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ARTICLE INFO ABSTRACT
Editor: Ewa Korzeniewska Small-scale variation in wildfire behavior may cause large differences in belowground bacterial and fungal

communities with consequences for belowground microbial diversity, community assembly, and function. Here
we combine pre-fire, active-fire, and post-wildfire measurements in a mixed-conifer forest to identify how fine-
scale wildfire behavior, unburned refugia, and aboveground forest structure are associated with belowground
bacterial and fungal communities nine years after wildfire. We used fine-scale mapping of small (0.9-172.6 m?)
refugia to sample soil-associated burned and refugial microbial communities. Richness was higher in refugia for
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bacteria (+19 %) and fungi (+31 %) and in all functional guilds relative to burned soils. Refugial communities
had greater proportions of saprotrophic and lower proportions of pathogenic fungi relative to burned soils.
Composition differed in burned areas and refugia and was most strongly associated with small-scale fire

behavior, aboveground live tree basal area, and tree mortality. Refugial communities had more connected as-
sociation networks and fewer facilitative interactions relative to burned soils — supporting both the stress-
gradient hypothesis and the conclusion that refugial communities may have greater resistance to future
disturbance. Small-scale differences in wildfire behavior and effects can have long-term impacts on belowground
microbes, highlighting the need to assess neighborhood effects at spatial scales that influence microbes.

1. Introduction

Wildfires consume dead and live biomass (e.g., fuel) and release and
transport energy via conduction, convection, and radiation (Johnson,
1996). This energy release can alter microbial communities directly
through heating-induced damage and death (Dickinson and Johnson,
2004; Rosenberg et al., 1971) or indirectly by altering the physical,
chemical, and biotic environment in which the microbes exist (Adkins
et al., 2020; Miesel et al., 2015). However, natural spatial variation in
plant communities, fuels, weather, and topography may induce ‘pyro-
diversity’ (Jones and Tingley, 2022) — defined as variation in wildfire
behavior and effects — which could provide for a gradient of direct im-
pacts on microbes and enable the survival of fire-intolerant microbes
(Fox et al., 2022). As well, immediate and delayed vegetation mortality
may alter the soil environment, further contributing to microbial com-
munity shifts towards more stress-tolerant, pyrophilous, and thus fire
adapted communities (Day et al., 2020; Steindorff et al., 2021), which
may be long-lasting (Adkins et al., 2022). Therefore, identifying the
causes of spatial heterogeneity of wildfire effects is critical for under-
standing the dynamics after fire of belowground microbial communities
and their plant associates.

Consistent with the processes that govern fire extinction (Dickinson
et al., 2013; Wilson Jr, 1985). fire that burns under high humidity and/
or low wind speed and into discontinuous or moist fuels can create
unburned refugia intermixed within a mosaic of burned conditions
(Blomdabhl et al., 2019; Kolden et al., 2012). Refugia — here defined as
areas with intact non-charred organic horizons and unconsumed surface
fuels — can vary widely in size and persist through multiple fires
(Meddens et al., 2018). Though pyrodiversity and landscape refugia are
frequently studied at spatial scales in line with remote sensing data (e.g.,
30 x 30 m LANDSAT pixels), this scale may be inadequate for assessing
smaller refugia at scales relevant for microbial communities (Birch et al.,
2023b; Blomdahl et al., 2019). Small-scale refugia (here defined as

Time

smaller than 30 x 30 m), may be important lifeboats for fire-intolerant
and late-seral microbial taxa, helping conserve microbial diversity on
the landscape (Franklin et al., 2000). Small-scale refugia may be buff-
ered against immediate, direct surface heating from wildfire but still be
influenced by delayed fire effects on the landscape including overstory
mortality, and changes to infiltration, runoff and erosion, and nutrient
cycling (Fig. 1).

As fire intensity (the rate of energy release) and severity (the
aboveground and belowground magnitude of organic matter loss;
Keeley, 2009) increase, soil fungal and bacterial communities in burned
areas generally decline in abundance and richness and become more
dissimilar to unburned communities in neighboring forests (Adkins
et al., 2020; Whitman et al., 2019). Changes in community composition
have been detected within weeks after fire (Bruns et al., 2020; Pulido-
Chavez et al., 2021), and persist for decades (Kipfer et al., 2011).
However, most studies addressing changes in microbial communities
after fire assess fire effects at landscape scales or depend on data from
prescribed fire which, by design, does not demonstrate the higher-
intensity fire behavior or environmental conditions that occurs during
wildfires (Hunter and Robles, 2020). These limitations hamper the
ability to understand how fire affects microbial communities at the scale
at which fire behavior and effects vary.

Variation in fire behavior may induce differential effects across mi-
crobial functional guilds (e.g., symbiotic versus saprotrophic) owing to
uneven effects on of living and dead biomass (Birch et al., 2023a), which
then determines the habitat and source of nutrients for saprotrophic,
symbiotic, and pathogenic microbes. The mortality of large-diameter
trees may reduce fine-root availability and thus potential habitat for
ectomycorrhizal fungi (Birch et al., 2022; Pulido-Chavez et al., 2021;
Taudiere et al., 2017) whereas the consumption of organic horizons and
soil organic matter may drive shifts in saprotrophic fungi (Beals et al.,
2022; Rodriguez-Ramos et al., 2021) by reducing the amount and
altering the types of organic material in and above the mineral soil.
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Fig. 1. Conceptual diagram of wildfire effects. (a) Burned soils experience immediate direct and indirect effects from wildfire. In contrast, refugia may experience
minor heating and minimal immediate impacts from wildfire. (b) Over extended post-fire timeframes there may be bi-directional colonization of soils by bacteria and
fungi from communities that experienced differential impacts of wildfire. Long-term delayed effects of wildfire include altered soil albedo, tree mortaliy and root
dieback, and differential deposition of deadwood and organic matter onto the forest floor and into the mineral soil.
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Conversely, new types and inputs of deadwood - via deposition of fire-
killed trees, branches and needles - may increase saprotrophic fungal
diversity and abundance over time (Yang et al., 2021). Copiotrophic
bacteria (those that favor nutrient-rich environments) often increase in
the postfire environment whereas oligotrophic bacteria (those that
better tolerate nutrient-poor environments) often decline in abundance
(Adkins et al., 2020; Adkins et al., 2022; Pérez-Valera et al., 2019).
These changes in microbial community structure may have cascading
effects by altering the types, locations, and cycling of nutrients (Kutiel
and Naveh, 1987). In turn, changes in the composition and diversity of a
single taxon or functional group may have cascading impacts on the
entire microbial community through facilitative and competitive in-
teractions (Herren and McMahon, 2018).

Microbial community structure and associations among taxa affect
community resistance to potential disturbance such as fire or drought
(de Vries et al., 2018; Yang et al., 2022). Inferring the positive or
negative associations among microbes can provide insights on which
taxa are key to maintaining community structure. In such association
networks, taxa are considered ‘nodes’, with associations among taxa
inferred as network ‘edges’ between each node (Table 1). Positive cor-
relations between taxa abundances may be inferred as niche overlap or
facilitative interactions whereas negative correlations may indicate
niche differentiation and competition (Herren and McMahon, 2018).
Negative associations between taxa are generally considered to produce
networks resilient to disturbances by stabilizing communities and
minimizing positive feedback loops (Coyte et al., 2015; Gao et al., 2022);
thus, shifts in the abundances of key taxa can alter the ability of the
overall microbial community to resist disturbance (Herren and McMa-
hon, 2018), potentially resulting in a fundamental loss of microbial
community function (Liu et al., 2022). Because microbial communities
may change due to disturbance, the use of comparative microbial as-
sociation networks may untangle how fire behavior influence vulnera-
bility and resilience to subsequent disturbances.

