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ARTICLE INFO ABSTRACT
Editor: Manuel Esteban Lucas-Borja The intersection of fire, land use transformations, and climate change is putting Mediterranean climate-type ecosys-
tems at risk of soil degradation and loss of ecosystem services. Ondik et al. (2022b) showed that in a Mediterranean
Key”f”’dS: ) dry sclerophyll woodland of South Australia, high severity fire and clearing and grazing practices impacted both phys-
Mediterranean climate icochemical and biological soil quality indicators. Building upon the work of Ondik et al. (2022b) this study aims to

Land management

Wildfire 1) identify soil physicochemical properties impacted by fire and land management that are indirect drivers of changes

Microbial function to soil microbial community composition and 2) determine whether the observed changes to soil microbial community

Soil respiration composition affect soil microbial functions. Via a redundancy analysis, we identified fire and management-induced

Microbial symbiont changes to pH, soil water repellency, nutrient stoichiometry, and total nutrient content as significant drivers of the
composition of soil microbial communities. We then measured basal respiration, substrate induced respiration, and
the carbon mineralisation quotient, and calculated functional trait distributions among microbial communities by
linking 16S and 18S rRNA sequences to respiration modes and functional guilds, respectively. We found that fire re-
duced soil microbial respiration and the relative abundance (RA) of microbial symbionts, anaerobic bacteria, and
microaerophilic bacteria, while increasing the RA of aerobic bacteria. Furthermore, management increased the RA
of post-fire ectomycorrhizal fungi and may have reduced pathogenic load, microbial efficiency, and wood saprotrophs,
while increasing litter, soil, and other saprotrophic species that are adapted to grasslands. This study shows that,
through changes to microbial community composition, high severity wildfire and land management affected soil res-
piration rates, bacterial modes of respiration, prevalence of symbiotic bacteria and fungi, and microbial substrate pref-
erence. Having identified the main physicochemical drivers of changes to microbial community composition, we
provide valuable insights into how fire and land management can impact soils in Mediterranean woodland.
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1. Introduction

The intersection of wildfire and land use conversion from woodland to
pastures or cropland is becoming more common globally, putting sensitive
soils in Mediterranean climate-type regions and the copious ecosystem ser-
vices they support at risk (Gauquelin et al., 2018; Moreira et al., 2020). In
response to drought and climate change-induced temperature rises, high in-
tensity wildfires are causing negative soil outcomes (Lucas-Borja et al.,
2021; Staal et al., 2020), including soil erosion, changes to soil hydrology,
and loss of soil microbial abundance, microbial function, and soil nutrients
(Collins et al., 2021; McIntosh et al., 2005). Furthermore, research shows
that anthropogenic conversion of land affects many of the same soil compo-
nents as wildfire, e.g., soil nutrient content, microbial community composi-
tion and diversity, pH, and soil stability (Baldock et al., 2013; Miralles et al.,
2012; Ondik et al., 2022b; Sangha et al., 2006). Mediterranean climate-type
regions of Australia exemplify fire-prone land that has been heavily im-
pacted by anthropogenic land conversion. In Australia, over 45 % of the
country's land has been converted from native vegetation to pastures for
grazing livestock (Australian Bureau of Agricultural and Resource Econom-
ics and Sciences, 2016). During the summer of 2019-20, Australia experi-
enced unprecedented wildfires of high severity that burned large swaths
of land including areas previously converted to agricultural land (Collins
et al., 2021; Ondik et al., 2022b). However, it is not well understood how
the interaction between widespread land conversion and high severity
fires impacted soil microbial communities and their functions.

Soil microbes are an essential component of soil health, fertility, and
overall function, and as such, they are an important target of study. Soil mi-
crobial functions, such as symbiotic interactions with plants, can protect
plants from pathogens (Wu et al., 2020; Zhou et al., 2022), and organic mat-
ter decomposition and nitrogen fixation can create a healthy and fertile soil
bed (Sacca et al., 2017). In doing so, soil microbes promote carbon and
water storage, biodiversity, habitat, and local climate mitigation
(Bardgett and van der Putten, 2014; Griscom et al., 2017). However, not
all microbes make positive contributions. For example, oomycete patho-
gens can infect and cause harm to Eucalyptus trees (Zhou et al., 2022).
Thus, changes to native microbial communities, e.g., an increase in abun-
dance of pathogens or a decrease in plant symbionts, can have consequen-
tial effects on soil health and dependent ecosystems.

Microbes require certain environmental parameters to perform func-
tions in the soil, and changes to these parameters can drive changes to mi-
crobial community composition and functions. For example, fire can
change the quantity and quality of soil carbon, impact total soil carbon
and nitrogen content, increase soil pH, and reduce soil moisture, all of
which are known to influence microbial communities (Ahlgren, 1974;
Borgogni et al., 2019; D'Ascoli et al., 2005; Moyano et al., 2013;
Rutigliano et al., 2013). Land use conversion has also been shown to impact
microbial communities through changes to soil nutrient content, nutrient
storage capacity, and pH (Muiioz-Rojas et al., 2015; Ondik et al., 2022b).
Bacteria and fungi are known to react differently to changes in soil compo-
nents. For instance, bacteria have been shown to proliferate better under al-
kaline conditions and recover more quickly after fire than fungi (Bércenas-
Moreno et al., 2016; Mufoz-Rojas and Barcenas-Moreno, 2019; Rodriguez
etal., 2017; Rousk et al., 2009). Yet, there is still much to be learned about
the impacts of land management and fire on soil microbial functions and
how it relates to overall soil health.

