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Abstract: Wildfires and post-fire restoration methods significantly impact soil physicochemical prop-
erties and microbial characteristics in forest ecosystems. Understanding post-fire soil recovery and
the impacts of various post-fire restoration methods is essential for developing effective restoration
strategies. This study aimed to investigate how fire and soil depth influence soil physicochemical
properties, enzymatic activities, and the structure of microbial communities, as well as how these
factors change under different post-fire management practices. We sampled 0-10 cm (topsoil) and
10-20 cm (subsoil) in unburned plots, naturally restored plots, and two afforestation plots in southern
China. The results showed that fire reduced topsoil soil moisture, nutrient levels, and microbial
biomass. The variations in soil physicochemical properties significantly influenced microbial pro-
cesses. Soil bulk density, nitrate, ammonium, carbon-to-nitrogen ratio, and availability of nitrogen,
phosphorus, and potassium availability influenced soil enzyme activities. Soil pH, ammonium nitro-
gen, and the availability of nitrogen, phosphorus, and potassium were key factors shaping microbial
composition. Fire altered the soil microbial communities by reducing the availability of nitrogen.
Soil depth alleviated the impact of fire on the soil to some degree. Although artificial interventions
reduced soil organic carbon, total nitrogen, and phosphorus, planting nitrogen-fixing species, such as
Acacia mangium, promoted microbial recovery.

Keywords: wildfire effects; post-fire management; microbial activity; soil nutrients; phospholipid
fatty acids

1. Introduction

Among natural disturbances, wildfires are among the most disruptive to terrestrial
ecosystems, yet the ongoing trend of global warming has heightened the risk of fires in
humid tropical forests [1]. Fires severely affect land and forest biodiversity, resulting in
habitat loss and contributing to climate change, with broad ecological, economic, and
social consequences [2]. One of the most significant consequences of wildfires is soil
erosion, which can obstruct vegetation regrowth, degrade water quality, deplete soil carbon
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pools and nutrients in upland and riparian forests, and disrupt biogeochemical cycles [3].
Thus, developing effective post-disaster management strategies to mitigate these impacts
is critical.

Soil is an irreplaceable resource (from a human perspective) and one of the most valu-
able assets for sustaining life [4]. Fires expose large areas of soil to air and sunlight, altering
physical properties such as structure and humidity, which subsequently affect its chemical
and biological characteristics [5]. Consequently, the physicochemical and biological prop-
erties of forest soil degrade, reducing their capacity to support ecosystems [6]. Research
has documented how fire influences soil properties, including aggregate stability, texture,
and porosity [7,8]. Nonetheless, the effects on soil properties can vary; for example, while
some studies indicate that soil bulk density decreases after a fire [8], others have observed
an increase [9]. Intense fires lead to nutrient loss through combustion and a decline in soil
organic matter and total nitrogen [5]. Due to the uneven distribution of heat, the effects
of fire on soil properties are often spatially heterogeneous and primarily limited to the
upper several centimeters of soil [4]. The influences of fire on the properties and microbial
characteristics in soil may diminish with increasing soil depth. Fire primarily affects the top
layer of microorganisms, and studies have shown that fire only reduces dissolved organic
carbon in 0-10 cm soil [10,11]. Research on subtropical forests indicates that the effect of
fire on microbial biomass carbon largely depends on soil depth [12]. Therefore, studying
the impacts of fire on soil at different depths can provide deeper insights into fire dynamics.