We investigated the composition of bacterial and fungal

Table 1
Description of network characteristics.
Network term Description
Node A microbial taxon (agglomerated at the genus level in
this study)
Edge An inferred association between nodes (taxa) based on

read abundance
The minimum number of edge steps separating nodes,
averaged across all nodes

Average path length

Betweenness A centrality measure of the number of shortest paths
that pass through a node
Modularity A measure of sub-networks (modules) with higher

numbers of edges within than between modules

(Clauset et al., 2004)

A measure of the degree to which nodes are locally

connected

The largest grouping of nodes that can be traversed

through connecting edges.

A measure of the robustness of networks to deletion of

edges (associations) between nodes (Jun et al., 2010)

The relative strength of positive associations, calculated

for each taxa and summed by sample. Bounded between

0-1.

The relative strength of negative associations,

calculated for each taxa and summed by sample.

Bounded between —1 - 0.

The sum of positive and |Negative cohesion|. A measure

of network complexity and the strength of associations.

The proportion of the LCC remaining after progressively

removing nodes from the network.

Adjusted Rand Index A measure of cluster similarity between two graphs (
(RDI) Qannari et al., 2014; Hubert and Arabie, 1985).

Graphlet Correlation Euclidiean distance between subgraphs. A measure of
Distance (GCD) assessing similarity between graphs (Yaveroglu et al.,

2014)

Clustering coefficient
Largest connected
component (LCC)

Natural connectivity

Positive cohesion

Negative cohesion

Total cohesion

Robustness
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communities and their relationships to wildfire behavior, forest
composition, mortality, and deadwood deposition in burned soils and
neighboring refugia nine years after wildfire in a California mixed-
conifer forest. We leveraged unique existing datasets including mea-
surements of active fire behavior, immediate forest change taken within
days before and after fire, mapping of small-scale (0.9-172.6 m?)
refugia, and long-term forest demography, to address the following
research questions:

1) How does microbial diversity vary between burned and refugia soils
nine years after fire?

2) How do microbial communities covary with abiotic and biotic
environmental neighborhoods after fire?

3) To what extent do network structure and associations differ between
burned and refugia communities?

2. Methods
2.1. Study area and pre-fire measurements

The study site was an interior section of the Yosemite Forest Dy-
namics Plot (YFDP) a 25.6 ha plot established following the protocols of
the Smithsonian Forest Global Earth Observatory (ForestGEO, Davies
et al., 2021) in Yosemite National Park, California, USA (Lutz et al.,
2012). The pre-fire forest community was composed of Abies concolor
(Gordon & Glendinning) Hildebrand (white fir; 45 % of forest-wide
basal area), Pinus lambertiana Douglas (sugar pine; 44 % basal area),
Calocedrus decurrens (Torrey) Florin (incense cedar; 7 % basal area), and
Quercus kelloggii Newberry (California black oak; 2 % basal area)(Lutz
et al., 2012). Prior to modern fire suppression the forest was likely
dominated by P. lambertiana with smaller cohorts of Q. kelloggii,
C. decurrens, and A. concolor. We selected a 2.1 ha sampling area that
contained representative tree species, forest structure, topography, and
for which we had active-wildfire measurements. All live and dead trees
>1 cm diameter at breast height (DBH, nyp22 = 22,189) were mapped,
tagged, identified to species, and annually visited to assess status
changes. Additionally, we mapped all deadwood >10 cm at its large end
that originated from tree boles (n2022 = 13,118, Lutz et al., 2020).

The YFDP spans an elevation of 1773-1911 m with a mean annual
temperature of 10.1 °C and mean annual precipitation of 1109 mm, of
which 615 mm occurs in the winter (Wang et al., 2016). Most soils are
slightly acidic to basic (pH 6.2-7.2) and are within the Alfisol (Palex-
eralfs), Inceptisol (Dystroxerepts), and Ultisol (Haploxerults) orders
with Loamy to Sandy Loam textures. There is no record of management
actions taken within the YFDP, though seasonal sheep grazing was
present before the inclusion of the land into Yosemite National Park in
1930. The area burned in the human-caused 2013 ‘Rim’ wildfire which
burned 104,131 ha in the California Sierra Nevada range (Kane et al.,
2015). The YFDP was previously burned by a large fire in 1899; how-
ever, the 1986 ‘Bobkitten’ (0.4 ha) and 1984 ‘Quickie’ wildfires (0.4 ha)
burned adjacent to the YFDP and may have burned into the edge of the
sampling area. Before European colonization and fire suppression, the
forest likely burned under frequent, mixed-severity fire with a point fire
return interval of 6-34 years (Barth et al., 2015; Safford and Stevens,
2017).

2.2. Fire weather, behavior, and measurements after fire

The YFDP burned in a backfiring operation on the 2013 Rim fire.
Prior to burning the USDA Fire Behavior Assessment Team (FBAT)
established four plots within the YFDP to assess fire behavior using fire-
resistant video and sensor arrays (Birch et al., 2023a; Fire Behavior
Assessment Team, 2022). Thermocouples provided empirical measures
of the rate of spread across the study area (Fire Behavior Assessment
Team, 2022). In 2014 all trees and standing dead trees (hereafter snags)
were measured for maximum bole char height, bole consumption (%),
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canopy scorching (%), and mortality. All unburned refugia >1 m? were
mapped and delineated by ground crews as described by Blomdahl et al.
(2019). Crews used meter tapes and ocular estimation to map refugia
polygons in reference to geo-located trees and snags (ngo14 = 38,664).

2.3. Forest floor and soil sampling

In May of 2022, nine years after fire, we collected soil samples across
2.1 ha within the YFDP (Fig. 2).

We established a sampling area consisting of an ordered grid (n =
60), randomly placed samples (n = 26), and samples randomly placed
inside the perimeters of unburned refugia (n = 35). We selected this
sampling design to enable representative sampling across the study area
and refugia while capturing a full range of inter-sample distances so as to
assess spatial autocorrelation among samples. At each sampling point,
we measured the depths of the organic horizons (litter and duff) to the
nearest mm. We used a soil knife (Zenport; Sherwood, Oregon) to
sample soil in a 3 x 3 cm area to a depth of 0 — 25 c¢m, preserving soil
from that 25-cm profile. We sanitized the knife using a 10 % bleach
solution between each soil sample and froze samples at —20 °C before
DNA extraction. Because our study was focused on investigating both
direct and indirect effects of fire, we sampled across soil depths that
experienced the most intense soil heating (0-10 cm; Brady et al., 2022)
and depths that represent indirect fire impacts on roots and organic
matter in the nine years after fire (e.g., 0-25 cm; Berndt and Gibbons,
1958; Wasyliw and Karst, 2020). The sampling interval of nine years
after fire is within the historic fire return interval (6-34 years) in which
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microbial communities may be expected to experience subsequent
reburns. Four randomly placed samples were in unburned refugia for a
total of 78 burned and 43 refugia samples. Refugia samples were located
in refugia of 39.1 + 47.9 m? SE (range 0.9-172.6 mz). Burned samples
were 8.3 + 5.0 m from the nearest refugia (range 0.3-18.9 m).

