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Summary

� Fire plays a major role in structuring plant communities across the globe. Interactions with

soil microbes impact plant fitness, scaling up to influence plant populations and distributions.

Here we present the first factorial manipulation of both fire and soil microbiome presence to

investigate their interactive effects on plant performance across a suite of plant species with

varying life history traits.
� We conducted fully factorial experiments on 11 species from the Florida scrub ecosystem to

test plant performance responses to soils with varying fire histories (36 soil sources), the pres-

ence/absence of a microbiome, and exposure to an experimental burn.
� Results revealed interactive ‘pulse’ effects between fire and the soil microbiome on plant

performance. On average, post-fire soil microbiomes strongly reduced plant productivity

compared to unburned or sterilized soils. Interestingly, longer-term fire ‘legacy’ effects had

minor impacts on plant performance and were unrelated to soil microbiomes.
� While pulse fire effects on plant–microbiome interactions are short-term, they could have

long-term consequences for plant communities by establishing differential microbiome-

mediated priority effects during post-disturbance succession. The prominence of pulse fire

effects on plant–microbe interactions has even greater import due to expected increases in fire

disturbances resulting from anthropogenic climate change.

Introduction

Disturbance regimes have far-reaching effects on the ways in
which organisms adapt and survive. Fire disturbance, in particu-
lar, is a key driver of plant evolution, biodiversity, and vegetation
structure worldwide (Bond & Keeley, 2005; He et al., 2019).
Fires burn c. 3% of the Earth’s vegetated surface every year, a
value that is only expected to increase with anthropogenic climate
change. For example, some of the most fire-prone regions of the
USA are projected to experience a 200–400% increase in burned
area with the next 1°C increase in temperature (Huang et al.,
2014; Jolly et al., 2015). In fact, anthropogenic climate change
has already doubled the burned area in these regions, mainly by
increasing fuel aridity and lengthening fire seasons (Abatzoglou
et al., 2018). As fire regimes continue to shift and become more
impactful in the Anthropocene, it becomes increasingly impor-
tant that we develop a greater understanding of how this distur-
bance directly and indirectly impacts plant communities through
ecological interactions that shape composition and persistence in
the face of a changing environment.

Disturbance frequency, severity, size, and distribution
directly affect plant successional processes (Sousa, 1980). Fire,

particularly high intensity fire, has the potential to drastically
reshape plant communities by opening up habitat for stress-
adapted pioneer species to colonize (Franklin et al., 2005). These
taxa are eventually replaced by slower growing species that are
superior competitors, adapted for a less abiotically stressful, but
more biotically stressful, environment (De Deyn et al., 2004).
These successional trajectories have classically been understood in
the context of plant–plant relationships, specifically plant–plant
facilitation (Brooker et al., 2008) or competition (Koffel et al.,
2018). However, plant performance after fire may depend on
interactions with other organisms that are independently
impacted by fire disturbance, namely the diverse assemblage of
fungi, archaea, and bacteria within the soil microbiome (Wang
et al., 2012; Cordovez et al., 2019). Despite the vital importance
of plant–microbial interactions to plant health, community
assembly and diversity, and ecosystem multifunctionality (Wagg
et al., 2014; Van Der Heijden et al., 2016; Trivedi et al., 2020),
the role of microbiomes in shaping plant community assembly
post-fire is largely unknown. Studies have begun to incorporate
microbial communities and plant–microbial interactions with
successional dynamics after fire (Menges & Hawkes, 1998; Bever
et al., 2010), but they largely lack manipulative treatments.
Experiments that explicitly test the links between fire, plants, and
belowground archaeal, bacterial, and fungal communities are*These authors contributed equally to this work.
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crucial to determining how the shifting influences of fire will
affect primary producer communities.

Our understanding of the importance of microbes in plant
biology has exploded in recent years, and it has become increas-
ingly apparent that many advantageous traits and responses to
stressors previously attributed to plants are in fact mediated or
even generated by the microbes with which they associate
(Friesen et al., 2011; Johnson et al., 2016; Trivedi et al., 2020).
Plants are often reliant on their microbiome to alleviate stressful
conditions (David et al., 2020). Beneficial microbial functions
range in their response to abiotic and biotic stressors, and include
interactions that increase plant drought tolerance (Kim et al.,
2012), alleviate plant nutrient requirements when resource avail-
ability is low (Allen et al., 2020), and provide protection by
increasing resistance to or warding off parasites and pathogens
(Bakker et al., 2018; Sharifi & Ryu, 2018). These relationships
between plants and their microbial partners can function as a col-
lective system including negative, neutral, and positive interac-
tions (Vandenkoornhuyse et al., 2015) and can regulate plant
establishment, productivity, and survival over time (Keymer &
Lankau, 2017).