Alterations in soil physicochemical properties affect microorganisms, which are es-
sential for maintaining soil function. Soil microbial biomass carbon and nitrogen directly
reflect the microbial activity [13]. Research indicates that wildfires, through heat stress
and organic matter combustion, drive microbial biomass reductions and nutrient loss in
subtropical forest soils [14]. Enzymes such as 3-glucosidase, N-acetyl-glucosaminidase,
and acid phosphatase mediate C, N, and P acquisition, while peroxidase drives organic
matter decomposition, underscoring the critical role of soil extracellular enzymes in biogeo-
chemical processes [15,16]. Substrate utilization and microbial composition significantly
influence enzyme activity, with hydrolytic enzymes declining after a fire [15]. Fire can
directly kill microorganisms by increasing soil temperature and potentially influencing
the size, composition, and recovery of microbial communities over a period [17,18]. The
severity of these effects is influenced by factors including fire intensity, duration, soil depth,
and host interactions [11,19]. Although bacteria and fungi vary in their fire resistance,
bacteria are typically more adaptable to soil conditions following a fire [20]. Factors such
as fire intensity and soil depth can significantly affect the direction and extent of microbial
changes [10,21]. Nevertheless, the specific mechanisms through which fire impinges upon
microbial communities and their functional capacities, such as enzyme activities, remain
poorly understood [22]. Additional exploration is required to clarify the interrelation-
ships between soil attributes and communities of microorganisms under various post-fire
restoration methods.

Post-fire restoration methods, including artificial restoration and human intervention,
also have an essential impact on ecosystem recovery. For instance, removing burned wood
and subsequent afforestation can impact soil and microbial recovery, potentially causing
more harm than the fire itself [23,24]. Charcoal formed during incomplete combustion can
enhance the water-holding ability of soils in subtropical regions [25]. The preference for tree
species for afforestation, such as those capable of nitrogen fixation, can accelerate ecological
restoration, improve soil properties, and promote microbial activity [26]. Although a great
deal of research has emphasized forest fires in northern and Mediterranean regions [18,27],
limited research has explored the impacts of subtropical wildfires and the efficacy of various
post-fire restoration practices in these regions.

This research explores how fire and post-fire restoration methods influence soil prop-
erties, enzymatic activities, and microbic community structure at various soil layers within
a subtropical forest. Specifically, we address three research questions: (1) What are the im-
pacts of fire and post-fire restoration methods on soil physicochemical properties, enzyme
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activities, and microbial community composition? (2) How do these impacts vary with soil
depth? (3) Through what pathways does fire affect microbial community structure? We
assume that fire causes a decrease in soil nutrients and microbial biomass and that these
impacts are moderated by soil depth. Additionally, we hypothesize that afforestation with
nitrogen-fixing species will promote faster microbial recovery. To test these hypotheses, we
employed structural equation modeling (SEM) to elucidate the immediate and subsequent
impacts of wildfire on microbial communities.

2. Materials and Methods
2.1. Study Area

This research was executed in a subtropical forest on Ling Yun Mountain in Guang-
dong Province, South China, to examine the impacts of wildfire and restoration methods
after fire on physicochemical properties and microbial characteristics in soil. A forest fire af-
fected the region from 5 December to 9 December 2019, burning a total area of 924.63 hectares.
The pre-fire vegetation was dominated by Pinus massoniana and Eucalyptus, with 93.2% of
the area being plantations. The climate of the study area is defined by monsoons, featur-
ing a precipitation peak from April to September and a drought period from October to
March. The yearly rainfall ranges from 1400 to 1956 mm, with an average temperature of
23 °C per year. The highest altitude of the region is 400 m above sea level, and the soil is
primarily laterite derived from granite rock [28].

To promote soil recovery, post-fire afforestation was implemented in March 2020.
The burned areas were cleared of debris, including branches, weeds, and other materials,
and native broadleaved tree species, mainly Acacia mangium and Michelia macclurei, were
planted. Four sites were selected for study: the unburned area (UF), the natural recovery
area (NRF), and two afforestation areas with different species (ARF1: Acacia mangium and
ARF2: Michelia macclurei). Each site consisted of three plots, totaling 12 plots overall, each
measuring 10 m x 10 m (Figure 1). The altitude, aspect, slope, and other details of the sites
are provided in Table S1.

