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ARTICLE INFO ABSTRACT

Keywords: Lodgepole pine forests are under threat due to wildfires of increasing severity and frequency coupled with tree
Fire mortality from insect outbreaks. Soil microbial communities, which drive biogeochemical cycles and partner in
Rocky Mountains mycorrhizal symbiosis with lodgepole pines, play critical roles in the ability of these forests to survive and
Pinus contorta regenerate in the face of simultaneous global change threats. How soil microbial communities are influenced by
fire severity and soil depth and how they recover over time in lodgepole pine forests with existing insect-driven
mortality remains an open question. Here, we sampled two soil depths (0-5 and 5-15 cm) and various burn
severities across a ten-year wildfire chronosequence in the Southern Rocky Mountains. We used qPCR of 18S and
16S rRNA genes to assess changes in fungal and bacterial abundance and ITS2 and 16S amplicon sequencing to
assess fungal and bacterial richness and composition. Our results show that: 1) higher severity fires led to larger
reductions of both fungal and bacterial abundance and richness, 2) the impact of fire on fungal and bacterial
communities was modulated by soil depth, with more severe impacts in shallower soils 3) both fungal and
bacterial communities exhibit a partial recovery of abundance and species richness in older fires, 4) fire severity
is the main driver of fungal and bacterial community structure but its effect varied across time, 5) pyrophilous
“fire-loving” fungi and bacteria exhibit an increased abundance in burned plots, particularly in recent fires, and
6) symbiotic ectomycorrhizal fungi are particularly hard hit by the compound effect of the beetle-driven tree
mortality and wildfires. They exhibit a consistently low abundance and richness in the high severity plots which
did not recover over time, and unburned plots have a depauperated ectomycorrhizal community.
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1. Introduction

Wildfires are important natural disturbances that drive biodiversity
in forested ecosystems worldwide (Bowman et al., 2009; Keeley et al.,
2011). Natural wildfire regimes have well-described impacts on soil
biogeochemistry (Johnson and Curtis, 2001; Nave et al., 2011) and
animal and plant communities (He et al., 2019). Although fires are a
natural component of many healthy forests, their size, frequency and
severity has increased in recent decades and is predicted to continue
increasing with climate change and the growth of wildland-urban
interface (Archibald et al., 2013; Stephens et al., 2014; Radeloff et al.,
2018). High severity fires cause an increase in erosion (Benavides-
Solorio and MacDonald, 2005), soil carbon and nitrogen losses (Pierson

* Corresponding authors.

etal., 2019), and nutrient and sediment export in stream water (Rhoades
et al., 2011). Severe wildfires combined with prior disturbance or post-
fire climatic stress can delay ecosystem recovery for many decades
(Chambers et al., 2016; Stevens-Rumann et al. 2018) and may cause
lasting changes in vegetation types (Parks et al., 2019). Vegetation re-
covery after fires of unprecedented size and severity is further con-
strained by dispersal limitation of propagules of both plants and their
symbiotic microbial partners (Gill et al., 2022).

Soil microbial communities regulate many biogeochemical processes
and are critical to post-fire ecosystem recovery (Fierer, 2017; Crowther
etal., 2019; Pérez-Valera et al., 2020). Owing to their symbiotic relation
with 80-90% of plant species, and their role in nutrient uptake,
mycorrhizal fungi are especially relevant to post-fire forest vegetation
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and soil recovery (Smith and Read, 1997; Brundrett and Tedersoo,
2018). Likewise, changes in both soil fungal and bacterial communities
affect post-fire organic matter decomposition and nutrient cycling
(Semenova-Nelsen et al., 2019; Yang et al. 2020).

The response of soil microbes to wildfire is influenced by fire severity
(Holden et al., 2016; Whitman et al. 2019; Nelson et al., 2022), time
since fire (Kipfer et al., 2011; Pulido-Chavez et al., 2021), interactions
with host mortality from pathogens (Metz et al., 2011), and soil depth,
with microbes typically being more impacted in surface soils, which
experience hotter temperatures (Qin and Liu, 2021; Barbour et al.,
2022). High severity fires reduce microbial biomass (Dooley and Tre-
seder, 2012), richness (Pressler et al., 2019), and alter community
composition by promoting pyrophilous fire specialists (Seaver, 1909;
Enright et al., 2022; Fox et al., 2022) at the expense of other microbial
taxa with less tolerance of post-fire conditions. Studies examining the
effect of fire on mycorrhizal fungal richness at the local scale exhibit
contrasting results (Taudiere et al., 2017). However, wildfires generally
reduce root colonization (Dove and Hart, 2017) and change community
structure (Glassman et al., 2016; Owen et al., 2019). In the case of severe
wildfires, it may take a decade or more for those communities to recover
to the pre-fire conditions in Western North America forests (Twieg et al.,
2007; Pulido-Chavez et al., 2021) and could take up to two decades to
recover after high severity fires in Mediterranean shrublands (Pérez-
Valera et al., 2018). Fires also tend to shift fungal composition from
Basidiomycota to Ascomycota dominance (Cairney and Bastias, 2007;
Semenova-Nelsen et al., 2019) with Ascomycota fungi such as Pyronema
and Geopyxis fruiting rapidly after fires (Fox et al., 2022). Severe wild-
fires can also affect bacterial communities by reducing biomass and
richness and shifting the dominance of Proteobacteria and Acid-
obacteria and enriching Firmicutes and Actinobacteria (Whitman et al.,
2019; Enright et al., 2022; Nelson et al., 2022; Pulido-Chavez et al.,
2023). Certain bacterial taxa such as the Actinobacteria Arthrobacter and
the Proteobacteria Massilia increase in abundance after severe wildfires
in forest ecosystems (Whitman et al., 2019). Conversely, low severity
fires in California grasslands have shown to have no effect on bacterial
richness (Glassman et al., 2023) and studies in both grasslands and
scrublands indicate that the impact of fire on bacterial communities
decrease with depth (Barbour et al., 2022).