The time horizon over which disturbance effects are experi-
enced can range from immediate ‘pulse’ effects to long-term ‘le-
gacy’ effects represented by immediate-to-prolonged changes in
either abiotic or biotic conditions. High-intensity pulse distur-
bances can reset the successional process, creating unique habitat
conditions (e.g. open space with increased solar exposure,
decreased soil moisture, and altered physicochemistry) that favor
certain species (Lucas-Borja et al., 2019; Adkins & Miesel, 2021).
Importantly, priority effects established in response to these pulse
alterations of the environment may alter successional trajectories
for years to come, even after any direct effects of the disturbance
have dissipated (Fukami, 2015; Jacquet & Altermatt, 2020).
Continuing legacy effects of disturbance, which alter the environ-
mental conditions in which successional trajectories continue to
play out, have similarly long-lasting effects on community com-
position (Collins et al., 2017; Philippot et al., 2021). Both pulse
and legacy effects of disturbance on plant communities are well
documented (Hillebrand & Kunze, 2020; Miller & Safford,
2020), but the relative importance of soil microbial mediation of
pulse and legacy effects remains unclear.

The pyrogenic habitat of the Florida rosemary scrub provides
an ideal system in which to untangle these relationships due to
the presence of both active fire management through the use of
controlled burns and a > 50 yr record of when fire disturbance
has affected different habitat patches (Menges et al., 2017b). We
therefore set out to characterize pulse vs fire legacy effects of fire
disturbance on the soil microbiome, experimentally test whether
plant responses to fire are mediated through interactions with
fire-selected soil microbiomes, and determine how short-term
fire-driven shifts in plant–microbe interactions compare to long-
term fire legacy effects on these associations. Based on the
reported effects of fire legacy for plants and soil microbiomes sep-
arately (P�erez-Valera et al., 2020; Qin et al., 2020), we predict
that fire legacy metrics are likely to have important consequences
for microbial mediation of plant performance. However, the

immediate and direct effect of pulse fire disturbance on the soil
microbiome, though previously untested, may also have a strong
impact on subsequent plant–microbial interactions. To investi-
gate these factors, we factorially manipulated both presence/ab-
sence of the soil microbiome and exposure to recent high-
intensity fire using a prescribed burn in the field (Supporting
Information Fig. S1) across a suite of 11 plant species with vary-
ing life history traits. This allowed us to experimentally disentan-
gle the influence of abiotic shifts caused by fire legacy from pulse
fire-induced shifts in the microbiome, contributing to a more
robust understanding of post-fire plant–microbial dynamics.

Materials and Methods

Study system

The Florida Scrub ecosystem has the highest rate of endemism in
the southeastern USA and hosts a number of threatened species
(Menges et al., 2008). This ecosystem exhibits a range of habitat
types, from open sand gaps and shrublands to mixed conifer flat-
woods, in a relatively small area (Abrahamson et al., 1984). Many
of the rare and endemic plants in this ecosystem are found in the
rosemary scrub habitat, where they occur in open sand gaps
between the dominant, allelopathic shrub Florida rosemary (Cer-
atiola ericoides Michx.), and experience boom–bust cycles driven
by the local fire regime (Quintana-Ascencio & Menges, 2000;
Menges et al., 2017a). The relationships between habitat, plant
strategy, and fire are well-understood in the rosemary scrub habi-
tat (Menges et al., 2017a). Time since last fire (TSF) is positively
related to species richness, and plants that specialize in open sand
gaps are most abundant in the first decade after a fire (Dee &
Menges, 2014).

We conducted our study with soils and seeds collected from
Archbold Biological Station (Venus, FL, USA; 27°10055.70300N,
81°2106.90300W). Recent studies show that there are distinct soil
microbiomes in rosemary scrub compared to the surrounding
flatwoods habitat (Hernandez et al., 2021), and that many of the
rare, endemic plants that occur in the rosemary scrub are strongly
influenced by interactions with the soil microbiome (David et al.,
2018, 2020). For this study, we collected seeds of 11 perennial,
herbaceous plant species from across Archbold (Table S1) that
vary across a spectrum of life history traits, and assessed the seeds
for viability prior to planting.

Microbiome fire legacy and prescribed fire treatment

We identified 36 Florida rosemary scrub patches (i.e. open habi-
tat patches dominated by C. ericoides that occur at relatively high
elevations above the water table) with unique combinations of
two aspects of fire legacy – TSF and total number of fires experi-
enced within the last 52 yr (the period for which Archbold has
conducted systematic fire inventories (Menges et al., 2017b)) for
soil microbiome collections. Time since last fire ranged from 1 to
92 yr (one collection site last burned before detailed fire records
began in 1967, and TSF for this site has been estimated from his-
toric aerials), and number of fires since 1967 ranged from 0 to 7
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(Table S2). At each of the 36 rosemary patches, c. 2.35 l of soil
was collected and placed in four foil trays (249 139 6.25 cm)
using a sterile technique and covered with sterile aluminum foil.
Soils were collected at least 1 m from the nearest Florida rose-
mary shrub and transferred to the trays, maintaining physical soil
structure and ensuring that distinct biocrust layers, if present,
remained on top. Three trays from each patch were transferred
to a single site at Archbold composed of rosemary scrub habitat
(27°802.55300N, 81°2101.67800W) to undergo a prescribed burn,
and were separated into three replicate ‘burn blocks’ to ensure
uniform fire exposure across the 36 soil sources. The remaining
replicate tray from each source patch was placed outside of the
burn area for the same time period to serve as the unburned con-
trol treatment soils. All soils were collected from 6 to 7 May
2019 and the prescribed burn was carried out the following
morning. To determine fire coverage and intensity, we placed
nine Hobo temperature loggers (Onset Computer Corp.,
Bourne, MA, USA) randomly across each of the burn blocks at
2 cm below surface level. Ultimately, fire-treated soils from burn
block ‘Y’ were selected for use in the subsequent grow room
experiment, as this block received the most consistent and high-
est temperatures (Fig. S1). The fire moved quickly across the
experimental burn blocks, with a total duration of c. 10 min,
reaching temperatures of c. 500°C (Fig. S1), with peak tempera-
tures lasting < 2 min. Following the prescribed burn, all soils
were promptly collected from each tray and either sub-sampled
and flash frozen in the field using liquid nitrogen for DNA
extraction (later transferred to � 20°C), or placed on dry ice and
stored at � 4°C (for c. 12 d) until their subsequent use as soil
inoculum in the grow room experiment. All background soil for
the grow room experiment was collected from a single rosemary
scrub site at Archbold which last burned c. 20 yr prior
(27°7038.21000N, 81°20057.56200W) and was sterilized prior to
use (three times at 121°C).

