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A B S T R A C T   

Prescribed burning is widely used land management strategy to reduce the risks of wildfire and to achieve a wide 
range of ecological, economic, and societal benefits. However, it can also affect carbon (C), nitrogen (N), and 
phosphorus (P) cycling with potential subsequent effects on soil microbial communities. This study examined the 
short-term effects of prescribed burning on soil chemical properties, potential enzyme activities, and bacterial 
and fungal community composition in native rangelands of Florida. Fire-induced responses were assessed 
immediately (2 days) and 2 to 3 months after a prescribed fire event. Soil pH, total C, and extractable NH4

+ and P 
concentration declined after fire. Total N concentration increased 2 days after fire but returned to initial level 2 
to 3 months after fire. Prescribed fire elicited no observable effects on soil total P and extractable Ca, K, Mg, Mn, 
Fe, and Al concentration. Reductions in potential beta glucosidase and N-acetyl glucosaminidase activity were 
observed 2 days after fire but returned at pre-fire levels after 2–3 months. Bacterial and fungal diversity and 
community composition at the phylum level showed no short-term changes. At the Order level, bacterial 
Desulfurellales increased while fungal Eurotiales and Pleosporales decreased 2 days after fire. Prescribed burning 
had minimal effect on soil microbial community composition in the short-term, probably due to limited effects of 
fire on soil heating and rapid post-fire vegetative recovery. Although the impacts of prescribed fire on soil 
properties have been widely acknowledged, this study is the first to document short-term fire-induced soil mi
crobial responses in subtropical native rangelands of Florida. This work contributes to a wealth of evidence 
indicating limited impacts of prescribed fire on soil microbial community composition.   

1. Introduction 

Prescribed burning is a land management tool in which fire is 
intentionally applied under specific weather, fuel, and topographic 
conditions to maintain ecosystem function and improve plant produc
tivity (Carter and Darwin Foster, 2004; Fernandes et al., 2013; Limb 
et al., 2016). Among several ecological, economic and societal benefits, 
prescribed burning often reduces the likelihood of wildfires, controls 
growth of woody species, minimizes soil loss, increases plant biodiver
sity and wildlife habitat, and increases forage productivity for grazing 
animals (Carter and Darwin Foster, 2004; Harper et al., 2018; J. Ven
dramini, 2019; Ryan et al., 2013). 

Fire has significant impacts on the biogeochemical cycle of nutrients, 

including carbon (C), nitrogen (N), and phosphorus (P) (González-Pérez 
et al., 2004). Some of the fire-induced responses include temporal 
changes in soil N availability through alterations in the rates of soil N 
mineralization and ammonia (NH3) volatilization (Certini, 2005; Dan
nenmann et al., 2018; Hu et al., 2019), increases in soil pH (Alcañiz 
et al., 2018), and increases in soil erosion due to the formation of hy
drophobic layers (Singh et al., 2017). Additionally, fire converts a 
fraction of plant biomass into charcoal, which contains highly recalci
trant black C (González-Pérez et al., 2004). Fire can impact P cycling and 
availability due to the combustion of organic P, soil organic matter 
(SOM) mineralization, and erosion (Durán et al., 2008; Lang et al., 
2016). Previous studies in subtropical rangelands in Florida reported 
increases in soil extractable N and P levels within 3 h following a single 
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fire event (Schafer and Mack, 2010). 
Fire also alters the activity, abundance, and diversity of soil micro

bial communities (Alcañiz et al., 2018; Dove and Hart, 2017; Pressler 
et al., 2019) that play critical roles in nutrient cycling and ecosystem 
functioning (Nannipieri et al., 2017; Nannipieri and Badalucco, 2003). 
Fire may affect soil enzyme activity through alterations in substrate 
quantity and quality (Hart et al., 2005). Previous studies demonstrated 
that β-glucosidase (BGA) activity, commonly used as an indicator of C 
decomposition, decreases immediately after fire due to enzyme dena
turation (López-Poma and Bautista, 2014). Similarly, N-acetyl glucosa
minidase (NAG), an important enzyme that regulates soil N 
mineralization, may be affected by fire (Creamer et al., 2013; Knelman 
et al., 2017). Soil microbial communities may be affected by fire directly 
through mortality and indirectly through changes in soil physio- 
chemical and biological properties (Barreiro and Díaz-Raviña, 2021; 
Certini, 2005). To date, contrasting results have been published on the 
effect of fire on soil microbial diversity and community composition, the 
extent of which was linked to changes in fire type and severity, fuel load, 
vegetation composition, climate, topography, soil properties, and area 
burned (Dove and Hart, 2017; Mikita-Barbato et al., 2015; Oliver et al., 
2015; Pressler et al., 2019; Kranz and Whitman, 2019; Giuditta et al., 
2019). For example, Rodríguez et al. (2017) found an increase in bac
terial diversity and the relative abundance of Acidobacteria, Actino
bacteria and Proteobacteria while Prendergast-Miller et al. (2017) found 
a decrease in fungal diversity following a wildfire in natural ecosystems. 
Recent meta-analyses reported significant negative effects of prescribed 
fire on fungal diversity due to alterations in soil pH and N pools (Dove 
and Hart, 2017; Pressler et al., 2019). Despite several reports on the 
impact of prescribed burning on soil microbial communities, it remains 
largely unknown how fast and how long these effects last and whether 
alterations in the diversity and community composition of bacteria and 
fungi can be restored after long-term recurring prescribed burning 
events. 