Increasing drought and warming temperatures have augmented the
frequency and severity of fires across the western United States (Parks
et al., 2018), where many forests are dominated by lodgepole pine (Pinus
contorta) (Lotan and Critchfield, 1990). Insect-driven tree mortality has
also become more common with climate change (Anderegg et al., 2022),
and lodgepole pine is no exception. Over the last 20 years, lodgepole
pines have been subject to infestation by the mountain pine beetle
(Dendroctonus ponderosae) (Raffa et al., 2008), which can lead to tree
mortality of more than 80% (Collins et al., 2011; Diskin et al., 2011;
Rhoades et al., 2013).

High tree mortality following pine beetle outbreaks leads to alter-
ations in carbon storage (Kurz et al., 2008), nitrogen cycling (Griffin
et al., 2011; Rhoades et al., 2017) and soil microbiomes (Ferrenberg
et al., 2014; Treu et al., 2014; Mikkelson et al., 2016; Pec et al., 2017).
Symbiotic ectomycorrhizal (ECM) fungi, which form obligate and
diverse symbioses with P. contorta (Talbot et al., 2014) are particularly
sensitive to tree mortality and their abundance and richness are reduced
after beetle outbreaks (Treu et al., 2014; Pec et al., 2017). While soil
bacterial communities appear to be more resistant to beetle-induced tree
mortality than fungi (Ferrenberg et al., 2014), heavily impacted forest
(~85% tree mortality) have been shown to have an increased bacterial
alpha diversity and significant compositional changes throughout the
different infestation phases (Mikkelson et al., 2016). How these already
stressed lodgepole pine forests and their associated soil microbiomes
will recover after high severity wildfires over time remains an open
question. Indeed, a better understanding of microbial community and
functional resilience, or recovery over time, in the face of multiple
global change stressors is increasingly urgent (Rhoades et al., 2018;
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Stevens-Rumann et al. 2018; Rillig et al, 2019). The burned,
beetle-decimated P. contorta forests of Colorado and Wyoming present
an opportunity to investigate ecosystem recovery from compound dis-
turbances that are common throughout western North America and
many regions of the globe.

Here, we studied how fire severity and soil depth influence the
temporal recovery of bacterial and fungal abundance, richness, and
composition across a ten-year wildfire chronosequence in lodgepole
pine-dominated forests that had previously experienced high mortality
due to beetle outbreaks. Using a combination of quantitative PCR of 16S
and 18S rRNA genes and Illumina MiSeq of 16S and ITS2 amplicons, we
tested whether the magnitude and persistence of post-fire changes in soil
microbial abundance, species richness, and composition of both fungi
and bacteria are sensitive to fire severity, soil depth, and time, and how
this recovery is mediated by beetle-driven tree mortality. We hypothe-
sized that: (1) increasing fire severity will correlate with larger changes
in the abundance, richness and composition of microbial communities
and the persistence of those changes, (2) the effect of fire severity will be
stronger in fungi than bacterial and will be modulated by soil depth, (3)
recovery of microbial communities will be affected by the time since
pine beetle outbreak when each wildfire happen, (4) wildfires will
differentially impact fungal guilds with largest impacts on symbiotic
ECM fungi, and (5) wildfires will promote the growth of pyrophilous
fungi and bacteria, which will persist during the first years after fire.

2. Methods
2.1. Study area, plot design and soil collection

Sampling was conducted in five lodgepole pine-dominated
(P. contorta) forests of the Southern Rocky Mountains located in Colo-
rado and Wyoming that burned between 2010 and 2020. Our experi-
mental design consisted in a time-for-space substitution and sites were
selected based on time since fire and similarity in stand structure (same
co-occuring species, closed canopy, mature forest of ~ 1000 trees/ha)
and soils. The fire chronosequence included the Church’s Park (2010),
Beaver Creek (2016), Ryan (2018), Badger Creek (2018) and Mullen
(2020) fires ranging in elevation from 2612 to 3044 m (Fig. SI,
Table S1). Soils are well to excessively drained, loamy Alfisols and
Inceptisols (Fletcher, 1981; Alstatt and Miles, 1983; Reckner, 1998). The
lodgepole pine-dominated forests we sampled experienced a severe
mountain pine beetle outbreak with 75% average overstory tree mor-
tality prior to burning (Kayes and Tinker, 2012; Rhoades et al., 2020).
Annual aerial insect detection monitoring and previous local research
observed that beetle activity began about 2005 and continued for 3—4
years (Chapman et al., 2012; Rhoades et al., 2013, 2018, 2022; Meddens
& Hicke, 2014). Since it is not possible to assign precise stand-level
infestation dates we assume that all sites were infested in 2005 and
thus had been dead for 5 to 15 years at the time of the wildfires. The
outbreak affected large diameter lodgepole pine, but not co-occurring
tree species (subalpine fir: Abies lasiocarpa, Engelmann spruce: Picea
engelmannii, quaking aspen: Populus tremuloides) or small diameter
lodgepole pine (Rhoades et al., 2017).

