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Abstract—Wildfire is a crucial event in the regulation of the structure and function of forest ecosystems. The
effects of fire on soil microorganisms is still poorly understood. Here, we compared soil properties and bac-
terial communities between burnt and unburnt soils on sunny and shady slopes 4 and 13 years after a fire in a
warm temperate forest ecosystem at Zhenshan Mountain in Shandong, eastern China. Soil physicochemical
properties and enzyme activity were more affected by fire than by slope aspect. Fire significantly altered bac-
terial β-diversity but did not affect bacterial α-diversity. Co-occurrence networks showed that fire decreased
the complexity, edge number, average degree, and average clustering coefficient of the bacterial communities.
Available nitrogen content was the major factor explaining the differences in bacterial communities between
the burnt and unburnt samples. Moreover, the impacts of fire varied with slope aspect and recovery time. The
relative abundance of Spartobacteria, Gammaproteobacteria, TK10, and JG30-KF-CM66 differed signifi-
cantly between sunny and shady slopes in burnt soil, and were all significantly correlated with soil pH. Dif-
ferences in soil pH mediated by slope aspect drove the variation in soil bacterial community structure at
burned sites. Within constant slope aspect, the soil bacterial community in burnt soil 4 years after the fire was
significantly different from that in unburnt soil, and after 13 years of recovery it was similar to that before the
fire. These results indicate that the slope aspect should be considered when predicting the response of soil
microbial communities to fire.

Keywords: fire, slope aspect, bacterial community, pH
DOI: 10.1134/S1064229322602104

INTRODUCTION

Fire in forest ecosystems is a major disturbance, as
it not only modifies the species composition of abo-
veground plants but also notably affects the physical
and chemical properties and microbial community of
underground soil [16]. Soil microbes are a key to fun-
damental ecological processes that occur in ecosys-
tems, including organic matter decomposition and
nutrient cycling [34]. The disturbance of soil micro-
bial communities by fire affects essential ecosystem
functions such as carbon sequestration, nutrient
cycling, net ecosystem productivity, and climate regu-
lation [1, 33, 48]. Therefore, it is vital to understand
how fire affects underground microbial communities
that are responsible for driving essential ecosystem
processes.

Fire has direct and indirect effects on soil micro-
bial communities. On the one hand, fire breaks bio-
molecules by directly exposing soil microbes to
extremely high temperatures, decreasing bacterial
and fungal biomass [41, 42]. Microbes differ in their

sensitivity to fire-induced heat, and certain heat-
resistant taxa may benefit from reduced competition,
leading to drastic alterations in the soil microbial
community structure compared to the pre-fire com-
munity state [28, 32]. On the other hand, fires reduce
living plants and alter soil physicochemical proper-
ties, including consumed organic matter and
increased soil pH, which indirectly affects microbial
diversity and community structure [10, 30]. Previous
studies have shown that fire disturbance modifies the
microbial community diversity and phylogenetic
structure [9, 30]. Moreover, fire reduces the relative
abundance of most functional genes involved in car-
bon degradation and nitrogen cycling [40]. Soil
microbes are essential for the re-establishment of soil
biogeochemical processes that contribute to forest
recovery [2]. Therefore, understanding the response
of soil microorganisms to fire will provide essential
knowledge for biogeochemical cycles, ecosystem
recovery, and forest management [20].

The response of soil microbes to fire is inconsis-
tent. It is affected by vegetation type, fire severity, fire
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duration, time after fire, topography, climate, and soil
sampling depth. High severity burning substantially
reduces the biomass and diversity of soil bacteria [13,
23, 45]. Moreover, the soil microbial community varies
over time as it recovers after the fire. Numerous studies
have investigated the effects of fire severity and recovery
time on microbial communities [8, 23, 45, 46]. For
example, fire in Canadian boreal forests increased bac-
terial alpha diversity and altered bacterial beta diversity
during the early recovery stage (<5 yrs since fire), but
did not affect bacterial communities in the middle (8–
20 yrs) and late (>30 yrs) recovery stages [48]. In fact,
variations in topography and microclimate often lead
to heterogeneity in fire severity across burned areas.
However, little is known about the effects of topogra-
phy on the microbial community in burnt soils.

