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ABSTRACT

Soil microbial communities play a key role in ecological processes; however, the effects of fire, and post-fire
management practices such as hydroseeding, on microbial abundance and activity are still poorly known. We
sampled surface soil (0-10 c¢cm) from unburned (UNB), burned and naturally regenerating (NAT), and burned but
hydroseeded (HYD) chaparral stands on the campus of California State University San Marcos five years after
fire. Soil was analyzed for microbial biomass carbon (C), bacterial taxonomic composition at the phylum level,
and microbial activity (enzyme activity and nitrification) to test the hypothesis that fire and hydroseeding would
significantly alter microbial abundance and activity. Total soil nitrogen (N) and C, microbial C, enzyme activity,
and nitrification rate were significantly lower in burned stands than in the UNB stand; however, some of these
patterns were affected by hydroseeding. Carbon inputs from hydroseeding, and associated changes in the
composition of colonizing plant species, caused soil C and N and microbial C to be similar in the HYD and UNB
stands. Relative abundances of bacterial taxa were similar for the UNB, HYD, and NAT stands, and there were no
significant differences in taxonomic diversity between the stands. Activities of key C (p-glucosidase, peroxidase)
and nutrient (N-acetylglucosaminidase (NAGase), phosphatase) cycling enzymes were significantly lower in
burned stands, but hydroseeding did not affect their activities, and the declines in enzyme activity were due in
part to declines in microbial biomass, soil C and N pools, and increases in pH. Our data suggest that fire and post-
fire treatments alter soil microbial biomass and activity for years after fire, which will affect ecosystem C and N

cycling and management of fire-prone semi-arid shrublands like chaparral.

1. Introduction

Fire is a common disturbance in many terrestrial ecosystems, espe-
cially those that experience high temperature, frequent drought, and
long-term fuel buildup (Minnich and Bahre, 1995; Keeley and Brennan,
2012). This is especially true in Mediterranean-climate regions, where
population growth and expansion (Venevsky et al., 2002; Marlon et al.,
2008), policies of fire suppression (Minnich and Bahre, 1995), and
warming and drying associated with climate change (Cayan et al., 2010;
Diffenbaugh et al., 2015) are altering fire regimes in already fire-prone
woodlands (Running, 2006; Hoover et al., 2019; Lavorel et al., 2020).
Depending on fire severity (DeBano and Conrad, 1978), losses of
aboveground biomass and surface litter cause both short- (months-
years) and long-term (years-decades) changes in ecosystem C and N
storage (Wan et al., 2001; Certini, 2005; Kaye et al., 2010; Nave et al.,
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2011; Vourlitis and Hentz, 2016; Moya et al., 2018; Pellegrini et al.,
2018). Aboveground C and N stocks accumulate over time, often
reaching pre-fire levels within the first decade of recovery (Black, 1987;
Kaye et al., 2010; Vourlitis and Hentz, 2016; Vourlitis et al., 2021a).
Belowground C and nutrient losses tend to be lower than aboveground
losses because soil is a poor conductor of heat (Odion and Davis, 2000).
Even so, losses of surface organic matter are substantial (Odion and
Davis, 2000; Nave et al., 2011), and these losses, coupled with losses of
aboveground biomass, affect belowground biomass and soil C and
nutrient pools (Kaye et al., 2010; Marti-Roura et al., 2011; Moya et al.,
2018; Pellegrini et al., 2018).

Fire-induced changes in above- and belowground C and nutrient
stocks have the potential to alter microbial abundance and activity
(Barreiro et al., 2015; Barcenas-Moreno et al., 2016; Pressler et al., 2018;
Moya et al., 2019). Microbial populations typically decline after fire
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(Hart et al., 2005; Dooley and Treseder, 2012; Fonttirbel et al., 2012;
Hanan et al., 2016); however, these results may not be universal
(Rutigliano et al., 2007) and may depend on fire severity (Bonanomi
etal., 2016; Holden et al., 2016; Pressler et al., 2018; Moya et al., 2019),
vegetation type (Barcenas-Moreno et al., 2016), and changes in soil
environmental characteristics, namely pH, N availability, and C quantity
and quality (Tas et al., 2014; Sun et al., 2016). Microbial populations
generally increase over time since fire as litter pools increase from shrub
recovery, but inhibitory effects of fire can persist for several years (Hart
et al., 2005; Knicker, 2007; Fonttrbel et al., 2012). Fire also affects
microbial community composition, reportedly causing both short- and
long-term declines in microbial diversity (Barreiro et al., 2015; Sun
et al., 2016). Studies from Mediterranean ecosystems indicate that fire
negatively affects fungi but can stimulate bacteria (Rutigliano et al.,
2007; Barreiro et al., 2015). However, declines in fungal biomass may be
a function of fire severity, as hotter fires cause charred litter to become
relatively more enriched in recalcitrant C due to higher losses of labile C
(Bonanomi et al., 2016). Microbial diversity is also affected by the
vegetation that colonizes after fire because of its impact on soil C and
nutrient stocks (Knelman et al., 2015). Changes in microbial abundance
and/or species composition also cause changes in microbial activity. For
example, declines in glucosidase and urease activity in post-fire Medi-
terranean soils persisted up to 1 year after fire (Barreiro et al., 2010;
Moya et al., 2018, 2019).

While fire alters soil C and nutrient cycling of semi-arid woodlands,
post-fire management strategies can also affect the recovery of plant and
soil microbial populations. Land managers may resort to hydroseeding
or hydromulching on recently burned chaparral slopes to increase the
rate of vegetation recovery and reduce the potential for erosion, C and
nutrient loss, and declines in stream water quality (Keeler-Wolf, 1995;
Beyers, 2004; Hubbert et al., 2012). Hydroseeding consists of a mixture
of seeds, water, nutrients, and organic matter that is applied to the
burned area to hasten vegetation development (Asche and Barton, 1995;
Keeler-Wolf, 1995; Beyers, 2004), while hydromulching consists of
applying organic matter without an artificial seed source (Hubbert et al.,
2012). These mixtures often include a C- or nutrient-rich matrix to
reduce erosion and improve nutrient and water retention for naturally or
artificially germinating seeds (Zink and Allen, 1998; Garcia-Palacios
etal., 2010; Oliveira et al., 2014; Busnardo et al., 2017). Hydroseeding is
controversial because it can introduce non-native plant species, which
can cause a decline plant community diversity and delay native plant
recovery (Asche and Barton, 1995; Keeler-Wolf, 1995; Beyers, 2004;
Vourlitis et al., 2017). Furthermore, because post-fire seeding and
mulching treatments are often amended with C (wood fiber and/or C-
rich “tackifiers”) and fertilizers, they can have important effects on
microbial abundance and diversity, at least early during post-fire suc-
cession (Fonttrbel et al., 2012; Barreiro et al., 2016; Vourlitis et al.,
2017). However, long-term impacts of post-fire management on mi-
crobial abundance, activity, and community composition are not well
understood.

