological drawbacks that have limited their utility for pre-
dicting the effects of climate change on EMF. The majority of
existing research on warming effects on soil fungi arise from open
top chamber warming experiments. These treatments tend to
achieve a relatively moderate level of warming (<2 °C), and have
been associated with treatment artifact effects such as reduced
wind or light, altered soil moisture, limited soil heating and altered
temperature extremes (Marion et al., 1997; Sharkhuu et al., 2013).
Many of the remaining studies utilize resistance cables buried in
the soil to achieve 0 — 5°C warming of the soil. This approach
carries the drawback of the disturbance associated with burying
the cables, though this can be controlled for. Both of these warming

treatments are generally conducted with a single warming treat-
ment, and may thus have less explanatory power than a warming
gradient. Geothermally active areas offer long-lasting, continuous
and often wide soil temperature gradients with the potential to
overcome these drawbacks (Sigurdsson et al., 2016).

In the present study, a planted Picea sitchensis forest stand in a
geothermally warmed area in Iceland was used to study effects of
elevated soil temperatures on EMF growth and community
composition, as well as EMF induced carbon sequestration using
ingrowth meshbags according to the method described in
Wallander et al. (2011). The gradient covered temperatures from
ambient to 50 °C above ambient but most of our measurements
were performed between ambient and 6 °C above ambient since
trees died at higher temperatures. The presence of the thermal
gradient had been evident for 5y when the study was done. We
expected optimal growth of EMF at intermediate elevated tem-
peratures, and we expected the EMF community to shift in
response to warming. Furthermore, we expected EMF induced
carbon sequestration to increase in response to abundance of
melanin-rich species, and to decline in response to abundance of
EMF species with a documented capacity to decompose organic
matter.

2. Material and methods
2.1. Study sites

This study was conducted at the ForHot research site, which is
located in the Hengill geothermal area, 40 km east of Reykjavik,
Iceland (64°00'01” N, 21°11'09” W; 75—116 m a.s.l.). The average
temperature between 2004 and 2014 in the nearby village Eyr-
arbakki was 5.2°C, and average daily minimum and maximum
temperatures were 2.2 and 8.6 °C. The average yearly precipitation
during the same period was 1431 mm (Icelandic Meteorological
Office). The ForHot forest research site was planted with P. sitchensis
in 1966—1967, and the dominant trees had reached a height of
9.9m in 2011. The plantation is dense and almost no vegetation is
present in the field layer.

The plantation area has been warmed since May 2008, when an
earthquake shifted a geothermal system under previously un-
warmed soils. The soil warming was caused by heat conduction
from the underlying bedrock that is warmed from below by hot
groundwater. The soil warming increment was relatively constant
throughout the year and extreme deviations were exceptional
(Sigurdsson et al., 2016). No signs of soil contamination by
geothermal byproducts were found and no significant changes in
pH or soil moisture occurred along the warming gradients
(Sigurdsson et al., 2016). The underlying soil is a Silandic Andosol.
More background data of the site is available in Sigurdsson et al.
(2016).

Four transects were established in the forest in 2010. Ten 1 x 1
m? plots were established along each of the transects to cover
temperatures ranging from ambient to around 50 °C above ambient
(Fig. 1). All trees died in the two plots with the highest tempera-
tures (9—50°C above ambient) within each transect, but no mor-
tality was observed in the first 8 plots, which covered a
temperature range from ambient to around 5.5 °C above ambient.
Soil temperature was recorded with a temperature probe at 5cm
depth in October 2012 when the meshbags incubated for 5 months
were collected.

2.2. Experimental design

Two types of fungal ingrowth meshbags were installed in the
plots along the transects in May 2012. The bags were triangular
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Fig. 1. Map of the 4 transects (I-IV) and study plots with contour lines denoting de-
grees of soil warming at 10 cm depth in autumn 2011 in the ForHot forest site.

with 8 cm side, made of nylon mesh and constructed according to
Wallander et al. (2001). One type of bag was filled with 30 g quartz
sand, 0.36—2.0 mm particle size, 99.6% SiO, (Ahlsell AB, Sweden)
heated to a temperature of 600 °C overnight to remove all organic
carbon and after that acid-washed (HCl 1M) and rinsed several
times in tap water. The other type of bags were filled with the same
sand mixed with 2% (dwt) maize compost. The maize compost was
produced by cutting maize leaves into small pieces and composting
them in an isolated plastic compost bin for 12 months. The compost
was then maintained at +4 °C. Fresh compost was forced through a
2 mm mesh and then mixed with dry sand to make a uniform
mixture. The sand—maize mixture had a carbon content of 1.0%.