Slope aspect, as an important topographic factor in
forest ecosystems, is well documented to cause vari-
ability in soil microclimates (solar radiation, tempera-
ture, and soil humidity). In the northern hemisphere,
the southern slope receives more solar radiation than
the northern slope, resulting in a higher temperature
and lower soil moisture in the southern slope [5, 25].
The slope aspect also has a significant effect on the
spatial variability of the physical and chemical proper-
ties of soil. For instance, sunny slope sites in the alpine
meadow on the Qinghai-Tibetan Plateau had higher
soil temperature, organic carbon, and underground
biomass, whereas shady slope sites had higher soil mois-
ture, total nitrogen, and aboveground biomass [38].
These changes in soil microclimates and physico-
chemical characteristics caused by different slope
aspects lead to variations in the microbial community.
Soil bacterial diversity was lowest on the north-facing
aspect compared to the south-facing aspect and f lat
area in a boreal forest of the Greater Khingan Moun-
tains [14]. The abundance, diversity, and community
composition of N-cycling microbes differ dramati-
cally between the south- and north-facing slopes [17];
thus, slope aspect significantly affected the soil micro-
bial community. However, little is known about how
slope aspect affects the soil microbial community
during fire disturbance. In particular, it remains to be
studied whether soil microbial communities and their
recovery after fire vary on different slope aspects and
at different times on the same slope.

Compared to temperate and subtropical forest eco-
systems [49], there is a lack of studies on fire distur-
bance in warm temperate forest ecosystems in China,
whereas drought and rainless springs often lead to
fires. Therefore, we selected warm temperate forest
ecosystems to study the effects of fire on soil microbial
communities in order to test the following hypotheses:
(1) fire would alter bacterial diversity and community
composition, (2) the effects of fire on the bacterial
community would vary with slope aspect, and (3) on
the same slope aspect, the soil bacterial community
may show varied recovery patterns in the short- and
long-term. To test these hypotheses, we examined soil
properties and bacterial communities from burned and
adjacent non-burned sites on sunny and shady slopes.
Further understanding of the response pattern of bac-
teria to fire under the varied microtopography, and the
recovery pattern of soil microorganisms in different
slope aspects after fire, will provide theoretical guid-
ance for soil remediation after fire disturbance.

MATERIALS AND METHODS

Study site. The study area was located in the Zhen-
shan Mountains, north Shandong Peninsula, China
(37°30′–37°32′ N, 121°19′–121°21′ E), and had an
average elevation of 230–250 m. This area has a conti-
nental monsoon climate with an annual mean tempera-
ture of 12°C and annual precipitation of 740.3 mm. The
dominant tree species in this area were secondary Rob-
inia pseudoacacia and Pinus thunbergii, and the main
soil types were brown soil. Forest fires are frequent in
spring because of dry weather, high winds, and fre-
quent human activity. There were two wildfires in the
Xishan fragment of Zhenshan Mountain in April 2005
and April 2014, which turned litter and vegetation into
ash and damaged trees. The burned areas were
selected as the study regions, of which the area burned
in 2005 was located on a sunny slope, and the burned
area in 2014 had both a sunny slope and a shady slope.
Nearby non-burned areas were used as controls. Thus,
there were five sampling sites: a burned area on the
sunny slope burned in 2005 (BSU2005), burned area
on the sunny slope burned in 2014 (BSU2014), burned
area on the shady slope burned in 2014 (BSH2014),
non-burned area on a sunny slope (USU), and non-
burned area on a shady slope (USH).

Soil sampling. Soil samples were collected from the
five abovementioned areas in April 2018. Four sam-
pling sites were randomly selected in each area and
used as replicates. The litter, charred debris, and ash
layers were removed before soil sampling, and soil
cores (0–10 cm) were collected using a stainless-steel
soil collar. A five-point sampling method was used to
collect soil samples, and five soil samples were
homogenized in the field to form a composite sample
then stored in a sterile freezing tube. All soil samples
were placed in a cooler with ice and transported to the
laboratory as soon as possible. Soil samples were
stored at –80°C for DNA extraction and –20°C for
determination of soil physicochemical properties.

Soil properties and enzyme activity analysis. Soil pH
was determined in the supernatant of 1 : 2.5 soil-water
mixtures using a calibrated pH meter (Mettler, Swit-
zerland). Soil organic matter (SOM) content was
determined using the K2Cr2O7–H2SO4 oxidation-
reduction colorimetric method. Total nitrogen (TN)
was measured using a Vario Micro Cube elemental ana-
lyzer (Elementar, Germany). Total phosphorus (TP)
was measured using the molybdenum blue method
after wet digestion with H2SO4 + HClO4. Total potas-
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sium (TK) was measured using a f lame photometric
detector after digesting the sample with HNO3 +
HClO4. Available nitrogen (AN) was determined using
an alkaline-hydrolyzable diffusion method. Available
phosphorus (AP) was extracted using sodium bicar-
bonate and measured using the molybdenum blue
method. Available potassium (AK) was extracted with
ammonium acetate and determined using a f lame
photometric detector. All soil properties were per-
formed according the methods reported by Bao [39].

