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Ectomycorrhizal fungal spore bank recovery after a
severe forest fire: some like it hot
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After severe wildfires, pine recovery depends on ectomycorrhizal (ECM) fungal spores surviving and
serving as partners for regenerating forest trees. We took advantage of a large, severe natural forest
fire that burned our long-term study plots to test the response of ECM fungi to fire. We sampled the
ECM spore bank using pine seedling bioassays and high-throughput sequencing before and after
the California Rim Fire. We found that ECM spore bank fungi survived the fire and dominated the
colonization of in situ and bioassay seedlings, but there were specific fire adapted fungi such as
Rhizopogon olivaceotinctus that increased in abundance after the fire. The frequency of ECM fungal
species colonizing pre-fire bioassay seedlings, post-fire bioassay seedlings and in situ seedlings
were strongly positively correlated. However, fire reduced the ECM spore bank richness by
eliminating some of the rare species, and the density of the spore bank was reduced as evidenced by
a larger number of soil samples that yielded uncolonized seedlings. Our results show that although
there is a reduction in ECM inoculum, the ECM spore bank community largely remains intact, even
after a high-intensity fire. We used advanced techniques for data quality control with Illlumina and
found consistent results among varying methods. Furthermore, simple greenhouse bioassays can be
used to determine which fungi will colonize after fires. Similar to plant seed banks, a specific suite of

ruderal, spore bank fungi take advantage of open niche space after fires.
The ISME Journal advance online publication, 16 October 2015; doi:10.1038/ismej.2015.182

Introduction

Conifer forests of the American West are adapted to
fire. With evergreen vegetation maintained during an
extended summer dry season, fire is inevitable (Noss
et al., 2006). However, decades of fire suppression
coupled to earlier spring snowmelt (Westerling et al.,
2006) have changed the fire regime in some forest
types from frequent, low-intensity events that cause
little canopy death, to infrequent, large conflagra-
tions termed ‘mega-fires’ that kill most of the trees
(Stephens et al., 2014). Forest recovery in these
radically altered post-fire environments may be
constrained by distance to seed sources, extremes
in microclimate and the absence of a mycorrhizal
network (Stephens et al., 2014; Suz et al., 2015).
Although tree seedlings are able to survive short
periods without ectomycorrhizal (ECM) fungal
associates (Collier and Bidartondo, 2009), pine
regeneration is often limited by lack of ECM fungal
inoculum (Nunez et al., 2009). Thus, the initial
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recovery of forests after these severe mega-fires likely
depends in part on whether appropriate ECM fungal
spores have survived and are available to serve as
partners for regenerating forest trees. In closed-cone
pine forests, which historically thrive in high
intensity, stand-replacing fire regimes, a subset of
ECM fungi can survive in a soil spore bank as
resistant spores or sclerotia (Baar et al., 1999).
However, it is unclear if forests that historically
experienced high-frequency, low-intensity fires,
such as Pinus ponderosa, support ECM fungal spore
banks that can survive high-intensity mega-fires.

Disturbances such as fires are important main-
tainers of diversity because they allow organisms to
temporally divide niche space with competition
colonization trade-offs (Sousa, 1984; Pacala and
Rees, 1998). Although fire is likely to impose strong
selective pressure on both plant and fungal commu-
nities (Archibald et al., 2013), it is challenging to
study the effects of natural wildfire on microbial
communities. Mega-fires are not well modeled by
experimental, prescribed fires that are necessarily
smaller and less severe.

Although there is a growing literature on fungal
response to wildfire (Dahlberg et al., 2001; Treseder
et al., 2004), only one previous set of studies exists in
which pre-fire data were available for a wildfire
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event (Horton et al., 1998; Baar et al., 1999; Grogan
et al., 2000), and this was less than a decade after the
first application of PCR to the study of fungi (White
et al., 1990). All other studies of post-fire ECM fungal
recovery have primarily used space-for-time com-
parison where different aged fires were studied
(Buscardo et al., 2010; Kipfer et al., 2011), laboratory
heating experiments (Izzo et al., 2006; Peay et al.,
2009; Kipfer et al, 2010) or low-intensity
prescribed fires where host death was not
involved (Stendell et al., 1999; Brown et al., 2013).
Studying the effect of stand-replacing fire on fungi is
particularly challenging because wildfire events
are unpredictable and pre-fire data are seldom
available.

For this reason, the California Rim Fire is an
exceptional opportunity. It burned over 1000 square
km in the Sierra Nevada Mountains of California in
September 2013 and was the third largest fire in
recorded California history. Such large, stand-
replacing forest fires are important to study because
they are becoming more common due in part to
climate change (Westerling et al., 2006) and to
decades of successful fire suppression. Furthermore,
the majority of hectares burned now occur in large
stand-replacing fire events (Strauss et al., 1989).
Although prescribed fires are useful research tools,
they are not ideal models for wildfire, primarily
because they differ from wildfires in levels of tree
death, size of area burned and intensity. Fire size is
especially important because fungi can be dispersal
limited within distances of <1 km (Peay et al., 2012;
Adams et al., 2013). Thus, large wildfires may create
a problem with fungal dispersal that is not encoun-
tered in small, prescribed burns.