2.4. Sample preparation and sequencing

We freeze-dried soil samples until reaching a stable weight and used
MoBio DNeasy PowerSoil Kits (Qiagen, Hilden, Germany) to extract
DNA following the manufacturer's instructions. For amplification and
sequencing, we targeted the bacterial 16S rRNA region using the 515F
and 806R primers (Walters et al., 2016) to target the VF4 region and the
fITS7 (Ihrmark et al., 2012) and ITS4 primers for the fungal ITS2 region
(Thrmark et al., 2012; White et al., 1990). Sequencing was conducted at
the Utah State University Genomics lab (Utah State University, Logan,
UT), with a MiSeq sequencing platform. Eighteen samples (ten burned;
eight refugia) had insufficient high-quality DNA and were not success-
fully sequenced.

2.5. Bioinformatics

We denoised, quality-checked, and filtered the demultiplexed se-
quences using the dada2 1.26.0 bioinformatics pipeline (Callahan et al.,
2016) for both 16S and ITS sequences which we processed and analyzed
separately (Table A.1). We trimmed primers from 16S and ITS sequences
using dada2 and cutadapt software (Callahan et al., 2016; Martin,
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Fig. 2. Diagram of sampling area and refugia locations at the Yosemite Forest 2 Dynamics Plot, CA, USA. (a) Map of the sampling locations and delta normalized
burn 3 ratio (ANBR) severity. (c:d) Representative photos of the forest floor and sampling area. 4 Photos: Dr. Joseph D. Birch.
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2011). We assigned bacterial taxonomy using the SILVA 138.1 database
(Callahan et al., 2016; McLaren and Callahan, 2021), with exact species
assignments (and fungal taxonomy using the UNITE database
(Abarenkov et al., 2023).

We normalized bacterial reads at 12,500 and fungal reads at a 15,000
read cutoff (Fig. A.1) and three bacterial and two fungal samples were
below the respective cutoffs. We used non-normalized ASVs for calcu-
lating Shannon diversity, richness, and for assessing network associa-
tions. We used read-abundance as a proxy for microbial abundance with
Bray-Curtis dissimilarity as the frequency of ASVs across samples was
positively correlated to read abundance for both bacteria (R? = 0.77; P
< 0.001) and fungi (R? = 0.70; P < 0.001).

2.5.1. Functional traits of bacteria and fungi

To differentiate between oligotrophic and copiotrophic bacteria, we
classified all ASVs within Acidobacteriota and Verrucomicrobiota as
oligotrophic and ASVs in Actinobacteriota, Bacteroidota, and Firmicutes
as copiotrophic (Adkins et al., 2022). To assign functional guilds to
fungal ASVs we used the FungalTraits database (Polme et al., 2020). We
assigned guilds at the genus level and grouped similar guilds for analyses
(e.g., dung, litter, nectar, pollen, soil, and wood saprotrophs as
‘Saprotrophs’).

2.6. Characterizing soil nutrients, pH, and moisture

In 2018 we measured the concentration of mineral soil nutrients
(phosphorus, ammonium, nitrate, calcium, iron, potassium, magnesium,
manganese, effective cation exchange capacity, base saturation, and
sodium) and pH, by sampling soils to 10 cm in a grid across the entire
YFDP. We measured soil nutrient concentrations following the analyt-
ical methods of Baldeck et al. (2013) and used kriging to interpolate
mineral soil pH and nutrients. Prior to interpolating soil nutrients at the
YFDP, we normalized each nutrient and plotted semivariograms to
assess the spatial autocorrelation of each. We excluded nutrients
(ammonium, nitrate, manganese, effective cation exchange capacity,
base saturation, and sodium) that were non-normal after transformation
and those that were autocorrelated over distances smaller than our
sampling distances. We used the ‘krige’ function in gstat 2-1.0 package
(Graler et al., 2016; Pebesma, 2004) to interpolate the remaining nu-
trients and then transformed each nutrient to their original units (mg
kg’l) for analysis (Table A.2). In cases where our models were sensitive
to collinearity, we collapsed soil nutrients and pH into principal
component scores for each soil sample. After collapsing nutrients, the
first (56.4 %) and second (19.8 %) components cumulatively explained
76.2 % of the variation in nutrients (Fig. A.2; Table A.3). Because soil
nutrients were collected five years post-fire, we assume that our mea-
surements had captured much of the variability induced by nutrient
volatilization from fire and organic inputs, which were concentrated in
the immediate post-fire years when tree mortality was at its highest
(Furniss et al., 2020). Work by de Vries et al. (2009) suggests that a
sampling interval of >10 y is needed to detect background changes in
soil nutrients (e.g., N, C, base cations) in long-term monitoring plots in
European forests. For this study we assume that for the period
2018-2022 that nutrient changes were approximately equivalent and
that differences in microsites had equilibrated with time after fire.
Comparisons in 2018 of soil nutrients, phosphorous and nitrogen-
associated enzymes, and hydraulic connectivity between burned and
refugia soils found no significant differences, aside from slightly
elevated urease in refugia relative to burned soils (Tamjidi and Lutz,
2020).

Because the study area included vernal streams which may have
influenced soil heating and microbial community composition, we
calculated the distance to stream and a topographic wetness index as
independent variables in our models. To assess if riparian areas influ-
enced the composition of microbial communities, we plotted digitized
lidar ground return maps of vernal streams in the YFDP and calculated
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the linear distance to the nearest 0.1 m between each sampling point and
a polyline representing the centroid of the vernal streams (Fig. A.3). This
distance to stream (m) metric was used as an independent variable in
analyses of microbial composition in combination with a Topographic
Wetness Index which was moderately co-linear for our sampling loca-
tions (Pearson's correlation = —0.40; Fig. A.3).

2.7. Estimating fireline intensity and burn severity

To provide context and enable inference with other forests, we
assessed wildfire behavior using the active-wildfire and fire effects
measurements of the FBAT in and around the immediate (~100 m)
sampling area. A Fire Behavior Analyst (National Wildfire Coordinating
Group, 2024) watched each of the four videos of the wildfire in the YFDP
(Reiner et al., 2021) and recorded the mean and ranges of fire behavior
(e.g., flame lengths and the heights, rates of spread, and direction of
travel of fire). We calculated woody and herbacous surface fuel mois-
tures at the time of fire using Fire Family Plus 5 (Bradshaw and
McCormick, 2000) parameterized with interpolated hourly weather
data (Table A.4). We used thermocouples and fire video (Fig. A.4) to
assess the rate of spread (m sec’l) of the flaming front.