One sand-only and two maize-amended meshbags were buried
at the interface between the organic and mineral layer in each of
the 10 plots along the four transects in May 2012. At this time, a
subset of bags was frozen, for analysis at the end of the experiment,
to represent the starting concentrations of ergosterol, carbon, 13C
and "°N. The sand only bags and one of the maize-amended bags in
each plot were harvested in October 2012 after 5 months of incu-
bation. The other maize-amended bag was harvested in May 2013
after 12 months of incubation. All meshbags were visually inspec-
ted at harvest and fungal colonization was estimated according to a
six grade scale (Wallander et al., 2001). The contents of the sand-
only meshbags were freeze-dried, homogenized, split into two
parts, and half of the material was used to estimate fungal biomass
(ergosterol) and the other half for estimating the fungal community
composition. The content of the maize-amended meshbags was
freeze-dried and then milled in a ball mill and used for carbon and
nitrogen content and isotopic measurements. Fungal biomass
(ergosterol) was also measured from subsamples from the maize-
amended bags from the first harvest (5 months).

2.3. Ergosterol analysis

Freeze-dried samples from the meshbags were analyzed for
ergosterol content to provide an estimate of the EMF biomass
(Wallander and Nylund, 1992). A sample of 5 g sand or sand—maize
mixture was extracted with 5ml 10% KOH in methanol. The sam-
ples were sonicated for 15 min, extracted overnight and then
refluxed at 70°C for 90 min. After cooling, 1mIH,0 and 2 ml
cyclohexane were added. The samples were mixed in a vortex
apparatus for 20s, centrifuged for 5 minat 900g, and the cyclo-
hexane phase was then transferred to another test-tube. The
methanol was extracted with a further 1.5 ml cyclohexane. The
cyclohexane was evaporated under N, and the samples were dis-
solved in 1 ml of methanol. Prior to the quantification of ergosterol,

the samples were filtered through a 0.5 um Teflon syringe filter
(Millex LCR-4, Millipore, Milford, MA, USA). A subsample of 50 ul
extract was injected into a chromatographic system consisting of a
high-performance liquid chromatograph (Hitachi model L2130), a
UV detector (Hitachi model L2400) and a C18 reversed-phase col-
umn (Elite LaChrome) preceded by a C18 reversed-phase guard
column (Elite LaChrome). Extracts were eluted with methanol at a
flow rate of 1mlimin ', and the absorbance was measured at
282 nm.

2.4. DNA extraction, PCR and 454 sequencing

DNA was extracted from 32 homogenized samples (representing
the first 8 temperature points, 0—5.5°C warming, across the 4
transects) by adding CTAB-SDS buffer (2% cetrimonium bromide, 2%
sodium dodecyl sulfate, 2 mM EDTA, 150 mM Tris-HCl, pH 8), vor-
texing, and then incubating at 65 °C for 1.5 h, followed by chloro-
form addition, vortexing, supernatant removal, and isopropanol/
ethanol precipitation. The pellet was resuspended in 50 pl of
MilliQ-water (Millipore) and further cleaned using Wizard DNA
Clean-Up kit (Promega, Madison, WI). PCR amplification of the ri-
bosomal ITS DNA was carried out for each sample in 3 triplicate
25 pl reactions using the fungal-specific primers ITS1F (Gardes and
Bruns, 1993) and ITS4 (White et al., 1990). Each primer was elon-
gated with adaptors required for 454 pyrosequencing (ITS1F-B
adaptor and ITS4-A adaptor). The ITS4-A primer contained a sample
specific tag consisting of 8 bases (5'-CCATCTCATCCCTGCGTGTCTCC
GACTCAGXXXXXXXXTCCTCCGCTTATTGATATGC-3'), which the ITS1
F-B adaptor lacked (5'-CCTATCCCCTGTGTGCCTTGGCAGTCTCAGCTT
GGTCATTTAGAGGAAGTAA-3’). PCR products were purified with
Agencourt AMPure kit (Agencourt Bioscence Corporation, Beverly,
MA, USA) to remove residual salts, primers and primer dimers. The
concentration of the purified PCR products was measured with the
PicoGreen ds DNA Quantification Kit (Molecular Probes, Eugene,
OR, USA) on a FLUOstar OPTIMA (BMG LABTECH Gmbh, Ortenberg,
Germany). Equal amounts of DNA from each sample were pooled
into one single pool and submitted for 454 pyrosequencing.
Sequencing (starting from the ITS4 fragment end) was performed
on a FLX 454 (Roche Applied Biosystems) using the Lib-L chemistry
at the Pyrosequencing facility at Lund University, Lund, Sweden.
The 32 samples from the sand-only meshbags comprised half of the
pool submitted for sequencing on ' of a 454 sequencing plate.