Due to their sensitivity to disturbance, Mediterranean ecosystems have
become a target for many restoration efforts around the world to try and
prevent loss of soil function and dependent ecosystem services they support
(Bateman and Muifioz-Rojas, 2019; IRP, 2019; Lucas-Borja et al., 2021).
Identifying drivers of soil microbial communities and disturbance-
induced changes to their functions may help direct post-disturbance resto-
ration efforts to counteract the negative impacts of disturbance on soil
health in Mediterranean climate-type regions. In Ondik et al. (2022b),
both fire and land management practices, i.e., historical clearing and graz-
ing, were shown to alter microbial community compositions, with the
strongest changes occurring in fungal communities. However, it was not
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clear whether the changes observed in taxonomic composition resulted in
differences to microbial function.

This study aims to answer the questions, a) what soil physicochemical
properties impacted by fire and land management are indirect drivers of
changes to soil microbial community composition and b) do these changes
to microbial community composition impact soil microbial function? To an-
swer these questions, we performed a redundancy analysis and assessed
changes to rates of microbial activity and metabolic efficiency, bacterial
respiration modes, and fungal functional guilds.

2. Materials and methods
2.1. Study area description

The study area is located in Western River, Kangaroo Island, South
Australia (35°42’ S, 136°53’ E to 35°45’ S, 137°1’ E) and includes both his-
torically cleared and grazed pastures (hereafter “managed”) and dry
sclerophyll woodland (hereafter “non-managed”). The elevation and
slope of the study area range from 181 to 298 m and 5-48° (9-110 %), re-
spectively. The region experiences warm/cool summers, with a mean an-
nual rainfall of 553 mm and a mean annual temperature of 11.6-19.2 °C
and has been classified as a Mediterranean, Csb, climate (Commonwealth
Australia Bureau of Meteorology, 2022; Peel et al., 2007). Loam and
sandy loam are the dominant soil textures in the area, with soils consisting
of rocky Sodosols and Tenosols and ferric brown-red Chromosols and
Kurosols (Department for Environment and Water, 2009a, 2009b;
DEWNR Soil and Land Program, n.d.).

Management practices in pastures were abandoned in 2008 upon change
of ownership, and in December 2019, a crown fire burned all managed and
most non-managed zones within the study area (Ondik et al., 2022b). The
study area had no history of fire in the 60 years prior to the 2019-2020
bushfire season (Department for Environment and Water, 2020). In non-
managed areas, Eucalyptus baxteri, Eucalyptus obliqua, and Eucalyptus
cladocalyx dominated the overstory vegetation, and Allocasuarina striata
and Banksia marginata dominated the understory vegetation. Managed
areas were instead dominated by weeds, Romulea spp., Medicago spp., and
Arctotheca calendula and the native grass, Rytidosperma geniculatum.

2.2. Experimental design and soil sampling

In the study area, there were two treatments, 1) fire and 2) historical
clearing and grazing (hereafter “management”), and three experimental
groups, unburnt non-managed (UNM; n = 4), burnt non-managed (BNM;
n = 4), and burnt managed (BM; n = 4), each replicated in four different
sites for a total of twelve sites. Because all historically grazed pastures
were burnt by the fire event and there were no unburnt managed areas,
all analyses considered treatments, fire (UNM v. BNM sites) and manage-
ment (BNM v. BM sites), separately.

Soil samples were collected six months post-fire, from burnt sites on June
28th, 2020, and from unburnt sites on October 1st, 2020. Within each site, a
10 m X 10 m plot was measured out, and nine soil core samples, 20 cm in
diameter and 0-5 cm in depth, were taken from the topsoil at 3 m intervals
around the perimeter of the plot. Then, 50 mL samples were aseptically col-
lected into sterile Falcon tubes to be used for microbial analyses. Soil sam-
ples were transported, with 50 mL samples on ice, to the University of
New South Wales (UNSW) to be processed and analysed. For soil nutrient
measures, soil cores were air dried and passed through a 2 mm stainless
steel sieve. For each of the twelve sites, the nine cores per site were separated
into three groups, pooled into three replicate samples (n = 36), and stored at
room temperature. The 50 mL soil samples were kept wet, pooled into three
replicate samples per site (n = 36) and stored at 4 °C for biological analyses.

2.3. Soil properties

As reported in Ondik et al. (2022b), pH and electrical conductivity (EC)
were measured at a 1:5 soil to deionized water ratio using pH and EC probes
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(Instrument Choice, SA, Australia), while total carbon (TC) and total nitro-
gen (TN) were measured on a vario MACRO cube (Elementar, Sydney,
NSW, Australia) at the Mark Wainwright Analytical Centre (UNSW Syd-
ney). Then, the carbon to nitrogen ratio (C/N) was calculated, and soil
water repellency (SWR) was measured by the water droplet penetration
time (Dekker et al., 2001; Ritchie et al., 2020). Raw data can be found at
https://doi.org/10.6084,/m9.figshare.21277659.v1.