On 29-30 July 2021, we sampled low and high severity burned areas
and adjacent unburned forests at each of the five fires. At each fire site,
three or four burn transects were selected within each burn severity class
using remotely sensed comparisons of pre- and post-fire greenness, and
then field validated with standard indices of soil burn severity. Fire
severity classes were assigned based on ground cover, ash color and
depth, soil structure, presence of roots, and soil water repellency (Par-
sons et al., 2010). Along each transect, three 1-m> plots were established
at 15 m intervals along each transect. After removing O-horizon material
(litter and duff), three mineral soil replicates were collected in each plot
from the 0-5 cm (“shallower”) and 5-15 cm depths (“deeper”). A total of
288 soil samples were collected (5 wildfires along the chronosequence
x 3 severities x 3-4 transects x 2 depths x 3 replicates). Soil samples
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were collected using a 15 cm long soil corer, then shallower and deeper
soil were separated. The soil corer was cleaned with 70% ethanol be-
tween sample. Soils were transported on dry ice and then stored at —80°
C. Soil was then shipped overnight to UC Riverside and stored at —80° C
until DNA extraction.

2.2. DNA extraction, amplification, and sequencing

Genomic DNA was extracted from soil using QIAGEN DNeasy Pow-
erSoil Pro (QIAGEN, Germantown, MD, USA) kit following the manu-
facturer’s protocol. Samples that yielded unusable concentrations were
re-extracted introducing a modification in which 100 pL of ATL buffer
was added to 700 pL of CD1 solution during the lysis step and incubated
at 4° C overnight. To identify fungi, we amplified the rDNA internal
transcribed spacer region 2 (ITS2) using the primers ITS4-fun and 5.8 s
(Taylor et al., 2016). To identify bacteria, we amplified the V4 region of
the 16S rRNA gene using the primers 515F and 806R (Caporaso et al.,
2011). Although 16S primers amplify both archaea and bacteria, for
simplicity, we refer to 16S results as bacteria since archaea contributed
< 1% of sequencing reads. Fungal and bacterial libraries were prepared
using the Dual-Index Sequencing Strategy (DIP)(Kozich et al., 2013)
with PCR1 amplifying gene-specific primers and PCR2 ligating the DIP
barcodes for Illumina sequencing. PCR1 conditions for fungi were 94 °C
(2 min), followed by 32 cycles of 94 °C (20 s), 55 °C (20 s), 68 °C (1 min)
with a final extension at 68 °C (2 min) using 5 pL of undiluted DNA, 6.5
pL of Ultra-Pure Sterile Molecular Biology Grade Water (Genesee Sci-
entific, San Diego, CA, USA), 12.5 pL of 2x AccuStart ToughMix
(Quantabio, Beverly, MA, USA), and 0.5 pL each of the 10 pM ITS4-fun
and 5.8 s primers. PCR1 conditions for bacteria were 94 °C (2 min),
followed by 31 cycles of 94 °C (20 s), 55 °C (20 s), 68 °C (45 s) with a
final extension at 68 °C (2 min) using 1 pL of 1:10 diluted DNA, 10.5 pL
of Ultra-Pure water, 12.5 pL of 2x AccuStart ToughMix, and 0.5 pL each
of the 10 pM 515F and 806R primers. PCR1 products were then cleaned
with AMPure XP magnetic beads (Beckman Coulter Inc., Brea, CA, USA)
following manufacturers’ protocols. The DIP PCR2 primers containing
the barcodes and adaptors for Illumina sequencing were ligated to the
amplicons during PCR2 in a 25 pL reaction containing 2.5 pL of the 10
pM DIP PCR2 primers, 6.5 pL of ultra-pure water, 12.5 pL of 2x Accustart
ToughMix, and 1 pL of PCR1 product. Thermocycler conditions for PCR2
for fungi and bacteria were 94 °C for 2 min followed by 9 cycles of 94 °C
(30s), 60 °C (30 s), and 72 °C for (1 min). Products of PCR2 were then
pooled for each amplicon based on gel electrophoresis band strength as
in Glassman et al., (2018) and each pool was then cleaned with AMPure
XP magnetic beads and checked for quality and quantity with the Agi-
lent Bioanalyzer 2100. Based on Bioanalyzer results, fungal and bacte-
rial samples were pooled at a 3:2 ratio (0.6 units for fungi to 0.4 units for
bacteria) prior to sequencing, and two separate Illumina MiSeq v3
2x300 bp runs were required to accommodate all samples, which were
sequenced at the University of California Riverside Institute for Inte-
grative Genome Biology.

2.3. Fungal and bacterial abundance

We used quantitative (q) PCR to estimate fungal and bacterial small
ribosomal subunit copy number as a proxy of abundance. We targeted
the 18S rDNA for fungi using the FungiQuant-F/FungiQuant-R primers
(Liu et al.,, 2012) and the 16S rDNA for bacteria using the Eub338/
Eub518 primers (Fierer et al., 2005). qPCR reactions were performed in
triplicate with 1 uL of DNA added to 9 uL of qPCR master mixer con-
taining 1 pL of 0.05 M Tris-HCI ph8.3, 1 uL of 2.5 mM MgCl2 (New
England BioLabs; NEB; Ipswich, MA, USA), 0.5 uL of 0.5 mg/mL BSA,
0.5 pL of 0.25 mM dNTPs (NEB), 0.4 pL of both forward and reverse
primer at 0.4 pM, 0.5 pL of 20X Evagreen Dye (VWR), 0.1 uL of Taqg DNA
polymerase (NEB) and 4.6 pL of molecular grade water. qPCR reactions
were run in 384 well plates on a CFX384 Touch Real-Time PCR Detec-
tion System starting at 94 °C (5 min), followed by 40 cycles of a
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denaturing step at 94 °C (20 s), annealing step at 50 °C for fungi or 52 °C
for bacteria (30 s), and an extension step at 72 °C (30 s). Fungal and
bacterial copy numbers were generated as previously established
(Pulido-Chavez et al., 2023).