Soil enzyme activities were determined according
to Guan [43]. Briefly, urease activity was measured
using indophenol blue colorimetric method and
expressed as the amount (mg) of NH3-N/g of dry soil
produced during 24 h incubation at 37°C. Phospha-
tase activity was measured using alkaline phosphatase
colorimetric method and expressed as the amount
(mg) of phenol produced per gram of dry soil during a
24-h incubation period at 37°C. Sucrase activity was
measured by a 3, 5-dinitrosalicylic acid colorimetric
assay and expressed as the amount (mg) glucose pro-
duced by incubation for 24 h at 37°C. Soil catalase
activity was measured by potassium permanganated
titration method and the activity unit was expressed as
the millilitres of 0.1 mol L−1 KMnO4 solution con-
sumed by 1 g dry soil after adding 10 mL 0.3% hydro-
gen peroxide solution for 0.5 h.

DNA extraction, amplification, and high-through-
put sequencing. DNA was extracted from 0.5 g soil
using a FastDNA Spin Kit (MP Biomedical, USA),
following the manufacturer’s instructions. DNA con-
centrations were determined using a NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific, USA).
The V3-V4 hypervariable region of the 16S rRNA gene
was amplified using the bacterial universal primers,
338F (5'-ACTCCTACGGGAGGCAGCA-3') and
806R (5'-GGACTACHVGGGTWTCTAAT-3'). We
set up 20 μL reaction mixtures including 2.0 μL PCR
ExTaq Buffer, 1.0 μL of each primer, 2.0 μL dNTP,
0.25 μL ExTaq Polymerase, 0.5 μL DNA (100 ng/mL),
and 13.25 μL H2O. The PCR cycling parameters were
95°C for 3 min, followed by 27 cycles of 30 s at 95,
55°C for 30 s, 72°C for 30 s, and a 10 min extension at
72°C. Paired-end sequencing was conducted using an
Illumina HiSeq sequencer (Illumina, USA) at Mega
Genomics Health Technology Co. Ltd (Beijing, China).

Sequence processing. Raw reads were processed
and analyzed using QIIME (v. 1.8.0) [19] and the
MOTHUR software package (v. 1.34.4) [35]. Joined
paired-end reads were filtered using a series of quality
standards such as a quality score higher than 20,
lengths between 330 and 450 bp, no ambiguous bases,
and homopolymers less than 6 bp. Sequences satisfy-
ing these criteria were retained. Chimeric sequences
were identified and removed using USEARCH v.61
based on the Greengenes database (released Aug. 2013).
Sequences were picked into operational taxonomic
units (OTUs) with 97% sequence similarity using
EURASIAN SOIL SCIENCE  Vol. 56  No. 5  2023
UCLUST v.1.2.2 [36]. Singleton sequences were
excluded from subsequent analyses. Taxonomy was
assigned against the Greengenes reference database,
and Archaea, Chloroplast, and unassigned sequences
were removed before further analysis.

Statistical analyses. Alpha diversities of bacteria
were calculated based on 17200 (the minimum num-
ber of sequences in 20 samples) rarefied sequences,
including OTU richness and Simpson, Shannon, and
Chao1 indices. For beta diversity analysis, the OTU
table was normalized using the edgeR package [27].
The non-metric multidimensional scaling (NMDS)
based on the Bray–Curtis distance was used to explore
differences in bacterial community structures across
all soil samples. Analysis of similarity (ANOSIM) was
performed to evaluate significant differences in the
bacterial community structure across the soil samples,
using the “vegan” package in R (version 4.0.2). A two-
way ANOVA test was performed to determine signifi-
cant differences in soil properties and bacterial relative
abundance between the wildfire treatment, slope direc-
tion, and recovery time, using SPSS v20.0 (SPSS Inc.
USA). Redundancy analysis (RDA) was performed to
examine the relationships between environmental vari-
ables and bacterial communities, using R. Pearson’s
correlation was performed to explore the associations
between relative bacterial abundance and soil physico-
chemical characteristics. Bacterial co-occurrence net-
works were structured based on a Spearman’s correla-
tion matrix from OTU tables. We visualized bacterial
co-occurrence networks using Gephi and analyzed
topological parameters, including clustering coeffi-
cient, network density, node number, edge number,
and average degree.

RESULTS
Soil physicochemical properties and enzyme activity.