Ecologists have long known that certain species of
plants are specifically adapted to survive fire
(Lamont, 1991) but are there analogous fungal
species? Evidence from laboratory-based heating
experiments show that certain ECM species such as
Rhizopogon olivaceotinctus can survive tempera-
tures up to 65 °C (Peay et al., 2009). This is the same
species that was the most frequent colonizer of pine
seedlings after the 1995 Mount Vision fire
(Baar et al., 1999). Thus, we have reason to believe
that there are certain fungi adapted to fires (hereafter
‘fire fungi’) that have an increased ability to survive
fire as resistant propagules in the spore bank.
However, can results from a coastal, closed-cone
pine forest be generalized to other pine forests?

The 2013 California Rim Fire, which was the
single largest and most catastrophic fire in the
history of the Sierra Nevada (Lydersen et al., 2014),
provides an extreme test of whether ECM fungal
spore banks can recover after mega-fires and whether
there are specially adapted fire fungi. We had the
opportunity to study this fire because two of our
long-term study plots were located within the fire
perimeter. In both plots, we had exceptionally high-
quality pre-fire data on the composition of the soil
fungal community, the resident root community and
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the ECM fungal spore bank community (Talbot et al.,
2014; Glassman et al., 2015).

To examine the effect of catastrophic fire on ECM
fungal spore bank recovery, we sampled the plots
within a month of the Rim Fire, conducted spore
bank bioassays on the burned soil, planted in situ
seedlings and identified the fungi using Illumina
MiSeq sequencing of internal transcribed spacer
(ITS) amplicons. With this data, we asked whether
the ECM spore bank remained intact after the mega-
fire and if spore bank fungi dominated the coloniza-
tion of seedlings in the field. Furthermore, we asked
if there are specific fire fungi that disproportionately
survive in the ECM spore bank and thrive after a
wildfire.

Materials and methods

Site description

Two 40mx40m plots located in the Stanislaus
National Forest in the Sierra Nevada mountain range
of California, named CA1 and CA2, were established
in June 2011. Plots were selected with the help of
local experts to contain even-aged monodominant
stands of Pinus ponderosa. Soil cores were collected
from the corners of nested squares (5x5m,
10x10m, 20x20m, 40x40m) for a total of 13
samples per plot (Supplementary Methods S1).
Stands in plots CA1 and CA2 were approximately
65 years in age and 98% P. ponderosa. See
Supplementary Methods S2 for full plot character-
istics and Supplementary Methods S3 for key
sampling dates.

Soil sampling and greenhouse bioassays

For the initial sampling, hereafter referred to as pre-
fire samples, 13 soil cores (~40 cm?®) were collected
for analysis of the mature forest fungal community at
each sample point. The organic (OH) and mineral
(AH) horizons were separated, sieved and fungi were
characterized using 454 pyrosequencing (Talbot
et al., 2014). Each soil horizon was analyzed for
total carbon, total nitrogen, pH, total extractable
ammonium and nitrate content, and percentage of
soil moisture as previously described (Talbot et al.,
2014). Three additional soil cores were collected
adjacent to each sample point and used for
greenhouse-based pine seedling bioassays. These
samples were sieved through 2-mm mesh to remove
roots and rocks, homogenized by hand and air dried
to kill active vegetative fungal hyphae (Taylor and
Bruns, 1999). Hereafter, we refer to these as spore
bank bioassays (Bonito et al., 2012; Glassman et al.,
2015). Five replicates each of P. ponderosa and
P. muricata were planted in separate 50-ml Cone-
tainers (Super ‘Stubby’ Cell Cone-tainer; Stuewe &
Sons Inc., Tangent, OR, USA) in soils from each of
the 26 sampling locations. After 6 months, ECM



fungal root tips were harvested and sequenced with
454 pyrosequencing (Glassman et al., 2015).

Plots CA1 and CA2 are well within the >1000 km?
perimeter of the Rim Fire and were burned in
September 2013. We re-sampled the plots within a
month of the fire and re-established all sampling
locations within <1m accuracy. Fire severity,
calculated using the relative differenced normalized
burn ratio at a 30 m pixel scale, was high in plot CA1
and moderate in CA2 (Lydersen et al., 2014). No
pines survived in CA1, but four black oak (Quercus
kelloggii) were killed to ground line and re-sprouted
post-fire. In CA2, 90% of canopy trees survived the
fire, but they were heavily damaged with >75%
crown death in most trees. All subcanopy trees were
killed in both plots (Figure 1).