Although the impacts of prescribed burning on soil responses are 
well documented in Mediterranean, boreal, and temperate climates 
(Barreiro and Díaz-Raviña, 2021), there is limited information for sub
tropical rangelands with repeated fire events. Rangelands cover about 
48 % of the grazing lands in the United States and provide a wide range 
of ecosystem services including wildlife habitat, biodiversity manage
ment, environmental protection and C sequestration (Bracho et al., 
2021; Duvall and Hilmon, 1965; Schuman et al., 2002). Subtropical 
rangelands in Florida are natural ecosystems that are dominated by 
grasses and grass-like plants, forbs and shrubs that are mainly used for 
cattle grazing during winter months (Kalmbacher et al., 1984). Fire- 
induced changes in nutrient dynamics are expected to have greater 
impacts in subtropical climates with high precipitation and temperature 
since warm and humid conditions favor SOM degradation (Lavelle et al., 
1993; Zhong et al., 2018). Therefore, the objective of this study was to 
examine the short-term effects (2 days and 2 to 3 months after fire) of 
prescribed burning on soil properties, soil potential enzyme activities, 
and composition of bacterial and fungal communities in native range
lands of Florida where fire has been historically used to suppress shrub 
and woody vegetation. We hypothesized that: (i) prescribed burning 
would increase available soil nutrients, particularly N and P, within the 
first few days after prescribed burning but this effect may disappear 2 to 
3 months after fire, (ii) soil enzyme activity would decrease after fire due 
to higher temperatures and decreased substrate availability, and (iii) 
prescribed burning would result in increases in the diversity of bacterial 
and fungal communities and variations in their composition due to 
increased soil nutrient availability. 

2. Methods 

2.1. Study site description 

The study area was located at the Long-term Agroecosystem 

Research (LTAR)-Archbold/University of Florida, Range Cattle Research 
and Education Center site in Ona, Florida, USA (38◦34′36′′N and 
92◦10′25′′W) (Supplementary Fig. S1). The site is characterized by a 
subtropical humid climate with a mean annual precipitation of 1283 mm 
and a mean annual air temperature of 23 ◦C from Florida Automated 
Weather Network (FAWN). The predominant soil series are Ona fine 
sand (sandy, siliceous, hyperthermic Typic Alaquods) and Smyrna sand 
(sandy, siliceous, hyperthermic Aeric Alaquods). Predominant vegeta
tion consisted of shrubs, particularly saw-palmetto (Sereona repens (W. 
Bartram) Small), and perennial C4 grasses including chalky bluestem 
(Andropogon capillipes Nash), broomsedge bluestem (Andropogon virgin
icus L.), and creeping bluestem (Schizachyrium stoloniferum Nash). 

The experimental site consisted of 4 replicated units (W1U4, W2U2, 
W3U2, W4U1) of ~22 ha each. The experimental area has never been 
fertilized, periodically burned (every 3 to 8 years from mid-November to 
April), which is the recommended management practice for the region 
to prevent shrub encroachment, particularly saw-palmetto, and to pro
mote the growth of desirable grasses for cattle grazing. All experimental 
units have been occasionally grazed during November to February at a 
stocking rate of 125 animal unit days ha− 1 yr− 1 (<60 days of grazing per 
year) for over 30 years (Adewopo et al., 2014). Detailed burn histories 
for each experimental unit are provided in Table 1. Fire is a critical tool 
in the southeast region to maintain vegetative species richness and 
prevent saw-palmetto encroachment, which has become a dominant 
shrub species in many degraded pine savannas (Willcox and Giuliano, 
2010). Prescribed fire was implemented using the backing fire technique 
between March and May 2019, which corresponded to the dormant 
season in the region. Temperature (at soil surface) during prescribed 
burning was monitored using Type K thermocouples (TCW100-K, Onset 
Computer Corporation, Bourne, MA) equipped with dataloggers (U12- 
014 HOBO thermocouple data logger, Onset Computer Corporation). 
Sensors were deployed at six random locations within each experimental 
unit. Maximum recorded temperature during prescribed burning ranged 
from 168 to 316 ◦C (mean of 242 ◦C) with no detectable increase in 
temperature observed below 2.5 cm soil depth (Kohmann et al., 2022). 

2.2. Soil sampling 

Five 50 m transects were randomly established at each replicated 
units (W1U4, W2U2, W3U2, W4U1) (Supplementary Fig. S1). At each 
transect, five soil cores (2.2 cm in diameter x 10 cm depth) were 
collected at random locations and combined into composited samples. 
Soils were sampled before fire (BF, November 2018), within 2 days after 
fire (AF, between March and May 2019), and 2–3 months after fire (AF2, 
June 2019) (Table 1) and stored at 4 ◦C and − 20 ◦C for soil biogeo
chemical and DNA analyses, respectively. 