We studied burned and unburned chaparral stands on the campus of
California State University-San Marcos (CSUSM) to assess the effect of
fire and post-fire management on ecosystem C and N cycling and mi-
crobial abundance, composition, and activity. One stand had not expe-
rienced fire for over 4 decades (unburned), while two adjacent stands
burned during the 2014 “Cocos” fire, one of which is recovering natu-
rally and another that was hydroseeded approximately 7 months after
fire. Because the fire, and subsequent post-fire treatment was a chance
event, these stands were not replicated, which has the potential to add
uncertainty to our understanding of how fire and post-fire management
affect microbial activity and taxonomic composition. However, the
stands are located close to each other, have the same soil type and parent
material, and have similar slope and slope aspect. Soil samples were
analyzed for physical and chemical properties, microbial activity was
assessed by N mineralization and enzyme assays, and bacterial abun-
dance and composition were analyzed using DNA metabarcoding. Given
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that fire can alter microbial abundance and function (Dooley and Tre-
seder, 2012; Hanan et al., 2016; Pressler et al., 2018), we hypothesized
that the burned stands would have lower microbial abundance and ac-
tivity than the unburned stand after five years of post-fire recovery. We
also hypothesized that hydroseeding would cause significant changes in
microbial abundance and activity because hydroseeding alters soil
properties and plant recovery (Vourlitis et al., 2017).

2. Methods
2.1. Site description and field sampling design

Soil was sampled in February 2019 from unburned (UNB), burned
and naturally recovering (NAT), and a burned and hydroseeded (HYD)
chaparral stands located on the campus of California State University
San Marcos (CSUSM; 33°07'46”N; 117°09'35"W; Fig. 1). Each stand had
eight, 2 m radius (12.65 m?) circular plots that were randomly located
within a ca. 150 m x 50 m area centered within each site, and each plot
was separated by at least 10-20 m. Plots on the NAT and HYD stands
were installed in March 2015, while plots in the UNB stand were
installed in February 2019. All stands have similar underlying granitic
parent material, soil type (Typic Xerorthents, Entisol; Bowman et al.,
1973), and texture (coarse sandy-loam soil of the Cieneba series, with an
average bulk density of 1.34 g/cm?; Vourlitis et al., 2015). Sites were
separated by a maximum distance of 500 m and were located on a NW
facing slope at an elevation of 220 m above sea level and an average
slope angle of 15°. Average annual temperature and precipitation for the
closest long-term measurement site (San Pasqual RAWS; 33°05'29"N;
117°00'44"W; 225 m asl), located 14.3 km SSE of CSUSM were 16.6 °C
and 321 mm, respectively, with nearly all of the precipitation (94%)
arriving between the months of October and April (https://wrcc.dri.
edu/cgi-bin/rawMAIN.pl?caCSPQ; accessed 19 July 2021). Average
annual precipitation was 336 mm during the five-year fire recovery
period from May 2014 to May 2019, or about 15 mm higher than the
long-term average.

NAT and HYD stands were burned during the May 2014 Cocos Fire
and were approximately 5 years post fire at the time of field sampling.
Both stands were almost completely denuded by the fire, leaving only
charred skeletons of the largest shrubs (Fig. 1). While fire intensity was
not quantified, the consumption of the tall, dense chaparral vegetation
suggests that the fire was severe. Pre-fire vegetation was not quantita-
tively sampled in the NAT and HYD sites; however, sites were only
separated by a small distance (<500 m), and a similar slope aspect,
angle, and substrate type suggests that all three sites had similar vege-
tation prior to fire. Qualitative observations before the fire indicated
that pre-fire vegetation was a Chamise-Black Sage series chaparral
(Sawyer and Keeler-Wolf, 1995), with Adenostoma fasciculatum Hook &
Arn., Salvia mellifera Green, Xylococcus bicolor Nutt., Rhus integrifolia
(Nutt.) Brewer & S. Watson and Malosma laurina (Nutt.) Abrams as the
dominant woody shrub species, which is consistent with the vegetation
of the UNB stand sampled here (Supplemental Table S1). Burned sites
also had high coverage of Ceanothus tomentosus Parry after fire, which
was absent from the unburned site (Supplemental Table S1).

The hydroseeded stand was sprayed approximately 7 months post-
fire with a mixture of native chaparral and coastal sage scrub species
(Supplemental Table S1). The hydroseed matrix contained 3363 kg/ha
of wood fiber and 112 kg/ha of “SpecTack” (Mat, Inc., Floodwood, MN,
USA), which is an organic “tackifier” made of a polysaccharide matrix
that binds wood fiber and seeds into a slurry. According to the manu-
facturer, SpecTack is composed of a Guar Gum hydro-colloid polymer
that is “non-toxic to all living things.” According to personnel that
applied the hydroseed mix to the study site, the matrix composition is
typical of those used on post-fire hillslopes in southern California (R.
McGann, HydroPlant Hydroseeding, Inc. pers. comm.). Plant species in
the seed mix (and their seed densities in parentheses) included Artemisia
californica Less. (2.2 kg/ha), E. fasciculatum (5.6 kg/ha), Acmispon glaber
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Fig. 1. Google earth image of the approximate locations of the unburned (UNB), burned and hydroseeded (HYD), and burned and naturally recovering (NAT)
research sites at California State University San Marcos (CSUSM). The photos from the HYD and NAT sites were taken approximately 2 years post fire while the photo
for the UNB site was taken in 2019. The yellow dashed line is the approximate border of the fire. The Google Earth Image was from 2018 and was acquired in

September 2019.

(Vogel) Brouilet (6.7 kg/ha), Mimulus aurantiacus var. puniceus (Nutt.) D.
M. Thomps. (2.2 kg/ha), Isocoma mengziesii (Hook & Arn.) G. Nesom (2.2
kg/ha), Lupinus succulentus Koch (3.4 kg/ha), Festuca microstachys
(Nutt.) Benth. (6.7 kg/ha), and Bromus carinatus Hook & Arn (11.2 kg/
ha) (Supplemental Table S1).