Soil physicochemical analyses

Soils were analyzed for total soil organic matter content (%C) by
loss on ignition (LOI), total Kjeldahl nitrogen (N), and Mehlich-
3 extractable phosphorus (P) before and after prescribed fire
treatment and across the 36 unique fire histories. Analyses of all
72 samples were performed at the University of Florida/Institute
of Food and Agricultural Sciences (IFAS) Analytical Research
Laboratory. Total organic carbon and N were measured from the
same soil samples using an elemental carbon, hydrogen and nitro-
gen (CHN) analyzer, and plant-available P was measured with
Mehlich-3 extractant and colorimetric determination of extracted
P. One sample below the minimum detection limit for N and P
was excluded from subsequent analyses.

Soil microbiome extraction, amplification, sequencing, and
bioinformatic processing

DNA was extracted from homogenized soil samples (n = 72)
using the DNeasy PowerSoil Pro QIAcube HT Kit (Qiagen;
adapted protocol without QIAcube), and libraries were prepared

for sequencing using a two-step dual indexing protocol (Gohl
et al., 2016). Briefly, we used c. 550 mg of soil for extractions,
performed all wash and elution steps using S-Blocks (Cat. ID
19585) in an Avanti JXN-26 Centrifuge (Beckman Coulter Inc.,
Brea, CA, USA) at 4500 RCF, and performed final elution with
50 ll 10 mM Tris-HCl. DNA was quantified with a Qubit 4 flu-
orometer (Qiagen), and concentrations were normalized to
5 ng ll�1. Polymerase chain reaction was targeted for archaeal/
bacterial and broad fungal ribosomal DNA (rDNA) using primer
pairs 515F-806R and ITS7o-ITS4, respectively. Polymerase
chain reaction was carried out in 22 ll reactions containing 1 9

Phusion Green Hot Start II High-Fidelity PCR Master Mix
(Thermo Fisher Scientific Inc., Waltham, MA, USA), an addi-
tional 1.5 mM MgCl2 (3.0 mM total), 200 nM of each primer,
ultra-pure water, and 2 ll of each normalized DNA sample.
Polymerase chain reaction products were checked on 1% agarose
gels, magnetic bead-purified, and diluted tenfold (1 : 10). Index
and Illumina flowcell sequences were added in second-step PCR.
Reaction conditions were the same for each amplicon, except we
were using 100 nM for each primer, and 5 ll of PCR product.
Products were checked on 1% agarose gel, magnetic bead-
purified, and quantified via Qubit 4, and all targeted amplicon
products were then pooled in equimolar quantities. The resulting
pool was quantified using a Qubit 4 fluorometer and sent to the
Duke University Microbiome Core Facility (Durham, NC,
USA). Libraries were sequenced on a MiSeq Desktop Sequencer
(v.3, 300 bp paired end; Illumina Inc., San Diego, CA, USA).
Custom sequencing primers were used that matched the universal
tail sequences from the first round of amplification (read 1:
50-CCTATGTGGAGAGCCAG-TAAGCGATGCTATGGT-30;
read 2: 50-GTCAACGC-TCACTACTGCGATTACCCAAG
TCAG-30; index 1: 50-CTGACTTGGGTAATCGCAGT
AGTGAGCGTTGAC-30), similar to those in Alvarado et al.
(2018).

Paired-end molecular sequence data were processed using
QIIME2 v.2021.4 (Bolyen et al., 2019). Briefly, denoising was per-
formed with the DADA2 algorithm (Callahan et al., 2016), which
removes chimeric sequences and truncates 16S and ITS amplicon
forward and reverse sequences to an equal length. Naive Bayes
classifiers were constructed using the GREENGENES database
v.13.8 (99%) and the UNITE database v.7.2 (99%) for archaeal/
bacterial and fungal amplicons, respectively, and then amplicon
sequence variants (ASVs) were classified using the SKLEARN algo-
rithm (Pedregosa et al., 2011). Multiple sequence alignments
were performed using MAFFT v.7 (Katoh & Standley, 2013), an
unrooted tree was created using FASTTREE2 (Price et al., 2009),
and the mid-point root method was then used to create a rooted
tree for phylogeny-based analyses (e.g. weighted UniFrac).
Amplicon sequence variants that were not present in greater
than two samples were filtered out, and diversity metrics and
dissimilarity matrices were calculated using the QIIME2 com-
mands diversity core-metrics-phylogenetic (sampling depth =
6000) and diversity core-metrics (sampling depth = 10 000) for
archaea/bacteria and fungi, respectively. All microbiome data
from QIIME2 were read into R using the QIIME2R package
(v.0.99.6).
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Fire-selected microbiome experiment