2.3. Soil characterization 

Soil pH was measured using a 1:2 (solid/water) ratio with a glass 
electrode pH meter (Oakton instruments, Vernon Hills, IL). Soil total C 
and N concentration were determined by dry combustion using a Flash 
EA1112-NC elemental analyzer (CE Elantech, Lakewood, NJ). Total P 
concentration was measured using semi-automated colorimetry (EPA 
200.7, Version 4.4). Extractable NH4

+-N concentration was measured 
colorimetrically (EPA Method 350.1, modified). Mehlich-3 extractable 
P, potassium (K), calcium (Ca), manganese (Mn), magnesium (Mg), 

Table 1 
Experimental site fire history and prescribed burning date.  

Experimental areas Previous fire history (last 15 yr) Prescribed burning date 

W1U4 Burned in 2004, 2010, and 2018 May 2, 2019 
W2U2 Burned in 2008, 2011, and 2018 May 1, 2019 
W3U2 Burned in 2008, 2013, and 2018 March 13, 2019 
W4U1 Burned in 2008, 2014, and 2018 April 04, 2019  
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aluminum (Al), and iron (Fe) were determined by Inductively Coupled 
Plasma (ICP) Spectrophotometer Spectro Arcos II (Spectro Analytical 
Instruments, Mahwah, NJ 07430). Soil moisture (SM) was determined 
gravimetrically by oven-drying the sub-samples at 105 ◦C for 24 h. 

2.4. Potential enzyme activity 

Two soil extracellular enzymes involved in C decomposition 
(β-glucosidase; BGA) and N mineralization (N-acetyl-glucosaminidase; 
NAG) were measured (within a week from collection) following pro
cedures described by Sinsabaugh et al. (2005). Homogenate was pre
pared by dispensing 1 g of fresh soil sample with the corresponding 
substrate and buffer solutions into 96-well microplates. The amount of 
fluorescence was measured using a microplate fluorometer (Synergy HT, 
Biotek, Winooski, VT) with 365 nm excitation and 450 nm emission 
filters (German et al., 2012). Potential enzyme activity was calculated 
from the 4-methylumbelliferyl (MUB) standard curve following 
(German et al., 2011, 2012). 

2.5. DNA extraction and sequencing 

DNA extraction was performed in soil samples collected before fire 
(BF) and 2 days following fire (AF). DNA from 0.25 g of each frozen soil 
sample was extracted using the DNeasy Powerlyzer PowerSoil Kit 
(Qiagen, Germantown, MD, USA) following the manufacturer's in
structions. The extracted DNA was quantified using a Qubit Fluorometer 
(Thermofisher Scientific) with the Quant-iT dsDNA HS Assay Kit and 
sent for sequencing at the DNA Services Facility at the University of Il
linois Chicago (USA) on the Illumina Mi-Seq platform using a 2 * 250 
paired end cycle sequencing mode. The V4 hypervariable region of 
bacterial 16S rRNA gene was amplified using universal primers forward 
515Fa and 926R following the EMP protocol (Apprill et al., 2015). 
Similarly, the ITS1F and ITS2R primers were used to amplify ITS1 region 
of the fungal rRNA genes (Gardes and Bruns, 1993). 

2.6. 16S and ITS rRNA gene analysis 

Sequencing analysis was performed as described by Nuzzo et al. 
(2020) using Qiime2 (version 2018.8) (Bolyen et al., 2019). Briefly, the 
16S reads were imported into Qiime2 and dereplicated using DADA2 
with the paired-end setting (quality control, trimming, pair-joining). 
The ITS sequences were pair-joined using PEAR, and the 5.8S and 
ITS2 regions were trimmed using cutadapt before importing into Qiime2 
(Martin, 2011; Zhang et al., 2014). ITS reads were dereplicated with the 
same algorithm as 16S but with single-end settings, resulting in ampli
con sequence variant (ASV) tables containing read counts. The 16S and 
ITS representative ASVs were assigned to the SILVA 119 and UNITE 7.2 
pre-trained gene databases (Quast et al., 2013; Tedersoo et al., 2018), 
respectively, producing taxonomy tables as described by Nuzzo et al. 
(2020). Amplicon sequencing of the 16S rRNA gene of the 18 (9 BF and 9 
AF) samples resulted in 1,082,341 total sequences with an average of 
60,130 demultiplexed sequences per sample, ranging from 22,893 to 
102,882. A total of 637,754 demultiplexed ITS sequences were produced 
from 18 samples with an average of 35,431 per sample, ranging from 
21,101 to 44,477. Raw reads used in this study can be found in the NCBI 
Sequence Read Archive (SRA) under accession number PRJNA808991. 

2.7. Statistical analysis 

All statistical analyses were performed using R v.3.6.1 software (R 
Core Team, 2020). Analysis of variance (ANOVA) was conducted to 
determine effects of fire (BF, AF, and AF2) on soil properties with a 
significance threshold p < 0.05 and post hoc comparisons were per
formed using Tukey test. Log transformations were used when the 
normality assumption was not met. Principal Component Analysis (PCA) 
was performed to explore the relationships between soil variables (pH, 

total C, total N, total P, C:N ratio, NH4
+-N, P, K, Ca, Mg, Mn, Fe, Al, and 

SM) and potential enzyme activities (BGA, NAG and BGA:NAG ratio) 
with fire (BF, AF, and AF2) using“ggplot2” package (Wickham, 2011). 
Subsequently, Pearson's product moment correlation coefficients be
tween the vectors representing soil properties and potential enzyme 
activities in the PCA plots were calculated using the “ggcorrplot” 
package. 