Unburned site
/\ Burned sites

25°0'0"N
24°0'0"'N
23°0'0"'N
22°0'0"N
‘ y”A ‘ Guangdong, China
21°0'0""N
0 50 100km
110°0"0"E 112°0'0"E 114°0'0"E 116°0'0"E

Figure 1. Map showing the study area and the location of the sample site on Ling Yun.
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2.2. Soil Sampling and Chemical Analyses

Soil sampling was conducted in March 2022, 28 months after the fire. Within each
plot, five soil cores were placed along an S-shaped sample from two depths: 0-10 cm of
surface topsoil (0-10 cm) and 10-20 cm of deeper soil. A total of 120 subsamples were
obtained. Five subsamples from an identical depth within every plot were blended to
produce composite samples, which were promptly frozen in ice and delivered to the
laboratory. Before being analyzed, the soil composite samples were sifted via a 2 mm
mesh sieve.

The following methods were used to analyze the soil’s physiochemical properties:
bulk density, water retention, and porosity, which were quantified through the soaking
method with a cutting ring [29]. Soil water content (SWC) was measured after drying
soil samples in a 105 °C oven for a duration of 24 h. Soil pH was determined using
a Sartorius PB-10 m with a soil-to-water proportion of 1:2.5. Total nitrogen (TN) and
total phosphorus (TP) were assessed through the semi-micro Kjeldahl acid digestion tech-
nique [30] and molybdenum-antimony resistance colorimetric technique [31], respectively.
Soil organic carbon (SOC) was measured using combustion analysis on soil samples that
were air-dried [32]. Nitrate nitrogen (NO3;~-N) and ammonium nitrogen (NH*-N) were
quantified using copper cadmium reduction methods and indophenol blue colorimetry,
respectively [33,34]. For available nitrogen (AN), potassium (AK), and phosphorus (AVP),
AN was determined though the alkalosis diffusion approach (LY /T1229-1999), AK using
flame photometry (GB7856-87), and AVP was measured via the molybdenum phosphor-
blue colorimetric technique (GB7853-87).

2.3. Soil Microbial Biomass, Enzyme Activity and Microbial Characteristics Analyses

The chloroform fumigation—extraction technique was applied to measure microbial
biomass carbon (MBC) and nitrogen (MBN) with a correction factor of 0.45 [35]. En-
zyme activities included the N-acetyl-glucosaminidase (NAG) activity, which was mea-
sured following Deng and Popova [36]; -glucosidase (BG) activity was estimated fol-
lowing Eivazi and Tabatabai [37]; and peroxidase (POD) activity was quantified with
L-3,4-dihydroxyphenylalanine as a substrate [38]. Acid phosphatase (AP) was quantified
following Tabatabai and Bremner [39].

Microbial communities were characterized via the phospholipid fatty acid (PLFA)
technique [40]. In summary, 8 g of soil samples was freeze-dried and extracted using a
chloroform-methanol-phosphate mixed buffer solution at a ratio of 1:2:8. The obtained
lipids were separated into neutral, glycolipid, and polar lipids utilizing a silicic acid column
with sequential elution using chloroform, acetone, and methanol. Total microbial biomass
was determined based on the 66 different PLFAs detected in the samples. The PLFAs specific
to different microbial groups were used to indicate general bacteria (GB), Gram-positive
bacteria (G+), Gram-negative bacteria (G—), actinomycetes, general fungi (GF), arbuscular
mycorrhizal fungi (AMF), and protozoa [41-44]. The calculation of the Shannon-Wiener
diversity index (H) was performed [45].