2.5. Bioinformatic analysis

All bioinformatic analyses were performed using the software
Mothur v1.33 (Schloss et al., 2009) and default parameters, unless
otherwise stated. Sequence filtering was performed with the
trim.seqs algorithm; sequences without template primers (allow-
ing two mismatches) or MID sample barcodes (allowing one
mismatch) were removed. After template primers were removed,
sequences less than 175 bp long were excluded. Sequences were
then trimmed to include only the ITS2 region with ITSx (Bengtsson-
Palme et al.,, 2013), using the additional chimera removal tool. Se-
quences were clustered using the unsupervised Bayesian clustering
algorithm Clustering 16S rRNA for Operational Taxonomic Unit
(OTU) Prediction (CROP), with a similarity cutoff of 97% (Hao et al.,
2011). Clusters containing less than 3 reads or only found in one
meshbag sample (one PCR reaction) were removed. Search for
sequence identities were performed by iteratively BLASTing against
3 different sequence databases: first the UNITE (Koljalg et al., 2005;
http://unite.ut.ee/index.php) reference sequence database (5925
seqs, release date 2015-08-01); second the UNITE representative
sequence database (16,849 segs, release date 2015-08-01); third
the full UNITE + INSD sequence database (476,000 seqs, release
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date 2015-08-01). Query sequences failing to match a sequence
from the database were then queried against the next database, and
sequences were assigned to operation taxonomic units (OTUs)
when there was at least 97% similarity between query sequence
and top hit, given at least 90% coverage of the query sequence
length. All sequence data has been archived at the national Center
for Biotechnology Information Sequence Read Archive under the
Bioproject accession SUB3256455. Using names and taxonomy
associated with the OTUs, the total fungal community was divided
by function (ectomycorrhizal fungi, saprotrophic fungi, and ericoid/
unknown ecology fungi) based on the most current knowledge of
the ecology of known close relatives (genera or species) according
to Tedersoo et al. (2010). After filtering, each sample was rarified to
the median number of reads (800) using the “rrarefy” function in
the VEGAN package (Oksanen et al., 2013) in R (R Core Team, 2013).
For community comparison (all fungi, ectomycorrhizal fungi, or
saprotrophic fungi) sequence read abundances were converted to
fractional abundance, such that the read abundances for all OTUs
for each sample totalled to 1.

2.6. Isotopic analysis and calculations

The freeze-dried, milled material from the bags containing
maize compost was analyzed to determine natural abundance of
carbon and nitrogen isotopes (8'3C, 5!°N), and the amount of car-
bon and nitrogen. Carbon and nitrogen content (%) was assessed by
flash-combustion in a Flash 2000 elemental analyzer, and the iso-
topic ratios determined using a DELTA V Plus isotope-ratio mass
spectrometer (IRMS) connected. The results are expressed as de-
viations relative to the respective international standards (Vienna
Pee Dee Belemnite, V-PDB) and atmospheric N,, where:

313C or 3'°N = [(Rsample-Rstandard)/Rstandard] x 1000(%)

and R is the molar ratio of C/12C or N/'*N. The standard devia-
tion of ten replicate samples was 0.07%o for 3'>C and 0.16% for 3'°N.

The proportion of C4 carbon was calculated using a two-
component mixing model, and the proportion of new carbon was
calculated as 1- C4 carbon.

013Csample — 613CNewcarbon
013CC4 — 613CNewcarbon

The value used for 813CC4 was either —13.4%o (original maize
compost) or the values from the meshbags collected from the
hottest plots (plot 9—10) where the trees were dead and no EMF
was produced. These values were —13.8%0 after 5 months
and —14.2%o after 12 months of incubation. Using these values, we
may exclude import due to saprotrophic fungi and dissolved
organic matter in our estimates of carbon sequestration by EMF.
The value used for 3'>*CNew carbon was —26.8%0 and was based on

C4carbon =

extracted mycelia from meshbags with sand from a study of
Swedish Norway spruce forests (—26.8%o + 0.06, mean + SE, n = 3;
Wallander et al., 2011).

2.7. Statistical analysis

All statistical analyses were performed using the VEGAN pack-
age (Oksanen et al, 2013) in R (R Core Team, 2013). One-way
ANOVAs were performed to examine the effect of warming on
fungal growth and carbon and nitrogen content and isotopic sig-
natures in meshbags, as well as the relationship between warming
and the abundance of fungal functional groups and the most
abundant fungal taxa. Fungal communities were visualized with
ordination using non-parametric multidimensional scaling (NMDS)
using the metaMDS function. All ordinations were conducted in 2
dimensions. Relationships between community composition and
either transect or soil warming were examined for significance
with permutational multivariate analysis of variance (PERMA-
NOVA; Anderson, 2001; calculated using the VEGDIST function
with Bray-Curtis dissimilarity). PERMANOVA analyses were con-
ducted for the total community (all fungal OTUs), as well as the
ectomycorrhizal and saprotrophic communities, separately. For all
statistical tests, degrees warmed (plot soil temp — control plot
temperature measured when harvesting the 5 month incubation;
October 2012) was used as the temperature data; for graphical
depictions of fungal community effects across the warming
gradient relative abundances were averaged across the four sub-
plots of a point along the transects and displayed with the average
temperature for those 4 plots (n=4, for each level of warming
treatment).

3. Results

The temperatures in the first 8 plots along the gradients varied
between 0 and 5.5 °C above unwarmed controls (Table 1). In the
two last plots, temperatures increased much more to between 9 °C
and 53°C above ambient and in these plots the trees died. Six
maize-amended meshbags but no sand only meshbags were
retrieved from the plots with the two highest temperatures. All
bags were retrieved from plots 1-8.