Alpha (number of ASVs, Shannon and Simpson) and beta diversity 
analyses were performed using the R package “Phyloseq” (McMurdie 
and Holmes, 2013) on log-normalized data to avoid an increase in error 
rates due to rarefaction. Beta diversity analyses included nonmetric 
multidimensional scaling (NMDS) based on the Bray-Curtis distances. 
Permutational multivariate analysis of variance (PERMANOVA) was 
performed on Bray-Curtis dissimilarity metric with “vegan” package 
(Dixon, 2003). A paired t-test was used to compare changes in the 
relative abundance of the bacterial and fungal taxa from BF to AF at the 
phylum, order, and genus taxonomic levels with a significance threshold 
of p < 0.05. Redundancy analysis (RDA) was performed to investigate 
the relationship between soil variables (soil pH, total C, total N, C:N, 
total P, NH4

+-N, BGA, NAG, BGA:NAG, extractable P, K, Ca, Mn, Mg, Al, 
and Fe) with bacterial and fungal genera. The Pearson's product moment 
correlation coefficients (r) among vectors representing soil variables and 
relative abundances of bacterial and fungal genera were determined. 

Table 2 
Selected soil chemical properties (0–10 cm) as affected by fire.  

Soil property Sampling event 

Before fire 
(BF) 

2 days after 
fire (AF) 

2 to 3 months after 
fire (AF2) 

Soil pH 4.7 ± 0.2b 4.3 ± 0.2a 4.3 ± 0.2a 
Soil moisture (g kg− 1) 240 ± 41a 248 ± 49a 220 ± 62a 
Total C (g kg− 1) 27 ± 7b 23 ± 6ab 19 ± 5a 
Total N (g kg− 1) 1 ± 0.3a 14 ± 0.2b 1 ± 0.3a 
C:N ratio 28.0 ±

3.8b 
16.1 ± 2.4a 26.2 ± 23.9ab 

Total P (mg kg− 1) 41.7 ±
14.2a 

39.5 ± 8.7a 39.4 ± 9.7a 

Extractable NH4
+ (mg kg− 1) 11.2 ±

2.8b 
9.0 ± 2.5b 5.5 ± 1.3a 

Extractable P (mg kg− 1) 12.7 ±
3.6b 

5.4 ± 3.4a 5.8 ± 3.2a 

Extractable K (mg kg− 1) 19.9 ±
4.8a 

16.7 ± 4.6a 17.4 ± 3.2a 

Extractable Mg (mg kg− 1) 37.9 ±
18.5a 

34.9 ± 14.3a 36.9 ± 14.3a 

Extractable Ca (mg kg− 1) 220.5 ±
79.2a 

143.3 ±
53.5a 

152.1 ± 56.7a 

Extractable Mn (mg kg− 1) 0.72 ±
0.4a 

0.49 ± 0.2a 0.49 ± 0.3a 

Extractable Fe (mg kg− 1) 106.8 ±
45.0a 

77.0 ± 46.6a 81.0 ± 42.8a 

Extractable Al (mg kg− 1) 178.1 ±
107.2a 

169.2 ±
151.8a 

170.6 ± 149.1a 

BGA enzyme activity (nmol 
g− 1dry soil h− 1) 

24.0 ±
10.9a 

5.8 ± 3.7b 24.1 ± 11.3a 

NAG enzyme activity (nmol 
g− 1dry soil h− 1) 

51.0 ±
28.8ab 

35.0 ± 17.7b 79.0 ± 39.6a 

BGA:NAG ratio 0.51 ±
0.3a 

0.24 ± 0.2b 0.33 ± 0.1ab 

Soils were sampled before fire (BF), within 2 days after fire (AF) and 2 to 3 
months after fire (AF2). Mean values (± standard deviation) followed by 
different letters within row indicate significant differences according to ANOVA 
and Tukey test (p < 0.05; n = 9). BGA - beta glucosidase activity; NAG - N-acetyl 
glucosaminidase activity. 
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3. Results 

3.1. Effect of prescribed burning on selected soil properties and potential 
enzyme activity 

Fire-induced changes in soil properties are shown in Table 2. Soil pH 
decreased significantly from BF to AF (p < 0.001), but remained un
changed afterwards. Soil total C concentration decreased at AF2 by 30 % 
compared to BF (p = 0.03), but AF values were intermediate between 
sampling events. There was a significant increase in soil total N con
centration from BF (1 g kg− 1) to AF (1.4 g kg− 1), but it returned to pre- 
fire levels at AF2 (1 g kg− 1) (p = 0.02). The C:N ratio decreased by 43 % 
(p < 0.001) at AF, but returned to BF values at AF2. Soil extractable NH4

+

concentration decreased from 11.2 mg kg− 1 (BF) to 5.5 mg kg− 1 (AF2) 
(p < 0.001). Soil extractable P concentration decreased by 57 % (p <
0.001) from BF to AF, but total soil P and extractable Ca, K, Mg, Mn, Fe, 
and Al concentration remained unchanged. 