2.4. Statistical Analyses

For each response variable (e.g., soil moisture, bulk density, enzyme activities), a
one-way ANOVA was conducted to evaluate differences among plot types at each depth.
Duncan’s post hoc test was applied when significant results were obtained from ANOVA
(p < 0.05). ANOVA was chosen for its robustness in comparing multiple groups and
detecting differences in means. Levene’s test was used to assess homogeneity of variance.
Variables such as soil ammonia nitrogen, total nitrogen, carbon-to-nitrogen ratio, and acid
phosphatase exhibited heterogeneity, as did nitrate nitrogen and total PLFAs in the surface
soil, as well as organic carbon and available nitrogen in the deep soil. Welch’s test was
performed for these cases, followed by Tamhane’s T2 post hoc test (p < 0.05). Similarly, the
differences across various soil depths were also evaluated.
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The Bray—Curtis dissimilarity metric was used to assess variation in microbial com-
munity composition among the four sites, with the results visualized using principal
coordinate analysis (PCoA) implemented through the “ade4” package in R 4.3.2. Per-
mutational multivariate analysis of variance (PERMANOVA) was applied to perform a
quantitative evaluation of the joint impacts of wildfire and post-fire restoration methods on
microbial community composition. Redundancy analysis (RDA) was conducted to reveal
how environmental variables affect microbial communities. Structural equation modeling
was employed to investigate the direct immediate and indirect subsequent impacts of fire
on microorganisms and soil properties. All initial paths in the theoretical model were
included, and insignificant paths were removed using d-separation criteria, and estimate
indirect and total effects through the SEMEFF package [46].

3. Results
3.1. Impacts of Fire, Soil Depth, and Post-Fire Restoration Methods on Soil Physiochemical Properties

Post-fire restoration methods significantly affected most soil physical properties, ex-
cept for bulk density (BD) (Table 1). Soil water content (SWC) and field water content
(FWC) were higher in the unburned plots versus other plots. Nonetheless, no statistically
significant difference was found in SWC and FWC between the UF and NRF, while both
were significantly different from the afforestation plots (ARF1 and ARF2). There were
no significant variations detected within the two afforestation plots for SWC, FWC, and
capillary porosity. Fire tends to increase BD, but no significant variations in BD were found
between the different post-fire restoration sites. After the fire, the reduction in SWC, FWC,
and capillary porosity was less pronounced in the subsurface layer (10-20 cm) than in the
topsoil layer (0-10 cm).

Table 1. Soil physical properties at different depths under different sites. Data reported are average + SE;
SE indicates the standard error derived from 3 replicate measurements. Varied lowercase letters
reflect significant variations in sites (p < 0.05); there was no significant difference with the same letter.
SWC: soil water content; FWC: field water content; CP: capillary porosity; BD: bulk density; UF:
unburned forest; NRF: burned but naturally regenerating forest; ARF1: burned but afforestation
restored with Acacia mangium; ARF2: burned but afforestation restored with Michelia macclurei.

Depth Sites p

(cm) UF NRF ARF1 ARF2 Depth

SWC (%) 0-10 1685+ 032a 15674+ 021a  10.87+1.17b 1201 +1.26b
10-20 1591+ 056a 1598+ 0.13a  11.41+0.82b 13.8 £ 0.7 ab 0.700

FWC (%) 0-10 20.04+135a  1753+072a  1142+1.04b 1224 +067b
10-20 17.74+0.75a 1615+ 035a  12.34+0.09b  11.94+155b 0.611

CP (%) 0-10 3995+ 053a  3938+073ab 3134+ 115¢ 3517+ 151bc
10-20 3747 +142a  3743+10la 3199+129ab  30.88+155b 0.234

BD (g cm~3) 0-10 1.19 + 0.01 1.31 £ 0.07 1.41 £ 0.05 1.48 + 0.03

10-20 1.18 + 0.01 1.47 + 0.04 1.37 £ 0.07 1.44 + 0.01 0.787

Soil chemical properties varied significantly with fire and post-fire restoration methods
(Table 2). Fire tends to increase soil pH, with no significant variations noted between post-
fire restoration sites. Fire significantly reduced the contents of total phosphorus, available
phosphorus, and available potassium in the surface soil. It also reduced the contents of soil
organic carbon, total nitrogen, and available nitrogen, especially in the 0-10 cm of topsoil.
Soil organic carbon and total nitrogen in the 10-20 cm of deeper soil were less affected by
wildfire. Total nitrogen, phosphorus, and available nitrogen levels were significantly high
in the NRF than the afforestation plots, yet no significant change was detected between the
two afforestation strategies. Notably, NO3~-N levels were highest in ARF2 plots. Overall,
nutrient levels (SOC, TN, TP, AN, AK, AVP, NO3;~-N, NH;*-N) were lower in deeper
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soil across all sites, and the impacts of fire on deeper soil chemistry properties were less
pronounced compared with topsoil (Table 2).