3.1. Effects of temperature on fungal growth

After 5 months of incubation in the soil at up to 5.5 °C warming,
there was no relationship between ergosterol content of sand only
meshbags and degrees warmed (Fig. 2), but ergosterol content of
maize-amended meshbags exhibited a decreasing trend with
increasing temperature at p<0.06 (F=3.95; Fig. 3). Ergosterol
concentrations increased from on average 1.0 + 0.2 ug g~ ! in maize-
amended meshbags not incubated in the soil to on average

Table 1

Measured temperatures at 5 cm soil depth across the four transects spanning the warming gradient used in this study.
Plot position along warming gradient® Temperature Range (above background) Mean Temp. (above background) St. Err.
1 0.05—0.96 0.45 0.19
2 -0.19-2.02 1.04 0.48
3 1.74-2.26 1.88 0.12
4 2.36-2.5 2.40 0.05
5 2.44-3.14 2.89 0.16
6 3.12—4.08 3.70 0.20
7 3.68—3.96 3.82 0.06
8 4.6—5.54 5.02 0.20
9 9.3-213 17.49 2.78
10 34.14-52.94 42.37 4.06

@ Each mean and standard error correspond to 4 subplots. Only positions 1—8 were used for fungal community composition.
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Fig. 3. Fungal biomass (ergosterol) vs. degrees warmed (above background controls) in
the maize-amended meshbags after 5 months of incubation in the soil. Each point
represents the erogosterol content of one meshbag, and the X-axis corresponds to the
degrees of soil warming of that plot. Inset depicts the effect of elevated temperature up
to 5.5 °C above ambient.

2.0+ 0.1 pg g~ L. Values in maize-amended meshbags were consid-
erably higher than values from sand only meshbags
(0.24 +0.04 ng g~ 1). Where warming was greater than 5.5 °C (plot
9—10) ergosterol content in the maize-amended meshbags
declined with temperature and values were lower than in the
original maize-amended meshbags before incubation (Fig. 3). Vi-
sual assessment of hyphal density in the sand only meshbags and
maize-amended meshbags (up to 5.5°C above ambient) after 5
months indicated no difference in hyphal abundance along the
temperature gradient, but visual hyphal biomass scores in the
maize-amended meshbags incubated for 12 months exhibited a
significant negative relationship to degrees warmed (p <0.003,
F=11.03). Visually assessed hyphal biomass (averaged across all
temperatures) from the maize-amended meshbags did not change
significantly between 5 (4.0 + 0.14) and 12 months (3.9 + 0.13) of
incubation, but was significantly higher (t =2.52, p <0.015) than
visually assessed hyphal density in the sand only meshbags
(3.4+0.14).

3.2. Effects of temperature on composition of the fungal community

Following quality filtering and clustering there were 29,555
sequence reads. Following rarefaction to 800 sequence reads per
sample there were 22,404 sequence reads belonging to 114 OTUs;
20, 81, and 13 of ectomycorrhizal, saprotrophic, and ericoid/un-
known trophic mode, respectively. 11 of the 13 OTUs of ericoid/
unknown trophic mode were Helotiales, and two were Oidioden-
dron. Sand only meshbags were mainly colonized by ectomycor-
rhizal fungi, which contributed 44—97% of the sequences from each
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sequence reads in the sand-filled meshbags along the temperature gradient. Each point
represents the mean of four meshbags from each of the four transects, and tempera-
ture values along the X-axis represent the increase of mean measured soil temperature
across the four subplots compared to background control.
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Fig. 5. Proportion of ectomycorrhizal sequence reads belonging to either ascomycetes
or basidiomycetes.

meshbag. Across all 32 sand only meshbags, an average of 76% of
sequence reads were of known EMF origin, 22% from saprotrophic
fungi, and 2.1% from ericoid fungi or fungi of unknown trophic
mode (Fig. 4). Amongst the ectomycorrhizal fungi, 12% of sequence
reads were from ascomycetes and 88% were from basidiomycetes.
The relative abundance of ectomycorrhizal, saprotrophic, and
ericoid/unknown fungal sequences was not affected by warming,
though the abundance of ascomycetes increased at p<0.064
(F=3.72), and the abundance of basidiomycetes decreased at
p <0.057 (F=3.93). Warming was also associated with a significant
increase in the ascomycetous fraction of ectomycorrhizal sequence
reads (mean 12%; range 2—30%; p<0.01, F=9.03) and corre-
sponding decrease in the basidiomycetous fraction (p<0.01,
F=09.03; Fig. 5).