2.4. Bioinformatics

Ilumina MiSeq sequencing data were processed using Qiime2
version 2020.8 (Bolyen et al., 2019). FastQ files from the two [llumina
sequencing runs were each de-multiplexed and then forward and reverse
primers were removed using cutadapt (Martin, 2011). Denoising was
done using DADA2 to remove chimeric sequences and low-quality re-
gions and to produce Amplicon Sequence Variants (ASVs) (Callahan
et al., 2016). Then, DADA2 outputs from the two libraries were merged
for downstream processing. Taxonomic assignments were done using
Qiime2 Naive Bayes Blast + and the reference database UNITE version
8.3 for fungi (Koljalg et al., 2005) and the reference database SILVA
version 132 for bacteria (Quast et al., 2013) (accessed on 18 March
2022). Sequences not assigned to the Kingdom Fungi or assigned to
mitochondria and chloroplast for bacteria were removed from the ASV
tables before subsequent analysis. We assigned functional ecological
guilds to each fungal ASV using FUNGuild (Nguyen et al., 2016). Further
analysis of fungal guilds retained ASVs in taxa with confidence levels of
“probable” and “highly probable” and ASVs classified as multiple guilds
were discarded. All sequences were deposited at NCBI Sequence Read
Archive under BioProject accession number PRINA922564.

2.5. Statistical analyses

All statistical analyses were performed using R version 4.1.1 (R Core
Team, 2021) and statistical codes are available at https://github.com/m
vcaiafa/fire-chronosequence. The two Illumina runs resulted in 17.2 M
fungal and 7.6 M bacterial sequences with an average of with an average
of 58,855 fungal and 26,020 bacterial sequences/sample. To account for
uneven sequencing depth, we took a conservative approach and rarefied
ASV tables to a depth of 6,124 sequences/sample for fungi and 5,321
sequences/sample for bacteria. This approach enabled us to retain the
largest number of samples and sequencing depth within each dataset.
Observed species richness was estimated using package BiodiversityR
(Kindt and Coe, 2005). To assess the effect of fire site as a proxy of time
since fire (Church’s Park 2010, Beaver Creek 2016, Badger Creek 2018,
Ryan 2018, and Mullen 2020), severity (control, low and high), and
depth (shallower and deeper) on bacterial and fungal abundance and
richness we fitted a total of 48 statistical models (12 each for fungal and
bacterial abundance and richness). Fungal and bacterial abundance
were log transformed. The effect of fire site is primarily our measure of
time since fire although it also incorporates all environmental variables
that may have differed including time since beetle outbreaks and plant
mortality in the years pre-fire. We used generalized mixed effect models
(GLMM) with a gamma or negative binomial distribution using the Ime4
(Bates et al., 2015) and MASS (Venables and Ripley, 2002) packages.
Model selection was made via comparison of Akaike Information Cri-
terion (AIC). All models contained “plot” as a random effect. To assess
the effect of site, fire severity and soil depth we use single term deletion
of the best GLMM. By deleting single terms, we can assess the contri-
bution of each term on the goodness of fit of the model.

To test whether the fire site, severity and sample depth influenced
the fungal and bacterial community composition, we performed a
nonparametric permutational multivariate ANOVA (PERMANOVA)
(Anderson, 2001) using the adonis2 function in the vegan package
(Oksanen et al., 2019) with the Bray-Curtis dissimilarity metric. We
tested the differences in multivariate dispersion among severity, fire
sites and depth using the betadisper function (Anderson, 2006). Results
were visualized using Non-Metric Multidimensional Scaling (NMDS).
We then plotted the relative abundance of ASVs of sequence read
abundance greater than 5% for fungi and 2% for bacteria. To identify
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pyrophilous taxa that positively responded to fires, we used DESeq
analysis. We used DESeq2 using phyloseq (McMurdie and Holmes,
2013) to identify the taxa at the genus (fungi) and phylum (bacteria)
level that respond positively or negatively to a treatment (control vs.
high severity). To test how different species responded to high severity
fires, we fitted a GLM based on the negative binomial distribution using
the DESeq function of the DESeq2 package (Love et al., 2014). We used a
Kruskal-Wallis test to evaluate the effect of fire severity on the richness
of different fungal guilds.

3. Results
3.1. Sequencing data

Overall, the two Illumina Miseq runs resulted in 17,185,707 fungal
sequences and 7,597,940 bacterial sequences with an average of 58,855
fungal and 26,020 bacterial sequences/sample and a total of 10,970
fungal ASVs and 35,627 bacterial ASVs. After rarefaction, the total
number of ASVs was 7,754 for fungi and 29,601 for bacteria. From the
7754 fungal ASV present in the rarefied table, 3843 were not assigned to
any guild and 1358 were discarded because were assigned to more than
one guild or were assign with a low level of confidence.