We estimated fireline intensity (kW m™!) using post-fire bole char
heights collected across the YFDP. Fireline intensity is a measure of the
energy release per unit space along the flaming front of a wildfire and is
closely related to flame height, length, and fire severity (Alexander and
Cruz, 2012; Byram, 1959). Because estimating fireline intensity from
bole char heights may be biased in wind-driven fires (Gill, 1974), we
retrieved hourly weather from a station located 0.5 km south of the
YFDP (National Weather Service, 2023) to parameterize the program
WindNinja 3.9.0 (Rocky Mountain Research Station, Missoula, MT) to
model wind-speeds. We downscaled 10 m winds from WindNinja to mid-
flame windspeeds using the FirebehavioR 0.1.2 R package and using pre-
fire fuel height measurements (Birch et al., 2023a; Ziegler et al., 2019).
Our estimates of wind speeds and four FBAT videos of fire behavior in
the YFDP indicated light 0-5 km h™! winds, which justified using bole
char heights to estimate fireline intensity.

To estimate fireline intensity we used an equation (Eqtn. 1) which
related bole char height to fireline intensity and was developed in Pinus
banksiana Lambert (jack pine) stands (Weber et al., 1987). For the
34,160 points where we had post-fire measurements of maximum bole
char height, we calculated intensity as:

Height of char (m) >

. oy
Intensity (kWm™) = exp( 2.64+ 036

(€]

After interpolated intensity from the values at all 34,160 trees and
snags, Prior to interpolation we first normalized all intensity values
using ‘powerTransform’ function in the car 3.1-2 package (Fox and
Weisberg, 2018) and confirmed normality of the transformed values by
plotting histograms and using a Shapiro-Wilk test. We originally
attempted to krige between all point estimates of intensity but found
that R was incapable of processing such a large dataset, even when
utilizing a high performance computing cluster (HPCC; Michigan State
University). To reduce the complexity of the dataset, we generated 2.5
x 2.5 m pixels across the YFDP, and averaged the intensity values of all
points in each pixel. After removing pixels with no trees, we had 18,692
pixels, and we used the centroids of each pixel as estimates of mean
intensity. We krigged the normalized intensity after assessing that
autocorrelation range was greater than the mean distance between trees.
After interpolation, we back-transformed normalized intensity values to
enable interpretation in the original units (kW m’l). We adjusted all
refugia intensity values to ‘O’ to represent an unburned state. Intensity
values represented a relative comparison of fire intensities across the
study area with individual measurements skewed upwards by isolated
torching of snags (therefore representing the uppermost range of in-
tensities expected during a surface fire (Van Wagner, 1983).
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To identify how burn severity is associated with microbial commu-
nity composition we assessed both a remote sensing offset-adjusted delta
normalized burned ratio (ANBR, Key and Benson, 2006) using categor-
ical severity thresholds established by Miller and Thode (Miller and
Thode, 2007) and soil burn severity (SBS) from the Burned Area
Emergency Response (Burned Area Emergency Response, 2013). The
dNBR assesses changes in the surface reflectance of predominantly
overstory vegetation at scales of 30 x 30 m, from image pairs taken
before and one-year post-fire (Key and Benson, 2006). The burned area
emergency response soil burn severity is an immediate (days to weeks)
post-fire data product developed for each fire and validated against
remote-sensing reflectance measures to extrapolate categorical (e.g.,
‘very low, ‘low, “moderate”, and “high”) measures of soil burn severity
(Parsons et al., 2010). To estimate the consumption of litter and duff
across the YFDP we compared paired pre-fire (2011) and post-fire
(2014) litter and duff depth measurements (n = 1120) taken along the
boundaries of the YFDP (Cansler et al., 2019) to identify the relative (%)
consumption due to wildfire.

2.8. Statistical analyses
We conducted all statistical analysis using the R 4.2.1 statistical

software with the graphical user interface R Studio, 2023.06.02 (R Core
Team, 2022; R Studio Team, 2023). We analyzed our results using the

YFDP (2009 - present)

Tree mortality
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phyloseq 1.42.0, vegan 2.6-4, and phyloseqGraphTest 0.1.0 R packages
(Fukuyama, 2023; McMurdie and Holmes, 2013; Oksanen et al., 2023).
We visualized our results using ggplot2 3.4.4, ggpubr 0.6.0, and igraph
1.5.1 R packages (Csardi and Nepusz, 2006; Csardi et al., 2024; Kas-
sambara, 2023; Wickham, 2016) and produced maps in ArcMap 10.8.1
(ESRI, Redlands, California).

To identify the direct and indirect influences of fire and the envi-
ronment on microbial communities' richness and composition we iden-
tified a priori explanatory variables including sample type (burned or
refugia), fire behavior (fireline intensity), fire effects (ANBR, SBS burn
severity, mortality 2014-2021), soil nutrients (Al, Ca, Fe, pH, K, Mg, P),
topography (elevation, topographic wetness, distance to stream), and
abundance of live trees and dead biomass (litter and duff depth, dead-
wood biomass; Fig. 3). We used an analysis of variance (ANOVA) in base
R to assess if environmental variables differed between burned and
refugia samples and verified assumptions of normality and hetero-
scedasticity using a Shapiro-Wilks and Bartlett test, respectively (R Core
Team, 2022). We tested litter and duff depths using data from all sam-
ples, including those not successfully sequenced.

2.8.1. Neighborhood analysis of live trees, mortality, and deadwood
biomass

To identify the potential spatial neighborhood which may influence
belowground communities, we tested for spatial autocorrelation among

Pre-fire measurements (2009 - 2013)

Tree neighborhoods
2013 Rim wildfire — Active fire measurements (2013)

Rate of spread
Fire video

| 2022 belowground sampling |

| t Sequeincing |
| |
[

Topography A\
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Mapping of refugia (2014)
Bole char (2014)

N
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Fig. 3. Diagram of the data and analyses used to address our research questions at the Yosemite Forest Dynamics Plot (YFDP), CA, USA.
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bacterial and fungal communities using a Mantel test in the vegan 2.6-4
R package (Oksanen et al., 2023). We tested burned and refugia com-
munities separately and minimized the risk of false positives by
inversely weighted all (dividing) neighborhood values by the distance of
each to the sampling point. We tested pairwise-Euclidean distances and
Bray-Curtis dissimilarity and found spatial autocorrelation (0-40.0 m)
for burned fungi and no patterns of autocorrelation for all bacterial and
fungal refugia communities (Fig. A.5). We then used the maximum
spatial range of burned fungal communities over which to summarize
the scales at which the aboveground forest may influence belowground
communities.

We summed the basal area for all living trees in 2022 in a 40 m buffer
of each sampling location and divided the basal area by the distance
between the sampling location and the tree stem (Eqtn. 2;).

Basal Area (m?)
from sampling location (m)

(2)

To assess the influence of trees that died after the wildfire, we used
similar methods as for live trees, with the modification that we weighted
snag basal area by the number of years the tree had been dead to account
for a greater period in which they had influenced microbial communities
(Eqtn. 3).

Weighted Basal Areay;,, s = Z Distance

Basal Area (m2)

Distance (m) *Time since death 3)

Weighted Basal Aredgnqg =

To assess the influence of deadwood on microbial communities, we
calculated the mass (Mg) of all mapped deadwood following Lutz et al.
(2020) using the species and decay-class specific coefficients of Harmon
et al. (2008) and Cousins et al. (2015). We first calculated a 40 m radius
around each sampling point and assessed the overlap for each deadwood
polygon and the radial buffer. We adjusted our biomass estimates for
each piece of deadwood by the percentage of the polygon overlapping
the 40 m buffer and weighted biomass by the distance between the
sampling location and the centroid of the intersecting deadwood

polygon.