The soil properties were significantly affected by wild-
fire, slope aspect, and recovery time after fire (Fig. 1,
Table S1). Wildfires significantly reduced soil OM,
TN, AN, and AK contents on sunny slopes but not on
shady slopes. The effect of slope aspect on soil proper-
ties was mainly observed in the non-burned area; soil
OM, TN, and AN contents were higher in sunny slope
soil than in shady slope soil. However, in the burned
area, only a difference in pH was observed between
sunny and shady slopes. For burned sites on the sunny
slope, the soil after long-term recovery (BSU2005)
was characterized by higher contents of AN and AP
and lower pH and TK content (P < 0.05) compared
with the soil after short-term recovery (BSU2014).

Soil enzyme activity was affected by fire, but was
little affected by slope aspect. Soil urease and phos-
phatase activities at sites burned in 2014 were signifi-
cantly lower than those at non-burned sites, whereas
catalase activity was significantly higher than that in
unburnt soil on both shady and sunny slopes. Only in
non-burned sites, sucrase activity was significantly
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Fig. 1. Comparisons of soil properties and enzyme activity between burnt and non-burnt soils on shady and sunny slopes. Differ-
ent lowercase letters represent significant differences.

0
0.3
0.6
0.9

Sunny Shady
0

0.2
0.4
0.6

Sunny Shady
0
1
2
3

Sunny Shady
0

1.5
3.0
4.5

Sunny Shady

0
25
50

100
75

Sunny Shady
0

100
200
300

Sunny Shady
0
5

10
15

Sunny Shady
0

200
100

300
400

Sunny Shady

0
2

6
4

8

Sunny Shady
0
1
2

4
3

Sunny Shady
0

0.1
0.2

0.4
0.3

Sunny Shady
0
1
2
3

Sunny Shady

b b b b

a

b b
a a a

bc
ab

cd
d

a
b bba a ab ab

b b

a

b b

a
b ab

a

b bab ab
b b

c c

a

b a a ab
b

b b b

a
b

a aab ab

pH

T
N

, g
 k

g–
1

T
P,

 g
 k

g–
1

T
K

, g
 k

g–
1

A
K

, m
g 

kg
–

1

A
P,

 m
g 

kg
–

1

A
N

, m
g 

kg
–

1

SO
M

, g
 k

g–
1

U
re

as
e,

 
m

g 
kg

–
1

Ph
os

ph
at

as
e,

 
m

g 
g–

1

C
at

al
as

e,
 

m
g 

g–
1

Su
cr

ea
se

, 
m

g 
g–

1

Burned in 2005

Burned in 2014

Non-burned
affected by slope aspect, and was significantly lower on
the sunny slope than on the shady slope (P = 0.043).
Considering the recovery of enzyme activity on sunny
slopes in burnt soil, the activities of urease and catalase
in soil at the early burned site (BSU2005) were signifi-
cantly different from those at the recently burned site
BSU2014, but not significantly different from those in
the unburnt soil USU, suggesting that soil enzyme
activity had basically recovered to the pre-fire situa-
tion by 13 years after the fire.

Bacterial community composition and α-diversity. A
total of 760556 sequences (after quality filtering) were
generated from 20 soil samples and clustered into 2817
OTUs for further analyses. Good’s coverage ranged
from 0.986 to 0.991, indicating that the identified
sequences represented the majority of bacterial
sequences in the soil samples. A total of 28 bacterial
phyla were identified among all sampled soils (Fig. 2).
Proteobacteria were the most frequent (30.98%), fol-
lowed by Actinobacteria (26.93%), Acidobacteria
(18.86%), Chloroflexi (8.45%), and Verrucomicrobia
(3.46%). Within Proteobacteria, most of the sequences
were affiliated with Alphaproteobacteria (22.77%),
including Rhizobiales (13.90%) and Rhodospirillales
(6.28%). Gemmatimonadetes, Firmicutes, Saccharib-
acteria, Planctomycetes, Bacteroidetes, and Armati-
monadetes comprised the minor fractions.

Soil bacterial α-diversity indices were not obvi-
ously affected by fire, slope aspect, or recovery time
(Fig. 3). Only the Shannon index was significantly
lower in BSU2005 than in BSU2014.

Difference in bacterial community structure. At the
OTUs level, the results of NMDS and the Bray–Cur-
tis similarity indices revealed that the bacterial com-
munity structure was significantly affected by fire,
slope aspect, and recovery time. The bacterial com-
munity structure in the burnt soils differed significantly
from that in the unburnt soils (Fig. 4, Table 1) while the
effect of slope aspect on bacterial community structure
followed different patterns in burnt and unburnt soil. In
the burned area, the soil bacterial community structures
on the sunny and shady slopes were significantly differ-
ent (P = 0.029), but this difference was not observed in
the non-burned area (P = 0.086). The early-burned
soil on the sunny slope clearly differed from the
recently burnt soil samples (P = 0.034) but clustered
with the unburnt soil (P = 0.057) in the NMDS plot,
which suggested that the bacterial community struc-
ture of burnt soil gradually recovered to that of
unburnt soil with the extension of recovery time.