3.2. Effects of fire severity, soil depth and fire site on microbial abundance

GLMMs revealed that fungal abundance was primarily affected by
fire severity, followed by fire site, then soil depth (Table S2), whereas
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bacterial abundance was significantly affected by fire site then severity
with depth having no statistical effect (Table S3). Aside from the most
recent fire (2020 Mullen), burn severity had a greater effect on microbial
abundance in the more recent fires in the shallower soils (Fig. 1). High
severity fire reduced bacterial and fungal abundance relative to control
plots in all sites in both shallower (bacteria: 31-92%; fungi: 85-98%)
and deeper soils (bacteria: 14-64%; fungi: 54-87%) although changes
for bacteria were not significant in deeper soils (Fig. 1; Table S4). High
severity fires in general had larger impacts on shallower (0-5 cm deep)
than deeper (5-15 cm) soils, and shallower samples in control plots
typically harbored higher microbial abundance than deeper samples. In
contrast to high severity fires, low severity fires had smaller reductions
in abundance compared to control plots (bacteria: 28-85% in shallower
and 5-55% in deeper; fungi: 15-97% in shallower and 74-79% in
deeper) and in fact led to increased abundance in two cases for bacteria
and one for fungi (Table S4).

3.3. Effects of fire severity, soil depth and fire site on microbial richness

GLMMs revealed that fungal richness was primarily affected by the
interaction of fire severity with fire site followed by the interaction of
fire severity with depth (Fig. 2A-B; Table S5). This means that fire
severity had different effects on fungal richness by site and depth, with
typically stronger impacts in shallower than deeper soils and larger re-
ductions in richness in the more recent fires in shallower soils (Fig. 2B).
Similarly, bacterial richness was primarily affected by the interaction of
fire severity with fire site, followed by the interaction of depth and fire
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site, then by the interaction of fire severity with depth (Table S6). In
deeper soils, bacterial richness was only impacted by severity in one site
(Fig. 2C), but in shallower soils, bacterial richness was more affected in
the recent than older fires (Fig. 2D). In general, fire severity had larger
impacts on fungal than bacterial richness, richness was more affected in
shallower than deeper soils, and in a few cases low severity fire
increased richness relative to control (Fig. 2; Table S7). While the im-
pacts of fire severity in deeper soils were more mixed (Fig. 2A and C), the
reduction in fungal (Fig. 2B) and bacterial (Fig. 2D) richness was more
pronounced in more recent fires.

3.4. Changes in fungal and bacterial communities across the fire
chronosequence

Fungal community structure was significantly affected by fire
severity, fire site, soil depth, and the interactions of fire severity with fire
site and soil depth (Fig. 3A, Fig. 4A; Table S8). Specifically, the effect of
fire severity on community composition decreased with time since fire,
with the amount of variance explained reduced from 23% to 17% from
the newest to oldest fire (Fig. 3B; Fig. S2). Multivariate dispersion was
significantly different among severity treatments but not among sites or
soil depths (Table S8), with dispersion highest in high and low severity
plots and lowest in control plots. This means that samples from high
severity plots are more heterogeneous than samples from control plots.
In samples from high severity plots (Fig. 4A), fungal communities
grouped by site explained 23% of the variation. In contrast, fungal
communities at unburned control plots showed a greater overlap across

sites with only 15% of the variation explained by site. This is an indi-
cation that fungal communities changed more significantly across fire
site (representing mainly time since fire) in high severity plots but not in
control plots. Depth had small (3-4%) but significant impact on fungal
composition that increased slightly with fire severity (Fig. S3).

In the case of bacteria, community composition was primarily
affected by the fire site and severity, followed by the interaction of
severity with fire site and fire site with depth (Fig. 3B, Fig. 4C; Table S9).
Like fungi, the effect of fire severity on bacterial community composi-
tion decreased with time since fire, with variance explained reduced
from 21% to 14% from newest to oldest fire (Fig. 3D; Fig. S4). Also,
Multivariate dispersion of bacterial communities was not affected by
severity, sites, or soil depth (Table S9), indicating bacterial communities
across sites, severity plots and depths were equally dispersed. In samples
from high severity plots (Fig. 4B), bacterial communities grouped by site
explained 17% of variation, compared to 11% in unburned control plots,
meaning that bacterial composition became more variable across time in
burned compared to control plots. The impact of depth on bacterial
composition increased with fire severity with depth explaining 7.2% of
variation in control plots versus 9.6 % in high severity plots (Fig. S5).

3.5. Changes in relative taxonomic composition across fire severity and
fire site

The relative sequence abundance of both fungal and bacterial taxa
varied across fire severity and fire site (Fig. 5). In the case of fungi, some
Ascomycota genera such as Calyptrozyma, Coniochaeta, Oidiodendron,
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and Penicillium and the Basidiomycota Naganishia responded positively
to fire through increased relative abundances in both low and high
severity plots (Fig. 5A), a finding supported through DESeq analysis
(Fig. 6). Well-described pyrophilous fungi such as the Basidiomycota
Pholiota and the Ascomycota Pyronema showed a significant positive
response to fire and the increased abundance of pyrophilous fungi can be
observed up to five years after fire (2016-2020) (Fig. 5A, Fig. 6).
Conversely, ectomycorrhizal genera such as the Basidiomycota Corti-
narius, Inocybe and Piloderma were in high relative abundance only in
control or low severity plots and showed a strongly negative response to
high severity fires (Fig. 5A, Fig. 6). Fires generally reduced the relative
abundance of Basidiomycota and increased the abundance of Ascomy-
cota. This was particularly noticeable in the 2018 Badger Creek and
Ryan fires.