2.8.2. Assessing the environmental influences on microbial richness

To calculate Shannon's diversity and richness we used phyloseq
1.38.0, on un-rarefied community data (McMurdie and Holmes, 2013).
We calculated beta diversity following Whittaker (1960) with separate
calculations for burned and refugia samples and gamma diversity
derived from the total richness of both burned and refugia samples
within the YFDP. To test which environmental factors were associated
with microbial richness, we used a multi-model inference (MMI)
approach using the MuMIn 1.4.75 package (Barton, 2022). A MMI cal-
culates all possible combinations of models, based on a priori hypoth-
esis, and weights models according to AICc, with a global model
produced by averaging the top-ranking models (AAICc from the best
model), with models ranked by the explanatory power. We chose a
AAICc threshold of <3.0, indicative of highly skilled models. Individual
variables were assigned a relative variable importance (RVI), with an
RVI > 0.5 considered an ‘important’ variable in explaining microbial
richness. Because the MMI is sensitive to multi-collinearity, we calcu-
lated a variable inflation score (VIF), collapsed soil nutrients into two
principal coordinates and removed elevation to reduce the VIF < 3 for
all variables.

2.8.3. Assessing drivers of compositional differences

To visualize composition differences between burned and refugia
microbial communities we conducted a minimum spanning tree analysis
in the phyloseqGraphTest 0.1.0 R package (Fukuyama, 2023) with 999
permutations based on Bray-Curtis dissimilarity and the grouping factor
selected as sample type. To determine how microbial communities co-
vary with post-fire abiotic and biotic environmental neighborhoods we
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used Bray-Curtis community dissimilarity of bacterial and fungal com-
munities as a dependent variable in a permutational analysis of variance
(PERMANOVA) in vegan 2.6-4 (Oksanen et al., 2023). We used as
explanatory variables both the categorical burned/refugia status as well
as the estimated fireline intensity because intensity provides a contin-
uous estimate of direct fire effects. Other explanatory variables included
measures of soil nutrients, topography, fire severity, neighborhoods for
live trees, snags, and deadwood. Prior to using a PERMANOVA, we
verified assumptions of homogeneity of multivariate dispersions by
calculating beta dispersion and using a Tukey Honest Significant Dif-
ferences test to verify that burned and refugia samples were not different
(P > 0.05).

2.8.4. Network associations & inferred assembly processes

To assess the network associations between ASVs, we analyzed
unrarefied bacterial and fungal communities agglomerated at the genus
level using a Pearson correlation analysis and the NetCoMi 1.1.0 R
Package (Peschel, 2023; Peschel et al., 2020). We agglomerated com-
munities at the genus level to avoid inferring intraspecific association
patterns in ASVs that can overrepresent diversity by 30-110 %
(Glassman and Martiny, 2018). Because we had an unbalanced design,
we down-selected a random subsample of burned samples to ensure
equal representation between groups (nota] = 72). Prior to agglomera-
tion, we separately filtered bacterial and fungal genera to only those that
had > median read abundance and were present in >5 samples (14 %).
We used a centered-log-ratio transformation of read counts, an unsigned
transformation to weight negative and positive associations equally,
maintained edges with a correlation >0.5, and used a multiplicative
simple replacement for zeros. To identify clusters in the network, we
used a fast-greedy clustering algorithm implemented using the iGraph
1.5.1 (Csardi et al., 2024) package with hubs identified using degree and
eigenvector centrality, with a fitted log-normal distribution and hubs as
those with in the upper Q4 quantile (Appendix B). We calculated to-
pological properties relating to network stability (Table 1) and calcu-
lated the positive and negative cohesion of each network using a null-
model taxa-shuffle and analytical code of Herren and McMahon
(Herren and McMahon, 2018) where:

n
Cohesionpysitiye = E Relative abundance;; x positive connectedness;
i=1

n
Cohesionyegarive = Z Relative abundance;; x negative connectedness;
i=1

And
Cohesionryq = |CohesionNegme| + Cohesionpysiive

Cohesion represents a weighted measure, per sample, of the mean
sign and strength of associations among taxa, weighted by the relative
abundance of each taxon. Negative cohesion is generally associated with
more stable microbial communities whereas positive cohesion can
indicate vulnerability to disturbance (Coyte et al., 2015; de Vries et al.,
2018; Hernandez et al., 2021). To assess if network topologies differed
between sample types, we calculated the adjusted Rand Index (RDI) and
graphlet correlation distance (GCD) using the NetCoMi 1.1.0 R Package
and 1000 permutations against a null model of no difference (Peschel,
2023). The RDI is bounded between —1 and 1, where 1 indicates com-
plete agreement between network clusters and 0 indicates independence
between graphs (Hubert and Arabie, 1985; Qannari et al., 2014). The
GCD is the Euclidean distance between the upper triangle of correlation
matrices derived from network's nodes within subgraphs (e.g., ‘graph-
lets’) and provides a metric for robustly comparing network topology
(Hocevar and Demsar, 2016; Yaveroglu et al., 2014).
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3. Results
3.1. Fire behavior and effects

The study area burned between 7:39 UTC Sept 1 and 18:30 Sept 2
2013 as part of a backfiring operation originating 0.5 km to the south.
Surface fuel moistures were low (<15 %; Table A.4) with relative hu-
midity of 36-74 % (mean 56 + 1.6 SE %) and air temperatures ranged
from 15.2 to 25.3 °C (mean 19.3 + 0.4 °C SE). Fire behavior was low to
moderate with backing and flanking fire behavior across the study site
(Fig. 4, Fig. A.4). Flame lengths ranged from 0.5 to 10.0 m, with a mean
flame length of 0.6 m and only 18.5 % of bole char heights matching or
exceeding half of their respective bole height (Fig. A.5). Estimated
fireline intensity had a median of 2906 + 7299 kW m™! at burned
sampling locations. Maximum bole char height on the nearest tree were
1.7 m greater for burned samples (mean height = 2.7 + 0.3) than for
refugia samples (Fig. 4).

Burn severity, as assessed by the delta normalized burn ratio (ANBR)
at a 30 x 30 m scale, averaged 176 + 7 SE, and did not differ (F1oo =
1.27, P = 0.262) between burned and refugia samples. Consumption was
high for litter (83 % =+ 0.8 % SE) and duff (93 % + 0.9 %), the fuels most
proximate to the mineral soil. In 2022, neither the depth of litter nor duff
differed between burned and refugia samples, nor did elevation or soil
nutrients, as measured in 2018 (Table A.5). Tree mortality generally
followed expectations for the mixed-conifer zone of the Sierra Nevada —
large-diameter trees mostly survived the immediate fire effects whereas
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small-diameter trees experienced >90 % mortality as assessed in 2014.
Fire-weakened trees were often killed by bark beetles in the years
following the fire (Furniss et al., 2020). Tree mortality after fire
(2013-2021) ranged from basal area losses of 14.6-50.8 m? ha~! across
the sampling area and did not differ between burned and refugia areas
(Table A.5).