Our 11 plant species from the rosemary scrub (Table S1) were
grown in pots (66 ml Ray Leach cone-tainers; Stuewe & Sons,
Tangent, OR, USA) inoculated with soil microbiomes from all
factorial combinations of soil source (36 unique fire histories),
fire treatment (unburned vs burned soil; described in the ’pre-
scribed fire treatment’ methods section above), and microbiome
presence (‘live’ vs ‘sterilized’ soils) to determine the magnitude of
microbial effects on plant performance and how these effects
depend on exposure to fire. All sterilized soil and pots were auto-
claved at 121°C three times over a period of 3 d. Each pot con-
tained 50 ml of sterilized background soil plus 10 ml of the
appropriate inoculum. This ensured that the majority of soil in
each pot had identical abiotic and biotic properties, with only
biotic factors (i.e. microbes) being able to disperse from the
smaller amount of treatment soil (inoculum) and colonize the
rest of the pot. After seeding directly into the inoculum soil, a
2 ml cap of sterilized background soil was added to avoid micro-
bial desiccation. The number of seeds sown per pot (3–30 seeds
per pot; Table S2) reflected previously determined differences in
germination rates of these plant species (David et al., 2020).
Overall, our experiment included 36 microbiome sources in each
of the four fire 9 microbial treatment combinations for each of
the 11 plant species, totaling 1584 pots. All pots were watered
daily with c. 2 ml sterile water for one month, and every other
day afterwards. All pots were also quickly thinned to one plant if
multiple seeds germinated. Plants were grown under full spec-
trum lights (c. 162 lmol m�2 s�1 photosynthetically active radia-
tion (PAR); calculated from Tran & Braun (2017)), with a
14 h : 10 h, light : dark photoperiod until harvest 4–7 months
after the start of the experiment, depending on the natural histo-
ries of the plants (Table S1; as in David et al., 2020). Germina-
tion percentages were determined based on species-specific
seeding rates per pot, thus each pot was a replicate (Table S1).
Shoot and root biomass (one plant per pot) were determined
after oven-drying at 50°C until a constant mass was reached.
Root : shoot biomass ratios were calculated to determine plant
biomass allocation responses.

Data analysis

Linear mixed effects models were employed to determine the
effects of prescribed fire and fire legacy metrics on soil properties
(%C, total N, and plant-available P), with soil collection site as a
random effect. To determine the effects of prescribed fire and fire
legacy on bacterial and fungal community composition,
PERMANOVA stratified by collection site was performed using
the adonis2 function in R package VEGAN v.2.5-7 (Oksanen et al.,
2020) on weighted uniFrac and Bray–Curtis dissimilarity matri-
ces, respectively. The terms used in the model were as follows:
prescribed fire treatment, TSF, and number of fires (since 1967).
Standardized effect sizes (SES) of significant predictor variables
were calculated using the permutest function in VEGAN. To iden-
tify microbial taxa that responded particularly strongly to fire,
differential analysis of microbial relative abundances from

unburned and burned samples was performed using the DESeq
function in R package DESEQ2 v.1.32 (Love et al., 2014).

To understand how fire pulse and legacy effects on micro-
biomes impact plants, general linear models were used to deter-
mine microbiome, prescribed fire, and fire legacy effects on
percent germination (arcsine transformed), root : shoot ratio
(log-transformed), and total dry mass. Specifically, we identified
plant performance responses to the following: presence or
absence of soil microbiomes, whether or not soils were exposed
to prescribed fire, and fire legacy represented by two metrics –
TSF and number of documented fires. In order to meet the
assumption of homogeneity of variances across species, we re-
expressed all three response variables as standard normal deviates
relative to their species means. Using these data, we first ran mod-
els for all plant species combined. Terms in these models
included all of the above main effects and all two-way interac-
tions with the microbial treatment, as well as plant species iden-
tity and interactions between plant species and all of the other
terms. After finding significant interactions with plant species
identity in the overall model, we used general linear models for
each plant species individually. These models included the same
four main effects and all two-way interactions with the microbial
treatment. Models were performed in JMP v.15 (SAS Institute
Inc., Cary, NC, USA, 2019), which uses Type III sums of
squares, which are independent of the input order of predictor
variables. In order to further examine variation in microbial
mediation of fire across our 11 species, we used model selection
to determine whether any of our known life history traits (seed
mass, fecundity, degree of habitat specialization on the Florida
rosemary scrub (David et al., 2020), or whether the species forms
a seed bank) predicted the species-specific parameter estimates
for any of the microbe treatment 9 fire effects that exhibited sig-
nificant variation among species. In each case, we identified the
best model based on the corrected Akaike Information Criterion
(AICc). Analyses were performed in JMP and R v.4.1.0 (R Core
Team, 2020).