Fire severity differentially affected the relative abundances of fungal
functional groups (Fig. 7). Primarily, ECM fungi, which already had low
richness in control plots, were significantly reduced in low and high
severity plots to an average of <5 species per sample in high severity

plots, and this did not improve over time (Fig. 7A). Indeed, high severity
plots at the 2010 Church’s Park fire site had one of the lowest ECM
fungal richness measurements despite being the oldest fire. Conversely,
saprotrophic and plant pathogenic fungi show a less clear trend,
generally being reduced in high severity plots relative to control plots,
but with relative abundance of certain taxa increasing in burned plots at
some sites (Fig. 7B and 7D; Fig S6). While species richness of ericoid
mycorrhizal (ERM) was generally reduced by fire, relative abundances
of this guild increased in burned plots at the Beaver Creek and Badger
Creek fires (Fig. 7C; Fig. S6). For saprotrophic, plant pathogenic, and
ERM fungi, there were large decreases in high severity compared to
control plots in the recent fires in shallower soils (Fig. 7B-D). However,
in contrast to ECM fungi, saprotrophic and plant pathogenic fungi ten-
ded to recover over time.

For bacteria, increases in the relative abundances of Actinobacteria
and Firmicutes were coupled to decreasing relative abundances of
Acidobacteria and Proteobacteria in both low and high severity plots
(Fig. 5B). Gemmatimonadetes also increased in abundance in low and



M.V. Caiafa et al.

Forest Ecology and Management 544 (2023) 121160

Fungi
A B
@7 R=0.092" 024 [
0. Stress=0.12 ° N
o [ ]
Z 0%
ol =
%) e he
Qo & 0297
= .
Z LE \(a_
0. °
L 2 . . . |
@ @ @ S
N4 > A
& L PN SN
> o o QIRG
] & &L S
N O O N\
& @ 2
N 2 bg
@) oo P
Bacteria
Cc D
O
02
o
=
Al = A1
%) 2 O
% 3
[0]
0 1 ®
=z £ 0\
® * T
A Y } ! ! }
2] 0TS D)
0. R?=0.017"** Q\Q Q\""\ 0\‘5\ Q@ 0‘19
Stress=0.10 {{_Q’ \{ﬁ« \{_@ (\Q’ @Q’
) \ ) ' < & & @0 >
02 00 02 of o & o N
S R @
NMDS 1 & o
@® Deep A Shallow @ Control @ High Low

Fig. 4. Non-metric multidimensional scaling (NMDS) ordination of A) fungal and B) bacterial communities at unburned control, low severity and high severity plots
using the Bray-Curtis dissimilarity metric. Fire sites are represented by different colors and soil depth by shape. Effect of fire site on fungal and bacterial communities
was tested using a PERMANOVA. ns: non-significant; *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001.

high severity plots in the older fires. DESeq analysis indicated that some
genera such as Blastococcus (Actinobacteria), Paenibacillus and Alicy-
clobacillus (Firmicutes), Massilia (Proteobacteria), Modestobacter (Acti-
nobacteria), Noviherbaspirillum (Proteobacteria) and Pedobacter
(Bacteroidetes) positively responded to high severity fires (Fig. 8). The
increased abundance of these pyrophilous bacteria can be observed up
to five years after fire (2016-2020).

4. Discussion

We documented the temporal succession of fungal and bacterial
communities across a ten-year fire chronosequence in lodgepole pine-
dominated subalpine forests in the Southern Rocky Mountains that
had previously experienced high levels of insect-driven mortality. Our
results demonstrate that increasing fire severity correlates with a larger
reduction in fungal and bacterial abundance, species richness, and sig-
nificant changes in community composition, but these effects are
modulated by time and soil depth. As expected, deeper soils were less
impacted by fire, and the impact of fire severity on microbial composi-
tion tended to decrease over time since fire. However, while the species
richness of fungal and bacterial communities partially recovered, they
did not return to unburned levels even 10 years after fire. We detected
the increased abundance of pyrophilous fungi and bacterial in high
severity plots, which persisted for at least 5 years after fire. Additionally,
we found that ECM fungi were reduced from already low levels in high

severity fires, and their richness did not recover over time, suggesting
that the compound effect of beetle-driven tree mortality and wildfires
could delay forest recovery.

Here, we highlight a unique finding that symbiotic ECM fungi are
particularly hard hit by multiple global change disturbances. Like pre-
vious studies (Dove and Hart, 2017; Pulido-Chavez et al., 2021; Enright
et al., 2022), we found a consistent reduction in richness and relative
sequence abundance of ECM fungi in burned plots. However, it is worth
noting that ECM species richness in control plots in some sites was lower
than reported ECM richness in other pine forests not infested with bark
beetles (Talbot et al., 2014; Pec et al., 2017; Pulido-Chavez et al., 2021).
For example, there were on average 12 ECM taxa per plot in unburned
and uninfested P, ponderosa plots of Washington state (Pulido-Chavez
et al., 2021) and P. contorta plots in Yosemite, CA yielded a total of 110
species of ECM in the soil and 49 in the spore bank (Glassman et al.,
2015). While our sites yielded an average of 11 ECM taxa per plot and
108 ECM taxa per site, the Mullen site, where the beetle-killed host trees
had been dead for the longest period before the fire, had only 7 ECM taxa
per sample on average in the unburned plots and a total of 88 ECM taxa
in the whole site. Lower ECM richness and relative abundance have been
attributed to tree mortality caused by pine beetle outbreaks (Treu et al.,
2014; Pec et al., 2017). The response of ECM fungi to fire is particularly
important for forests recovery as these fungi are obligate symbionts with
all pines, including P. contorta (Brundrett and Tedersoo, 2018). Indeed,
planted pine species in the Southern hemisphere cannot colonize and
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establish without co-colonization or co-invasion of ECM fungal partners
(Nunez et al., 2009). Following slash pile burns, ECM fungal root colo-
nization on P. contorta was reduced for up to a decade (Rhoades et al.,
2021), and pine recolonization post-fire remains limited for more than
50 years (Rhoades and Fornwalt, 2015) in sites near our study area.
Considering that a large proportion of the lodgepole pine stands in the
study area were killed in the early 2000 s and remained as snags for
years (Rhoades et al., 2018; Audley et al., 2021). It is likely that this
reduced ECM colonization is due to lack of fungal propagules (Gill et al
2022), which were not present to disperse in from nearby unburned
plots. Thus, reduced ECM fungal diversity caused by the compound