BGA activity at AF declined by 75 % (p < 0.001; Table 2) relative to 
BF levels, but it returned to pre-fire levels at AF2. There was no signif
icant change in NAG activity from BF to AF, but it doubled from AF to 
AF2 (p = 0.006; Table 2). The BGA:NAG ratio decreased from BF to AF 
(p = 0.03), but no differences were observed between AF and AF2. 

Principle component analysis showed that soil properties and po
tential enzyme activities differed significantly between sampling events 
(R2 = 0.24, p = 0.001) (Fig. 1). Ordination of the sampling events was 
related to the first canonical axis (PC1 = 29 %) while the second axis 
explained 18 % of the variation. The first axis was correlated with total C 
concentration while the second axis was correlated with soil pH, 
extractable P concentration, and BGA activity. A significant positive 

correlation between BGA activity and soil pH (r = 0.6, p = 0.004), C:N (r 
= 0.7, p = 0.002), extractable P (r = 0.6, p = 0.01), and extractable Ca (r 
= 0.6, p = 0.02) were detected (Supplementary Fig. S2). NAG activity 
was positively correlated with NH4

+ (r = 0.7, p = 0.002). BGA:NAG ratio 
showed positive correlation with soil pH (r = 0.6, p = 0.02) (Supple
mentary Fig. S2). 

3.2. Effect of prescribed burning on soil bacterial community structure 
and diversity 

Prescribed fire showed no significant differences in any of the alpha 
diversity indices of the bacterial communities (Fig. 2A). The average 
observed richness was 392 and 328 ASVs at BF and AF, respectively (p =
0.16). Values of the Shannon index varied from 5.58 (BF) to 5.46 (AF) (p 
= 0.45). The average Simpson diversity index remained unchanged from 
BF (0.99) to AF (0.99) (p = 0.97). A NMDS analysis on Bray-Curtis 
distances showed that bacterial beta diversity was not affected by the 
fire (PERMANOVA, R2 = 0.06, p = 0.21) (Fig. 3A). 

Across all samples, Acidobacteria, Actinobacteria, Planctomycetes, 
and Proteobacteria were the predominant phyla BF with mean relative 
abundances of 19 %, 18 %, 12 % and 30 %, respectively (Supplementary 
Fig. S3A). There were no significant changes in the relative abundance of 
any phyla from BF to AF (p > 0.05) (Supplementary Fig. S3A). Fire 
significantly increased the relative abundance of the bacterial order 
Desulfurellales by 26 % AF (p = 0.009), and impacted the relative 
abundance of Variibacter genera, which significantly increased from 2.1 
% (BF) to 2.6 % (AF) (p = 0.01) (Supplementary Fig. S4A). 

Fig. 1. Principal Component Analysis (PCA) relating selected soil chemical properties (pH, total C, N, P, C:N ratio, and extractable NH4
+
, P, K, Ca, Mg, Mn, Fe, Al 

concentrations) and microbial activity (BGA, NAG and BGA:NAG ratio) for 0–10 cm soil samples. Soils were sampled before fire (BF), within 2 days after fire (AF) and 
2 to 3 months after fire (AF2). Each point represents an individual sample collected from the study site. Each PCA was grouped by fire event where BF is represented 
by a blue ellipse, AF by a green ellipse and AF2 by a red ellipse. BGA - beta glucosidase activity; NAG - N-acetyl glucosaminidase activity. 
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3.3. Effect of prescribed burning on soil fungal community structure and 
diversity 

There were no significant differences in alpha diversity of the fungal 
communities from BF to AF (Fig. 2B). The average observed richness was 
485 ASVs in BF vs 547 ASVs in AF (p = 0.29). The average Shannon 
diversity index was 4.81 and 4.78 at BF and AF, respectively (p = 0.93). 
Values of the Simpson index varied from 0.97 to 0.96 from BF to AF, 
respectively (p = 0.53). Soil fungal beta diversity did not change with 
fire as shown by a NMDS together with a PERMANOVA analysis (R2 =

0.07, p = 0.07) (Fig. 3B). 

Across all samples, Ascomycota, Basidiomycota, Mortierellomycota, 
and Rozellomycota were the dominant phyla BF with mean relative 
abundances of 81 %, 15 %, 2 %, and 1 % of the total relative abundance, 
respectively (Supplementary Fig. S3B). However, significant changes in 
the relative abundance of fungal phyla were not detected after the fire 
event. At the Order taxonomic level, fire significantly reduced the 
relative abundance of Pleosporales by 65 % (p = 0.007) and Eurotiales 
by 28 % (p = 0.002). The relative abundance of the Taloromyces genera 
decreased from 10.7 % to 6.1 % (p = 0.005; Fig. S4B). 

Fig. 2. Microbial diversity indices (richness, Shannon, and Simpson) for the bacterial (A) and fungal (B) community before fire (BF) - blue color and within 2 days 
after fire (AF) - red color (Tukey's HSD, p ≤ 0.05). Values are expressed as mean with standard error. 