We further analyzed the significant taxa that pro-
duced the differences between the groups in bacterial
community structure. Parcubacteria and TM6_De-
pendentiae were significantly lower in burnt soils of
2014 than in unburnt control soils (Table S2). Fire
decreased the relative abundance of Gammaproteo-
bacteria and Thermomicrobia at the class level in
burned sites compared with non-burned sites. The dif-
ferences in Gammaproteobacteria were mainly
attributed to the order Xanthomonadales, including
Xanthomonadaceae and Xanthomonadales_Incer-
tae_Sedis. Moreover, at the order level, Subgroup_10,
Subgroup_7 (Acidobacteria; Acidobacteria), and
TRA3-20 (Proteobacteria; Betaproteobacteria)
increased after fire, whereas JG30-KF-AS9 (Chlorof-
lexi; Ktedonobacteria), Sphaerobacterales (Chlorof-
lexi; Thermomicrobia), and Legionellales (Proteo-
bacteria; Gammaproteobacteria) decreased after fire.
EURASIAN SOIL SCIENCE  Vol. 56  No. 5  2023
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Fig. 2. Differences in community composition of bacteria in burnt and unburnt soils on sunny and shady slopes. BSU represents
burned soil on the sunny slope; USU represents unburned soil on the sunny slope; BSH represents burned soil on the shady slope;
USH represents unburned soil on the shady slope.
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The effect of slope aspect on soil bacterial commu-
nity composition was significant, especially in the
burned sites. In the burned area, the bacterial commu-
nity on the sunny slope was characterized by higher
Spartobacteria, TK10, and JG37-AG-4, while Gam-
maproteobacteria, JG30-KF-CM66, and OPB35_-
soil_group were higher in shady slope soils. The differ-
ences in Spartobacteria and Gammaproteobacteria
EURASIAN SOIL SCIENCE  Vol. 56  No. 5  2023

Table 1. Difference in bacterial community structure between
between 2005 and 2014 burnt soils, based on analysis of simil

Bold font indicate significant differences (P < 0.05).

Group

Fire
Burned in 2014 vs. Non-burned
(BSU2014+BSH2014 vs. USU+USH)
Sunny slope: Burned vs. Non-burned
Shady slope: Burned vs. Non-burned

Slope aspect
Sunny vs. Shady
Burned area: Sunny vs. Shady
Non-burned area: Sunny vs. Shady

Recovery time
Burned in 2005 vs. Burned in 2014 (BSU2005 vs. BSU201
Burned in 2005 vs. Non-burned (BSU2005 vs. USU)
between sunny and shady slope soils were mainly
attributed to Chthoniobacterales (order DA101_-
soil_group) and Xanthomonadales (family Xan-
thomonadales_Incertae_Sedis). Moreover, there were
significantly fewer Acidobacteriales and more Micro-
monosporales at the order level in sunny slope soils.

The soil burned in 2005 was characterized by a
higher relative abundance of Gammaproteobacteria
 burnt and unburnt soil, between sunny and shady slope, and
arity with Bray–Curtis distance

Bray-Curtis

R P

0.347 0.016

0.406 0.029
0.750 0.029

0.386 0.006
0.677 0.029
0.427 0.086

4) 0.990 0.034
0.510 0.057
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Fig. 3. Variation in bacterial alpha diversity between burnt and unburnt soils on sunny and shady slopes. Boxes with different
lower-case letters are significantly different (P < 0.05). BSU represents burned soil on the sunny slope; USU represents unburned
soil on the sunny slope; BSH represents burned soil on the shady slope; USH represents unburned soil on the shady slope.
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and JG30-KF-CM66, whereas the 2014 burned soil
was characterized by higher Deltaproteobacteria and
Anaerolineae. At the order level, Frankiales, Xan-
thomonadales, SC-I-84, and JG30-KF-CM66 were
significantly more abundant in BSU2005 than in
BSU2014. The difference in Frankiales was mainly in
Acidothermaceae family Acidothermus genus (1.31%
vs. 4.28%, P = 0.022). The family Xanthomonad-
ales_Incertae_Sedis in the order Xanthomonadales
was significantly more abundant in BSU2005 than in
BSU2014.