Results

Analyses of the soil microbiome and plant performance show that
the effects of pulse fire disturbance were significant and strong, in
contrast to those of fire legacy. There were no significant effects
of prescribed fire treatment or fire legacy (TSF and historic num-
ber of fires) on any soil abiotic properties (%C, total N, or plant-
available P; Fig. S2). Fire legacy exhibited no effects on either
fungal or bacterial community composition. While pulse fire
(prescribed burn) did not alter fungal community composition
(SES = 1.04, pseudo-F = 0.89, P = 0.118), it did significantly
alter bacterial community composition (SES = 1.94, pseudo-
F = 1.46, P = 0.035). Differential abundance analysis revealed 13
highly responsive bacteria/archaea that significantly increased or
decreased in relative abundance after prescribed fire, with log2
fold change (LFC) ranging from �23 to + 23 (Fig. 1a). Taxa in
the families Conexibacteraceae and Pseudonocardiaceae (both in
the phylum Actinobacteria) and one in the phylum Firmicutes
increased most dramatically after fire (with c. +22 LFCs; Fig. 1a).
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Surprisingly, the relative abundance of a different taxa within the
Pseudonocardiaceae declined by �20 LFC, and taxa from the
Chloroflexi and Verrucomicrobia both decreased substantially
after fire, by �23 LFC (Fig. 1a). While the effect of the pre-
scribed burn treatment on the overall fungal community was
nonsignificant, some individual fungal taxa were strongly respon-
sive. The relative abundance of 11 fungal taxa changed signifi-
cantly after fire, with LFC ranging from �23 to +21 (Fig. 1b),
comparable in strength to LFC of the bacterial fire-responsive
taxa. Specifically, we found that Gibberella fujikuroi (order
Hypocreales) had the greatest increase in relative abundance (+21
LFC), while an unidentified member of the order Sordariales and
Talaromyces diversus (order Eurotiales) experienced the greatest
decreases in relative abundance after prescribed fire (�23 and
�20 LFC, respectively).

After observing shifts in the soil microbiome induced by the
pulse fire treatment, we assessed the resulting impacts of the
microbial shifts on plant performance in our manipulative plant
growth experiment. In the analysis across all plant species
(Fig. 2), germination was most significantly impacted by the
interactive effect of the prescribed fire and microbial treatments

(P = 0.0003), but also by the fire legacy effects of TSF
(P = 0.0130) and number of documented fires (P = 0.0265).
With respect to these latter factors, plants germinated more read-
ily in more recently, but less frequently, burned soils. However,
the lack of significant interactions between these fire legacy terms
and the microbial treatment indicated that these effects were
likely due to unmeasured abiotic changes to the soil. Effects of
pulse fire disturbance, on the other hand, were microbially medi-
ated. In particular, the largest contrast among the treatment com-
binations was between live and sterilized soils exposed to fire
(P = 0.001; Fig. 3), with sterilized soils exposed to fire yielding
the most positive effect on germination, while the fire-exposed
microbiome yielded the most negative effect. The unburned
treatment exhibited the opposite relationship (P = 0.0585), where
plants grown with unburned microbiomes outperformed those
grown with sterilized soils.

Plant total dry biomass exhibited the same response to fire
legacy effects as germination percentage (i.e. greater biomass in
more recently burned soils (P = 0.0011) and reduced biomass in
soils that have historically experienced a greater number of fires
(P = 0.0023; Fig. 2a)). Neither of these effects interacted with the

(a)

(b)

na

Fig. 1 Microbiome composition in unburned and burned treatments (left), and microbial taxa that exhibited significant changes in relative abundance after
fire (right) for (a) archaea/bacteria and (b) fungi. Taxa on the x-axis (right) are presented with the highest taxonomic resolution for both (a) and (b). Points
represent mean log2 fold change, bars are standard errors. na, no available classification beyond fungal order. Three additional bacterial and one additional
fungal taxa are not presented as they could not be identified to phylum or order, respectively.
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microbial treatment, however, again suggesting that they were
due to abiotic shifts in the soil. Similar to the germination results,
the effects of immediate fire disturbance were microbially medi-
ated, with 39% lower productivity for plants grown in the treat-
ment combination with both recently fire-treated soils and a live
microbiome (compared to mean productivity from all other
treatment combinations; P ≤ 0.0001; Fig. 3). Across species, the
allocation of biomass to roots was found to be significantly lower
when the soil microbiome was present (Fig. 3), but had no
response to the pulse fire treatment or fire 9 microbial treatment
interaction (Fig. 2a).