Total organic carbon (TOC) was measured by potassium dichromate
(K5Cr207) and sulfuric acid (H,SO,) extraction (Mingorance et al., 2007).
Calibration standards of 0-12 mg/mL of carbon were made by dissolving
7.1204 g of sucrose in 250 mL distilled water and diluting into distilled
water. Then, 1 mL of each standard underwent the following protocol
alongside soil samples. For each soil sample, 3 mL of 1 N K5Cr,0; and
6 mL of 99 % H,SO, were added to 100 mg of soil. Samples were loosely
capped and gently swirled, left standing for 3 h, and then, 10 mL of distilled
water was added to each sample. Samples were tightly capped, shaken on
an orbital shaker for 15 min at 100 rpm, then left standing for 48 h.
Absorbance of sample supernatant was then measured by an Epoch2 Micro-
plate Spectrophotometer (BioTek Instruments, VT, USA) at the 590 nm
wavelength.

Basal respiration (BR) and substrate induced respiration (SIR) rates, rep-
resenting microbial activity and microbial biomass, respectively (Mufioz-
Rojas et al., 2016; Santorufo et al., 2021), were measured using the
MicroResp™ system (Campbell et al., 2003, 2008). First, water holding ca-
pacity (WHC) was determined using pressure plates at 1 bar (NSW
Department of Sustainable Natural Resources, n.d.). Then, the moisture
content of all samples was adjusted to <45 % WHC by incubating at
15 °C and mixing each sample at daily intervals to prevent uneven drying
(Creamer et al., 2016). For each soil sample, an equal volume (215 pL) of
soil was added to a deep well plate, the soil was weighed, and moisture con-
tent was adjusted to 45 % WHC. Then, samples underwent a 72-h pre-
incubation period at 25 °C. Next, 25 uL of water was added to each sample,
the indicator plate was sealed onto the sample wells, and samples were in-
cubated for 6 h at 25 °C. Using an Epoch2 Microplate Spectrophotometer
(BioTek Instruments, VT, USA), the absorbance of the indicator plate was
measured before and after the 6-h incubation at 570 nm (Creamer et al.,
2016). To measure SIR, the above protocol was repeated with a treatment
of 25 pL of glucose solution adjusted to 30 mg/g of soil water for each
soil sample. The difference in CO, percentage, as measured by change in ab-
sorbance, was equal to CO, produced during respiration, i.e., BR or SIR. Cal-
ibration of the spectrophotometer (BioTek Instruments, VT, USA) was
performed via gas chromatography-mass spectrometry (GC/MS) using a
Focus DSQ II GC/MS instrument (Thermo Fisher Scientific, Breman,
Germany), known CO, standards and soil produced CO, samples under
the supervision of the Bioanalytical Mass Spectrometry Facility (BMSF) of
the Mark Wainwright Analytical Centre (UNSW, Australia). SIR and BR
were then converted from percentages to mg C g~ ! soil h ™! by following
the MicroResp™ manual instructions (Cameron, 2007).

The carbon mineralisation quotient (QM) was calculated to determine
how efficiently microbes metabolize organic matter (Francaviglia et al.,
2017) by dividing cumulative BR over a 6-h period (Ccum) by TOC percent-
age (Dommergues, 1960; Francaviglia et al., 2017; Kneller et al., 2018).

.CO2 -C02
Ccum (m) BR (mmgfmm
= <\ 1= "¢ @)
TOC (IOOgg-soil) ’

Raw data can be found at https://doi.org/10.6084/m9.figshare.
21671891.v1.

QM >*100 €))

2.4. Soil microbial taxonomy and traits

Raw sequencing data, produced by targeting the V1-V3 region of the
16S rRNA gene, via 27F and 519R primers, and the hypervariable region
of the 18S rRNA gene, via 1391F and EukB primers (see Ondik et al.,
2022b for further details), were analysed in the following ways. All reads

Science of the Total Environment 895 (2023) 165088

from 16S and 18S datasets were used to identify relationships between
soil physicochemical properties and microbial communities. Then, all 16S
and only fungal 18S reads were analysed to assess the distribution of soil
respiration modes and fungal guilds, respectively, across experimental
groups. Raw reads are available at the NCBI Sequence Reads Archive
(SRA) under BioProject ID, PRINA847045.

Taxonomy was successfully assigned to 99.9 % of 16S rRNA reads and
67.6 % of 18S rRNA reads using the SILVA database v132 (Quast et al.,
2013). To ensure 18S OTUs that were unassigned using the SILVA database
(32.4 %) were not from fungal species, taxonomy of all 18S reads was
reassigned using the PR? database (Vaulot et al., 2021). Comparisons
made between the two datasets (Fig. S3) showed that 39.8 % of all 18S
reads were fungal, 49.1 % were non-fungal eukaryotic, and 11.1 % of all
reads remained unassigned. All fungal reads (39.8 % of all reads) were
then isolated from the 18S dataset, and all non-fungal eukaryotic
(49.1 %) and unassigned OTU reads (11.1 %) from the 18S dataset were
excluded from analysis of the distribution of fungal taxa and traits across
experimental groups. All unassigned 16S reads were also excluded from
the analysis of bacterial taxa and traits. For all identified bacterial and fun-
gal genera, the mean and standard error in relative abundance (RA) by ex-
perimental group was then calculated (Table S4; Table S5), and for
dominant genera, i.e., those making up at least 1 % RA of their respective
microbial community, large differences in RA due to fire or management
were identified.