We collected a soil core using the same corer as
before at each sampling location in both plots on 31
October 2013, sieved through 2-mm mesh and air
dried them for 3 weeks. Although the initial soil
sampling involved both organic (OH) and mineral
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(AH) horizons, the fire burned off the OH leaving
only the AH to sample post-fire. We measured soil
moisture from all soils following air drying to ensure
negligible water content (Supplementary Methods
S4). Although pre-fire bioassays of plots CA1 and
CA2 included P. ponderosa and P. muricata as hosts,
no significant difference in retrieved communities
was found by the two hosts (Glassman et al., 2015).
However, P. muricata is easier to work with because
unlike P. ponderosa, it does not require a long
stratification to germination. In addition, P. muricata
was found to be the best bioassay host to maximize
recovery of ECM spore bank taxa across North
America (Glassman et al., 2015). For these reasons,
our post-fire bioassays used only P. muricata. To
enable direct comparisons with pre-fire bioassay
data, we planted five replicates of P. muricata
seedlings for each sample point; five control plants
per plot were planted into sterilized soil to detect
greenhouse contamination. We planted a total of 140
plants (2 plots x 13 samples x 5 replicates+10 control

Figure 1 Rim Fire images: host death, extent and intensity are the fundamental differences between stand-replacing wildfires and
prescribed burns. (a) The perimeter of the Rim Fire was >1000 km?, with extensive tree mortality. (b) Heat release was high as evidenced
by the numerous burned out stumps in the plots, and a change in soil color, texture, and increased hydrophobicity relative to unburned
sites. (c) All pines in plot CA1 were killed by the fire, and the canopy was consumed by the flames. All organic matter, litter and all pine
needles burned off. (d) Ninety percent of the pines survived in plot CA2, but over 75% of their crowns were killed, and all organic matter
and litter burned off. Pine needles killed in the canopy covered the ground immediately after the fire.
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plants=140) and grew them in the UC Berkeley
greenhouse for 6 months. Plants were watered every
other day with tap water and randomized every other
week for the duration of growth.

Although an independent control for the effect of
temporal change on spore bank communities would
have been ideal, unfortunately this temporal control
was not feasible. The spatial extent of this fire was
enormous (>1000 km?), and there were no unburned
sites of a similar forest type for which pre-fire data
were available that would not have also altered other
potential drivers of change like host tree composition
and structure, soil fertility, and elevation.

Furthermore, it is unlikely or irrelevant that
temporal change in the spore bank that is indepen-
dent from fire is feasible for several reasons. First,
earlier work in California shows that spore banks are
long lived (Bruns et al., 2009), spatially extensive
and diverse. Soils can be diluted >100-fold into
sterile soil and still colonize pine seedlings at high
rates (Rusca et al., 2006), and the member taxa are
primarily ruderals that were not present on the
mature roots of the pre-fire trees (Glassman et al.,
2015). Under these conditions, it is extremely
unlikely that we would be able to detect a change
over a 2-year time frame in a >50-year-old forest.
Second, a study of ECM spore bank fungi colonizing
Pinus strobus seedlings following catastrophic wind-
throws found very limited interannual variation
(Cowden and Peterson, 2013). Third, seed banks
appear to be an excellent model for spore banks
(Glassman et al., 2015), and decades of research on
plant seed banks indicate that there is very limited
interannual variation in plant seed banks in mature
forests (Pickett and McDonnell, 1989).

Molecular identification of fungal species for post-fire
bioassays

Approximately six root tip clusters representing
different ECM morphotypes were harvested from
each bioassay plant, frozen at —80°C and lyophi-
lized. Root tips from all five replicates per sampling
location were pooled and DNA was extracted
following a modified version of the Qiagen
(Valencia, CA, USA) DNAeasy Blood and Tissue
Kit (Glassman et al., 2015).

We amplified ITS1, which is a part of the ITS, the
universal DNA barcode for fungi (Schoch et al.,
2012) using Illumina sequencing primers designed
by Smith and Peay (2014). PCRs (see Supplementary
Methods S5 for details) were cleaned using AMPure
magnetic beads (Beckman Coulter Inc., Brea, CA,
USA), quantified fluorescently with the Qubit
dsDNA HS kit (Life Technologies Inc., Gaithersburg,
MD, USA) and pooled at equimolar concentration.
Libraries were quality checked for concentration and
amplicon size using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA) at the
Functional Genomics Laboratory, University of
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California, Berkeley, CA, USA, and sequenced with
[Mumina MiSeq PE 2 x 300.

In situ seedlings

To determine if ECM spore bank fungi recovered
from post-fire bioassays colonized plants in the field,
we planted P. ponderosa seeds at all sampling
locations in plots CA1 and CA2. We acquired
P. ponderosa seeds from the US Forest Service
Placerville Nursery and planted them in the field
on 6 November 2013. We broadcasted 100 seeds in a
1-m diameter circle and lightly buried them. Follow-
ing natural stratification, germinated seedlings were
first noticed in March 2014.