Co-occurrence network complexity of bacteria.
Wildfires decreased the complexity of the bacterial co-
Fig. 4. Plots of non-metric multidimensional scaling based
on Bray–Curtis distance showing the differences in com-
munity structure of bacteria in burnt and unburnt soils on
sunny and shady slopes.
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Burned in 2014
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USU

USH

2D Stress: 0.12
occurrence network (Fig. 5). Although the number of
nodes was similar between burnt and unburnt soil
samples, wildfire reduced the edge number, average
degree, and average clustering coefficient (Table 2).
The slope aspect also affected the complexity of the
network. The complexity of the network among the
bacterial communities was higher on shady slopes than
on sunny slopes, and the edge number, average degree,
and average clustering coefficient of the co-occur-
rence network of the bacterial communities were
higher on shady slopes than on sunny slopes. However,
the effect of the recovery time on the complexity of the
bacterial co-occurrence network was not significant.
The clustering coefficient and network density are
slightly higher for the BSU2005 sample than for the
BSU2014 sample, whereas the node number, edge
number, and average degree were lower for the
BSU2005 sample than for the BSU2014 sample.

Correlations between bacterial community and soil
properties. Pearson correlation analysis was performed
to examine the associations between soil parameters
and bacterial taxa and alpha diversity in the 20 soil sam-
ples (Fig. 6). Alpha diversity estimators of bacteria were
positively correlated with pH (r > 0.528, P < 0.017),
except for the Simpson index (r = –0.655, P = 0.002).
The Shannon index was positively correlated with the
TK content (r = 0.462, P = 0.040). However, the Ace
and Chao1 indices were significantly correlated with
AP content (r < –0.471, P < 0.036).

The RDA revealed that the bacterial community
structure among all 20 burnt or unburnt soils co-var-
ied significantly with the two geochemical parameters
EURASIAN SOIL SCIENCE  Vol. 56  No. 5  2023
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Fig. 5. Comparison of bacterial co-occurrence networks in
burnt and unburnt soils, sunny and shady slope soils, with
long-term and short-term recovery times.

Burned in 2005 Burned in 2014

Non-burnedBurned

Sunny slope Shady slope
(Fig. 7). The AN content was the major factor explain-
ing the differences in bacterial communities between
burnt and unburnt samples, whereas pH was the major
factor explaining community variations between
sunny and shady slope samples.

DISCUSSION
Soil properties were more affected by fire than by

slope aspect. After the fire, soil pH remained
unchanged or decreased, and was related to slope
aspect or recovery time. Most previous studies found
an increase in soil pH after fire [29, 30], whereas oth-
ers observed no significant changes or decreases [4,
26]. The effect of fire on soil pH mainly depends on
the fire severity [16, 18]. Adkins et al. [16] found that
light burning had no effect on soil pH; however, the
pH values in the medium- and high-intensity burned
areas were higher than that in the control area. Simi-
larly, Alcañiz [26] suggested that fire events that did
not alter soil pH were low-intensity and low-severity
prescribed fires applied periodically (every two years
or more). In addition, the variation in pH was incon-
sistent on sunny and shady slopes after fire, which was
probably attributable to the higher soil moisture being
more conducive to vegetation recovery on the shady
slope, thus increasing organic acids secreted by plants
and reducing soil pH.

Fire decreased SOM and nitrogen content, as also
reported in previous study, which may be attributed to
the effect of fire on vegetation, decreasing the resource
of organic matter from litter [21]. Moreover, fire con-
sumes and alters SOM at the surface of the soil through
combustion, which results in the volatilization of car-
bon and other nutrients [15]. SOM serves as a reservoir
of available nutrients, particularly nitrogen [15]. Previ-
ous research has shown that the amount of nitrogen
lost during a fire is directly proportional to the amount
of combusted organic matter [24]. However, the effect
of fire on soil properties varied with the slope aspect.
The contents of OM, TN, AN, and AK in the burnt
soil were significantly lower than those in the unburnt
soil on the sunny slope but were similar in burnt and
unburnt soil on the shady slope. This may be because
the effect of fire on shady slopes is less than that on
sunny slopes, and the soil on shady slopes recovers
EURASIAN SOIL SCIENCE  Vol. 56  No. 5  2023

Table 2. Topological properties of each network in Fig. 5

Network parameter
Fire

burned non-burned s

Clustering coefficient 0.524 0.589
Network density 0.1 0.159
Node number 192 193
Edge number 1832 2954
Average degree 19.083 30.611
Average weighted degree 2.852 5.168
Average path length 2.577 2.421
faster after fire. Shady slopes receive lower solar radia-
tion and retain higher soil water content, which are
conducive to the recovery of plants and the enhance-
ment of microbial activity, and thus may accelerate the
recovery of soil nutrients.
Slope aspect Recovery time

unny slope shady slope long-term short-term

0.525 0.589 0.993 0.992
0.116 0.159 0.113 0.108
194 193 173 187
2180 2954 1681 1881