2.2. Field measurements

Soil samples were obtained from each plot at each site in February
2019 from the upper 0-10 cm soil layer using a 5 cm diameter and 15 cm
height PVC corer. This sampling depth was chosen because it has the
highest soil organic C stocks and is heavily influenced by the type and
amount of vegetation (Jobbagy and Jackson, 2000); however, we
acknowledge that the effects of fire may be small at a soil depth of 10 cm
because soil is a poor conductor of heat (Odion and Davis, 2000). A total
of 3-subsamples were randomly taken from each plot to capture the
small-scale (<m) variation in plant cover (n = 3 sub-samples/plot, 8
plots/stand, 24 subsamples/stand, 72 subsamples total). Each sample
was stored in an individual sterile “Whirl-Pak” bag, and samples were
immediately sieved with a 2 mm sieve to remove debris and stored in a
refrigerator at 4 °C for 1 week (Boone et al., 1999). A portion of each
sub-sample was combined to yield one composite sample for each plot
(n = 8 composite samples/stand) that was used for all soil physical and
chemical analyses (Section 2.3), microbial biomass C (Section 2.4), and
extracellular enzyme activity (Section 2.6).

Vegetation abundance was measured in March 2015 and September
2018 in the NAT and HYD stands and in March 2019 in all stands, which
was about 1 week after collection of soil samples. Measurements were

made in 2 m radius (12.56 m?) circular plots that were randomly located
in each stand (n = 10 plots/stand in 2015 and 2018) and in the same
12.56 m? plots where soil samples were taken in 2019 (8 plots/stand).
All woody shrubs rooted within each circular plot were identified to
species, counted, and measured for canopy area (A) = 1D%/4, where D
was the average shrub diameter calculated from measurements of the
maximum and perpendicular diameter (Vourlitis et al., 2017). Density
was calculated as the number of individuals of each species divided by
plot area and percent woody shrub cover was calculated as the total
canopy area divided by the area of the plot (x100). Shrub species
richness was calculated as the number of species per plot. Cover of
herbaceous plants was measured in four-0.5 x 0.5 m (0.25 m?) gridded-
quadrats centered in each plot (n = 8 plots/stand) using a point-
intercept method (Jonasson, 1988). Each quadrat was separated into
25 sub-quadrats, and the number of times herbaceous plants were “hit”
by grid intercepts were counted. Percent herbaceous cover was calcu-
lated as the number of “hits” divided by the total number of possible
intercepts in each quadrat (x100).

2.3. Laboratory sample analyses

Composite soil samples were analyzed for pH, soil moisture,
extractable N (NH4 + NOs3), and total N and C. Soil pH was measured in
2:1 DI-water:soil extracts using a standard pH electrode. For extractable
N, 10 g of the fresh soil sample was extracted in 40 ml of 0.5M K3SO4 to
quantify soil extractable NH4 and NOs using the salicylate (Mulvaney,
1996) and vanadium chloride (Miranda et al., 2001) methods, respec-
tively. Absorbance was read at 667 nm (NH4) and 540 nm (NO3) using a
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spectrophotometer, and absorbance was converted to NH4 and NOg
concentration (mgN/kg dry soil) using a standard curve. Another
portion of the soil sample was dried at 105 °C until constant weight.
Gravimetric soil moisture was calculated as the difference in fresh and
oven-dry soil mass divided by the dry soil mass. Oven-dried soil was
ground using a ball mill (MM200, Retsch, Diisseldorf, Germany) for
measurements of total N and C by dry combustion (ECS 4010, Costech
Analytical Technologies, Inc., Valencia, CA, USA).

2.4. Measurements of microbial abundance

Composite soil samples were analyzed for microbial biomass using
the chloroform fumigation and extraction method (Brookes et al., 1985).
Duplicate 10 g samples were weighed into 50 ml beakers, one of which
was fumigated with chloroform for a period of 5 days and another that
was unfumigated. Both fumigated and unfumigated samples were
extracted with 0.5M K3SO4, which was analyzed for dissolved C by ab-
sorption at 600 nm using a modified version of the Walkley-Black
method (Sims and Haby, 1971). The difference in absorption between
the fumigated and un-fumigated samples was taken as the microbial C
content based on a standard curve generated from glucose (Brookes
et al., 1985).

2.5. DNA metabarcoding

Genomic DNA was extracted from all 72 sub-samples using the
ZymoBIOMICS™ DNA MicroPrep Kit. DNA quality and quantity were
analyzed using gel electrophoresis, a nanodrop spectrophotometer, and
a Qubit Fluorometer. Extracted DNA was then amplified using 16s rRNA
primers for the V3-V4 region (~460 bp, ~596 bp upon addition of
barcoded primers, proprietary to Zymo Research: D6405-2-400) ligated
with Illumina adapters to amplify ~500-600 base pairs from each
sample. An equal concentration of amplified DNA from each of the plot
sub-samples was then combined to create one composite DNA sample for
each plot/site (n = 8 plots/site x 3 sites = 24 total composite bacterial
DNA samples). Unfortunately, errors during compositing led to
contamination for two of the plot samples from the HYD site, causing the
number of composite samples to be eight for the NAT and UNB sites and
six for the HYD site. These DNA samples were stored at —80 °C until all
samples were processed.

Libraries were then uniquely barcoded using Illumina Nextera® XT
indices, cleaned using Agencourt AMPure XP magnetic beads, analyzed
on an Agilent Bioanalyzer, and sequenced on an Illumina MiSeq (150 bp,
paired end) at the UC Riverside Genomics Core Facility. Raw sequence
data was demultiplexed based on their unique indices, quality controlled
to trim reads below Q20, mapped back to the SILVA database (Quast
et al., 2013), and then analyzed using the MOTHUR pipeline (Schloss
et al., 2009) on The Galaxy Project (Afgan et al., 2018). Briefly, paired-
end reads (150 bp) were assembled into contigs, followed by filtering of
short contigs (<400 bp), discarding duplicated contigs within samples,
and standardizing for differences in sequencing depth across samples.
These contigs (and their reverse complements) were then aligned to the
SILVA V4 database (Quast et al., 2013) using a kmer size of 8 with the
Needleman-Wunsch algorithm. Misalignments and chimeric sequences
were trimmed outside of the V3-V4 region, and data were then clustered
into OTU’s based on the Ribosomal Database Project taxonomy (Cole
et al., 2013). Bacterial sequence data was of very high quality (Illumina
on-line support), with nearly 90% barcode match, 91% of bases with a
quality (Q-score) > 30, and a mean quality of score of 35.83.