Table 2. Soil chemical features at various depths under different sites. Data reported are average + SE;
SE indicates the standard error derived from 3 replicate measurements. Varied lowercase letters reflect
significant variations in sites (p < 0.05); there was no significant difference with the same letter. SOC:
soil organic carbon; TN: total nitrogen; TP: total phosphorus; NH,*-N: ammonium nitrogen; NO3 ~-N:
nitrate nitrogen; AN: available nitrogen; AVP: available phosphorus; AK: available potassium; UF:
unburned forest; NRF: burned but naturally regenerating forest; ARF1: burned but afforestation
restored with Acacia mangium; ARF2: burned but afforestation restored with Michelia macclurei.

Depth Sites P
(cm) UF NRF ARF1 ARF2 Depth
pH 0-10 4.26 +0.03 4.37 +0.05 44 40.01 4.36 + 0.04
10-20 4.26 + 0.03 4.34 +0.05 4.4140.01 4.35 + 0.04 0.947
SOC 0-10 2596 +3.44 a 191+077ab 1118 +331b 9.61+09b
(gkg™h 10-20 15.16 +2.82a 11.83+09a 7.05+ 037 a 7.06 + 0.44 a 0.031
N 0-10 2.51 +0.27 ab 2244 0.08a 1.8 +0.15ab 1.47 £ 0.06 b
(gkg™h) 10-20 155+ 0.28a 1.66 +0.03 a 12+0.07a 1.38 +£0.08a 0.004
TP 0-10 0.6 +0.02a 0.28 +0.02b 0.18 +0.01 ¢ 0.15+0.01 ¢
(gkg™ 1 10-20 0.53 4+ 0.02a 0.25+0.02b 0.16 4+ 0.01 ¢ 0.15+0.01 ¢ 0.694
C/N 0-10 10.25 + 0.31 8.54 + 0.28 6.05 + 1.51 6.52 + 0.5
10-20 9.79 4 0.67 7.16 + 0.65 5.89 4 0.10 5.13 +0.18 0.349
N/P 0-10 422 4+053b 813+ 0744 9.98 + 037 a 10.11+0.83a
10-20 3+0.64c 6.71 +0.53b 7.36 +0.38 b 9.42+021a 0.185
NH*-N 0-10 5114 0.59 2.52 +0.22 2.74 4025 2.39 4+ 0.08
(mg kg~ 1) 10-20 3.06 + 0.23 2.14 4+ 0.07 2.38 +0.23 2.48 + 0.03 0.117
NO; ~-N 0-10 14+0.08a 0.86 +0.07 a 178+ 029 a 0.86 + 0.04 a
(mg kg~ 1) 10-20 0.62 4+ 0.04 b 0.68 + 0.02 b 1.06 £0.13 a 051+ 0.06 b 0.019
AN 0-10 155.9 + 8.29 ab 12442 4+3.06a  79.76 +9.24b 67.25+5.6b
(mg kg~ 1) 10-20 104.84 + 1035ab 9899 +294a 5047 +2.08b  4285+294b 0.034
AVP 0-10 2211+225a 9.37 +1.02b 119 +£1.55b 8.47 4+ 0.32b
(mg kg~ 1) 10-20 1214+ 124a 6.57 + 0.7b 8.3540.71b 449 +0.96 b 0.024
AK 0-10 5.56 + 0.41 a 3.31+0.32b 3.88 +0.19b 3.71+034b
(mg kg~ 1) 10-20 414+044a 3214+039a 29240.11a 3354+ 025a 0.074