Fig. 3. Non-metric multidimensional scaling (NMDS) using Bray-Curtis dissimilarity for the bacterial (A) and fungal (B) community. Each point represents an in
dividual sample collected from the 4 experimental units either before fire (BF) - blue color and within 2 days after fire (AF) - red color. 
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3.4. Relation between soil microbial communities and soil properties 

BF and AF samples clustered together in RDA suggesting that 
changes in soil properties due to fire had no effect on soil bacterial 
(Fig. 4A) and fungal (Fig. 4B) communities (p > 0.05). However, the 
RDA analyses showed that specific bacterial (Fig. 4A) and fungal 
(Fig. 4B) genera significantly (p ≤ 0.05) correlated with soil properties 

(Supplementary Tables S1 and S2). Only significant correlation is 
described below. Soil pH was positively correlated with Meth
anobacterium and negatively correlated with Acidothermus and Soran
gium. Total C concentration was positively correlated with various 
genera including Bacillus, Candidatus Xiphinematobacter, Haliangium, 
Isosphaera, Jatrophihabitans. A positive correlation was found between 
total N concentration and Bradyrhizobium, Variibacter, Candidatus 

Fig. 4. RDA tri-plot showing the distribution of soil 
microbial community with soil properties (pH, total 
C, N, P, C:N ratio, and extractable NH4

+
, P, K, Ca, Mg, 

Mn, Fe, Al concentrations, BGA, NAG and BGA:NAG 
ratio) for the bacterial (A) and fungal (B) commu
nity. The vectors show the direction and strength of 
the relationships between the microbial community 
and soil variables before fire (BF) - blue color and 
within 2 days after fire (AF) - red color. Only bac
terial and fungal general showing significant cor
relations with at least one of the soil variables are 
shown (p ≤ 0.05). BGA - beta glucosidase activity; 
NAG - N-acetyl glucosaminidase activity.   
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Koribacter, Candidatus Solibacter, Methanobacterium, Methylocystis and 
Syntrophorhabdus. Sorangium was negatively correlated with total N 
concentration. Total P concentration was positively correlated with 
Anaeromyxobacter. Acidibacter, Acidicaldus, Acidothermus, Bryobacter, 
Burkholderia-Paraburkholderia, Candidatus Methylomirabilis, Opitutus, 
Planctomyces, Rhodanobacter, and Singulisphaera were positively linked 
to extractable NH4

+ concentration. 
Soil BGA activity was negatively correlated with Acidothermus and 

Sorangium and positively correlated with Tumebacillus. NAG activity was 
negatively linked to Candidatus Koribacter, Candidatus Solibacter, Meth
anobacterium, Methylocystis, Syntrophorhabdus, and positively linked 
with Sorangium. The BGA:NAG ratio was negatively linked to Acid
othermus and Sorangium and positively linked with Methanobacterium. 

For the fungal communities, a negative correlation was found be
tween soil pH and Cladophialophora, while total C and total N concen
tration were negatively correlated with Lophiostoma, and Myrothecium. 
The C:N ratio was positively correlated with Myrothecium and negatively 
correlated with Archaeorhizomyces, Gymnopus, Pseudeurotium, and Tol
ypocladium. The fungal genera Archaeorhizomyces, Clavulina, Gymnopus, 
Inocybe, Laccaria, Pachyphloeus, Pseudeurotium, Tolypocladium, and 
Tomentella had a negative correlation with total P concentration and a 
positive correlation to Curvularia and Paraphaeosphaeria. Extractable 
NH4

+ concentration was positively linked to Apiotrichum, Chaetomium, 
and Fusarium whereas Fusarium was negatively correlated with soil 
moisture. BGA activity was positively linked to Curvularia and Para
phaeosphaeria and negatively linked to Archaeorhizomyces, Clavulina, 
Gymnopus, Inocybe, Laccaria, Pachyphloeus, Pseudeurotium, Tolypocla
dium, and Tomentella. Archaeorhizomyces, Gymnopus, Pseudeurotium, and 
Tolypocladium was positively correlated with NAG activity and nega
tively with Lophiostoma and Myrothecium. BGA:NAG ratio was positively 
linked to Myrothecium and Penicillium and negatively linked to Archae
orhizomyces, Gymnopus, Pseudeurotium, and Tolypocladium. 

4. Discussion 

Prescribed burning plays a significant ecological role in maintaining 
vegetative species and soil nutrient cycling in rangelands (Bracho et al., 
2021; González-Pérez et al., 2004b; Xu et al., 2022). We found that 
prescribed burning has transitory effects on soil properties and potential 
enzyme activities in native rangelands of Florida, as changes in these 
variables were observed only within 2 days after fire and tended to 
disappear after 2–3 months. Fire had no impacts on the diversity and 
composition soil microbial communities 2 days after fire compared to 
pre-fire levels. However, there were significant changes in the relative 
abundance of specific bacterial and fungal taxa. Significant correlations 
between microbial communities and soil properties revealed that pre
scribed burning impacts on the soil microbiome can be genus-specific 
and be controlled by different soil properties. 