effect of beetle outbreaks and fire might hinder the recovery of these
forests. This was particularly noticeable in Church’s Park (Fig. 6A)
where, unlike previous studies (Pulido-Chavez et al., 2021), the ECM
community in the burned plots has a very low richness even though soil
samples were collected more than 10 years post-fire. Considering that
the forests in Church’s Park burned 3-5 years after the beetle outbreaks,
it is possible that ECM communities were already depauperated before
the fire preventing much post-fire recovery.

Regardless of fire site and previous history of mountain pine beetle
infestation, severity remained the largest explanatory variable of both
bacterial and fungal community composition, and while these effects
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decreased over time, they were still large and persistent even after 10
years post-fire. This is consistent with previous studies in temperate and
boreal forests that suggest that it can take between 12 and 18 years for
microbial communities to return to the pre-fire conditions (Treseder
et al., 2004; Twieg et al., 2007; Kipfer et al., 2011). While microbial
communities across the five sites did not return to the pre-fire conditions
even after 10 years post-fire, community composition in high severity
plots was significantly different across fire site whereas communities in
control plots show a greater overlap across fire sites (Fig. 4), indicating
post-fire succession of microbial communities. Previous fire chronose-
quence studies in pine forests that did not experience large levels of
beetle-induced mortality documented similar temporal community

turnover after wildfires (Kipfer et al., 2011; Pulido-Chavez et al., 2021).
When analyzing sites individually (Figs. S2 and S4), fire severity
explained a larger proportion of variability in community composition
in the more recent fires. Thus, it appears that the influence of fire
severity on community composition attenuates over time.

It is important to note that the use of space-for time substitutions has
some limitations. Since it is not always possible to account for all site-
specific variation, distinguishing time and site effects can be chal-
lenging. We made efforts to limit inter-site variation by selecting sites in
the same region, with similar stand structure, elevation, and soil types.
Also, by including unburned controls in each site, we can better distin-
guish time from site effects. Thus, differences from burned to control
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plots among sites can be attributed to time since fire. Due to the un-
predictable nature of wildfires, space-for-time have been critical to
study post-fire recovery (Turner, 2010; Kashian et al., 2013).

Overall, the effect of fire severity across the fire sites was more
noticeable in fungal communities than bacterial communities, likely
owing to the higher sensitivity of fungi to fire especially the ECM fungi.
Previous studies in non-beetle impacted forests also reported larger
turnover in fungal than bacterial communities (Enright et al., 2022;
Pérez-Valera et al., 2018; Pulido-Chavez et al., 2023; Whitman et al.,
2019;). Chronosequence studies in Mediterranean and temperate forests
also showed that bacterial communities recovered faster than fungal
communities after perturbation (Barcenas-Moreno et al., 2011; Sun
et al.,, 2017). Interestingly, another form of symbiotic fungi, ericoid
(ERM) mycorrhizal fungi, also had lowest richness at the site with the
longest lag between tree mortality from beetles and wildfire (Mullen),
and richness remained depressed in burned compared to control plots in
the oldest site (Church’s Park), suggesting a lack of recovery over time.
In particular, the ERM genus Oidiodendron displayed relative abundance
increases in burned plots (low and high severity) at two of the fires
(Beaver and Badger Creek). ERM fungi form symbiotic associations with
plants in the families Ericaceae and Diapensiaceae (Brundrett and
Tedersoo, 2018). In the study area, ERM fungi are likely associated to
Vaccinium scoparium, a common understory shrub in forested areas of
the Rocky Mountains (Rhoades et al., 2015). Vaccinium cover is reduced
following forest harvesting (Fornwalt et al., 2018) and burning in these
forests (Rhoades and Fornwalt, 2015) and may remain depressed in non-
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forested openings for decades after disturbance. Due to their higher
saprotrophic capabilities, ERM fungi may survive without a host as free-
living saprobes and could be more resilient to disturbances including fire
(Ward et al., 2022). In contrast to ECM and ERM fungi, plant pathogens
increased in richness overtime and so did saprobes in shallower soils,
indicating a higher resilience to fire in beetle killed forests. Interestingly,
some taxa that are well known pyrophilous fungi from other burned
ecosystems (Fox et al., 2022), also increased in abundance in soils from
the recent fires sampled here, such as the Ascomycota Coniochaeta,
Pyronema and Penicillium. Similarly, some yeast forming fungi such as
Calyptrozyma that we found to increase after fire are known to inhabit
oligotrophic and stressful environments and have also been reported to
be abundant after wildfires in boreal forests (Day et al., 2019; Whitman
et al., 2019; Pérez-Izquierdo et al., 2021).