2.6. Measurements of microbial activity

Composite soil samples were analyzed for the enzyme activities of
B-glucosidase, N-acetylglucosaminidase (NAGase), and phosphatase
according to Jackson et al. (2013) and peroxidase (Vourlitis et al.,
2021Db). For all enzyme assays, 5 g of fresh soil was weighed from each
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plot into sterile plastic tubes containing 5 ml of 50 mM acetate buffer
that was pH adjusted to 5.0-5.5. The soil-buffer solution was mixed
using a vortex mixer (Genie 2, Thermo-Fisher Scientific, Hampton, NH)
and incubated at room temperature for 24 h. After incubation, 150 pl of
soil slurry was transferred to a 96-well plate with 150 pl of the corre-
sponding p-nitrophenyl (pNP)-linked substrate, which was 5 mM pNP-
phosphate for phosphatase, 5 mM pNP-f-glucopyranoside for p-gluco-
sidase, and 5 mM pNP-B-acetylglucosamide for NAGase (Jackson et al.,
2013). Blanks consisted of buffer solutions, and standards ranging from
0 to 0.85 mM concentrations were made using the appropriate pNP-
linked substrates and acetate buffer. Plates incubated at room temper-
ature for 1-5 h depending on the enzyme, and the reaction was stopped
by adding 10 pl of NaOH and 190 pl of distilled water. Samples were run
in triplicate, while blanks and standards were run in duplicate. Absor-
bance was read at 410 nm using a microplate reader (EPOCH 2, Biotek,
Inc., Winooski, VT).

Peroxidase activity was measured by absorbance using L-3,4-dihy-
droxyphenylalanine (L-DOPA) as the substrate (Vourlitis et al., 2021b).
The soil-buffer mixture was thoroughly mixed, and 150 pl of soil slurry
was combined with 50 pl of 25 mM L-DOPA and 10 pl of 0.3% H»0 in a
96-well plate. Blanks consisted of buffer solution only, and standards
ranging from 0 to 0.85 mM concentrations were prepared from the L-
DOPA, H30,, and acetate buffer. Samples, blanks, and standards were
covered with aluminum foil and incubated for 5 h, and absorbance was
read at 450 nM using a microplate reader (EPOCH 2, Biotek, Inc.,
Winooski, VT).

Enzyme activity (E; nmol g dry soil ™! h™!) was calculated as E, =
Aadj X C/ M x t, where A,qgj = the adjusted absorbance (sample absor-
bance — blank absorbance), C = pNP-linked or L-DOPA substrate con-
centration per unit absorbance determined from the standard curve, M
= the mass of air-dried soil (5 g) corrected for soil moisture, and t =
incubation time.

Rates of net nitrification were analyzed using a 1-week laboratory
incubation. Fresh, composite soil samples were weighed in duplicate,
which 10 g was immediately extracted for NO3 in 0.5M K2SO4 (described
above) and another 10 g soil sample incubated for 7 days in the dark at a
temperature of 25 °C and a gravimetric soil moisture of 25%. After in-
cubation, the soil sample was extracted for NO3 in 0.5M K5SO4 and both
incubated and un-incubated extracts were analyzed for NOs (as
described above) by absorbance at a wavelength of 540 nm using a
spectrophotometer (Miranda et al., 2001). Net nitrification rate was
calculated as the incubated — un-incubated NO3 concentration divided
by the elapsed time of the incubation. Unfortunately, rates of net N
mineralization (NH4 + NOgs) could not be quantified because post-
incubation samples of NH4 were contaminated and had to be dis-
carded. Thus, only nitrification rate is reported here. However, nitrifi-
cation rates are rapid in chaparral soils and most of the extractable N is
in the form of NO3 (Vourlitis and Zorba, 2007).

2.7. Statistical analyses

Principle Components Analysis (PCA) was used to assess variations in
soil properties, vegetation characteristic, and microbial activity, and
microbial community composition, between the different stands. Vari-
max rotation was used to generate factors from the input variables (see
Supplemental Table 2) and factors with eigenvalues >1 were retained
(Kaiser, 1960).

Redundancy analysis (RDA) was used to link variations in microbial
activity and taxonomic relative abundance to variations in soil (soil
moisture, extractable N, pH, and total N and C) and vegetation (shrub
and herbaceous cover, shrub density, and shrub species richness)
properties between the different plots.

Differences in vegetation attributes, soil variables, and microbial
activity were analyzed using one-way ANOVA followed by a Tukey-
Kramer post-hoc test if the ANOVA was statistically significant (p <
0.05). Sites were treated as random factors and data were tested for



G. Vourlitis et al.

normality and heteroscedasticity, and data violating these assumptions
were LN-transformed.

A repeated-measures ANOVA was used to analyze changes in woody
and herbaceous species cover in the NAT and HYD plots over time
because these plots were sampled on three different sampling dates. For
these analyses, sites were considered random factors and time was
considered a fixed factor. Assumptions of equality and compound-
symmetry (sphericity), respectively (p < 0.10) of the between-group
covariance matrices were tested using Box’s M and Mauchly’s tests,
respectively, and Geisser-Greenhouse p-values were calculated for in-
teractions when these assumptions were violated.

Because DNA sample contamination led to an unbalanced design,
differences in relative abundance and diversity of bacterial phyla be-
tween the UNB, HYD, and NAT sites were assessed using bootstrap
randomization techniques (Efron and Tibshirani, 1993). For relative
abundance the bootstrap randomly sampled (with replacement) the
relative abundance of a given phylum from each plot per site over 1000
iterations and calculated the grand mean and a +95% confidence in-
terval for each site. Relative abundance for a given phylum was assumed
to be statistically significant (p < 0.05) if there was no overlap in the
+95% confidence intervals (Efron and Tibshirani, 1993). Bacterial
phylum diversity was calculated from relative abundance using the
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Shannon Weiner H', where H = —X [p; x LN(py1, where p; is the relative
abundance of phylum p in plot i and LN(p;) is the natural log of p;
(Magurran, 1988). In turn, H was bootstrapped for each site by
randomly sampling (with replacement) the relative abundance of all
bacterial phyla and calculating H'. The bootstrapped H' was then
recalculated over 1000 iterations, and the mean (£95% confidence in-
terval) for each site was calculated. As with the relative abundance data,
bootstrapped H' for each site was assumed to be statistically significant
(p < 0.05) if there was no overlap in the +95% confidence intervals
(Efron and Tibshirani, 1993).