At the genus level, functional guilds from the FUNGuild database
(Nguyen et al., 2016) were matched with fungal 18S OTUs. Also at the
genus level, respiration modes from the BactoTraits database (Cébron
et al., 2021) were matched with 16S OTUs. Dominant genera that did not
match with the BactoTraits database, were manually researched
(Table S6), and respiration mode was assigned to each genus individually.
As a result, 62.9 % of 16S OTUs and 58.8 % of fungal OTUs matched with
genera entries in the BactoTraits database plus manual assignments and
FUNGuild database, respectively. After matching genera to functional
traits, relative abundance (RA) plots and heat maps of each functional
trait, i.e., bacterial respiration mode (Fig. 4) and fungal functional guild
(Fig. 5), were produced. For all RA plots, all possible trait values per
genus were concatenated and separated by a dash, e.g., Animal Pathogen-
Fungal Parasite-Undefined Saprotroph, and read count per genus was
counted once for the concatenated trait value matched to that genus.
Then, individual trait values per genus were represented separately via
heat maps, and read count per genus in each experimental group,
e.g., 2315, was counted once for each unique trait value matched to that
genus, e.g., 2315 reads for Animal Pathogen, 2315 for Fungal Parasite,
and 2315 for Undefined Saprotroph, so that all heatmap values represent
the maximum possible read count per trait.

2.5. Statistical analyses

The open-source software, R, version 4.0.4, was used to carry out all fol-
lowing analyses (R Core Team, 2021). The TOC, BR, SIR, and gM data sat-
isfied assumptions of normality and homogeneity of variance, as tested by
the Kolmogorov-Smirnov test and the Levene test, respectively, and were
modelled using a Generalized Linear Mixed model (GLMM) with a Gaussian
error distribution (Brooks et al., 2017). Data models considered two treat-
ments, fire and management, as independent variables and site as a random
variable. Using the contrasts of estimated marginal means, a significance
test (p < 0.05) was carried out on modelled data to determine differences
in soil properties and parameters due to fire (UNM v. BNM) or management
(BNM v. BM).

Previously collected data on soil physicochemical properties, i.e., pH,
electrical conductivity (EC), total carbon (TC), total nitrogen (TN), total car-
bon to total nitrogen ratio (C/N), and soil water repellency (SWR) (Ondik
et al., 2022a), along with TOC, BR, and SIR were correlated with fire and
management treatments by performing a principal component analysis
(PCA) using the “ggbiplot” package (Vu, 2011). Then, transformation
based redundancy analysis (RDA) plots, created via the “vegan” package
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(Oksanen et al., 2022), were used to derive relationships between soil phys-
icochemical properties, experimental group, and soil microbial community
composition at the OTU level. Unlike the analysis of soil microbial traits,
both the PCA and RDA analyses were done using all 16S (bacterial) and
all 18S (soil eukaryote) rRNA reads data, including fungal, non-fungal,
and unassigned reads. RDA plots were done as described in Machado De
Lima et al. (2021). For RDA plots, OTU RAs were normalized using the
Hellinger method (square root), and then soil physicochemical properties
with a vif.cca value greater than ten, indicating multicollinearity, were re-
moved. Forward selection was performed on the remaining soil properties
to identify the variables that may be significantly correlated with the micro-
bial communities of each sample, i.e., TN, pH, EC, SWR, and C/N (see re-
sults Section 3.3 for full details). Significance (p < 0.05) was determined
using an ANOVA test, and the Pr(>F) of each variable was adjusted using
the Benjamini and Hochberg method to control for false discovery
(Benjamini and Hochberg, 1995). Then, EnvFit was performed to calculate
the Pr(>1) of each variable. One of the twelve replicates from BNM sites in
the 16S OTUs dataset was identified as an outlier by non-metric multi-
dimensional scaling and excluded from the RDA.

3. Results
3.1. Soil organic carbon, respiration rates, and microbial quotient

Fire caused significantly lower TOC, SIR, and BR and significantly
higher qM in BNM compared to UNM sites (Fig. 1). Furthermore,
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management resulted in significantly higher post-fire TOC and SIR and sig-
nificantly lower qM in BM sites compared to BNM sites but caused no signif-
icant difference in BR (Fig. 1).

3.2. Correlations between soil physicochemical properties and microbial community
composition

The first two principal components (PC) of the principal component
analysis (PCA) (Fig. 2) accounted for a total of 77.2 % and 68.1 % of the var-
iation in measured soil properties in non-managed sites (UNM and BNM;
Fig. 2A) and burnt sites (BNM and BM; Fig. 2B), respectively. In the first
PC of non-managed sites (64.9 % of variation), there was a positive correla-
tion between TC, TN, TOC, SIR, BR, EC, and SWR and UNM sites, while pH
was strongly negatively correlated with these properties and positively cor-
related with BNM sites. In the first PC of burnt sites (52.2 % of variation),
there was a positive correlation between TC, TN, TOC, SWR, and SIR and
BM plots, while pH and C/N were strongly negatively correlated with
these properties and positively correlated with BNM sites. Furthermore,
BR was correlated with SWR but was not correlated with burnt sites,
BNM and BM.