We also found evidence for increased abundance of pyrophilous
bacteria in high severity plots, with post-fire changes in community
composition persisting for years, although they were more pronounced
in recent fires. In burned plots, there was a reduction in the relative
abundance of Proteobacteria and Acidobacteria and an increase in the
relative abundance of Actinobacteria and Firmicutes compared to the
control plots (Fig. 5B). Firmicutes, known to be thermotolerant and form
endospores, have been found to increase in abundance after fire in many
ecosystem types (Enright et al., 2022; Filippidou et al., 2016; Pérez-
Valera et al., 2020; Pulido-Chavez et al., 2023). Our DESeq results
indicate that some bacteria such as the Actinobacteria Blastococcus and
Modestobacter, the Firmicute Paenibacillus, the Proteobacteria Massilia
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Fig. 8. DESeq analysis showing the differential representation of significantly abundant bacterial ASV’s between high severity burned and unburned control plots
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with a differential abundance at p < 0.01 are included.

and Noviherbaspirillum, and the Bacteroidetes Pedobacter responded
positively to fire, with changes that persisted for several years post-fire.
These taxa have consistently been found to increase in burned soils
(Enright et al., 2022; Nelson et al., 2022; Pulido-Chavez et al., 2023;
Whitman et al., 2019) and likely benefit from traits such as fast growth,
thermotolerance and utilization of pyrogenic substrates that facilitate
their colonization of post-fire environments (Enright et al., 2022). We
found that differences in bacterial communities between burned and
unburned plots declined over time.

Overall, fire reduced both fungal and bacterial abundance, with
larger impacts on fungi than bacteria, and impacts on fungal abundance
tending to become less pronounced over time. While there are reasons to
be cautious when interpreting abundance estimates obtain from qPCR,
which measures gene copy number and is only a proxy of abundance,
our results were largely in line with a meta-analysis that also found that
high severity fires reduced microbial abundance and that fires tended to
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reduce fungal more than bacterial abundance (Dooley and Treseder,
2012). We found similar trends even in a lower severity Southern Cali-
fornia grassland fire (Glassman et al., 2023). Fungal abundance was
reduced towards deeper soils in control plots, however, this trend was
not observed in bacteria. Previous studies in unburned soils have shown
that microbial biomass tends to decrease with depth (Fierer et al., 2003;
Fierer, 2017). The lack of a strong depth effect on bacterial abundance
might be due to the relatively shallow depth of the collected soils.
Nonetheless, bacterial communities in the deeper soil layer (5-15 cm)
were generally less sensitive to fire than fungal communities at the same
depth. The higher sensitivity of fungi to fire at deeper soils may be
because some fungal genets (individual) tend to form mycelia that grow
across the two soil depths. Thus, even fungi in the deeper soil would be
impacted by fire. In agreement with our results, Qin and Liu, (2021)
reported fungi tend to be more sensitive to fire than bacteria and another
study in a California grassland found that impact of environmental



M.V. Caiafa et al.

change on bacterial communities decreased with soil depth (Barbour
et al., 2022). Furthermore, experimental burns have shown that soil
depth variation as little as 5 cm can results in differences in maximum
temperature of more than 100 °C (Bruns et al., 2020).

Fungal and bacterial species richness was affected by the interaction
of fire severity, fire site, and soil depth. Previous studies in pine-
dominated forests have shown a reduction in microbial richness after
high severity fire (Whitman et al. 2019; Pulido-Chavez et al., 2021;
Nelson et al., 2022). We found that differences in fungal richness be-
tween burned and unburned plots persisted for more than 10 post-fire
years, with the most pronounced differences for the more recent fires
(2018-2020) (Fig. 2). Interestingly, this pattern was weaker for bacterial
communities, with significant differences only between burned and
unburned plots at only two sites (Badger Creek 2018 and Mullen 2020).
In a few cases, bacterial richness was slightly higher than unburned
controls. Low severity fires have been shown to have little or no impact
on bacterial richness (Kranz and Whitman, 2019; Glassman et al., 2023),
thus, the increased bacterial richness in some low severity plots is likely
due to the proliferation of pyrophilous bacteria in these soils. Niche
heterogeneity created by fire and low mortality could result in an
increased species richness after fire (Pulido-Chavez et al., 2023). Despite
the differences in richness between burned (low and high severity) and
control, we observed a partial recovery of both fungal and bacterial
richness over time. A similar trend has been observed in other fire
chronosequence studies in pine-dominated forests (Kipfer et al., 2011;
Pulido-Chavez et al., 2021). Yet, fungal richness might also be influ-
enced by the beetle-driven tree mortality in the years pre-fire. Beetle
outbreaks has been shown to reduce the richness of saprotrophic and
ectomycorrhizal fungi (Pec et al., 2017) and a large portion of the pine
trees in our study sites had been dead for up to 15 years before the
wildfires. Therefore, low richness in some unburned plots could be due
to high tree mortality.

5. Conclusions

Our chronosequence approach tracked the partial recovery of
abundance and species richness in older fires and found that shifts in
community composition persisted in both bacteria and fungi even after
ten years post-fire. We also detected an increased abundance of pyro-
philous fungi and bacteria in the recent fires. While long-lasting effects
of wildfire on microbial community composition have been reported in
numerous ecosystems, it is important to note that the forests studied
here had already experienced high beetle induced mortality prior to
fires, which compounded to severely reduce ECM fungi more than just
fire alone and led to ECM fungal richness not recovering over time.
Ecosystems getting hit consecutively by multiple global change factors
will likely have synergistic negative impacts on forest recovery in many
systems across the globe.
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