3.2. Environmental drivers of microbial richness

After merging filtered, non-chimeric sequences, there were
4,478,039 bacterial and 3,721,575 fungal reads and read number and
length did not vary between burned and refugia samples (P > 0.05).
After rarefaction, there were 12,932 bacterial amplicon sequence vari-
ants (ASVs; 98 samples) and 4596 fungal ASVs (100 samples). Propor-
tional read abundances were similar at the phylum and family level
between burned and refugia communities. For bacteria, Micrococcaceae
was the most read-abundant family, followed by Solirubrobacteraceae
and Xanthobacteraceae (Table A.6). For fungi, the most read-abundant
families were Melanommataceae, Aspergillaceae, and Cylin-
drosympodiaceae (Table A.6). The most read-abundant bacterial genera
across all samples included Pseudarthrobacter, Conexibacter, and Gem-
matimonas (Appendix C), whereas Herpotrichia, Penicillium, and Cylin-
drosympodium were the most read-abundant fungi (Appendix C).

Across all burned and refugia samples, we identified 1567 oligotro-
phic (8.2 % of reads) and 3841 copiotrophic ASVs (49.6 % of reads).
Refugia communities had 178 more oligotrophic (576 vs. 398 ASVs) and

Fire effects Burned Refugia
Nearest live tree (m) pre-fire 20+0.12 23+0.22
Nearest live tree (m) in 2022 55+0.4° 3.7+0.3°
Live overstory (m?) in 2022 196+0.8 224+1.0°
Max char (m) on nearest tree in 2014 27+0.32 1.0+£0.2°
Canopy scorch (%) on nearest tree in 2014 74 £ 52 60 + 82
Overstory mortality (m2) (2013 — 2021) 16.0+£0.52 151+0.72
Nearest snag (m) before fire 19+£0.12 27+0.2°
Nearest snag (m) in 2022 28+0.22 331022
Nearest deadwood pre-fire 6.6 +0.62 6.0+ 0.62
Nearest deadwood in 2022 6.3+0.52 78+0.72

Fig. 4. Fire behavior and effects with annotated screen-capture of fire behavior from Fire Behavior Assessment Team video in the Yosemite Forest Dynamics Plot, CA,
USA. Mean values +1 SE for fire effects and forest structure for burned and refugia samples. Different lowercase letters indicate significant (P < 0.05) differences

between samples assessed using an Analysis of Variance (ANOVA).
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256 more copiotrophic bacteria (1510 vs 1254) and a greater oligotro-
phic to copiotrophic ratio (0.2 vs 0.15) relative to burned samples (Table
A.7). We identified 197 ectomycorrhizal fungal ASVs (4.7 % of all
reads), 1165 saprotrophic fungal ASVs (34.2 % of all reads), and 187
pathogenic fungal ASVs (19.0 % of reads), with 1710 low read abun-
dance ASVs (19.8 % of reads) having insufficient information for a
functional guild classification. Burned and refugia soils shared 11,153
bacterial ASVs (89 % of all ASVs) and 3199 fungal ASVs (69 %) which
cumulatively represented 98.9 % and 97.3 % of all reads, respectively
(Table A.8). Refugia communities had a 10 % higher proportional read
abundance for saprotrophic fungi (40.8 + 2.0 SE %) relative to burned
samples (30.8 + 1.2 %; P < 0.001). In contrast, burned communities had
7 % greater proportional read abundance of pathogenic fungi in burned
(21.3 £ 1.6 %) relative to refugia samples (14.6 + 1.6 %; P = 0.001;
Table A.9).

There were significant, but slight (3-4 %) differences between
refugia and burned communities in the proportional read abundance of
copiotrophic and oligotrophic guilds, and no difference for ectomycor-
rhizal fungi (Table A.9). Despite the high overlap in ASVs, burned and
refugia samples were compositionally dissimilar, driven by differential
abundance of taxa (Fig. 5). Minimum-spanning trees showed that on
average, communities were most similar to other communities from the
same sample type (e.g., refugia - refugia; Fig. 5).

Both bacterial and fungal richness and Shannon diversity were
elevated in refugia, relative to burned samples (Fig. 6a). Shannon's
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diversity and community richness were greater in refugia samples for all
functional guilds (P < 0.05; Table A.7). Whittaker's beta diversity for
bacteria was 3.51 in burned samples and 2.96 in refugia samples (Table
A.7) whereas fungal beta diversity was 8.26 in burned samples and 6.28
in refugia samples. Our multi-model inference approach identified the
most important (relative variable importance [RVI] > 0.5) variables
associated with richness of the bacterial and fungal communities. The
global model, averaged across the top performing models (AAICc <0.3;
Appendix C), indicated that bacterial richness was greater in refugia
(RVI = 1.00; Fig. 6), greater with increasing distance-weighted basal
area of live trees (RVI = 0.91), greater with greater litter depth (RVI =
0.74), and declined with increasing fireline intensity (hereafter ‘in-
tensity’; RVI = 0.55). Copiotrophic bacterial richness was greater in
refugia (RVI = 1.00, Fig. 6d), greater with higher litter depth (RVI =
1.00), and declined with increasing intensity (RVI = 0.81). Oligotrophic
bacterial richness was greater in refugia (RVI = 1.00, Fig. 6e), greater
with higher litter depth (RVI = 1.00), greater with increasing distance-
weighted basal area of live trees (RIV =0.97), and declined with
increasing intensity (RVI = 0.64). Total fungal richness was elevated in
refugia (RVI = 1.00; Fig. 6f) and was elevated with greater distance-
weighted basal area of live trees (RVI = 1.00). Saprotrophic fungal
richness was elevated in refugia (RVI = 1.00) and was elevated with
greater distance-weighted basal area of live trees (RVI = 1.00), but was
negatively related to duff depth (RVI = 0.56; Fig. 6g). Pathogenic fungal
richness was elevated in refugia (RVI = 0.72; Fig. 6h) and was elevated

a)

@ Burned
@® Refugia
Edgetype
--. Mixed y
— Pure

Bacteria

P < 0.001

b)

I : P < 0.001

Fig. 5. Minimum-spanning trees for bacterial and fungal communities for (a) bacterial and (b) fungal communities at the Yosemite Forest Dynamics Plot, CA, USA.
Edges connect most-similar samples of the same (pure; e.g., refugia — refugia) or different types (mixed; e.g., refugia — burned). Both burned and refugia bacterial and

fungal communities had more pure edges than expected by chance (P < 0.001).
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Fig. 6. Shannon diversity and coefficients for richness of burned and refugia microbial communities at the Yosemite Forest Dynamics Plot, CA, USA. Shannon
diversity for bacterial (a) and fungi (b) functional guilds were different (P < 0.001) between burned and refugia communities for all guilds. The estimated coefficient
values +1 SE for all variables with an relative variable importance >0.5 for (c) all bacteria, (d) copiotrophic bacteria, (e) oligotrophic bacteria, (f) all fungi, (g),
saprotrophic fungi (h) pathogenic fungi, and (i) ectomycorrhizal fungi from globally averaged models. Units: Live trees (m2 m-2), Intensity (MW m-1), litter depth
(cm), duff depth (cm), deadwood mass (Mg m-2), distance to stream (m).

with greater distance-weighted basal area of live trees (RVI = 0.50). specific environmental covariates of composition with sample type (e.g.,
Ectomycorrhizal fungal richness was elevated with greater abundance of burned or refugia) and soil iron content being significant across most
deadwood (RVI = 1.00, Fig. 6i) and with greater duff depth (RVI = 1.00) functional guilds (Table 2). Estimated fireline intensity was a significant
but was negatively associated with proximity to vernal streams (RVI = predictor for all functional guilds save ectomycorrhizal fungi whereas
1.00). soil pH was significant for all guilds except pathogenic fungi. Remote-