The soil properties, TN, pH, EC, SWR, and C/N, were chosen by forward
selection for the RDA (Fig. 3). Due to multilinearity, TN and total carbon
(TC) were identified as redundant constraints, so TC was removed from
the RDA model. The properties, pH and SWR, were selected for all micro-
bial communities and all experimental groups, and EC was selected for all
microbial communities and experimental groups except soil eukaryotic
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Fig. 1. Differences in soil properties due to fire and management. (A) BR: Basal respiration (mg C g’1 soilh™1), (B) SIR: substrate induced respiration (mg C g’1 soilh™1),
(C) TOC: total organic carbon (%), and (D) gM: carbon mineralisation quotient by experimental group, UNM: unburnt non-managed; BNM: burnt non-managed; BM: burnt
managed. All soil properties were measured from samples of the topsoil (0-5 cm). Significant differences between experimental groups due to fire (UNM vs. BNM) and
management (BNM vs. BM) are designated as follows: p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).
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Fig. 2. Principal component analysis (PCA). PCA of disturbance-affected soil properties among differing (A) fire treatment (UNM vs. BNM) and (B) management (BNM vs.
BM). Variance of soil properties along the first two principal components is given in parentheses in axes labels. pH: pH; EC: electrical conductivity; BR: basal respiration
rate; SIR: substrate-induced respiration rate; SWR: soil water repellency; TC: total carbon; TN: total nitrogen; TOC: total organic carbon; C/N: carbon to nitrogen ratio.
UNM (light blue): unburnt non-managed; BNM (dark blue): burnt non-managed; BM (green): burnt managed. Each point represents one soil sample.

communities of non-managed sites. Then, TN was selected for only eukary-
otic communities and all experimental groups, and C/N was only selected
for bacterial communities of burnt sites.

The RDA factors 1 and 2 explained 40.8 % and 4.79 %, respectively, of
variance in bacterial community composition in non-managed sites, with
pH (R? = 0.95), SWR (R* = 0.86), and EC (R* = 0.60) significantly corre-
lated with factor 1 (p < 0.001). The RDA factors 1 and 2 explained 33.65 %
and 6.93 %, respectively, of variance in bacterial community composition
in burnt sites, with SWR (R?> = 0.91), pH (R? = 0.79), and C/N (R® =
0.65) significantly correlated with factor 1 (p < 0.001). The RDA factors
1 and 2 explained 40.81 % and 7.37 %, respectively, of variance in soil eu-
karyote community composition in non-managed sites, with pH (R* =
0.93), TN (R? = 0.86), and SWR (R?> = 0.89) significantly correlated
with factor 1 (p < 0.001). The RDA factors 1 and 2 explained 40.76 %
and 6.88 %, respectively, of variance in soil eukaryote community compo-
sition in burnt sites, with pH (R? = 0.75), TN (R? = 0.87), and SWR (R? =
0.80) significantly correlated with factor 1 (p < 0.001). (Supplementary
materials Section 1.2.)

3.3. Soil microbial community composition, bacterial respiration modes, and
fungal guilds

Fire and management impacted the relative abundance of dominant
taxonomic genera within both bacterial (Table S2) and fungal communities
(Table S3). Fire increased the RA of bacteria, including Massilia and
Pseudarthrobacter, which were absent in UNM plots, and Streptomyces, and
fungi, including Penicillium, Umbelopsis, and Rhynchosporium. Fire also re-
duced the RA of bacteria, including Roseiarcus, Xanthobacteraceae,
Acidipila, Acetobacteraceae, and Acidothermus, and fungi, including
Agaricales, Mortierella, Clavulina, and Herpotrichiellaceae. Management in-
creased the RA of bacteria, including Conexibacter, Bacillus, and
Gemmataceae, and fungi, including Mortierella and Agaricales. Manage-
ment also reduced the RA of bacteria, such as Pseudarthrobacter, Massilia,
and Streptomyces, and fungi, including Umbelopsis and Penicillium.

By experimental group, 73.91 % (UNM), 66.48 % (BNM), and 56.50 %
(BM) of 16S OTUs matched with respiration modes in the BactoTraits data-
base or by manual assignment. Among assigned respiration modes of bacte-
rial communities, fire and management resulted in the following trends
(Fig. 4; Table S2). Fire at non-managed sites caused the RA of purely aero-
bic bacteria, e.g., Streptomyces, to increase and the RA of purely anaerobic,

e.g., Acidipila, and purely microaerophilic bacteria, e.g., Roseiarcus, to de-
crease. Fire also caused a slight increase in the RA of mixed respiration
modes, i.e., taxonomic groups such as Burkholderiaceae that contain spe-
cies with differing respiration modes. Furthermore, management caused
higher post-fire RA of purely anaerobic bacteria and may have decreased
the RA of purely aerobic bacteria in BM compared to BNM sites, but BM
and BNM sites shared a similar variety of mixed respiration modes.

By experimental group, 52.08 % (UNM), 51.44 % (BNM), and 63.53 %
(BM) of all fungal 18S reads matched with fungal guild entries in the
FUNGuild database. Regarding the distribution of assigned functional
guilds within soil fungal communities (Fig. 5; Fig. S2; Table S3), fire caused
a reduction in saprotroph-symbiotrophs, e.g., Mortierella, symbiotrophic
ectomycorrhizal fungi, e.g., Clavulina and Endogone, and parasite contain-
ing pathotroph-saprotrophs, e.g., Herpotrichiellaceae, and pathotroph-
saprotroph-symbiotrophs, e.g., Agaricales. Fire also caused an increase in
the pathotroph, Rhynchosporium, pure saprotrophs, e.g., Umbelopsis, and
the pathotroph-saprotroph-symbiotroph, Penicillium. Management caused
an increase in the RA of saprotroph-symbiotrophs, e.g., Mortierella, a reduc-
tion in pathotroph-saprotroph-symbiotrophs, e.g., Penicillium, and pure
saprotrophs, e.g., Umbelopsis, but had little impact on parasite containing
genera.