PCA and ANOVA analyses (one-way and repeated measures) were
conducted using NCSS 12 Statistical Software (NCSS, LLC. Kaysville,
Utah, USA, ncss.com/software/ncss). Bootstrapping was conducted
using NS Excel (Christie, 2004). RDA was conducted using the Vegan
package in R (version 4.0.5).

3. Results

3.1. Environmental characteristics

PCA explained 84% of the variance in soil properties between the
different sites, with PCA axis 1 (PCA1l) explaining 53% and PCA2
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Fig. 2. Principle components analysis (PCA) of the soil (a), vegetation (b), microbial activity (c), and microbial taxonomic composition (d) properties associated with
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explaining an additional 31% (Fig. 2a). PCA1 was negatively correlated
with soil organic C (SOC) while PCA2 was positively correlated with pH
and negatively correlated with extractable N (Supplemental Table 2).
Unburned (UNB) and hydroseeded (HYD) plots appeared to be separated
more strongly by PCA1, while the naturally regenerating (NAT) plots
appeared to be dispersed more by PCA2 than PCA 1 (Fig. 2a). Almost all
of the UNB plots, and approximately half of the HYD plots, were clus-
tered on the left-hand side of PCA 1, and nearly all of the NAT plots on
the right-hand side of PCA1. This implies that the UNB and HYD plots
had higher SOC than the NAT plots. Most of the NAT plots, and
approximately half of the UNB plots, were in the lower (negative)
portion of PCA2, while nearly all of the HYD plots were in the upper
(positive) potion of PCA2 (Fig. 2a). This implies that the HYD and UNB
plots had higher relatively pH and lower extractable N than the NAT
plots.

PCA explained 75% of the overall variance in vegetation attributes,
with PCA1 explaining 46% and PCA2 explaining 29% (Fig. 2b). PCA1
was positively correlated with shrub density and species richness while
PCA2 was positively correlated with shrub and herbaceous cover (Sup-
plemental Table 2). Most of the UNB plots were bunched in the center-
left and lower left quadrant of the plot indicating lower shrub density
and species richness than the other plots (Fig. 2b). Most of the HYD plots
were arrayed along the upper half and right-hand side of the plot indi-
cating relatively higher shrub and herbaceous cover, shrub density, and/
or higher species richness than the NAT stands (Fig. 2b).

PCA explained 90% of the variability in microbial activity, with
PCA1 explaining 46% and PCA2 explaining 44% (Fig. 2c). PCA1 was
negatively correlated with all measures of microbial activity, but
peroxidase activity appeared to be the dominant variable, while PCA2
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was positively correlated with all measures of microbial activity but
B-glucosidase activity appeared to be the dominant variable driving
PCA2 (Supplemental Table 2). Most of the UNB plots were scattered in
the upper left-had quadrant of the scatterplot, indicating higher micor-
bial activity (Fig. 2c). The NAT and HYD plots were dispersed more
along PCA2 than the UNB lots, and on average, the NAT plots appeared
to have lower scores than the HYD plots (Fig. 2¢) implying and overall
lower rate of microbial activity.

The PCA for microbial community composition was less revealing
because most of the plots were bunched in the center and lower left-
hand quadrant of the plot (Fig. 2d). However, PCA explained 50% of
the overall variation in microbial composition (Fig. 2d) with each axis
explaining about half of the overall variability (Supplemental Table 2).
Axis 1 was negatively correlated with microbial C content and the
relative abundance of unclassified bacteria and positively correlated
with Actinobacteria abundance, while axis 2 was positively correlated
with Acidobacteria and Proteobacteria relative abundance (Supplemental
Table 2). All of the UNB plots were bunched toward the middle of the
PCA biplot, implying relatively similar microbial composition in the
plots, while the NAT, and to a lesser extent, HYD plots exhibited more
scatter along both axes (Fig. 2d). Relatively more of the HYD plots were
scattered toward the left-hand side of the biplot while more of the NAT
plots toward the center and right-hand side of the biplot (Fig. 2d),
indicating relatively higher Actinobacteria, Acidobacteria, and Proteo-
bacteria and lower unclassified bacterial abundances for the NAT plots.

Many of the trends seen in the PCA were confirmed by stand-level
comparisons. For example, soil pH was similar between the NAT and
UNB stands, but the HYD stand had significantly higher pH (Fig. 3a),
which explains the consistently positive scores for the HYD plots along
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Fig. 3. Mean (+se; n = 8) soil pH (a), extractable nitrogen (NH4 + NO3) (b), total N (c), and total C (d) for unburned, burned but naturally regenerating (natural),
and burned but hydroseeded chaparral stands on the campus of California State University, San Marcos. Results from a 1-way ANOVA (F-statistic and degrees of

freedom) are shown; *p < 0.05, **p < 0.01,
Tukey-Kramer post-hoc test.

*p < 0.001. Means with a different lower-case letter are significantly (p < 0.05) different from each other according to a
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the PCA2 axis (Fig. 2a). In contrast, the NAT stand had significantly
lower total N (Fig. 3¢) and total C (Fig. 3d) than both the HYD and UNB
stands, which explains the consistent positive scores for the NAT plots
along the PCAL1 axis (Fig. 2a). Concentrations of extractable N were not
significantly different between the three stands (Fig. 3b).

Variation in shrub and herbaceous cover (Fig. 4a and b) and shrub
density (Fig. 4c) were not significantly different between the stands in
the spring of 2019, but the HYD stand had considerably higher shrub
species richness that the other stands (Fig. 4d). These differences likely
explain the relatively higher density of HYD plots on the right-hand side
of axis 1 in the vegetation PCA (Fig. 2b).