In addition to these common effects across plant species, there
was also significant variation among species’ responses to imme-
diate fire disturbance, microbiomes, and their interaction

(Fig. 2b). Of particular import was the significant inter-species
variation in the response of plant productivity to the interaction
of the prescribed fire and microbiome treatments (P = 0.0035;
Fig. 4), as detecting such interactive effects between fire distur-
bance and the soil microbiome was the main goal of the experi-
ment. Unfortunately, model selection failed to identify any of the
plant life history traits as significant predictors of this interspecific
variation. This was similarly true for all other microbe treatment
9 fire effects that exhibited significant interspecific variation.
However, the species-specific models consistently showed the
importance of pulse fire effects relative to fire legacy effects on
plant performance. In the individual plant species models, the
prescribed fire 9 microbiome treatment interaction was signifi-
cant for 7 of the 11 species, while the microbiome treatment

(a)

(b)

Percent germination Total biomass Root : shoot

Fig. 2 Results of global general linear models examining: (a) mean effects of microbial, prescribed burn, and fire legacy treatments, and (b) variation
among plant species in percent germination, total dry biomass, and root : shoot biomass ratio across all 11 studied plant species. Points in (a) represent
standardized b-coefficients, bars are SE, and shaded boxes indicate significant effects (P < 0.05). Pulse fire effects were microbially mediated for two out of
three plant performance metrics, while neither fire legacy9microbe interaction was significant in any of the models examined. In (b), P-values are
presented, with significant P-values bolded and italicized. †, P-values for variation among species means are based on raw values prior to within-species
standardization. Fire, ‘pulse’ fire effects from prescribed burn; TSF, time since last fire.

P = 0.0002

Fig. 3 Effects of prescribed fire and microbiome sterilization on plant percent germination, plant productivity, and root : shoot biomass ratio across all plant
taxa. For total biomass, the burned soil microbiome yielded lower plant performance than all other treatment combinations (the lowercase letters represent
significance groupings from Tukey’s method). When a significant interaction was not present, we show P-values indicating significant microbiome main
effects. Error bars are SE. All response variables are expressed in standard normal deviates, illustrating treatment effects relative to the grand mean and in
units of mean SD across species.
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interaction with both TSF and the number of documented fires
previously experienced by the soils was each significant for only 2
of the 11 species (Table 1).

Discussion

Our experiment demonstrated a major role for microbial media-
tion of plant species’ response to pulse fire disturbance. Despite
the diverse fire legacy of our soil sources, there were no legacy
effects on the microbiome, and instead we show that pulse fire
disturbance selected most strongly on the microbiome and its
interactions with the plant community. In the plant–microbiome
experiment, we found a significant interaction between pulse fire
disturbance and presence of a soil microbiome for 7 of the 11
plant species examined, more than for any other factor except the
main effect of microbiome presence, which was also observed in
seven species. To our knowledge, this research is the first to
specifically test the effects of fire-altered microbiomes on plant
performance in a fully manipulative experiment. Plant perfor-
mance was, on average, negatively affected by soil microbiomes
that experienced pulse fire disturbance (Fig. 2), but the strength,
and in some cases direction, of effects was dependent on plant
species identity. Those species most able to tolerate the negative
effects of the post-fire microbiome may experience a relative
advantage with respect to their competitors, which could estab-
lish priority effects important for successional dynamics. In the
following paragraphs, we discuss the responses of the soil micro-
biome to pulse fire disturbance, impacts of the post-fire

microbiome on plant performance, and implications for plant
community development.

Soil microbes in our study exhibited significant changes after
an experimental prescribed burn, including shifts in abundance
of taxa that could prove critical in plant–microbial interactions
that ultimately determine plant fitness after disturbance. Previous
studies have shown that fire can alter soil microbial communities
(Knelman et al., 2015; Reazin et al., 2016; Certini et al., 2021),
influence bacterial assembly patterns (van der Voort et al., 2016),
and also shift microbial carbon, nitrogen, and phosphorus cycling
capacities (Wang et al., 2012; P�erez-Valera et al., 2020), but we
knew very little about the immediacy with which fire could alter
the soil microbiome, or the subsequent impact of these fire-
induced changes on plant performance. Here, we show that pulse
fire disturbance significantly altered bacterial community compo-
sition within minutes after fire, including substantially shifting
the relative abundances of > 20 bacterial and fungal taxa. Some
of the most striking shifts occurred among the fungal taxa T.
diversus and G. fujikuroi. Talaromyces diversus, a known P-
solubilizing fungal species and pathogen antagonist (Raaijmakers
et al., 2009; Della M�onica et al., 2018) experienced the greatest
decrease in relative abundance after the prescribed fire treatment
(�23 LFC), while a virulent plant pathogen, G. fujikuroi
(O’Donnell et al., 2000), exhibited the greatest increase in rela-
tive abundance (+21 LFC). Previous studies have suggested that
in early stages of succession the ratio of pathogens to mutualists is
high (Hannula et al., 2017), which aligns with this result. Among
bacteria, there was a surprising decrease after fire in abundance

Fig. 4 Microbial effects in burned and unburned treatments for all plant taxa. The zero line represents no effect of the soil microbiome on plant
germination (left) or plant biomass (right). Microbiome-mediated plant responses to fire were generally negative, but there was significant variation among
species. Microbial effect was calculated as the mean of the live treatment – the grand mean for the relevant species 9 fire treatment combination. Error
bars represent the SE of the mean parameter estimate. Asterisks indicate a significant difference between microbial effects for burned vs unburned
treatments (*, P < 0.05; **, P < 0.01; ***, P < 0.001). Ba, Balduina angustifolia; Cf, Chamaecrista fasciculata; Ec, Eryngium cuneifolium; Hc, Hypericum
cumulicola; Lc, Lechea cernua; Ld, Lechea deckertii; Lt, Liatris tenuifolia; Pb, Polygonella basiramia; Pr, Polygonella robusta; Pc, Paronychia chartacea;
Pg, Pityopsis graminifolia.
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(�20 LFC; Fig. 1) of a putative thermophilic taxon in the family
Thermogemmatisporaceae (Yabe et al., 2017). More predictably,
two bacterial taxa in the families Conexibacteraceae and
Pseudonocardiaceae, found commonly in disturbed habitats
(Shange et al., 2012) and known to respond positively to pyro-
genic organic matter content in soil (Nielsen et al., 2014; Kho-
dadad et al., 2011), increased in relative abundance after
prescribed fire (+23 and +22 LFC, respectively). Overall, changes
to the microbiome inhibited plant performance, which has the
potential to limit plant survival in the recently disturbed, stressful
environment. In future work, it would be valuable to identify
individual microbial taxa responsible for these effects on plant
performance.