Prescribed burning decreased C availability 2 days after fire as shown 
by changes in soil properties (total C and C:N ratio) and potential 
enzyme activities involved in soil C decomposition (BGA) (Table 1). A 
previous study reported a decrease in soil C concentration and C–related 
enzyme activities after frequent fires across different ecosystems (Pel
legrini et al., 2018). The authors attributed these responses mainly due 
to the loss of plant biomass after fire. In this study, decrease in total C 
concentration and potential BGA enzyme activity representative of the C 
cycle was observed within 2 days after fire. However, BGA significantly 
increased 2–3 months after fire to levels similar to pre-fire levels sug
gesting a recovery in microbial activity. Similarly, our previously pub
lished work showed fast (< 60 days) aboveground vegetation recovery 
following fire (Bracho et al., 2021). These observations are also in line 
with a previous study conducted in Florida native rangelands, which 
suggested that more favorable environmental conditions (greater soil 
temperature and soil moisture) for soil microbes in summer vs. winter 
can probably favor the recovery of BGA activity after fire (Xu et al., 
2017). As documented in Kohmann et al. (2022), prescribed burning did 

not transfer large amounts of heat below 2.5 cm soil depth, therefore 
limiting impacts of fire on soil responses in the short-term. As the field 
sites in this study have been burned and grazed for about 15 years, we 
acknowledge that soil responses to prescribed burning should be also 
examined in comparison to areas that have never been grazed or burned 
in future studies. 

In contrast to soil C, fire increased soil total N concentration 2 days 
after fire. Increases in soil total N concentration after fire have been 
previously reported and linked to surface charring and consumption of 
litter, SOM, and release of soil available nutrients in forest and flatwood 
ecosystems (Giardina and Rhoades, 2001; Schafer and Mack, 2010; 
Turner et al., 2007). Increased inorganic N levels immediately after fire 
can be due to the mineralization of organic N (Dannenmann et al., 2018; 
Prieto-Fernández et al., 2004; Schafer and Mack, 2010). However, in the 
current study, soil extractable NH4

+ concentration decreased 2–3 months 
after fire, which is consistent with reports in other N-limited ecosystems 
(Turner et al., 2007; Vitousek and Matson, 1985). Decreases in NAG 
activity at 2 days after fire and its recovery after 2–3 months after fire 
suggests that prescribed fire has only short-term effects on soil potential 
enzymes activities, as previously observed (Menichetti et al., 2015). 
Other factors, such as vegetative regrowth, could also increase NAG 
activity to levels greater than pre-fire (Bracho et al., 2021; Ndiaye et al., 
2000). However, it is expected that increases in NAG may eventually 
increase available soil N pools, as NAG was positively correlated with 
extractable NH4

+ in our study and is often used as an index of N miner
alization (Ekenler and Tabatabai, 2004). 

Prescribed burning impacted soil pH and soil macro- and micro- 
nutrients. Slight decreases in soil pH 2–3 months after fire could be 
related to rapid uptake of nutrients by above-ground vegetation 
(Boerner et al., 1988). Conversely, other studies have shown an increase 
in soil pH after fire due to accumulated ashes and an influx of base 
cations from ashes (Bennett et al., 2003; Murphy et al., 2006). While no 
effect of fire was observed for Mehlich-extractable K, Mg, Ca, and Mg or 
total P concentration, we found a reduction in extractable P concen
tration 2 days after fire. Although the mechanism responsible for 
changes in soil P lability is unclear, one possible explanation is the 
formation of insoluble metal phosphates (Smith, 1970; Gray and 
Dighton, 2006). 

In the current study, prescribed burning had no significant effects on 
the diversity of bacterial and fungal communities 2 days following fire. 
This is in line with previous studies which reported no changes in bac
terial diversity 2 h (Li et al., 2019) and 2 weeks (Kranz and Whitman, 
2019) post-fire in forests. This lack of response was mainly attributed to 
low fire intensity and short heating duration. It has been well established 
that the greater the consumption of duff and higher soil heating, the 
greater the immediate negative impact on soil microorganisms (Hun
gerford et al., 1995). It is also expected that fire severity will regulate the 
direction and magnitude of soil microbial responses (Lucas-Borja et al., 
2019). In the current study, fire was characterized by low intensity with 
a short heating duration (Kohmann et al., 2022), which likely limited its 
impacts on soil microbial communities (González-Pérez et al., 2004; 
Jorgensen and Hodges, 1970). However, it is also expected that fire 
severity will regulate the direction and magnitude of soil microbial re
sponses (Lucas-Borja et al., 2019). It is also worth noting that the main 
focus of this study was on short-term microbial responses. We did not 
examine changes in soil microbial communities 2–3 months post fire 
because we cannot elucidate whether variations in the diversity and 
compositions soil microbiota at that time, if any, would have been due to 
the prescribed burning event and/or the impact of many other abiotic 
and biotic variables (e.g., vegetation recovery, root exudates, and cli
matic factors, etc.). For example, vegetation recovery has been reported 
within 60 days following fire in the study sites (Bracho et al., 2021). 

Although the diversity and composition of bacterial and fungal 
communities was not impacted by fire, there were significant changes in 
the relative abundance of specific bacterial and fungal taxa. In addition, 
we found that the impact of prescribed burning on specific soil 
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properties 2 days after fire controlled variations in the relative abun
dance of specific bacterial and fungal taxa. That correlation between 
microbial communities and soil properties were genus- and soil 
property-specific suggests that prescribed burning impacts on the soil 
microbiome of the study Florida rangelands are not widespread. Acid
obacteria, Actinobacteria, Firmicutes, and Proteobacteria were the 
dominant bacterial phyla in our study site. These results are consistent 
with previous studies in Entisols and marsh soils in Florida (Ho and 
Chambers, 2019; Khodadad et al., 2011). Among those phyla, taxa 
belonging to Firmicutes resist fire changes (Ferrenberg et al., 2013) and 
remain stable after fire due to their ability to cope abiotic stress (Lladó 
et al., 2017). Fire significantly increased the relative abundance of 
Desulfurellales order and Variibacter genera. Members of the Desulfur
ellales are obligate sulfur-metabolizing thermophiles (Flores et al., 
2012) that have flourished after fire in our site, and they are involved in 
C, N, P and S cycles (Wang et al., 2016). Variibacter is often a dominant 
genus in karst soil, saline lakes, and forests controlling the ecosystem N 
cycle (Kim et al., 2014; Wan et al., 2021), and this genus was positively 
related with soil total N concentration in our study. 