Characterization of ECM colonization of in situ
seedlings

We collected approximately half of the surviving
seedlings at each sampling location on 18 September
2014, 6 months after germination. We transported
the seedlings on ice and processed them in the lab
within 2 days of collection. Roots were rinsed in tap
water and examined for colonization under the
dissecting microscope. We collected ECM root tips
from every seedling with sterilized forceps and
pooled root tips from seedlings growing at the same
sampling location. Root tips were then frozen at
—80°C, lyophilized, and DNA was extracted, ampli-
fied and sequenced as described above.

Molecular identification of species from pre-fire
bioassay and in situ seedlings

To avoid confounding of comparisons between
pre- and post-fire samples by different sequencing
methods, we re-sequenced the DNA extracted from
the pre-fire bioassay seedlings with Illumina Miseq
(Glassman et al., 2015). The DNA extracted from
both the pre-fire bioassays and the post-fire in situ
seedlings was sequenced on the same run and the
libraries were prepared with the same PCR primers
and protocols described above.

Bioinformatics

[Nlumina data were processed using a combination of
the UPARSE (Edgar, 2013) and QIIME (Caporaso
et al., 2010) pipelines following the methods of
Smith and Peay (2014). A detailed description of the
bioinformatics processing steps and results from
those steps can be found in Supplementary
Methods S6. Briefly, fastq files from the two
Nlumina MiSeq sequencing runs were concatenated,
sequences were quality trimmed and reads were
paired using USEARCH v7 (Edgar, 2013). High-
quality sequences were grouped into operational
taxonomic units (OTUs) using USEARCH (Edgar,
2013). Taxonomic assignments were made in QIIME
based on the UNITE database (Koljalg et al., 2005).
ECM fungal taxa were parsed from the OTU table



using the filter_taxa_from_otu_table.py command in
QIME (Glassman et al., 2015) based on current
knowledge of ECM fungal life history (Tedersoo
et al., 2010). Sequences were submitted to the National
Center for Biotechnology Information Sequence Read
Archive under accession number SRP058508.

Data quality control and analysis

All analyses were based on the 95% similarity OTU
table parsed for ECM fungal taxa. There is growing
concern that errors associated with high-throughput
sequencing reduce the signal:noise ratio (Carlsen
et al., 2012; Nguyen et al., 2014). In an effort to
control this, we removed sequences based on
negative (no DNA controls) and mock community
samples composed of known taxa in known quan-
tities that had been sequenced along with our
experimental samples (details in Supplementary
Methods S7 and Supplementary Methods S8). As
analyses were robust regardless of whether or not
sequences were removed based on these controls, we
conclude that while these errors do add a low level
of noise, the outcome of the analyses remains
unaffected if the signal is strong. It is also necessary
to rarefy samples to account for uneven sequencing
depth. Thus, all analyses were run on an OTU table
not rarefied, rarefied to 11 532 sequences per sample
to remove the bottom 10th percentile of samples
with poor sequencing depth and rarefied to 13 565
sequences per sample to remove the bottom 15th
percentile. Although conclusions were robust
regardless of treatment, presented analyses involved
tables rarefied to 11532 sequences per sample
resulting in a total of 48 ECM fungal OTUs.

To quantify the effect of the fire on the ECM spore
bank community, we limited our analyses to differ-
ences in frequency of the fungi recovered from the
pre- and post- fire bioassays. This avoided relying on
read abundance, which is known to be inaccurate
(Amend et al., 2010). By using the presence—absence
data, we take an intentionally conservative approach
to detecting differences in pre- and post-fire.

To quantify the effect of the fire on soil chemistry,
we limited our analyses to the mineral horizon
because the fire burned off the organic horizon in all
samples. We calculated the sample mean, standard
deviation, standard error for all soil nutrients before
and after the fire and we conducted paired #-tests to
detect changes in soil nutrients.

Changes in OTU frequency between the pre- and
post-fire bioassays were visualized with rank abun-
dance curves. Pearson product moment correlations
were calculated to describe the relationship between
the frequencies of ECM fungal OTUs present in the
pre-fire vs post-fire bioassays. Differences in richness
between the pre- and post-fire ECM fungal spore
bank communities were quantified using sample
based rarefaction curves with 95% confidence
intervals (ClIs) generated by sampling with replace-
ment (Colwell et al., 2004).
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To determine if certain fire fungi increased or
decreased in response to fire, we evaluated transition
probabilities with an approach based on the multi-
nomial probability distribution (Agresti, 2013). We
defined three possible transitions using presence in
the pre-fire bioassay seedlings as the reference
condition: loss (present pre-fire and absent post-fire),
no change (present or absent in both pre-fire and
post-fire) and gain (absent pre-fire and present post-
fire). We took a two-step approach to reduce the
chance of drawing spurious conclusions because of
multiple comparisons. First, we identified taxa that
deviated from the null expectation of no change;
second, we calculated a robust estimate of the
median transition probability using the rmultinom
command in the stats package in R (R Core Team,
2013). We assumed that the dominant probability in
absence of disturbance (that is, the null response)
was no change and then applied chi-squared
goodness-of-fit tests to screen for species where
losses and/or gains post-fire exceeded 10%. For
these taxa, we used a Monte Carlo simulation (1000
realizations) to estimate the median transition
probabilities and their 95% CIs. Transitions were
considered significant if the 95% CI of the simula-
tions did not overlap 0. Significant probabilities of
gain, loss or no change are not mutually exclusive;
rather, multiple significant probability conditions
indicate variation in response to fire among samples.