In this study, fire shifted the effects of the soil microbiome
towards less beneficial, or even harmful, interactions for most of
the plant taxa examined. Collectively, post-fire microbiomes
caused performance responses to switch from positive to negative
for 5 of 11 plant taxa in our experiment (Fig. 4), suggesting
‘pulse’ disturbance disruptions to plant–microbial interactions.
This is a particularly interesting outcome given that our previous
work in this system that did not examine pulse fire effects has
shown that associating with a microbiome can improve plant per-
formance across a wide range of plant taxa (David et al., 2018,

2020) and in some cases can even be crucial for plant population
persistence (David et al., 2019). A recent meta-analysis found
that wildfires reduce mycorrhizal colonization of plant roots glob-
ally by 21% (Dove & Hart, 2017). In another study, high-
severity fire increased the proportion of pathogenic fungi and
decreased plant performance, thus altering plant establishment
patterns in the Arctic tundra (Hewitt et al., 2016). By contrast,
Prendergast-Miller et al. (2017) found that fire disturbance
increased the abundance of putative mutualists in the soil micro-
biome. While all of these studies provide important glimpses into
the composition of post-fire microbiomes, none of them factori-
ally manipulated both fire and microbiome presence/absence,
and thus microbiome mediation of plant fitness after fire
remained unknown. We found that such interactive effects are
indeed present, and most importantly we have demonstrated that
plant responses to the soil microbiome are strongest after pulse
fire disturbance and are unaffected by soil fire legacy, adding a
new dimension to our understanding of how fire and microbes
interact to influence plant performance.

Despite strong fire legacy effects on plant distributions in the
Florida scrub (Menges & Kohfeldt, 1995; Menges et al., 2017a),
we found soil microbiome mediated fire legacy effects on plant
performance were weaker and less predictable than those

Table 1 Results from general linear models (GLMs) examining microbial, prescribed burn, and fire legacy effects on plant percent germination, total dry
biomass, and root : shoot biomass ratio in individual plant species.

GLM response Plant species Microbe Fire
Microbe*
Fire TSF

TSF*
Microbe No. of fires

No. of fires*
Microbe

Germination Balduina angustifolia 0.0004 (�) 0.0001 (+) – – – 0.0404 (�) 0.0052 (�)
Chamaecrista fasciculata – 0.0001 (�) – – – – –
Eryngium cuneifolium – – – – 0.0383 (+) – –
Lechea cernua – 0.0171 (�) – – – – –
Lechea deckertii – – – 0.0102 (�) – – –
Liatris tenuifolia 0.0079 (�) – – – – – –
Paronychia chartacea – – 0.0138 (�) – – – –
Pityopsis graminifolia – 0.004 (+) 0.0012 (�) – – – 0.0184 (�)
Polygonella basiramia 0.0003 (�) – – – – – –
Polygonella robusta – – 0.0023 (�) – – – –

Biomass B. angustifolia 0.0006 (�) – – 0.0185 (�) – 0.0016 (�) –
C. fasciculata – 0.0001 (�) – – – – –

0.003 (+) 0.0054 (�) 0.0077 (�) 0.0363 (+) – – –
Hypericum cumulicola – – – 0.0258 (�) – – –
L. cernua 0.0001 (�) 0.0223 (�) – – – – –
L. deckertii 0.0336 (�) – – 0.0103 (�) – – –
L. tenuifolia 0.0038 (�) – 0.0142 (�) – – – –
P. chartacea – – 0.0004 (�) – – – –
P. graminifolia – 0.0392 (+) 0.0001 (�) – – – 0.0115 (�)
P. basiramia 0.0014 (�) – – – – – –
P. robusta 0.0013 (�) – – – – – –

Root : shoot B. angustifolia 0.0115 (�) 0.0236 (�) 0.0004 (�) – – – –
C. fasciculata – 0.0298 (�) – – – – –
L. cernua – 0.0001 (+) 0.0289 (+) – – – –
L. deckertii – – – – 0.0282 (+) – –
P. graminifolia – – – – – – 0.0193 (�)
P. robusta 0.0013 (�) 0.0343 (+) 0.012 (+) – – – –