3.2. Impacts of Fire, Soil Depth, and Post-Fire Restoration Methods on Soil Microbial Characteristics

Fire significantly diminished the content of microbial biomass carbon and nitrogen
(MBC, MBN) in the topsoil (Figure 2). Recovery of MBC in ARF1 was significantly better
than in NRF and ARF2 in the shallower soil, while post-fire restoration methods did not
significantly affect MBC recovery in deeper soil (Figure 2a). MBN in topsoil was notably
lower in post-fire plots than unburned plots (Figure 2b), and the content of MBC and
MBN were higher in ARF1 plots in comparison with other post-fire plots. Fire had varying
impacts on soil enzyme activities (Figure 3). The content of AP was higher in burned
plots compared with unburned plots (Figure 3a), while the content of BG was higher in
unburned plots (Figure 3b); however, the variation between AP and BG did not reach
statistical significance. The content of NAG and POD decreased after the fire. NAG activity
in ARF2 was significantly lower than in other plots (Figure 3c), although there was an
absence of a significant difference in POD activity among different post-fire restoration
methods (Figure 3d). Topsoil exhibited higher enzyme activity and microbial biomass than
deeper soil. Generally, the average enzyme activity (AP, NAG, and POD) was higher in
ARF1 plots in comparison to other post-fire plots.
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Figure 2. The content of microbial biomass carbon (MBC) (a) and nitrogen (MBN) (b) for unburned
forest (UF), burned but naturally regenerating forest (NRF), and burned but afforestation restored
with Acacia mangium (ARF1) and Michelia macclurei (ARF2) in different soil depths (M =+ SE, n = 3).
Varied lowercase letters reflect significant variations in sites (p < 0.05); there was no significant
difference with the same letter. Significant differences between soil depth (p < 0.05) have been marked

in the figure.
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Figure 3. Microbial enzyme activity of acid phosphate (AP), 3-glucosidase (BG), N-acetyl-glucosidase
(NAG), and peroxidase (POD) (panels a-d, respectively) (M =+ SE, n = 3). Varied lowercase letters
reflect significant variations in sites (p < 0.05); there was no significant difference with the same
letter. Unburned forest (UF); burned but naturally regenerating forest (NRF); burned but afforestation
restored with Acacia mangium (ARF1) and Michelia macclurei (ARF2). Significant differences between
soil depth (p < 0.05) have been marked in the figure.

The average content of general bacteria, Gram-positive bacteria, Gram-negative bacte-
ria, actinomycetes, and arbuscular mycorrhizal fungi PLFAs was lower in post-fire sites
than unburned sites, while the highest content of general fungal and protozoa PLFAs was
observed in NRF site (Table S2). The relative abundance of Gram-positive bacteria was the
highest among the detected microorganisms, while fungi had a lower relative abundance
(Figure 4). Fire reduced the proportion of AMF among the microbial community but increased
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the ratios of actinomycetes and other microorganisms (Figure 4). The total phospholipid fatty
acids (PLFAs) in the soil ranged from 8 to 33.66 nmol g~ ! (Figure 5a). ARF1 plots had higher
average total PLFAs (14.34 nmol-g~!) than NRF plots (13.38 nmol-g~!), with lower PLFA
levels in post-fire plots compared with unburned plots (Figure 5a). The Shannon-Wiener
diversity index revealed significant differences in microbial diversity across different sites,
with fire causing a general decline in diversity (Figure 5b). The fungi-to-bacteria ratio (F/B)
tended to increase after the fire in most plots, except ARF2, though a significant increase was
observed only in NRF (Figure 5c). The Gram-positive bacteria to Gram-negative bacteria
ratio was higher in post-fire sites (Figure 5d). The Gram-positive bacteria to Gram-negative
bacteria ratio was notably greater in ARF2 plots compared with other plots, while F/B was
greater in NRF plots than in the afforestation area. PLFA content for various microbial
groups decreased with soil depth, and the shift in microbial community composition was
more pronounced in topsoil in comparison with the deeper soil (Table S2).