Similar methods were used to compare the
ECM fungal OTUs colonizing the post-fire bioassay
seedlings with those colonizing the post-fire in situ
seedlings. This approach provided a direct compar-
ison of how well the greenhouse assays mimic
colonization in the field. The in situ seedling
survival and colonization data were inspected with
Pearson correlations to determine if there was a
relationship between number of ECM fungal OTUs
recovered per sample and either percentage of in situ
seedlings colonized, and percentage of live or dead
seedlings.

All analyses were conducted in R with the
exception of species richness. Species accumulation
curves were calculated with EstimateS (Colwell,
2013). Unless otherwise stated, all figures and all
analyses use the following samples sizes: pre-fire
bioassay seedling samples (n=23), post-fire bioassay
seedling samples (n=25), post-fire in situ seedling
samples (n=23). Sample sizes are lower than 26
because some samples were lost during rarefaction
because of poor sequencing depth, but include the
true biological zeros where no seedlings were
colonized at a given sampling location.

Results

Pre-fire communities predict post-fire communities

ECM fungal spore bank OTUs recovered from
pre- and post-fire bioassay seedlings are strongly
positively correlated (Pearson r=0.88, P<0.001;
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OTU relative frequency on bioassay seedlings: post vs. pre—fire
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Figure 2 Correlation between relative frequencies of ECM fungal OTUs observed on pre- and post-fire bioassay seedlings. Points are
transparent so darker circles indicate multiple points on top of each other.

Figure 2). This pattern is robust and does not change
if the OTU table is rarefied to 13 565 sequences per
sample (Pearson r=0.89, P<0.001; Supplementary
Figure S1A), or if the OTU table is not rarefied
(Pearson r=0.86, P<0.001; Supplementary Figure
S1B). The 12 most frequent ECM fungal OTUs in the
post-fire bioassay seedlings were all present in the
pre-fire bioassay seedlings (Figure 3), and drive the
correlation seen in Figure 2.

Effect of fire on soil chemistry

The fire burned off the OH horizon in all 26 samples.
For the mineral horizon, the soil moisture was
significantly lower after the fire (M=0.15, s.d.=0.01)
than before the fire (M =0.24, s.d. =0.092, t(25) =—4.84,
P<0.001). The C:N ratio was also significantly lower
after the fire (M=20.6, s.d.=2.59) than after the
fire (M=26.8, s.d.=10.65, t(22)=-3.03, P<0.001).
There were no significant differences in percent N,
percent C, extractable ammonium/nitrate or pH
detected. Raw soil chemistry data available in
Supplementary Table S1 and analyses summarized
in Supplementary Table S2.

Effect of fire on spore bank richness and density

Although the most abundant ECM fungal OTUs in
both the pre- and post-fire bioassay seedlings were
the same (r=0.88, P<0.001; Figures 2 and 3), ECM
fungal spore bank richness was reduced in the post-
fire bioassay seedlings (Figure 4a). The statistical
criterion for significance is non-overlap of 95% CI of
the estimates of richness. The pre-fire richness was
31.8 (95% CI: 26.7-37.0), which was significantly
greater than the post-fire richness of 20.0 (95% CI:
16.8—23.1). The density of viable spores in the ECM
spore bank was also reduced after the fire (results
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Figure 3 Rank abundance curve by frequency for ECM fungal
OTUs recovered by pre- and post-fire spore bank bioassays. The
axes represent the relative frequency of each ECM fungal OTU per
total number of samples for either the pre- or post-fire bioassay
seedlings. A single sample included roots of all of seedlings from a
particular sample point. Shapes indicate the probability of no
change (unfilled circle), gain (star), loss (filled circle), both gain
and loss (triangle) of each OTU after the fire based on transition
analysis. All OTUs had a significant probability of no change in
addition to the significant probability of gain or loss.

summarized in Supplementary Table S3). For the
pre-fire bioassays, 100% of the samples had
colonized seedlings (n=26). For the post-fire sam-
ples, 85% of the bioassays had colonized seedlings
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Figure 4 (a) Fire reduced ECM fungal spore bank richness in
bioassays. (b) Richness was higher in in situ seedlings than in
bioassay seedlings post-fire. Species richness curves with all
treatments extrapolated to 25 samples. 95% CI based on 100
resamples without replacement.