22.474 30.611 19.434 20.118
4.412 5.168 1.491 3.754
2.475 2.421 1 1
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Fig. 6. Pearson’s correlation between soil characteristics and enzyme activity, alpha diversity and relative abundance of bacteria.
The values of the correlation coefficients are indicated according to the color bar. * and ** indicate P < 0.05 and P < 0.01.
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Enzyme activity in the soil was greatly affected by
fire, but slightly affected by the slope aspect. The neg-
ative effects of fire on soil urease and phosphatase
activities over the short term (4 years) after fire were
consistent with a previous study in thermic oak-pine
forests [30], and could be explained by direct enzyme
denaturation occurring when the temperature exceeds
60 to 70°C, and the complete destruction of soil
enzymes at 180°C [44]. Moreover, urease activity
reflects the capacity of soil organic nitrogen to be con-
verted to available nitrogen. In this study, the reduction
in SOM after fire could be responsible for the observed
decrease in urease activity; this idea is supported by the
significant correlation between urease activity and
SOM content. Fire-related declines in phosphatase
activity were also observed elsewhere in forest soils,
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Fig. 7. Redundancy analysis (RDA) plots for bacterial
assemblages showing the covarying relationship between
environmental parameters and community structure.
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where they were attributed to changes in organic carbon
and reduced SOM quality [37], a factor that also
appears likely in our case. In this study, soil catalase
activity increased slightly after fire, which may be the
result of oxidative stress caused by soil chemical changes
due to fire [31]. The effect of fire on soil enzyme activity
mainly occurred within a short time (4 years) after fire.
The soil enzyme activity 13 years after fire was similar to
that in the unburnt soil, suggesting that soil enzyme
activity gradually recovered to the pre-fire situation.

Fire affects the β-diversity of bacteria, but not the
α-diversity. Wildfire did not significantly affect bacte-
rial α-diversity in this study, which is consistent with
the observations of a previous study on the impact of
fire in the Chinese Great Khingan Mountains across a
29-year chronosequence [46]. However, other stud-
ies have shown that the variation in soil bacterial
diversity is inconsistent at different recovery stages after
fire. In Mediterranean ecosystems, bacterial diversity
increased during the early stages of post-fire recovery
and gradually decreased to pre-fire conditions over a
20-year wildfire chronosequence [9]. In contrast, some
studies have shown that fire reduces soil bacterial diver-
sity in the short period after fire [23]. These differences
are probably related to different fire severities, ecosys-
tem types, and climatic conditions [48].

Wildfire had a significant influence on soil bacte-
rial community composition. Recent burning of soil is
characterized by a decrease in the relative abundance
of Gammaproteobacteria, Thermomicrobia, Parcu-
bacteria, and TM6_Dependentiae. The decreased rel-
ative abundance of these taxa in burnt soils is probably
because these groups are heat-intolerant and can be
killed directly by burning. Alternatively, nutrients,
such as organic matter, are decreased by burning,
which is not conducive to the survival of these taxa.
Thermomicrobia, for example, although hyperther-
mophilic, grows at an optimum temperature of 70 to
75°C and a maximum temperature of 80°C [11]. Forest
fires can increase soil temperatures up to 200 degrees,
making it difficult for Thermomicrobia to survive. The
decrease in Gammaproteobacteria was mainly
attributed to Xanthomonadale, which is one of the
largest and most important groups of bacterial phyto-
pathogens [3]. The decrease in relative abundance of
Xanthomonadale may be attributed to two reasons.
First, fire directly kills the host plant of pathogenic
bacteria, thus reducing the relative abundance of plant
pathogenic bacteria, such as Xanthomonadale. Sec-
ond, many groups of Xanthomonadales are related to
carbon degradation, such as the genera Dokdonell,
Mizugakiibacter, Rhodanobacter, and Rudaea, which
use various carbon substrates as energy sources. In this
study, the reduction of organic matter content by fire
may have reduced the carbon sources required for the
survival of these groups, resulting in a decrease in the
relative abundance of these taxa.
EURASIAN SOIL SCIENCE  Vol. 56  No. 5  2023
The effects of fire on the soil microbial community
varied with time. The bacterial community structure
in the burnt soil after 4 years of recovery was signifi-
cantly different from that in the unburnt soil, but the
bacterial community almost recovered to pre-fire
conditions by 13 years after the fire. This phenomenon
has been observed in previous studies where the bacte-
rial community altered dramatically in the early recov-
ery stage (<5 years since fire) and returned to a similar
composition to the controls after 8 years [48]. The rel-
ative abundance of Gammaproteobacteria decreased
significantly in burnt soil compared with unburnt soil
for 4 years after fire but increased significantly by 13
years after fire, which may be due to the restoration of
vegetation providing more hosts for Xanthomonadale
pathogens. Moreover, vegetation can provide organic
matter to the soil for utilization by bacteria and pro-
moting their survival, which may explain the increased
relative abundances of Rhodanobacter, Mizugakii-
bacter, and Lysobacter in long-term recovery soil sam-
ples. In general, bacteria are not only affected by host
plants and nutrient status but are also influenced by
environmental conditions (e.g., soil pH). The Acido-
thermus genus (Frankiales) is suitable for growth in
acidic environments, and the low pH of burnt soil in
2005 could be beneficial to its growth.