Elevated temperatures did not significantly influence the
composition of either the total fungal community nor the EMF
community (Fig. 6A), while the saprotrophic fungal community in
meshbags was significantly affected by soil warming (Fig. GB;
R%=0.062, p < 0.02). Neither the total fungal community, nor that
of saprotrophic or ectomycorrhizal fungi were significantly asso-
ciated with soil transect. By far the most abundant fungal taxa was
the ectomycorrhizal fungus Amphinema; 43% of all sequence reads
belonged to Amphinema byssoides and 56% to Amphinema sp.
Neither Amphinema sp. nor A. byssoides abundance was affected by
warming. Amongst the 24 fungal taxa that each constituted more
than 0.5% of all sequence reads (and constituted in total 89% of all
sequence reads), ectomycorrhizal Wilcoxina rehmii (p < 0.042,
F=4.55) and the saprotrophic Thysanophora penicillioides
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Fig. 6. Effect of temperature on the (A) ectomycorrhizal community (~76% of all
sequence reads; stress=0.08) and (B) saprotrophic fungal community (~22% of all
sequence reads; stress = 0.12).

(p<0.035, F=4.93) were positively associated with soil warming,
and the saprotrophic Dothideomycetes sp. 1 was negatively associ-
ated with soil warming (p < 0.045, F =4.43; Fig. 7). The combined
abundance of the two Wilcoxina OTUs and the closely related Tri-
chophaea hybrida increased significantly in response to warming,
both as a fraction of the total fungal community (p < 0.019, F=6.2)
and as a fraction of the ectomycorrhizal abundance (p <0.016,
F=6.6).

3.3. Fungal carbon sequestration

Neither the carbon and nitrogen content nor the 3'3C or 5N of
the maize-amended bags were significantly associated with soil
warming in either the 5 months or the 12 months incubations up to
5.5°C above ambient. The carbon content of maize-amended
meshbags was not significantly different from the amount pre-
sent before incubation in the soil and did not change significantly
from the 5 months incubation to the 12 months incubation. The
carbon isotopic composition, on the other hand, decreased signif-
icantly between the 5 months incubation and the 12 months in-
cubation (p < 0.002, F = 11.28); 3'3C of the carbon in the maize bags
decreased from —13.4+0.08 before incubation, to —14.2 +0.05
after 5 months and —14.7 + 0.1 after 12 months (Fig. 8). However,
carbon isotopic composition also changed in the two last positions

along each transects with the highest temperatures (9 °C to 50 °C
above ambient) where no EMF growth was observed. Values on
average were —13.8+0.2at the first harvest (5 months)
and —14.2 + 0.1 at the second harvest (12 months) in these plots.
The proportion of new carbon (originating from EMF) in the
meshbags at harvest was estimated for the temperature range
0—5.5°C above ambient using the mixing model described above.
Two values were used for 8'3C-C4 in the model: (1) the 3'3C
composition of the original maize compost assuming that all car-
bon that has entered the meshbags after incubation originates from
EMF fungi; (2) the average 3'>C composition of the meshbags in the
two hottest plots where the trees were dead and no EMF carbon
was produced. The change in 3C composition of these bags could
be an effect of dissolved organic matter entering the bag, or colo-
nization by saprotrophic fungi that bring in carbon from outside.
Over the first 5.5 °C of warming no effect of warming on ectomy-
corhhizal carbon inputs into meshbags was found. On average
0.42 + 0.04 mg C per gram meshbag contents (sand + compost) was
of EMF origin after 5 months, and 0.7 + 1 mg C per gram sand +
compost after 12 months of incubation using —13.4 (the original
maize compost) as the 3'3C-C4. If we scale up the C sequestration in
the meshbags and assume that the production in the meshbags
resembles the mycelial production in the uppermost 10 cm of the
soil, an average production of 650 +60 kg C per hectare of EMF
origin was estimated at the first harvest (5 months), and
1030+ 170kg C ha~! was estimated at the second harvest (12
months). If we instead use the values from the most heated plots as
the 3'3C-C4 the corresponding values were 360 + 50 kg C ha™! after
5 months and 560 + 170 kg Cha! after 12 months. The proportion
of carbon in the maize-amended bags originating from EMF
increased significantly during the incubation period from 6.0% after
5 months incubation to 8.2% after 12 months of incubation
(F=4.63, p<0.036) based on changes in the carbon isotopic
composition.

4. Discussion
4.1. Spruce responses

Measurements performed in 2013 (1 y after our study, assessing
growth from 2012 to 2013) indicate significantly greater stem
growth of dominant Sitka spruce trees with warming up to 2.7 °C
(average across 12 plots and 4 transects; average warming of 1,1.9,
and 2.7 °C) and significantly reduced stem growth with warming at
5.8°C (average across 4 plots and 4 transects; no plots were
sampled between 2.7 and 5.8 °C warming; Sigurdsson et al., 2014;
Sigurdsson et al., 2016). Measurements of stand basal area incre-
ment from 2013 to 2016 observed increased growth at 1 and 1.9 °C
warming but moderately reduced growth at 2.7°C and severely
reduced growth at 5.8 °C warming (unpublished data). At the time
of our sampling there was no observable increase in mortality
across the warming gradient, but in 2017 (5 years later), there was
moderately increased stem mortality at 2.7 °C warming (~20% of
basal area) and significantly increased mortality (~50% of basal
area) at 5.8 °C warming (unpublished data); at 17.5 °C warming, all
trees had died (no plots were sampled between 5.8 and 17.5°C
warming).