4. Discussion

Here, we identified important physicochemical drivers of bacterial and
fungal community composition from soil samples collected over the winter
of 2020 and assessed whether changes to microbial community composition
impact the functions microbes perform. Fire and management-induced
changes to soil water repellency (SWR), pH, total nitrogen (TN) and total
carbon (TC), and the total nitrogen to total carbon ratio (C/N) were identi-
fied as indirect drivers of microbial community composition. Furthermore,
our results confirm that, in modifying the composition of soil microbial com-
munities (Ondik et al., 2022b), fire and management impacted the distribu-
tion of fungal function guilds and bacterial respiration modes, as well as
microbial biomass, activity rates, and efficacy of carbon mineralisation.

4.1. Drivers of microbial community composition and function

Fire and agricultural land use have been shown to change physicochem-
ical properties in the soil (Ondik et al., 2022b), and in consequence, they
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Fig. 3. Redundancy analysis (RDA). The environmental loading scores plot of the soil properties highly correlated with community composition of, A&B: bacteria under
different (A) fire treatment (UNM v. BNM) and (B) management (BNM v. BM) and C&D: eukaryotes under different (C) fire treatment (UNM vs. BNM) and
(D) management (BNM vs. BM). Variance of soil microbial communities along the first two principal RDA components is given in parentheses in axes labels. pH: pH; EC:
electrical conductivity; SWR: soil water repellency; TN: total nitrogen; C/N: carbon to nitrogen ratio. UNM (light blue): unburnt non-managed; BNM (dark blue): burnt

non-managed; BM (green): burnt managed. Each point represents one soil sample.

can cause indirect changes to soil microbial communities (Francos et al.,
2018; Xiang et al., 2014). For example, after disturbance, changes to soil
physicochemical properties, including pH, soil water repellency, and soil
nutrient levels and ratios have been shown to impact soil bacteria and
fungi (Ammitzboll et al., 2022; Lucas-Borja and Delgado-Baquerizo, 2019;
Tian et al., 2021). Here, we interpret soil physicochemical properties that
are known to be directly impacted by fire and agricultural land use and
are correlated with soil microbial communities as indirect drivers of the mi-
crobial community composition.

The soil properties, pH and SWR, were identified as significant drivers
of both eukaryotic and bacterial communities (Fig. 3). Bacterial abundance
has been observed to recover as quickly as one-month post-fire (Pietikdinen
and Fritze, 1993), while fungal eukaryotic communities are known to take
years if not decades after an event such as fire to return to pre-disturbance
levels (Kasel et al., 2008; Xiang et al., 2014). This may be largely because
bacterial communities can proliferate better under alkaline conditions
than fungi (Ahlgren, 1974; Barcenas-Moreno et al., 2016; Muioz-Rojas
and Béarcenas-Moreno, 2019; Rodriguez et al., 2017; Rousk et al., 2009).
However, some bacteria, e.g., Acidipila, Acidothermus, Gemmataceae,
WD2101 soil group, and Micropepsaceae, are known to thrive in acidic
soils and react negatively to alkaline conditions (Brauer et al., 2018; Chen
et al., 2021; Dedysh et al., 2021; Hiraishi, 2019; Simonovicova et al.,

2019). In consequence, the relative abundance (RA) of these bacteria was
reduced after the fire increased pH levels but was higher post-fire in the
more acidic managed sites (Table S2). Microbes are also sensitive to soil
moisture content (Ahlgren, 1974; Moyano et al., 2013). Consequently,
fire and management-induced changes to SWR impacted both soil bacteria
and eukaryotes.

The high severity fire and management practices resulted in widespread
impacts on organic matter degrading bacteria, as well as the soil physico-
chemical properties, TC, TN, TOC, and C/N (Ondik et al., 2022b). However,
C/N was the only nutrient related variable found to be a significant drivers
of soil bacterial communities (Fig. 3), indicating that the ratio between nu-
trients was a more important driver of the composition of bacterial commu-
nities than nutrient levels alone. Furthermore, C/N has also been identified
as a driver of bacterial communities in alpine grassland ecosystems of China
indicating a relationship between C/N and bacterial community composi-
tion across ecosystem types (Wang et al., 2023). Eukaryotic communities
on the other hand were found to be driven by the total amount of nutrients,
i.e., nitrogen or carbon, present in the topsoil, but not C/N. Correlation be-
tween total nutrient levels and eukaryotic communities has also been ob-
served in other ecosystem types including a subtropical peatland in North
Carolina, USA (Shen et al., 2013; Tian et al., 2021; Xiang et al., 2014). Sen-
sitivity of the fungal eukaryotic community to total nutrient levels in
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particular, including complex carbon substrates such as lignin and cellulose
(Ammitzboll et al., 2022), may be another reason bacteria are known to re-
cover more quickly after fire events than fungi.