0-10cm 10-20cm

[ [T
I
[
I
| [Tl
[ ]
I

B
(=)
|

Relative PLFA(%)
3
1
|

20

0
UF NRF ARF1 ARF2 UF NRF ARFl ARF2

s [ 6+ G- A ] 6F ] AMF [ P [ others

Figure 4. Relative content of soil microbial phospholipid fatty acids (PLFAs). G+: Gram-positive
bacteria; G—: Gram-negative bacteria; A: Actinobacteria; AMF: arbuscular mycorrhizal fungi;
P: protozoa; GF: general fungi, which are fungi other than AMF; GB: general bacteria, which are
bacteria except for G+, G—, and A; others: other microbes. Unburned forest (UF); burned but natu-
rally regenerating forest (NRF); burned but afforestation restored with Acacia mangium (ARF1) and
Michelia macclurei (ARF2).
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Figure 5. Total PLFAs (a), Shannon-Wiener diversity index (H, b), the ratio of Gram-positive bacteria
to Gram-negative bacteria (G+/G—, ¢), and fungi to bacteria (F/B, d) (M £ SE, n = 3). Varied
lowercase letters reflect significant variations in sites (p < 0.05); there was no significant difference
with the same letter. Unburned forest (UF); burned but naturally regenerating forest (NRF); burned
but afforestation restored with Acacia mangium (ARF1) and Michelia macclurei (ARF2). Significant
differences between soil depth (p < 0.05) have been marked in the figure.

3.3. Correlations of Soil Enzyme Activity and Microbial Community Composition with Soil
Physicochemical Properties

PCoA revealed a marked distinction within the microbial community arrangement
space (Figure 6). The primary and secondary axes explained 43.22% and 30.83% of the
variance, respectively. PERMANOVA indicated significant dissimilarities in microbial
community structure across different sites (> = 0.48; p = 0.001) (Table S3). Fire significantly
altered the microbial community composition, with differences observed between natural
recovery and the afforestation plots (Table S3).

(30.83%)
-

PCoA2
5

Depth

® 0-10cm

A 10-20cm

Restoration
ARF1

M ARF2
NRF

M UF

-15 -5.0 -25 0.0 25 5.0
PCoAT1 (43.22%)

Figure 6. Principal coordinate analysis (PCoA) plots demonstrating microbial community composi-
tion. Sites are depicted using various colors, and soil depths are represented by shapes. Confidence
ellipses at the 95% level were outlined for each site. Unburned forest (UF); burned but naturally
regenerating forest (NRF); burned but afforestation restored with Acacia mangium (ARF1) and Michelia
macclurei (ARF2).
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Redundancy analysis (RDA) identified several soil properties that significantly influ-
enced microbial activity and community composition. The primary and secondary axes
elucidated 53.35% and 8.6% of the variability in microbial activity, and 67.77% of the total
difference in microbial composition (Figure 7). Key soil physicochemical properties affect-
ing microbial activities included bulk density (BD), nitrate nitrogen (NO3 ~-N), ammonia
nitrogen (NH;*-N), carbon nitrogen ratio (C/N), available nitrogen (AN), available phos-
phorus (AVP), and available potassium (AN) (Table S4). Variations in microbial community
composition demonstrated a significant association related to soil pH, NH4*-N, AK, AVP,
and AN (p < 0.05) (Table S5). 3-glucosidase, N-acetyl-glucosidase, peroxidase, microbial
biomass carbon (MBC), and microbial biomass nitrogen (MBN) were positively associated
with soil AN, AVP, AK, NH,*-N, C/N, and SWC, and negatively associated with BD. In
contrast, acid phosphate activity positively correlated with soil pH (Figure 7a, Table S4).
Soil AVP, AN, and AK positively influenced total PLFAs and the PLFAs of diverse groups,
while pH generally had a negative influence, except on protozoa (Figure 7b). Correlation
analysis supported these findings (Figure S1), and a positive correlation was found between
enzyme activity and the contents of MBC and MBN (Figure S1). The enzyme activity was
positively correlated with the content of PLFAs in each group (Figure S2).