PERMANOVAs of microbial composition identified functional-guild- sensing derived burn severity metrics were significant predictors for

10
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copiotrophic bacteria (soil burn severity) and ectomycorrhizal fungi
(delta normalized burn ratio [dNBR]). Distance to the nearest vernal
stream was significant for all bacteria, as well as saprotrophic fungi.
Distance-weighted overstory basal area was significant for bacteria only,
whereas the amount of distance-weighted overstory mortality was
important only for ectomycorrhizal fungi.
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0.023 (*%)
0.020 (*%)
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Pathogenic fungi

3.3. Network topology, cohesion, and assembly processes

ns
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0.015 (*)

P <0.05, “**
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0.013 (%)

Network topology and the identity of hub taxa were significantly
different between burned and refugial samples (Fig. 7). As assessed by
the adjusted Rand index (ARI), the composition node clusters were
different (P < 0.001), for both the entire network (ARI = 0.232) and the
largest connected component (ARI = 0.355). The graphlet correlation
distance (GCD) was 0.479 between the entire network (P = 0.001),
indicating substantial differences in entire network topology. There
were 61 hub taxa shared between burned and refugial soils, 30 burned-
only hub taxa, and 56 refugia-only hub taxa (Appendix C). There were
59 differential edges (P < 0.05) between nodes (47 hub taxa), by sample
type (Fig. 7), with 22 that changed from positive (burned) to negative
(refugia) associations, 28 that changed from negative (burned) to posi-
tive (refugia), and eight that had an increase in association strength
(Appendix C). Notable hubs that had differential associations between
burned and refugial soils included Paenibacillus (6 differential associa-
tions), Kribbella (4 differential associations), Solirubrobacter (3 differ-
ential assocations), Cryptosporiopsis (4 differenced associations),
Devriesia (3 differenced associations), Chalara (2 differenced associa-
tions) (See Appendix B for full list). Burned communities had lower
values of positive cohesion (0.15 vs. 0.21), |negative cohesion| (0.09 vs.
0.14), and total cohesion (0.25 vs. 0.35; Fig. 7b) than refugial commu-
nities (P < 0.001).
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4. Discussion

Oligotrophic bacteria

Small-scale refugia maintain unique microbial communities that are
richer and compositionally distinct from the stress-tolerant communities
of burned soils, even nine years after fire (Fig. 5; Fig. 6). Our results
consistently highlighted differing compositions between burned and
refugia communities and did not support our hypothesis that refugia-to-
burned dispersal of microbial communities would minimize the legacy
of fire. Both direct and indirect fire effects changed community
composition which suggests that variation in the scales and effects of
wildfire (e.g., pyrodiversity) can influence the long-term composition of
microbial functional guilds. Fireline intensity was associated with
compositional differences in nearly all microbial communities, whereas
the much more coarse-scale, remote-sensing dNBR burn severity metric
failed to explain differences in microbial communities — except for
ectomycorrhizal fungi, which likely responded to mortality of the
overstory (Rodriguez-Ramos et al., 2021). Refugia may be desirable to
promote or conserve on the landscape as life boats of unique microbial
communities and more research is needed to identify to what extent
refugia influence burned soil colonization in the immediate post-fire
environment. Whereas prior work has identified near-immediate (e.g.,
days to weeks; Bruns et al., 2020) and short-term microbial changes
between different burned and unburned forests (e.g., 3 y; Adkins et al.,
2020), our study used co-occurring burned and refugia samples, thereby
controlling for differences due to sampling from different forests.
Importantly, our study is unique in that our co-occurring study design
inherently captured the influence of bi-directional dispersion of com-
munities between sample types and highlighted the ability of small-scale
differences in fire behavior to have long-lasting impacts on co-occurring
belowground microbial communities. The long-term ForestGEO dataset
of the YFDP enabled us to assess the relative influence of aboveground
forest neighborhoods on belowground communities and highlights the
utility of leveraging long-term forest monitoring plots to investigate
belowground microbial dynamics. Cumulatively, these results advance
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0.031 (*%)
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0.019 (%)
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0.022 (*%)

Copiotrophic bacteria

ns
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0.019 (*)
ns
ns

0.018 (*)

it

ns
ns
ns
ns
ns
ns
ns

ns
ns
0.018 (%)

ns
ns
0.016 (*)
0.018 (%)
0.019 (*)

All Bacteria
0.053 (***)
0.028 (***)

0.021 (*%)

-significant variables are denoted as ‘ns’.
Variable
Delta normalized burn ratio (ANBR)
Soil burn severity (SBS) category
Distance-weighted basal area; 2014 — 2021
Distance-weighted basal area in 2022

Fireline intensity
Topographic wetness index

Burned or refugia
Aluminum

Calcium

Iron

pH

Potassium
Magnesium
Phosphorous
Elevation (m)
Distance to stream (m)
Litter depth in 2022
Duff depth in 2022
Deadwood biomass

P <0.001. Non

Category
Fire effects
Fire behavior

Soil nutrients
Topography
Dead biomass
Mortality
Live trees

PERMANOVA output for bacteria and fungal communities in the Yosemite Forest Dynamics Plot, CA, USA. R? values are provided with asterisks denoting significance as: “*’

Table 2
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Fig. 7. Compositional networks and network cohesion for burned and refugia communities at the Yosemite Forest Dynamics Plot, CA, USA. (a) Circles (nodes)
represent microbial genera, with size proportional to the degree of the node. Node color indicates cluster membership, with only clusters with >10 nodes repre-
sented. Only nodes present in burned and refugia soils are plotted. Orange (blue) lines represent negative (positive) correlations between nodes. (b) Differential
associations (P < 0.05) between genera in burned and refugia taxa. (c) Positive, |negative|, and total cohesion for burned and refugia microbial communities.

an under-explored area in the effects of fire on belowground ecosystems.
Our results are representative of mixed-conifer ecosystems, which
are adapted to frequent, mixed-severity fire regimes. Ecosystems with
fire return intervals of decades to centuries (e.g., boreal or subalpine
forests) may experience even greater differences between refugia and
burned microbial communities owing to larger proportions of high burn
severity and long successional times of decades to centuries (14-366
years, Cutler et al., 2017; but see Whitman et al., 2022). Climate change
will likely result in more weather-driven fire and lower proportions of
refugia within fire footprints (Mackey et al., 2021) even as wildfires
burn into ecosystems that previously burned only infrequently (Alizadeh
et al., 2021). Thus, we might expect a lower proportion of fire refugia
under warmer, drier climates as weather-driven fire behavior and effects
become more homogenous (Wasserman and Mueller, 2023). Increasing
homogeneity of fire effects may in turn alter the distribution of woody
species whose range is jointly influenced by climate and existing fire
regimes (Birch and Lutz, 2023; van Wagtendonk et al., 2020). More
long-term, spatially-explicit research (e.g., Lutz et al., 2018) is needed to
identify the role of small-scale refugia as life-boats for fire-sensitive and
late-successional species, both above- and below-ground.