While vegetation properties in the spring of 2019 were not consis-
tently different between the stands, there were significant differences in
the trajectory of vegetation recovery between the burned stands (Fig. 5).
Shrub recovery was rapid for both stands but there was no statistically
significant difference in total shrub cover over the five-year recovery
period (Fig. 5a). However, species composition was markedly different,
and with the exception of Mimulus aurantiacus and Xylococcus bicolor, the
dominant shrubs in the HYD stand reflected those species added to the
hydroseed mix rather than the species that were re-seeding or re-
sprouting in the NAT stand (Supplemental Table S1). Furthermore, the
addition of novel (but native) species increased species richness signif-
icantly in the HYD plots (Fig. 4d). There also was a significant stand x
time interaction for herbaceous cover, which was due to the significantly
higher herbaceous cover for HYD plots than NAT plots over most of the
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post-fire recovery period (Fig. 5b). Thus, while herbaceous cover was
not different in between the sites the spring of 2019 (Fig. 4b) the HDY
plots had a history of higher herbaceous cover over most of the post-fire
period.

3.2. Microbial abundance and composition

Microbial C concentration was highest in the UNB and HYD stands
and lowest in the NAT stand (Fig. 6a). This pattern is apparent in the
PCA with more of the NAT plots scattered toward the right-hand side of
the plot and more of the HYD and UNB plots located toward the left-
hand side of the plot (Fig. 2d). However, bacterial diversity at the
phylum level was similar between the burned and unburned study sites
(Fig. 6b).

The majority of the DNA extracted from all of the sites (29-39%) was
not able to be classified by the MOTHUR analyses, but most of the
classified sequences were in the phyla Actinobacteria and Proteobacteria,
which made up on average 19 and 27% of the relative abundance,
respectively (Fig. 7). Most of the phyla had similar relative abundances
in the burned and unburned stands, which was reflected by the close
scatter of points in the center of the PCA plot (Fig. 2d). The relative
abundance of copiotrophic phyla (Actinobacteria, Bacteroidetes, Firmi-
cutes, and Proteobacteria) outnumbered oligotrophic phyla (Acid-
obacteria and “other”) by 5:1 (Fig. 7).
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Fig. 4. Mean (+se; n = 8 plots/stand) shrub cover (a), herbaceous cover (b), shrub density (c), and shrub species richness (d) for unburned, burned but naturally
regenerating (natural), and burned but hydroseeded chaparral stands measured in the spring 2019 on the campus of California State University, San Marcos. Results
from a 1-way ANOVA (F-statistic and degrees of freedom) are shown; *p < 0.05, **p < 0.01, ***p < 0.001. Means with a different lower-case letter are significantly

(p < 0.05) different from each other according to a Tukey-Kramer post-hoc test.
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Fig. 5. Mean (+se; n = 8-10) absolute cover for woody shrubs (top-panel) and
herbaceous (bottom-panel) plants for naturally recovering (black-symbols) and
hydroseeded (white-symbols) chaparral stands on the campus of California
State University, San Marcos. Results from a repeated-measures ANOVA (F-
statistic and degrees of freedom) are shown for site (S), time (T), and the S x T
interaction; *p < 0.05, **p < 0.01, ***p < 0.001. The solid horizontal line in
each panel is the mean woody shrub (top-panel) and herbaceous (bottom-panel)
cover of the unburned stand measured in March 2019, while the horizontal
dashed lines represent the standard error of the mean (n = 8).

3.3. Microbial activity

Burned sites had significantly lower rates of enzyme activity than the
UNB site, but differences between the NAT and HYD stands were not
statistically significant for all measures of microbial activity except
nitrification (Fig. 8). Rates of activity for most enzymes were nearly 50%
lower for burned areas than in the UNB stand, which was reflected by the
higher density of NAT and HYD points on the right-hand side of the PCA
plot (Fig. 2c). Nitrification was the only measure of microbial activity
that exhibited a significant difference between the NAT and HYD plots,
and nitrification rates were on average 6-times higher in HYD plots than
in NAT plots (Fig. 8e).

3.4. Environmental controls on microbial activity and relative abundance

Redundancy analysis (RDA) results indicated that p-glucosidase,
phosphatase, and NAGase activity scaled positively with spatial varia-
tions in total soil C and N and soil moisture and negatively with soil pH
(Fig. 9a). As was found with the PCA results (Fig. 2a), total N and C also
tended to be higher in UNB plots while pH was highest in HYD plots,
which was also supported by ANOVA results (Fig. 3). Pearson correla-
tion analysis further supports this interpretation, as phosphatase,
NAGase, and peroxidase were found to be negatively correlated with pH,
all measures of microbial activity were positively correlated with soil
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Fig. 6. Mean (+se; n = 8) soil microbial C concentration (a) and the mean
(£95% confidence interval) bacteria phylum diversity (b) from soil samples
obtained from unburned, burned but naturally regenerating (natural), and
burned but hydroseeded chaparral stands on the campus of California State
University, San Marcos. For panel (a) results from a 1-way ANOVA (F-statistic
and degrees of freedom) are shown; *p < 0.05, **p < 0.01, ***p < 0.001. Means
with a different lower-case letter are significantly (p < 0.05) different from each
other according to a Tukey-Kramer post-hoc test. For panel (b), phylum di-
versity was calculated as the Shannon-Weiner H’, and confidence intervals were
calculated by bootstrapping H' values for each site over 1000 iterations.

moisture, and all measures of activity except peroxidase activity were
positively correlated with total soil N and C (Supplemental Fig. S1).
Vegetation variables appeared to have little influence on microbial ac-
tivity (Fig. 9a; Supplemental Fig. S1).

Variations extractable N appeared to positively influence the relative
abundance of Actinobacteria but negatively influence the abundance of
Proteobacteria and unclassified bacteria (Fig. 9b). These patterns were
supported by Pearson correlation analysis (Supplemental Fig. S1). Mi-
crobial biomass C was positively related to variations in soil moisture,
total N and C, and soil pH, which tended to be higher in UNB (total N, C,
and moisture) and HYD (pH) plots (Fig. 2). However, correlation anal-
ysis indicated that the main driver of microbial biomass C was extract-
able N, which was negatively correlated with microbial C (Supplemental
Fig. S1). All of the other bacterial taxa scaled toward the middle of the
RDA plot, indicating little influence by the soil or vegetation variables
studied here. However, correlation analysis indicated that the relative
abundance of Firmicutes was positively correlated with soil pH (Sup-
plemental Fig. S1).