4.2. Ectomycorrhizal growth

In contrast to what we expected, we did not observe any
warming-associated increase in EMF mycelial growth up to 5.5°C
warming; we observed some indication of a decreasing trend,
particularly above 4°C warming. EMF production was sharply
reduced at greater than 9 °C warming, where we observed 100%
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stem mortality at the time of sampling.
Multiple studies have noted increased EMF abundance with
warming when increases in above or belowground tree growth

“*in

were also observed (Jarvis and Linder, 2000; Stromgren and Linder,
2002; Clemmensen et al., 2006; Leppalammi-Kujansuu et al., 2013;
Yin et al.,, 2013; Qiao et al., 2016). However, the responses of EMF
biomass and growth to warming do not always follow changes in
plant performance; Li et al. (2015) found reduced EMF colonization
and fungal biomass in Picea asperata stands after soil warming with
open top chambers, despite elevated fine root biomass and
aboveground plant growth, and Deslippe et al. (2011) found no
increase in root biomass or ectomycorrhizal colonization despite a
55% increase in aboveground Betula nana biomass in a closed-top-
chamber experiment, which is a similar response as was found in
our study. Our results indicate that increases in aboveground
growth may not be paired with increases in belowground carbon
flows to EMEFE. If warming has increased nutrient availability, this
might explain increased aboveground growth and a slight decrease
in belowground allocation. Indeed, while nitrogen availability
measurements, made at our study sites with PRS probes in summer
(2013), indicated no increase in solution NH4 across 5.8°C of
warming, they also indicated a moderate, but not significant, in-
crease in NO3 availability at 1.1 °C and 1.9 °C warming, a doubling of
NO3 availability at 2.7 °C and a tremendous increase in NO3 (80-
fold) at 5.8 °C warming (Sigurdsson et al., 2014).

In addition to changes in plant productivity and belowground
carbon allocation, EMF may be affected by warming via effects on
soil moisture, which is often reduced after warming treatments
(Hyvonen et al., 2007). The possibly confounding effect of drying
was likely not relevant in our study since the geothermal warming
of the soil did not influence soil moisture (Sigurdsson et al., 2016).
The high (>1400 mm) annual rainfall, as well as its relatively even
annual distribution, may have prevented the soil moisture effects
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commonly observed with soil warming treatments.
4.3. Fungal community composition

In contrast to our expectations, we did not detect a significant
influence of soil warming on total fungal community composition
or EMF community composition in the meshbags. We did, however,
observe a significant influence of soil warming on saprotrophic
fungal community composition and increased abundance of asco-
mycetous EMF and total ascomycete abundance with soil warming.
The relative abundance of ascomycete EMF increased from an
average of ~3% of total EMF abundance below 2 °C warming to an
average of ~20% above 3.5 °C warming; the only single EMF OTU
that responded significantly to warming was the ascomycete
Wilcoxina rehmii, which responded positively to warming, and the
total abundance of the two Wilcoxina OTUs and Trichophaea hybrida
increased significantly in response to warming. These shifts all
exhibited a distinct beginning above 2.5 °C warming in our study,
the point above which recent (2017, 5y after the current study)
surveys along this gradient have observed increased tree mortality.

As with ectomycorrhizal abundance, whether warming has a
significant effect on fungal community composition varies between
studies, but effects are commonly linked to moisture responses.
Deslippe et al. (2011) found that warming had a significant effect on
the fungal community on B. nana roots, while Fujimura et al. (2008)
found no warming effect on Salix roots. Both Allison and Treseder
(2008) and Treseder et al. (2016) found significant effects on the
soil EMF community in an Alaskan closed-top-chamber study, in
both of which warming also caused a significant decrease in soil
moisture. Geml et al. (2015), who found a significant effect of
warming on soil fungal communities, and Peltoniemi et al. (2015),
who did not, both found significant interactive effects between
warming and soil moisture on fungal community composition.
Reported phylogenetic responses to warming have also varied.
While Deslippe et al. (2011) observed increased abundance of
Cortinariaceae species and decreased abundance of Russulaceae
species in response to warming, Deslippe et al. (2012) found
warming increased the abundance of Russulales and Helotiales.
Geml et al. (2015) noted increases in ericoid mycorrhizal fungi,
ascomycete EMF and soil zygomycetes in response to warming and
a decrease in the relative dominance of basidiomycete EMF. Allison
and Treseder (2008) observed an increase in relative abundance of
ascomycetes, and Treseder et al. (2016) observed that warming
increased the relative dominance of saprotrophic filamentous fungi
and ectomycorrhizal fungi, but decreased the abundance of basi-
domycete yeasts. Treseder et al. (2016) also observed a significant
increase in pezizalean fungi after warming, but Wilcoxina and Tri-
chophaea were not amongst the taxa. Among these varied re-
sponses an increase in the abundance of ascomycetes and
ascomycetous EMF has been observed in multiple studies, as it was
in ours.