4.2. Microbial abundance, activity rates, and efficacy

Fire is known to reduce microbial activity and biomass, as observed
here despite the three-month difference in sampling of burnt and unburnt
soil samples (Fig. 1a, b). Fire does so by causing microbe mortality in the
topsoil (Barcenas-Moreno and Diaz-Ravifia, 2013). Fire is also capable of
stimulating post-fire microbial activity through the addition of easily
decomposed organic matter to the topsoil (Pietikdinen and Fritze, 1993;
Poth et al., 1995). However, the high intensity of this crown fire and conse-
quent complete combustion of aboveground and belowground biomass, in-
cluding microbes, may explain why we did not observe post-fire
stimulation of microbial activity six months post-fire. Interestingly, we ob-
served that fire increased the microbial mineralisation quotient (qM),
which indicates how efficiently microbes metabolize organic matter
(Fig. 1d). Increased pH after fire has been reported to reduce acid stress
on microbes and increase substrate bioavailability (Kemmitt et al., 2006).

Thus, the post-fire increase in pH observed here likely increased carbon
mineralisation despite the decrease in soil TOC.

Contrastingly, management caused higher post-fire total organic carbon
(TOC) and microbial biomass, i.e., substrate induced respiration (SIR), but
not microbial activity, i.e., basal respiration (BR). This indicates less effi-
cient metabolism of organic matter (QM) in BM sites compared to BNM
sites (Fig. 1d). On average, BM sites were significantly more acidic com-
pared to BNM sites (Ondik et al., 2022b), further indicating that acidic con-
ditions inhibit carbon mineralisation. Furthermore, the raised SIR in
pastures may be correlated with the observed reduction in C/N in BM
plots (Ondik et al., 2022b), as soil respiration is known to be negatively cor-
related with the C/N of soils of Mediterranean climates (Lucas-Borja and
Delgado-Baquerizo, 2019).

4.3. Distribution of fungal guilds and bacterial respiration modes after fire and
management

By using databases that describe unique functional traits of fungal and
bacterial taxa, we were able to describe the link between community com-
position of bacteria and fungi and distribution of functional traits. Using
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DNA sequencing and the FUNGuild fungal traits database, we observed
that fire changed the kinds of saprotrophic, pathogenic, and parasitic
fungi identified in soil samples (Table S3). Fire has been shown to re-
duce symbionts and increase saprotrophs in boreal coniferous forests
(Ammitzboll et al., 2022), and Ondik et al. (2022b) reported that fire re-
duced the diversity of ectomycorrhizal fungi in Mediterranean dry
sclerophyll woodland. Here we went beyond the work of Ondik et al.
(2022b) and performed an in depth analysis of potential functions of
fungal taxa at the genus level.

This analysis revealed that the high severity fire event reduced the RA of
ectomycorrhizal (ECM) fungi, i.e., Clavulina and Endogone, and taxonomic
groups that contain symbiotic species, i.e., Agaricales and Mortierella
(Fig. 5; Table S3). Fire also caused a three-fold increase in the pathogen, en-
dophyte, and wood saprotroph containing genus, Penicillium (12.92 =
1.51 % to 36.6 + 3.91 %) and an eight-fold increase in saprotrophic
Umbelopsis (1.49 + 0.4 % to 11.85 * 2.63 %) in BNM sites compared to

UNM sites (Table S3). Saprotrophs, such as certain Penicillium spp. and
Umbelopsis, provide benefits to soil by participating in post-fire nutrient cy-
cling and organic matter decomposition (Orumaa et al., 2022). It has been
shown that the RA of post-fire Penicillium is positively correlated with fire
severity (Azaz and Pekel, 2002; Whitman et al., 2019), and post-fire Penicil-
lium are often reported as saprotrophs associated with positive effects on
vegetation (Reazin et al., 2016; Zhang et al., 2021). By resulting in a ten-
fold decrease in the RA of Herpotrichiellaceae (7.21 = 1.1 % to 0.69 =+
0.22) and a sixteen-fold decrease in the RA of Agaricales (19.75 *
4.44%1t01.17 = 1.04 %) (Table S3), fire caused an overall decrease in par-
asitic load on fungi, plants, and bryophytes (Fig. 5). However, fire also
caused the appearance of the plant pathogen, Rhynchosporium (1.29 =+
0.73 %) (Table S3). Rhynchosporium, which is primarily studied within
the context of agriculture, is known to cause the disease, scald, in barley
but can also infect native grasses (King et al., 2013). Rhynchosporium was
absent from unburnt sites (Table S3), but its presence in BNM sites may
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negatively impact post-fire recovery of native grasses. To our knowledge
this is the first report of the relationship between Rhynchosporium abun-
dance and fire, and more research is needed to understand why fire pro-
moted Rhynchosporium in the soil.

Management caused post-fire dominant fungi to shift from wood
saprotrophs to litter and soil saprotrophs (Fig. 5; Fig. S2), increased the
total DNA reads of saprotrophs and potentially symbiotrophic fungal gen-
era, and may have reduced the load of fungal plant pathogens. In BM com-
pared to BNM sites, we identified a much lower RA of genera containing
pathogenic species, e.g., Penicillium. Due to management, BM sites also
had a much higher amount of genera containing only endophytes and
soil, litter, and other saprotrophs (35.49 %), e.g., Mortierella, which are
highly adaptable litter decomposing fungi (Dong et al., 2021; Zhang
etal., 2021). Because the genus, Mortierella, is absent of pathogenic species,
BM sites likely have a lower amount of plant pathogens compared to BNM
sites, which contain a high RA of Penicillium. However, since many Penicil-
lium spp. are wood saprotrophs, the reduced RA of Penicillium in BM sites is
likely due to the lack of wood present in pastures.