4. Discussion
4.1. Effects of fire

The naturally regenerating stand (NAT) had lower total soil N and C,
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Fig. 7. Mean (+95% confidence interval) relative
abundance of bacteria phyla calculated by boot-
strapping over 1000 iterations (see Section 2.5:
data analysis). Acido Acidobacteria; Actino =
Actinobacteria; Bact = Bacteroidetes; Firm = Firmi-

1 cutes; Prot = Proteobacteria; Other = the sum of
{ bacterial phyla with a relative abundance <5%

1 (Chloroflexi, Gemmatimonadetes, Nitrospirae, Planc-
J tomycetes, and Verrucomicrobia); Unclass = un-

classified; Functional type = Copiotrophic (light-
gray) and Oligotrophic (dark-gray) bacteria.
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microbial biomass, enzyme activity, and nitrification rate than the un-
burned (UNB) stand, thus supporting our initial hypothesis that the
burned stands would have lower microbial abundance and activity than
the unburned stand after 5 years of post-fire recovery. The lower total
soil N and C in the NAT stand implies that the 2014 “Cocos” fire was
severe enough to consume some of soil C and N stocks in the upper 10 cm
layer (DeBano and Conrad, 1978; Odion and Davis, 2000; Nave et al.,
2011). Heat associated with fire can cause high rates of mortality for soil
microbes, and while microbial populations may rebound rapidly after
fire (Hart et al., 2005; Dooley and Treseder, 2012; Hanan et al., 2016),
our data imply that microbial biomass in naturally regenerating plots
may still be lower than in unburned chaparral up to 5 years post-fire.
However, the relative abundance and diversity of bacterial phyla were
similar between the UNB and NAT sites, suggesting that the difference in
microbial C between the UNB and NAT sites may have been due to
differences in fungal abundance. Fungi are primarily associated with the
degradation of recalcitrant organic matter, such as woody debris
(Rutigliano et al., 2007; Sinsabaugh et al., 2008; Dooley and Treseder,
2012; Pressler et al., 2018), which was largely consumed in the NAT

Natural

Hydroseed

stand. While speculative, this interpretation is consistent with observa-
tions from other Mediterranean shrublands where fire negatively
affected fungi more than bacteria (Rutigliano et al., 2007; Barreiro et al.,
2015).

The activity of C (B-glucosidase and peroxidase) and nutrient cycling
(NAGase and phosphatase) enzymes was also lower in the NAT stand
after 5 years of recovery, which may have been due lower soil C and N
pool size or a change in the quality of C and nutrient inputs (Knelman
et al.,, 2017; Ribeiro-Kumara et al., 2020). Indeed, p-glucosidase,
NAGase, and phosphatase activity were positively correlated with total
soil C and N (Fig. 9a; Supplemental Fig. S1), suggesting that lower soil C
and N in the NAT stand was responsible in part for the reductions in
extracellular enzyme activity. Similar patterns were observed for nitri-
fication, which is consistent with those reported by Vourlitis et al.
(2017) two years post-fire. Low enzyme (urease and phosphatase) ac-
tivity after 5 years of post-fire recovery has also been observed for
burned Mediterranean forests, suggesting that long-term reductions in
microbial activity may be common, especially after sever fire (Moya
et al., 2018, 2019). Presumably, enzyme activity and nitrification will
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Fig. 8. Mean (+se; n = 8) p-glucosidase (a) phosphatase (b), NAGase (c), and peroxidase (d) activity and net nitrification rate (e) for unburned, burned but naturally
regenerating (natural), and burned but hydroseeded (hydroseed) chaparral stands on the campus of California State University, San Marcos. Results from a 1-way

ANOVA (F-statistic and degrees of freedom) are shown; *p < 0.05, **p < 0.01, ***p < 0.001. Means with a different lower-case letter are significantly (p < 0.05)

different from each other according to a Tukey-Kramer post-hoc test.

increase over time as litter and soil C and N pools accumulate over the
course of succession (Hart et al., 2005; Sinsabaugh et al., 2008; Moya
et al., 2018; Ribeiro-Kumara et al., 2020), but the low microbial activity
in the NAT stand is still apparent after 5 years of succession even though
woody and herbaceous vegetation cover are similar to unburned chap-
arral values. Peroxidase activity was also significantly lower in the NAT
stand, but not correlated with soil C and N like the other enzymes
(Fig. 9a; Supplemental Fig. S1). The lack of a significant correlation
between peroxidase and soil C has been seen at the global scale (Sin-
sabaugh et al., 2008), and because peroxidase is involved with lignin
degradation (Sinsabaugh et al., 1991), it is possible that C quality (i.e.,
lignin content) is a better predicator of peroxidase activity that C
quantity. As mentioned above, because fungi are primarily responsible
with the degradation of lignin-rich organic substrates (Rutigliano et al.,

10

2007; Sinsabaugh et al., 2008; Dooley and Treseder, 2012; Pressler et al.,
2018), it is possible that the lower peroxidase activity in the NAT site is
due to lower fungal abundance and/or activity.

4.2. Effects of post-fire management

We also hypothesized that hydroseeding would cause significant
changes in microbial abundance and activity because hydroseeding al-
ters soil properties and plant recovery (Vourlitis et al., 2017). Differ-
ences in total soil C and N and microbial C between HYD and UNB stands
were not statistically significant presumably because of the C input
associated with the hydroseed matrix (Zink and Allen, 1998; Garcia-
Palacios et al., 2010; Oliveira et al., 2014; Busnardo et al., 2017). The
matrix consisted of wood fiber and SpecTack, which added an additional
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Fig. 9. Redundancy analysis (RDA) results for microbial activity (a) and
taxonomic composition (b) for unburned (UNB; green symbols), naturally
regenerating (NAT; blue symbols), and hydroseeded (HYD; red symbols) plots.
Vectors (blue symbols and arrows) indicate the influence of soil and vegetation
variables on the activity scores. Activity scores (a) Mc = Microbial C; Bg =
B-glucosidase; Nag = NAGase; Pho = phosphatase; Px = peroxidase. Compo-
sition scores (b) Mc = Microbial C; Acid = Acidobacteria; Acti = Actinobacteria;
Bact = Bacteroidetes; Firm = Firmicutes; Prot = Proteobacteria; O = Other; Un =
Unclassified. Vectors: M = soil moisture, N, = extractable N, TN and TC = total
soil N and C, respectively, D = shrub density, Cs and Cj, = shrub and herbaceous
cover, respectively, R = shrub species richness. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)

ca. 3400 kg/ha of organic matter, both labile in the form of poly-
saccharides and recalcitrant in the form of wood fiber, and the presence
of the organic matrix was clearly visible on the soil surface even after
two years of post-fire recovery. The relatively higher total N in the HYD
stand may also have been due to an increase in Acmispon glaber (deer-
weed), which is a legume capable of N, fixation (Dorman et al., 2014)
that was part of the seed mix and nearly 4-times more-abundant in the
HYD than the NAT stand (Supplemental Table S1).