Pezizalean OTUs from the pyronemataceous genera Wilcoxina
and Trichophaea constituted 75% of all ascomycetous ectomycor-
rhizal sequences in our study and accounted for all of the warming
increase in ascomycetous EMF. SSU-based alignments have placed
T. hybrida and Wilcoxina as sister genera on a single branch of
phylogenetic trees (Landvik et al., 1997; Fujimura et al., 2005) and
both Wilcoxina OTUs (W. rehmi and W. sp. 1) and both Trichophaea
OTUs (T. hybrida var A. and T. hybrida var B.) exhibited, individually,
increasing abundance with soil warming, particularly above 2.5 °C.
Wilcoxina EMF have a global distribution and form ectomycorrhizal
associations with many plant species, including both gymnosperms
and angiosperms, and commonly form ectendomycorrhizas with
Larix and Pinus hosts (Yu et al., 2001), which may indicate an
elevated potential for necrotrophy. Their prevalence on nursery

grown seedlings and dominance in early colonization of seedlings
after fire or clear cut logging (Jones et al., 2010) has been suggested
to arise from a potentially high ability for facultative saprotrophy
(Yu et al.,, 2001). Studies comparing the benefits of mycorrhizal
association between different EMF (basidiomycetes and ascomy-
cetes and non-mycorrhizal) have found Wilcoxina taxa to rank high
in terms of seedling biomass (Siemens and Zwiazek, 2008) and
nitrogen uptake (Jones et al., 2009). Warmer soil temperatures may
directly favor the growth of Wilcoxina and Trichophaea. Indeed,
Wilcoxina is commonly identified after fire (Fujimura et al., 2005;
Jones et al., 2010), and Simonovicova et al. (2014) found Trichophaea
abundans to be heat tolerant. It is also possible that above 2.5 °C
there was higher root turnover or mortality or reduced root fitness,
which is partly supported by observations of elevated tree mor-
tality 5y later, and the increased relative abundance of Wilcoxina
and Trichophaea may thus be a reflection of their facultative
necrotrophy on dead fine roots. Alternatively, increased abundance
of Wilcoxina, Trichophaea, and other ascomycetous EMF in com-
parison to basidiomycetes may result from lower belowground
carbon allocation by host plants and more aggressive colonization
potential or higher saprotrophic abilities of these EMF. Further
work examining fine root density and turnover responses to
warming may help illuminate what is driving the increased relative
abundance of Wilcoxina and Trichophaea. In addition, given that
multiple studies have observed increases in ascomycetous EMF
with warming, a deeper understanding of the ecological niches of
these distinct lineages of EMF is called for. If ascomycotan and
basidiomycotan EMF have significantly different mutualistic abili-
ties then such a species shift may have important repercussions for
forest productivity, and if ascomycotan and basidiomycotan fungal
necromass vary in their recalcitrance the increases in ascomycete
abundance we observed could have a significant impact on soil
carbon sequestration.

We observed a significant shift in saprotrophic community
composition with soil warming, and two ascomycete taxa exhibited
a significant response to warming. Thysanophora penicillioides is a
widely distributed, common, necrotrophic saprotroph found to
grow internally in needles from a range of gymnosperms shortly
after litterfall and sporulate through the stomata (Kendrick, 1961;
van Maanen and Gourbiere, 1997). The increased abundance of
Th. penicillioides may indicate a competitive advantage over other
saprotrophic fungi with warming or an increase in needle litter fall.
Despite its reported obligate necrotrophy on fresh litter material on
the soil surface, its abundance in the buried sand only meshbags
(1% of fungal reads, 4.6% of saprotrophic fungal reads) is not un-
usual; it has been found in simliar buried sand only ingrowth
meshbags in coniferous forests of the Czech Republic (Rosenstock
et al., 2016) and Sweden (Nicolas et al.,, 2017) and beech forests in
Switzerland (de Witte et al., 2017). It is possible some portion of the
sequence reads derive from downward percolation of spores into
the meshbags. Sequences from the Dothideomycetes sp. 1 OTU did
not form a close match with anything other than unidentified
environmental sequences from studies of Swedish boreal forest
roots and soil; but comprised a major portion of the saprotrophic
fungal reads (2.7% of fungal reads, 12% of saprotrophic fungal reads)
and was negatively associated with soil warming.