(n=22), and 69% of in situ samples had colonized
seedlings (n=18; Supplementary Figure S2).

Post-fire in situ seedling survival and colonization

Seedlings initially established at 25 of 26 sample
locations. Number of live seedlings at each sampling
location ranged from 0 to 72 with a mean and s.e. of
21.73£4.46 live seedlings per sampling location.
Percentage of seedlings that were colonized by ECM
fungi at each sampling location ranged from 0 to 87.5
with a mean and s.e. of 23.45+4.34 per sampling
location (Supplementary Table S4). The number of
ECM fungal OTUs per sample was strongly posi-
tively correlated with the percentage of seedlings
colonized per sample (r=0.58, P<0.001;
Supplementary Figure S3A). There was no obvious
relationship between the number of ECM fungal
OTUs per sample and the percentage of live or dead
seedlings per sample (Supplementary Figure S3);
this pattern remained whether or not the OTU table
was rarefied (Supplementary Figure S4). Number of
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Figure 5 Probabilities of loss or gain in frequency of OTUs from
(a) pre-fire bioassay seedlings to post-fire bioassay seedlings or
from (b) post-fire bioassay seedlings to post-fire in situ seedlings.
Only probabilities significantly >0 are shown. All other OTUs
have 77-95% significant probabilities of no change.

ECM fungal OTUs on the in situ seedlings was higher
than on the post-fire bioassay seedlings (Figure 4b).
The richness of the in situ seedlings was 30.5
(95% CI: 23.2-37.8), whereas the post-fire bioassays
richness was 20.0 (95% CI: 16.8-23.1).

Effect of fire on specific taxa for pre-fire versus post-fire
bioassays

According to the Monte Carlo multinomial prob-
ability simulations, the most probable effect of
fire on OTU presence was null (Supplementary
Table S5). Of the 33 ECM fungal OTUs present in
the bioassay seedlings, 23 had a strongly significant
probability (ranging from 77% to 95%) of no change
in frequency post-fire. The chi-square goodness-of-fit
test indicated that frequency of the other 10 OTUs
deviated post-fire (Figure 5a; Supplementary Table
S6). Of these taxa, only one species significantly
increased in frequency after fire—R. olivaceotinctus.
Two species, Cadophora finlandica and Rhizopogon
aff rubescens, declined overall in frequency follow-
ing fire (Figure 3), but varied so much among
samples that both had significant, non-zero prob-
abilities of increasing, decreasing or remaining
unchanged after fire. The other seven species had a
23-41% probability of decreasing after the fire
(Figure 5a).

)
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OTU relative frequency on post-fire seedlings: in situ vs bioassays
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Figure 6 Correlation between relative frequencies of ECM fungal OTUs recovered from post-fire in situ seedlings and bioassay seedlings.
Points are transparent so darker circles indicate multiple points on top of each other.

Concordance between greenhouse bioassays and
field-based in situ seedlings

The ECM fungal spore bank OTUs recovered from
post-fire bioassay seedlings were strongly positively
correlated with those recovered from in situ seedlings
(Pearson r=0.81, P<0.001; Figure 6). This pattern is
robust to rarefaction (Pearson r=0.81, P<0.001,
13 565 sequences per sample, Supplementary Figure
S5A; Pearson r=0.83, P<0.001, no rarefaction,
Supplementary Figure S5B). The most abundant
ECM fungal OTUs in the in situ seedlings are present
in both the pre- and post- fire bioassays (Figure 7,
Supplementary Figure S6).

The transition analysis supports a strong correla-
tion between the ECM fungal OTUs recovered from
post-fire bioassays and the post-fire in situ seedlings.
All 37 OTUs present in these samples had a
41-100% probability of no change from in situ to
post-fire conditions, with most of the OTUs ranging
from 82% to 100% probability of no change
(Supplementary Table S7). Only 7 of the 37 OTUs
present in these samples changed in frequency by
>10% (Supplementary Table S8), and these transi-
tions all involved declines in frequency from the
post-fire bioassays to the in situ seedlings
(Figure 5b). No taxon had a P>0 of being present
in the in situ seedlings but absent in the post-fire
bioassays.

Discussion

The ECM spore bank fungi survived the fire and
dominated the colonization of in situ and bioassay
seedlings. As with plant seed banks, the ECM fungal
spore bank is a reduced community, distinct from
the mature forest soil fungal community, with few
overlapping OTUs (Taylor and Bruns, 1999;
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Figure 7 Rank abundance curve by frequency for ECM fungal
OTUs recovered by post-fire bioassay and in situ seedlings. The
axes represent the relative frequency of each ECM fungal OTU per
total number of samples for either the post-fire bioassay or in situ
seedlings. A single sample included roots of all of seedlings from a
particular sample point. All OTUs had significant probability of no
change (unfilled circle) according to transition analysis. Filled
circle represents additional significant probability of loss from
post-fire bioassay to in situ seedlings.