Slope aspect impacts on bacterial community are
driven by pH. Slope aspect is known to affect the
hydrothermal condition of the soil and thus indirectly
affects the distribution of the microbial community.
Sunny slopes are characterized by stronger solar radia-
tion, higher evaporation, and less moisture, while shady
slopes are characterized by the opposite, which results
in the differences in plant species and belowground
microbial communities [38]. Previous studies have
observed that slope aspect had a significant effect on the
soil bacterial community composition and specific
functional taxa [22, 47]. Unexpectedly, an impact of



608 ZHU et al.
slope aspect on the soil bacterial community was only
observed in the burned sites in our study. Although soil
properties were different between the sunny and shady
slopes in non-burned areas, they did not appear to
affect the distribution of the soil bacterial community.

There were significant differences in the relative
abundance of bacterial taxa between sunny and shady
slopes and between burnt and unburnt soils, consider-
ing the main effects of slope aspect and burn on soil
bacteria on their own. For instance, Thermomicrobia,
FBP, Gemmatimonadetes, Gammaproteobacteria,
and Saccharibacteria were significantly affected by
fire, whereas Anaerolineae, Caldilineae, and
TM6_Dependentiae were significantly affected by
slope aspect (Table S3). However, considering the
interaction of slope aspect and burning, the microbial
groups significantly affected by fire changed little,
indicating that slope aspect might interfere with the
effect of fire on soil microorganisms.

The sole phylum of soil bacteria occurring on both
sunny and shady slopes in burnt soil was Verrucomicro-
bia, which was mainly represented by the Spartobacte-
ria class and DA101_soil_group family. Spartobacteria
is the most abundant class in the phylum Verrucomi-
crobia, which is often observed in forest and grassland
soils [12]. The significant correlation between the rela-
tive abundance of Spartobacteria and soil pH on differ-
ent slopes in this study was probably mainly driven by
the distribution of soil pH, supported by Fig. S1. A sim-
ilar observation that the distribution of Verrucomicro-
bial, including Spartobacteria class and DA101 genera
was strongly influenced by soil pH was made in Chang-
bai Mountain soils [7]. It is well known that soil pH is
an important factor affecting bacterial communities, as
has been shown in a number of studies [6, 22]. More-
over, differences in taxa, such as Spartobacteria, Gam-
maproteobacteria, TK10, and JG30-KF-CM66,
between sunny and shady slopes in burnt soil were also
significantly correlated with soil pH (Fig. S1). These
observations, combined with the RDA results, indi-
cated that the difference in soil pH caused by slope
aspect was the major factor driving the variation in soil
bacterial community structure between the sunny and
shady slopes in burnt soil. Similar results, where bacte-
rial community composition and richness were most
strongly correlated with soil pH across aspect-related
gradients, have been observed in alpine soil [49], but
they were rarely found in burnt soil.

CONCLUSIONS
The effects of fire, slope aspect, and recovery time

on soil bacterial diversity and community structure
were elucidated by determining soil properties and
bacterial communities of burned and adjacent non-
burned sites on sunny and shady slopes on Zhenshan
Mountain. Fire had a significant effect on soil physi-
cochemical properties and enzyme activity, whereas
an effect of slope aspect on soil properties was mainly
restricted to the non-burned area. Fire had little effect
on soil bacterial diversity but had a significant effect
on soil bacterial community structure, and the effect
varied with slope aspect and recovery time. It is note-
worthy that slope aspect drove variation in bacterial
communities between sunny and shady slopes in
burned areas by changing soil pH. These results sug-
gest that slope aspect should be considered in pre-
dicting the response of soil microbial communities to
fire. Further studies should increase the number of
samples to study the relationship between the bacte-
rial community and soil pH mediated by slope
aspect, providing a scientific basis for the restoration
of different slopes.
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