4.4. Warming effects on fungal contribution to soil carbon
sequestration

We endeavored to determine whether warming altered the
fungal contribution to soil carbon cycling. We did not find a
warming effect on the 3'3C, 3"°N, or % carbon of the maize-
amended meshbags in either the 5 or 12 month incubations,
though we observed a significant decrease in both 8'°N and §'3C
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between the 5 and 12 month incubations and a progressive build
up of ectomycorrhizal derived carbon. The mycelial biomass and
necromass accumulation estimates derived from our results (300
and 500 kg C of EMF origin ha~' depending on what values are used
as 013C-C4 in the mixing model, see above) after 5 months are
similar to values found in studies from southern and central Swe-
den (100—600 kg Cha~'!, Wallander et al., 2011). EMF biomass can
turnover 10 times a year (Ekblad et al., 2016; Hendricks et al., 2016),
and decomposition of dead EMF mycelia is usually very slow
(Schweigert et al., 2015; Ekblad et al., 2016), which indicates a large
contribution to soil organic matter accumulation, though our re-
sults do not indicate that this contribution is likely to change with
warming. We did not see a significant increase or decrease in EMF
taxa identified with high ability to degrade recalcitrant organic
matter or with high melanin content. The shifts in saprotrophic
community composition we observed appear to be a direct
response to warming, but we are limited in our ability to draw
conclusions about the functional significance of the observed
community compositional shifts. Spectroscopic examination of the
soil carbon may illuminate what, if any, functional significance the
observed shifts in fungal community composition may have for soil
carbon cycling, and substrate addition and labeling approaches like
that employed by Treseder et al. (2016), should shed further light
on the phylogenetic associations between fungal community
composition and changes in soil carbon cycling.

4.5. Relevance to other systems

Avoiding the aforementioned treatment artifacts that afflict
many warming studies and consisting of a gradual warming
gradient over tens of meters, the ForHot site utilized in this study
represents an ideal system in many respects for studying the effects
of a gradually warming climate. The lack of a warming X soil
moisture interaction allows the examination of warming alone, but
may also limit the relevance of these results to drier ecosystems
where warming may be associated with more significant moisture
deficits to ecosystem productivity (Luo, 2007). The forest utilized in
this study is a Sitka spruce plantation on an island with little
remaining naturally occurring forest. The lack of nearby forest, the
non-native host trees, and the recent lack of forest on Iceland
appear to have contributed to a species poor inoculum for the
ectomycorrhizal obligate Sitka spruce, as 20 ectomycorrhial OTUs is
considerably lower diversity than has been reported in other
meshbags studies conducted in Norway spruce forests using such
deep sequencing methods (Rosenstock et al., 2016; Nicolas et al.,
2017; Almeida et al.,, 2018). It is possible that a more diverse EMF
community might have been more sensitive to soil warming.
However, as noted above, total mycelial growth was similar to that
observed in other fast-growing northern spruce forests (Ekblad
et al,, 2013).

The use of ingrowth meshbags to sample EMF community
composition may also give a different picture of the community
than direct extraction of DNA from soil or sampling from root tips.
The meshbag sampling approach is designed to bias against sap-
rotrophic fungi, and the same qualities that exclude saprotrophic
fungi (little or no organic matter over a distance which is large for
soil microbes to cross) will likely bias our sampling against some
EMF taxa and in favor of others. In particular, mycorrhizal fungi of
the contact exploration type, such as Russula and Lactarius, which
do not produce abundant extramatrical hyphae and dominate
many mature forests, are less likely to colonize meshbags, and,
indeed, our data set did not contain these genera. Hagenbo et al.
(2018), in a study across a Pinus sylvestris forest age gradient, also
found a clear difference between the EMF community observed by
meshbag sampling and that observed from extraction of DNA from

soil; Russula and Cortinarius were underrepresented in the mesh-
bag sampled community. However, they also observed that in
younger forests (under 60 y; present study < 50 y) and over longer
incubations (more than 90 days; present study > 150 days) the EMF
community pictures obtained from meshbag sampling and direct
soil sampling were more comparable. Almeida et al. (2018), in a
study of fertilization effects on a 45-y-old P. abies forest, did find
differences between the EMF communities obtained by meshbag
and soil sampling, but did not find a significant difference in the
proportion of Russula or Cortinarius sequences, nor in the compo-
sition of exploration types between the sampling methods.

In conclusion, despite increases in tree growth at moderate
warming, warming had no effect or a slight reducing effect on
fungal mycelial growth, no effect on fungal carbon sequestration
and limited effects on ectomycorrhizal community composition.
Large increases in nutrient availability may explain the decoupling
of aboveground production from belowground carbon allocation.
These findings should be taken into account and further study
performed to examine how belowground allocation to EMF as a
fraction of primary productivity may change with warming,
particularly given the predominance of ectomycorrhizal necromass
in stable soil organic matter. Despite limited effects of warming on
fungal community composition, increased abundance of pyrone-
mataceous EMF and shifts in saprotrophic community composition
may presage changes in mycorrhizal functioning and microbial
necromass recalcitrance and degradative capacity. Further study on
fine root dynamics may shed light on the functional significance of
and driving forces behind the increased abundance of pyronema-
taceous EMF. Increasing our understanding of how the stability and
turnover rate of soil carbon pools will be affected by warming, re-
quires microbial activity measurements across a variety of warming
studies, and a deeper understanding of how composition shifts in
fungal communities affects the production and recalcitrance of soil
organic matter.
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