Glassman et al., 2015). The ECM fungal spore bank
is a ruderal guild adapted to colonize roots quickly
after a disturbance, and will likely have great
importance for survival and growth of regenerating
seedlings. Furthermore, there is evidence that certain



fire fungi such as Rhizpogon olivaceotinctus speci-
fically increase in abundance after a fire.

The Rim fire did not significantly alter ECM fungal
spore bank community composition (Figure 2);
neither did it shift the identities of the dominant
ECM fungal taxa in the spore bank (Figure 3). This is
remarkable especially considering that the pre-fire
fungal spore bank communities came from a mixture
of the OH and AH horizons, whereas the post-fire
samples were completely lacking in OH horizon.
However, it did reduce ECM spore bank diversity
(Figure 4a) and density (Supplementary Table S1;
Supplementary Figure S2). Post-fire impoverishment
involved loss of low-frequency species (Figures 2
and 3), which suggests that taxon persistence is
primarily driven by spore abundance. Laboratory
manipulations show that heat reduces spore viability
(Izzo et al., 2006; Kipfer et al., 2010) but species
differ in their ability to survive heat, with R.
olivaceotinctus spores exhibiting especially high
tolerance (Peay et al., 2009). Our results are therefore
consistent with those of previous laboratory manip-
ulations (Izzo et al., 2006; Peay et al., 2009), green-
house studies of ECM spore banks (Izzo et al., 2006),
and the 1995 Mount Vision Fire study (Baar et al.,
1999), all of which found that wildfires generally
reduced ECM spore bank richness, but that Rhizo-
pogon species increased in abundance.

Although the overall ECM fungal spore bank
communities remained largely unchanged by the fire,
there is nevertheless evidence for species-specific fire
responses. Indeed, our results largely corroborate
those of a laboratory manipulation in which spores
were heated, live-dead stained and counted using
flow cytometry. In that study, spore viability in R.
olivaceotinctus was greater than Laccaria proxima, R.
salebrosus or Suillus pungens after prolonged expo-
sure to 65 °C heat (Peay et al., 2009). We found that
after fire, R. olivaceotinctus increased in frequency,
whereas R. salebrosus and two species of Suillus
decreased (Figure 5a). Similarly, R. olivaceotinctus
and R. arctostaphyli were the most frequent coloni-
zers of Pinus jeffreyi seedlings in greenhouse bioas-
says grown in soil experimentally heated to 75°C
(Izzo et al., 2006), whereas heating tended to decrease
the frequency of Cenococcum geophilum and Wilcox-
ina spp. In our study, R. olivaceotinctus and R.
arctostaphyli were the most frequent colonizers of P.
ponderosa seedlings in the field and, whereas neither
species of Wilcoxina significantly changed in fre-
quency after the fire, one species of Cenococcum had
a significant probability of decreasing after the fire
(Figures 3 and 5a). This result has important implica-
tions for fungal conservation: R. olivaceotinctus
fruiting bodies have been considered so infrequent
that the species has been listed as one of special
concern (Castellano et al., 2003), yet it seems to be
highly abundant in soil spore banks; ready to take
advantage of niche space opened by fire.

Our results indicate that all of the most frequent
species and the overall majority of post-fire ECM that
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colonized in situ seedlings come from spore bank
fungi that persisted as propagules in the soil. This
conclusion is supported by the strong correlation
between the ECM fungi that colonized the pre- and
post-fire bioassays (Figure 2), the correlation
between these communities and those that colonized
the in situ seedlings (Figure 6), and the transition
analysis, which found that all taxa had a strong,
significant probability of no change in frequency
after the fire (Supplementary Table S7). This is
important because it indicates that there is an ECM
community that survives intense wildfire that can
immediately assist with reforestation.

Although the fire reduced ECM fungal richness in
the bioassays (Figure 4a), the richness observed in
the in situ seedlings was higher than that in the
bioassays (Figure 4b). This observation may have
been caused by enhanced post-fire dispersal, by
inoculum sources present in the soil that do not
respond to greenhouse conditions or by access of
in situ seedlings to a greater volume of soil than that
available to the bioassay seedlings in pots. Post-fire
dispersal is a possibility because soil for the post-fire
bioassays was collected in October 2013, whereas
the in situ seedlings were not collected until nearly a
year later. Only the rare species were not observed in
the spore bank (Figure 7). Thus, even if additional
species were contributed by dispersal, they account
for a very small percentage of the community in the
first year following this fire, indicating the impor-
tance of strong priority effects (Kennedy et al., 2009).