In contrast to the impacts of fire, management resulted in elevated
post-fire RA of identified taxonomic groups containing ECM fungi,
e.g., Agaricales and Endogone, and endophytic fungi, e.g., Mortierella.
Agaricales and Mortierella have been shown to be elevated in pastures
(Praeg et al., 2020), suggesting that these fungal groups were also
high in RA prior to the fire event. Fire has been shown to significantly
decrease Agaricales RA in forests. For example, Meng et al. (2021)
showed a high severity fire drove Agaricales from 15.6 % * 13.0 % to
1.4 % = 1.4 %, which is comparable to the observed change reported
here (19.75 % + 4.44 % to 1.17 % *+ 1.04 %). Mortierella has also
been shown to decrease after both high and low intensity burns in
Ponderosa pine forest (Reazin et al., 2016). This is consistent with
what was observed in the BNM sites.

Fire also decreased the RA of the plant symbiont, Roseiarcus, one of the
dominant bacterial genera present in UNM sites (Table S2). Like ECM fungi,
Roseiarcus is a symbiont, known to promote plant growth through fungal as-
sociations in the mycosphere (Yu et al., 2020). Fire-induced reduction of
Roseiarcus is likely related to the reduction in ECM fungi and may nega-
tively impact post-fire recovery of dependent plant species on Kangaroo Is-
land. For example, Orchidaceae is a prevalent family of plants on Kangaroo
Island (Stonor et al., 2023) that contains many species that are highly de-
pendent on microbial associations throughout their life-cycle (Waterman
et al., 2011). It is known that a large proportion of Orchidaceae species
are under threat of extinction due to changing fire regimes (Wraith and
Pickering, 2019), which could be related to our observation of this crown
fire's ability to reduce plant symbionts in soils.

Management counteracted fire-induced changes to most dominant bac-
terial taxa (Table S2). Fire reduced the RA of symbiotic Roseiarcus (Yu et al.,
2020), nitrogen fixing Xanthobacteraceae (Oren, 2014), and organic matter
decomposing Xanthobacteraceae, Acidipila, Acetobacteraceae, and
Acidothermus (Gotebiewski et al., 2019; Hiraishi, 2019; Oren, 2014;
Simonovi¢ova et al., 2019). Fire also increased aromatic carbon degrading
Massilia and Streptomyces (de Lima Brossi et al., 2014; Whitman et al., 2019)
and plant growth promoting Pseudarthrobacter (Zhang et al., 2022). Con-
trastingly, management slightly increased the post-fire RA of Roseiarcus
but significantly decreased the RA of Pseudarthrobacter (4.37 = 0.55 % to
0.02 + 0.01 %). Management also increased the post-fire RA of organic
matter degrading Acetobacteraceae and Gemmataceae but decreased the
RA of Massilia. These observations are consistent with Ondik et al.
(2022b), which showed that historical clearing and grazing reduced fire se-
verity and counteracted impacts of fire on soil properties.

Among 16S OTUs with matched respiration modes, the fire event
also increased the RA of aerobic bacteria and reduced that of purely anaer-
obic and microaerophilic bacteria, while management had the opposite
effect (Fig. 4). Aerobic respiration occurs in the presence of oxygen,
microaerophilic respiration in microoxic conditions, and anaerobic
respiration in the absence of oxygen. Here we show that fire caused a
large increase in the RA of genera containing aerobic bacteria, indicating
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that fire may have decreased the number of anoxic microsites present in
the topsoil of non-managed sites. Leaf litter is known to create anaerobic
pockets in the topsoil, particularly in the presence of bacteria undergoing
high rates of aerobic respiration (Reith et al., 2002; Santiago and
Geisseler, 2022). This evidence suggests that the combustion of leaf litter
and organic matter and the consequent reduction in soil respiration
we observed in BNM sites (Fig. 1) increased the diffusion rate and con-
centration of oxygen in the topsoil, thus favouring aerobic bacteria.
Contrastingly, anaerobic bacteria made up slightly more of the bacterial
communities of BM compared to BNM sites, but both fire and management
caused an increase in the RA of mixed respiration modes (Fig. 4). Thus, di-
versification of respiration forms could be one way soil bacterial communi-
ties respond to the threat of disturbances, such as fire and anthropogenic
activities.

5. Conclusion

Here we show that fire and management-induced changes to soil phys-
icochemical properties indirectly impact soil microbial community compo-
sition, which in turn, affects microbial respiration and distribution of
functions. Global increases in fire severity and extent threaten many above-
ground vegetative species (Le Breton et al., 2022), and the impacts of high
severity fire on soils identified here may have additive negative impacts. As
shown above, the high severity fire event decreased soil microbial symbi-
onts, which are important for post-fire establishment of plant groups,
such as Orchidaceae, that depend on microbial associations throughout
multiple life-stages. Furthermore, land conversion from woodland to pas-
ture resulted in a complete transformation of the aboveground vegetation
profile but also modified the post-fire substrate preference of the organic
matter degrading microbes in the soil. The interactions between climate-
driven extreme fires and anthropogenic land conversion in Mediterranean
climate-type regions emphasizes the need for studies like this that explore
the interactive effects of land conversion and wildfire on soils.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.165088.
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