Microbial effects and their interactions with the prescribed burn treatment were common, while fire legacy effects (and their interactions) were
comparatively weak. Plant performance metrics that were not significantly related to any of the model terms were omitted from the table. Fire, ‘pulse’ fire
effects from the prescribed burn treatment; TSF, time since last fire. Reported values are P-values followed by direction of the effect in parentheses.
*(column headings) indicates model interaction term.
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mediated through the prescribed fire treatment (Table 1; Fig. 2).
We suspect that multiple factors may explain the generally muted
fire legacy effect on the microbiome and plant–soil microbiome
interactions in our study, including limited penetration of fire
along a soil depth gradient, and the small spatial scale of fire
management units in this system. Wildfires and prescribed burns
have been shown to impose the strongest effects on surface soils
and microbiomes (Bruns et al., 2020). Due to the limited vol-
umes of organic matter present in the Florida scrub habitat, pre-
scribed burns do not penetrate deeply into the soil (Carrington,
2010), leaving potential for microbial recolonization from short
vertical distances below the surface, thus minimizing the duration
of fire legacy effects on the soil microbiome. Prescribed burns in
the Florida scrub also have relatively small spatial scales, which
may allow for quick microbial dispersal and recolonization of
burned areas across horizontal space as well as the vertical space
(Chaudhary et al., 2020; Evans et al., 2020). Given these scaling
factors, it might not be surprising that fire legacy effects were less
pronounced in our study compared to some other studies. More
broadly, these results emphasize the importance of considering
differences in ecological characteristics and management practices
between systems when predicting the importance of microbiomes
in fire legacy effects on plants.

Even if short-lived, the immediate ‘pulse’ impacts of fire on
the microbiome, and consequent effects on plant recruitment
and performance, could prove critical to the successional trajecto-
ries of plant communities through changes in priority effects
(Duhamel et al., 2019). After disturbance, differential early estab-
lishment of plants can influence the abiotic and biotic conditions
that drive community development through time (Fukami, 2015;
Weidlich et al., 2021). Early establishing plants can alter availabil-
ity of limiting resources to other plants (e.g. availability of light,
water, and nutrients in soils), which then influences interspecific
plant–plant and plant–soil interactions (Van de Voorde et al.,
2011; Suding et al., 2013) that lead to nonneutral plant commu-
nity assembly (Fargione et al., 2004). Early colonizers can also
affect the belowground microbiome through the input of plant-
specific exudates and interactions with selected microbial partners
(Sasse et al., 2018; Jones et al., 2019). Filtering of the local abiotic
and biotic conditions by early colonizers immediately after fire
could perpetuate an environment that either inhibits or facilitates
competitor plant establishment and productivity, thus altering
plant community assembly and successional dynamics (Wubs
et al., 2019), even if fire effects on microbiome composition or
plant–microbiome interactions are relatively short-term.

While the evidence for post-fire soil microbiome impacts on
plant performance is strong in this experiment, there are some
potential alternative hypotheses that should be addressed in
future studies. While none of the soil abiotic factors measured in
this experiment (%C, N, P) were affected by the prescribed fire
treatment or fire legacy, soil pH and other micronutrients can
respond to fire (Reinhart et al., 2016; Alca~niz et al., 2018), and
play important roles in shaping microbial community structure
and function (Egidi et al., 2016; P�erez-Valera et al., 2020). These
additional soil characteristics as well as associated microbial func-
tions could be analyzed in tandem to continue to advance our

understanding of both abiotic and biotic contributions to distur-
bance effects on plant–microbial interactions in the future. It is
also important to note that experimental soil sterilization via
autoclave may not completely remove all members of the micro-
biome (Berns et al., 2008), though this method is notably effec-
tive at eliminating microbial activity and is recommended for
microbial manipulation studies (Otte et al., 2018). Extremophile
bacteria and fungi have the potential to survive this sterilization
treatment, which could lead to a reduced but persistent micro-
biome with potential to influence microbial reassembly (van der
Voort et al., 2016). Despite this caveat, the experimental design
employed here with a majority of sterilized background soil pre-
sent in all pots and thus microbial treatment effects being driven
almost exclusively by the ‘live’ treatment’s unsterilized soil inocu-
lum allows for robust conclusions.

This study’s demonstration of the importance of pulse fire
effects on plant–microbe interactions is particularly pressing
given the expected increase in pulse fire disturbances as a result of
anthropogenic climate change (Bowman et al., 2020; Kelly et al.,
2020). Even more concerning is that these effects were generally
negative, indicating that fire is not only releasing carbon previ-
ously stored in live biomass, but it may also be selecting for a
microbiome that inhibits resequestration of some of that carbon
back into the plant tissue (Lasslop et al., 2019). Targeted studies
in the future should begin to quantify the impact of post-
disturbance microbiome mediation on plant carbon cycling
(Chen et al., 2017). One positive note is that these negative
effects appear to be short-lived, with no indication of prolonged
fire legacy effects over a time-since-fire gradient of 1–92 yr.
Future studies could also work to more finely partition the recent
time-since-fire side of this gradient, examining soils that have
burned over a scale of several weeks to months rather than several
decades. This would further clarify how microbial communities
are structured by deterministic vs stochastic processes over time
(Ferrenberg et al., 2013), and how quickly the soil microbiome
(and its attendant interactions with the plant community) recov-
ers from this type of pulse disturbance. In conclusion, we advo-
cate for more plant–soil ecological studies using a range of
temporally distinct disturbance regimes and manipulative distur-
bance treatments to better understand the role of post-
disturbance microbiome mediation of plant succession.
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