Although Ilumina sequencing of 16S ribosomal
RNA to detect bacterial diversity has been common
for years (Caporaso et al., 2011), the technology has
been more difficult to apply to fungi. Designing
primers to successfully amplify ITS amplicons with
MNlumina MiSeq is a recent advance (Smith and Peay,
2014) and many questions about appropriate data
quality control remain (Nguyen et al., 2014).
Researchers are conflicted over appropriate ways to
deal with uneven sequencing depth (McMurdie and
Holmes, 2014), and how to use negative controls and
mock communities to calibrate bioinformatic pipe-
lines (Bokulich et al., 2013; Nguyen et al., 2014). We
took great pains to account for uneven sequencing
depth, mock communities and negative controls
with our analyses. What we found was that if the
pattern is strong, the sequencing errors only add
noise. Similar to another studying applying Illumina
MiSeq to sequencing of ITS amplicons (Kennedy
et al., 2014), analyzing the data with and without
rarefaction yielded similar results. Ultimately, no
matter how the OTU table was treated, the data
analyses were always consistent.

Fire is a strong selective factor affecting both plant
and animal communities in the American West
(Archibald et al., 2013). It appears that analogous to
plants, there is a specific suite of fungi that are
adapted to fire. The Rim Fire reduced the fungal
community from >100 ECM species in the mature
forest before the fire (Supplementary Table S9) to
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approximately 30 ECM fungal species colonizing the
in situ seedlings, and these 30 were also dominated
by species of Rhizopogon (Figure 7). Similarly, the
mature forest fungal community in Point Reyes
National Seashore, where the Mount Vision Fire
occurred, was dominated by a larger and more
diverse community than the ECM spore bank, which
was dominated largely by species of Rhizopogon
(Taylor and Bruns, 1999). Species of Wilcoxina were
frequent seedling colonizers after the Rim Fire, and
also frequent colonizers of P. muricata seedlings
after the Mount Vision Fire (Baar et al., 1999), of
P. contorta seedlings after the Huck fire in Wyoming
(Miller et al., 1998) and of P. ponderosa seedlings
after prescribed fires in Oregon (Fujimura et al.,
2005). It therefore appears that, in the western USA,
the main post-fire ECM fungi are drawn from the
spore bank and belong to a predictable set of genera.

The observed concordance between colonization
of greenhouse bioassays and seedlings in the field
also suggests that simple greenhouse bioassays can
be used to predict which ECM spore bank fungi will
survive a wildfire. This observation supports an
important assumption used by Glassman et al. (2015)
in a continent-wide survey, which is that air-dried
soil can simulate the effects of disturbance, and that
its use in seedling bioassays can effectively predict
which fungi will survive and dominate seedling
communities follow fire disturbance.

In conclusion, the Rim Fire was a stellar example
of what is now increasingly common in pine forests
across North America—large, severe, mega-fires.
This is the first and only belowground study of this
emerging pattern. The reason stand-replacing fires
are different than low severity fire is that the death of
the host effectively destroys the existing mycorrhizal
community. The only previous example of stand-
replacing fire (Baar et al., 1999) goes back to the
restriction fragment length polymorphism stage of
molecular ecology, the sample sizes were modest
and it occurred in a pine forest type where stand-
replacing fires are the norm. In contrast, we had
much better species-level resolution in this study
with sequence-based next-generation data, good
spatial sampling, and this fire burned in ponderosa
pine forest that is normally maintained by frequent,
low-intensity fires. In short, this is an exceptional
look into a microbial-mediated process that is critical
for reestablishment of the existing plant community,
and it is occurring in the context of a changing fire
regime that has at the least a continental, and more
likely global impact.

Conclusions

By comparing our results with those of the Mount
Vision fire and previous laboratory manipulations,
we have found generalizable principles of post-fire
recovery by ECM fungi. Our results show that
although fire reduces ECM inoculum, the ECM spore
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bank largely remains intact. Although fire does
reduce ECM fungal communities, a small subset of
ECM spore bank fungi, particularly species of
Rhizopogon and Wilcoxina, persist in the soil after
disturbance and colonize regenerating seedlings.
The Rim Fire was the largest recorded fire in the
Sierra Nevada Mountains (Lydersen et al., 2014), and
P. ponderosa forests are not adapted for stand-
replacing fires. Yet, ECM fungal inoculum survived
the fire and successfully colonized in situ seedlings.
This indicates that, as long as there is some dispersal
of tree seeds, the application of mycorrhizal inocu-
lum to burn sites should be unnecessary.

As with the plant secondary successional
literature, where there is a seed bank guild that
emerges after a disturbance that is different from
the dominant plants before the disturbance
(Hopfensperger, 2007), there is a specific suite of
ruderal spore bank fungi that take advantage of open
niche space after fires kill off their superior compe-
titors. This is the basis for succession and has
important implications for maintenance of diversity
because it provides a mechanism for dividing niches
temporally (Sousa, 1984). These ruderal spore bank
fungi have specific adaptations for persistence
and some are likely specifically adapted to heat
tolerance. Our results suggest that we can predict
which ECM fungi will colonize regenerating pine
seedlings after a wildfire. We have some candidates
for specific fire fungi, which opens the field of
inquiry for determining the specific mechanisms
used by these taxa for surviving fire.
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