The higher soil C and N in the HYD relative to the NAT stand (Fig. 3c
and d) should have caused consistently higher rates of microbial activity
in the HYD stand, but only the nitrification rate was higher in the HYD
stand. The higher rate of nitrification in the HYD stand was likely due to
the increase in total soil C and N, caused by addition of the C-rich matrix
and A. glaber in the seed mix, and an increase in pH, as the pH of the HYD
stand (ca. 7.2) was closer to the pH optimum for nitrification of 7.5-8.0
(Paul and Clark, 2007). However, it is unclear why enzyme activity was
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similar in the burned stands given that the HYD stand had higher total C
and N and microbial C. Perhaps the increase in pH with hydroseeding
acted to reduce enzyme activity (Sinsabaugh et al., 2008). Activities of
phosphatase, NAGase, and peroxidase were negatively related to soil pH
(Fig. 9a; Supplemental Fig. S1), and the pH optima for glycosidases
(B-glycosidase and NAGase) and acid phosphatase are low (ca. pH 5
range) (Sinsabaugh et al., 2008).

Hydroseeding did not significantly affect the relative abundance of
bacterial phyla, which was likely due to the high variability in relative
abundance within each stand (Fig. 7). One possible reason may be that
extractable N appeared to be the biggest driver of microbial C and the
relative abundance of Actinobacteria, and Proteobacteria, but concen-
trations of extractable N were not significantly different between the
stands (Fig. 3b). The only taxon that appeared to be affected by
hydroseeding was Firmicutes (Fig. 7), which were positively related to
soil pH (Fig. 9a; Supplemental Fig. S1).

Interestingly, oligotrophic bacteria (Acidobacteria, Planctomycetes,
Chlorofiexi, and Verrucomicrobia) combined only made up between 8 and
14% of all classified bacteria while copiotrophic bacteria (Proteobacteria,
Bacteriodetes, Actinobacteria, and Firmicutes) comprised 50-57% of the
classified bacteria (Fig. 7). These results are surprising given that
chaparral soils are typically considered to be low in C and nutrients
(Jobbagy and Jackson, 2000), which should favor oligotrophic bacteria
(Fierer et al., 2007). However, studies of bacterial abundances in other
chaparral ecosystems found similar patterns, with copiotrophic bacteria
comprising 50-55% of the total soil bacteria in the upper 0-10 cm soil
layer (Grant, 2020; Vourlitis et al., 2020). Thus, surface C and N stocks
in chaparral appear to be high enough to favor copiotrophic over
oligotrophic bacteria. Increases in N availability, which are likely with
an increase in nitrification, also favor copitrophic taxa in chaparral
(Grant, 2020; Vourlitis et al., 2020).

Vegetation attributes of the stands had no influence on microbial
activity or abundance after 5 years of post-fire recovery (Fig. 9a; Sup-
plemental Fig. S1). This is likely due to the fact that vegetation recovery
was complete after 5 years of recovery, and differences in stand structure
(shrub cover and density and herbaceous cover) were negligible (Figs. 4
and 5). While stand structure was similar between the stands, herba-
ceous cover was 4-10 fold higher in the HYD than the NAT stand during
the first 4 years of succession (Fig. 5b). Furthermore, the HYD stand had
higher species richness that the other stands (Fig. 4d), which was due to
the additional species added as part of the hydroseed mix (Supplemental
Table S1). Thus, in addition to direct C inputs from hydroseeding, dif-
ferences in herbaceous cover and plant species composition undoubt-
edly contributed to differences in soil C and N accumulation, microbial
C, and microbial activity between the HYD and NAT stands (Hart et al.,
2005; Liao et al., 2008; Dooley and Treseder, 2012; Sun et al., 2016).

4.3. Limitations and caveats

Our data suggest that fire can have long-lasting effects on soil C and
N stocks and microbial abundance and activity, and that post-fire
treatments modify secondary succession in chaparral soil. Unfortu-
nately, the lack of replicated sites limits our ability to generalize beyond
the local system; however, our data are broadly consistent with other
studies that evaluated the effects of post-fire recovery and management
on microbial abundance, composition, and/or activity. Furthermore,
our data capture a single period in time, the spring wet season, and omit
important temporal variations that occur over seasonal and interannual
time scales. Seasonal variations in soil extractable N, pH, and plant cover
can be large for both unburned and unburned chaparral (Vourlitis et al.,
2021a), which can cause variation in microbial abundance and species
composition (Hanan et al., 2016; Grant, 2020; Vourlitis et al., 2020).
Changes in vegetation and soil properties during post-fire succession are
also large (Hanan et al., 2016; Vourlitis and Hentz, 2016; Vourlitis et al.,
2021a, 2021b), especially during the first five years. Vourlitis et al.
(2017) found large differences in vegetation cover, soil extractable N,
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and microbial biomass between HYD and NAT sites during the first 2
years of post-fire succession and large seasonal variations in many of
these variables.

5. Conclusions

Fire and post-fire management in the form of hydroseeding had long-
lasting effects on the C and N cycling in a semi-arid chaparral shrubland
in southern California. Burned sites had lower soil C and N stocks, which
caused a concomitant decline in microbial C and extracellular enzyme
activity. The lower soil C stocks for the burned sites could have been due
in part to post-fire erosion, as precipitation during the first three years of
post-fire recovery was on average 30 mm higher than the average
rainfall for the study period, but accumulation of erosional debris was
not obvious along the foot of the burned slopes. Furthermore, while
hydroseeding effectively eliminated the fire-induced decline in soil C
and N, microbial activity (nitrification) and biomass were altered by
hydroseeding. This alteration was likely due to the hydroseed matrix,
which consisted of C and nutrient inputs, as well as the change in plant
species composition due to the artificial seeding. These changes per-
sisted after five years of post-fire recovery even though differences in
plant cover and/or species composition between the naturally NAT and
HYD strands were no longer statistically significant. This implies initial
changes in vegetation from post-fire management can have a long-term
impact on soil C and N stocks, and thus bacterial abundance and mi-
crobial activity. Given the likely increase in the amount of area burned
with climate change (Hurteau et al., 2019), post-fire management
strategies such as hydroseeding may become more common. However,
hydroseeding must be used with caution because of possible long-term
effects on microbial processes and ecosystem C and N cycling and
storage.
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