Fungi are generally dominant in less intensively managed ecosys
tems under a nutrient-limited environment, such as native rangelands, 
and can better utilize C substrates than bacteria (Bardgett et al., 1998; 
Strickland and Rousk, 2010). Ascomycota was the predominant phylum 
in our study, which is not surprising as it includes saprotrophs with 
enhanced capabilities to assimilate C and N after disturbances and the 
ability to tolerate environmental stresses like recurring fires (Egidi et al., 
2019). Reduction in the relative abundance of Pleosporales and Euro
tiales orders, and Taloromyces (mainly responsible for breakdown of 
SOM) was observed after fire (Pangging et al., 2019; Zhang et al., 2012). 

It cannot be ruled out that relic DNA may have hindered the detec
tion of spatial and temporal changes in microbial communities in the 
short-term as previously observed in other ecosystems (Carini et al., 
2020). However, amplicon sequencing using total DNA is a commonly 
used method to characterize microbial community composition even in 
ecosystems subjected to prescribed burning (Hugerth and Andersson, 
2017; Kranz and Whitman, 2019; Tremblay et al., 2015; Zhang et al., 
2021). 

Significant associations between soil properties and specific bacterial 
and fungal taxa revealed prescribed burning can influence variations in 
the soil microbiome to some extent. For example, soil pH often has a 
major influence on soil microbial communities (Rousk et al., 2010), and 
various acidophilic bacteria (Acidibacter, Acidicaldus, Acidothermus, and 
Methanobacterium) and fungi (Cladophialophora) genera showed a strong 
correlation with soil pH in our study. Thus, even slight changes in soil 
pH after fire might control the abundance of certain microbial com
munities as these taxa are often dominant in acidic soils (Kotsyurbenko 
et al., 2007; Grządziel and Gałązka, 2019). Bacillus are ubiquitous in 
nature being found in diverse environments, and in this study its 
abundance showed a strong positive correlation with total C concen
tration, as also found by Liu et al. (2019). Among different microbial 
groups associated with N cycling, Bradyrhizobium, Candidatus Koribacter, 
Candidatus Solibacter, Methanobacterium, and Methylocystis were corre
lated with total N concentration in our study (Acosta-Martínez et al., 
2007; Lacerda-Júnior et al., 2019; Ormeño-Orrillo and Martínez- 
Romero, 2019; Szafranek-Nakonieczna et al., 2019). The positive cor
relation of NH4

+ was observed with several bacterial genera that are 
known to contain nitrifiers (Burkholderia-Paraburkholderia, Plancto
myces, and Rhodanobacter) and denitrifiers (Candidatus Methylomirabilis, 
and Opititus) in our study (Espenberg et al., 2018; Versantvoort et al., 
2018). 

BGA was negatively correlated with Acidothermus, Sorangium and 
positively correlated with Tumebacillus. Species of Acidothermus and 
Sorangium can harbor hydrolytic enzymes, which could explain their 
correlation with BGA in our study (Barabote et al., 2009; Krishna and 
Mohan, 2017). Saprotrophic basidiomycetes are responsible for fresh 
litter decomposition that produce hydrolytic enzymes. Some of the 

basidiomycetes species Candidatus Koribacter, Candidatus Solibacter, 
Methanobacterium, Methylocystis, and Gymnopus showed a positive cor
relation to BGA and NAG activity in our study (Valášková et al., 2007). 
NAG activity is correlated to the fungi Pseudeurotium and Archae
orhizomyces, which are responsible for decomposition found in rhizo
sphere soils (Rosling et al., 2013; Wang et al., 2021). 

5. Conclusion 

Our study evaluated short-term soil microbial and nutrient responses 
to prescribed burning in native rangelands of Florida. Results showed 
that prescribed burning causes only short-term changes (within 2 days) 
in selected soil properties, which generally returned to pre-fire levels 
after 2–3 months. Although the diversity and composition of bacterial 
and fungal communities was not significantly impacted by prescribed 
burning this study shows significant changes in the relative abundance 
of specific bacterial and fungal taxa occurred. In addition, prescribed 
burning impacts on the soil microbiome were genus-specific and appear 
to be controlled by different and specific soil properties. Although the 
impacts of prescribed fire on soil properties have been widely 
acknowledged, this study is the first to document short-term fire- 
induced soil microbial responses in Florida subtropical native range
lands. Our findings contribute to a wealth of evidence indicating limited 
effects of prescribed fire on soil microbial community diversity and 
composition, particularly in fire adapted habitats. Long-term studies are 
warranted to investigate the impacts of repeated prescribed burning 
events on the biogeochemical cycles of nutrients in rangeland 
ecosystems. 
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