4.1. Soil microbial communities were influenced by direct and indirect fire
effects

Were the differences in burned and refugia communities driven
primarily by direct or indirect impacts of wildfire? Pre-fire surface fuel
loadings were an average of 192 Mg ha™! (Cansler et al., 2019), and
smoldering duff combustion likely induced substantial soil heating
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(>60C) in the upper 5 cm of the mineral soil for several hours, with
longer durations (e.g., 10-22 h) under drier soil moistures (Busse et al.,
2023; Hartford and Frandsen, 1992). In addition to killing fine roots and
injuring microbes (Busse et al., 2023) these temperatures may also have
altered the physical and chemical structure of the soil. Whereas many
macronutrients can begin to be volatilized in high intensity fires that
produce soil heating >200 °C (Agbeshie et al., 2022), the 2013 Rim Fire
burned at relatively moderate intensities in the YFDP; therefore, we
expect that only soils adjacent to smoldering large deadwood (> 7.6 cm
diameter) experienced sufficient heating to volatize nutrients (Monsanto
and Agee, 2008).

Delayed fire effects have likely continued to influence the develop-
ment and dispersal of microbial communities. The Rim fire caused
distinct shifts in the dynamics and mortality factors of the overstory
which have persisted in the decade after fire (Furniss et al., 2020). The
elevated tree mortality rates in the decade after fire have likely favored
saprotrophic microbes, relative to symbiotic or pathogenic guilds
(Pérez-1zquierdo et al., 2021). As well, post-fire changes to soil albedo
(Bodi et al., 2014; Weltzin et al., 2005) caused by the consumption of the
forest floor, may have induced long-term soil warming and loss of soil
organic carbon (Harden et al., 2006; Zosso et al., 2023) and generally
increased stress in burned soils until the accumulation of a new forest
floor (Iverson and Hutchinson, 2002). This is supported by the starkly
elevated saprotrophic richness in refugia whose forest floor has been
continually accumulating and decomposing since at least 1899 (Fig. 6;
Table A.5). However, we expected that these disturbances and stresses
would have been mitigated with time through the gradual deposition of
a new forest floor layer via litterfall and decomposition, and
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commensurate increases in carbon and nutrient inputs to the mineral
soil.

4.2. More cohesive refugia communities: Potential causes and
consequences

Refugial communities had 6 % more negative interactions and
greater cohesion than burned communities, which suggests that refugial
communities may be more stable and have greater resistance to future,
non-fire disturbance (Fig. 7). Greater proportions of negative associa-
tions, indicative of niche differentiation or competition, have been
implicated in promoting richer, more resistant communities (Coyte
et al., 2015) which may in part explain the higher diversity in refugia
(Fig. 6). The greater proportion of facilitation (positive) interactions in
burned communities supports the stress-gradient hypothesis that facili-
tative interactions will dominate in more stressful and species-poor
communities (e.g., burned soils). Changes to the type and abundance
of nutrients, soil temperature, and loss of roots after fire may be ex-
pected to broadly increase the stress in burned soils and thus increase
the relative importance of facilitative interactions in the belowground
community.

Notable differences in network topology may also be a consequence,
or cause, of the greater richness and altered composition between
burned and refugia soils. We might expect that belowground succes-
sional processes result in turnover or accumulation of species and spores
with time (Birch et al., 2021; Sauvadet et al., 2019) which contribute to
differences in network topology from community turnover and new taxa
additions. Whereas many hub taxa were shared between soil types, both
soil types had unique hubs with differential associations (Fig. 7; Ap-
pendix B). These may be due to differences in the abiotic environment
such as nutrient availability, altered associations with plants in
disturbed communities (de Vries et al., 2018), or the loss or gain of
keystone microbes (Herren and McMahon, 2018).

4.3. Utility of refugia for preserving and promoting biodiversity

Small-scale refugia may act as an important lifeboat for pyro-phobic
and late successional microbes, persevering species and communities
that may subsequently re-colonize burned soils (Franklin et al., 2000). In
addition to harboring potentially beneficial symbiotic or saprotrophic
microbes, refugia also harbored elevated pathogenic microbial diversity,
possibly owing to greater abundances of hosts (Parker et al., 2006) or
avoidance of direct fire effects that would otherwise kill fire-sensitive
pathogens (Reaves et al., 1990). Surprisingly, despite a high composi-
tional overlap, the persistent differences in refugia communities relative
to burned areas indicate that homogenizing dispersal processes or suc-
cession were not yet strong enough to overcome potential priority effects
or fire-induced changes in habitats (Dini-Andreote et al., 2015). Mi-
crobial dispersal after fire can alter long-term community trajectories
through priority effects and by altering community assembly (Barbour
et al., 2023). Likely, taxa dispersed from refugia into neighboring
burned communities but burned communities maintained unique com-
positions owing to their altered abiotic environment (Adkins et al.,
2020). Future research on the short- and long-term dynamics of refugial
communities may reveal how bi-directional dispersion influences mi-
crobial community assembly.

An implicit assumption of this work is that refugia are representative
of the pre-fire microbial community, though the refugial communities
may represent a departure from historic communities shaped by
frequent fire. Before the implementation of modern fire suppression
policy, more refugia may have remained after fires in mixed-conifer
forests because of the historically (pre-Euro-American settlement)
more frequent natural and cultural fires. Prior fire regimes were
conducive to milder fire effects including patchier fire spread, greater
large-diameter tree survival (Lutz et al., 2009), and lower deadwood
loadings with commensurately lower soil heating during fires (Markwith
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and Paudel, 2022).
4.4. Management recommendations for refugia

In systems at risk of uncharacteristic, homogenous fire effects (e.g.,
wind-driven or crown fire in fire-suppressed mixed-conifer ecosystems),
management interventions may reduce surface fuels and promote
greater pyrodiversity and help create refugia. Treatments, such as
mastication or thinning, that cause greater spatial variability in large
deadwood or forest floor fuels may be particularly desirable as these
fuels are typically autocorrelated over scales of meters to many dozens
of meters (Keane, 2016; Vakili et al., 2016), and contribute to substantial
energy release, thereby influencing fire behavior (Birch et al., 2023a).

Wildfires or prescribed fires that burn during moderate to marginal
weather conditions are likely to promote refugia (Donovan et al., 2024;
Price et al., 2003) and induce fuel-driven fire behavior and soil heating
commensurate with spatial variation in fuel loadings. Naturally ignited
wildfires managed, at least in part, for resource benefit (Fillmore et al.,
2024) would often burn under relatively moderate conditions (North
et al., 2021) which could be expected to result in a larger proportion of
refugia than would occur where suppression were prioritized. These
activities, along with broader ecosystem conservation, may be impor-
tant for preserving reservoirs of microbial diversity and fire-sensitive
ecosystems (Larson et al., 2022).

4.5. Conclusion

Wildfire behavior produces enduring and variable influences on
belowground community composition and richness that may go unde-
tected by coarse-scale approaches of assessing wildfire effects. Given the
role of variable fire behavior and effects in directly and indirectly
influencing microbial communities, variability may enhance below-
ground diversity on the landscape and promote a greater variety of both
pyrophobic and pyrophilic communities. As wildfires become increas-
ingly large and more homogenously high-severity, unburned refugia
may become even more important for maintaining the full diversity of
microbial communities on the landscape.
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