0.3 4 b AK
AVP
BD
A0.5 ~ 0.0+
PSS X
< &
e o
o 0.3
500 5
~ o
-0.6
-0.5 . POD : . F/B
—0.5 0.0 0.5 -0.5 0.0 0.5
RDAI1 (53.33%) RDAI (55.77%)

Figure 7. The association between microbial activity (a) community composition (b) and soil physic-
ochemical properties based on redundancy analysis (RDA). Blue arrows indicate soil characteris-
tics and red arrows indicate microbial activity /microbial community. AK: available potassium;
AN available nitrogen; AVP: available phosphorus; BD: bulk density; NO: NO3 ~-N; NH: NH4*-N;
CN: C N ratio; SWC: soil water content; T: total PLFAs; MBC: microbial biomass carbon; MBN:
microbial biomass nitrogen; AP: acid phosphate; BG: 3-glucosidase; NAG: N-acetyl-glucosidase;
POD: peroxidase; G+: Gram-positive bacteria; G—: Gram-negative bacteria; A: Actinobacteria; AMF:
arbuscular mycorrhizal fungi; P: protozoa; GF: general fungi, which are fungi other than AMF; GB:
general bacteria, which are bacteria except for G+, G—, and A; others: other microbes. Unburned
forest (UF); burned but naturally regenerating forest (NRF); burned but afforestation restored with
Acacia mangium (ARF1) and Michelia macclurei (ARF2).

SEM explained 61%, 37%, and 96% of the changes in microbial diversity, bacterial
PLFA, and fungal PLFA content, separately. Fire exerted a direct positive relationship
with bulk density while negatively affecting available nitrogen (Figure 8). Indirectly, fire
adversely affected microbial diversity, bacterial PLFA content, and fungal PLFA content
through its influence on the soil’s available nitrogen. The soil’s available nitrogen had both
direct and indirect positive impacts on fungal PLFA content (Table S6).
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2=0. R?=0.96
R*=0.54 _0.16**

R?=0.61

R?=0.37

Bacteria

Figure 8. Structural equation models examining the relationships between fire, soil physicochemical
properties, and the microbial community (X% =11.53, p = 0.173, df = 8). The numbers associated
with the arrows signify standardized path coefficients. Black and red arrows represent positive
and negative effects, respectively. R? values indicate the percentage of variance accounted for by
each endogenous variable. ** p < 0.01 and *** p < 0.001. AN: available nitrogen; BD: bulk density;
H: Shannon-Wiener diversity index.

4. Discussion
4.1. Effects of Fire on Soil Physical and Chemical Properties

Our findings confirm that wildfires significantly alter soil physicochemical properties,
particularly in the topsoil. Soil water content and field capacity decreased after the fire,
primarily due to the loss of organic matter, soil structure damage, and increased evapora-
tion, which collectively reduced soil moisture. High temperatures caused soil structure
damage to the soil, with ash clogging pore spaces, resulting in reduced capillary porosity
and an increase in bulk density [47,48]. The elevation in soil pH, attributed to ash deposi-
tion, the loss and denaturation of organic acids, and mineral transformation, supports our
hypothesis that fire directly affects soil chemical properties [6].

The observed reductions in the content of soil organic carbon (SOC) and total nitrogen
(TN) are consistent with findings that wildfires volatilize organic matter, leading to signifi-
cant nutrient loss [49]. While previous studies have reported increased soil phosphorus
levels after fires [50], we found a decrease, suggesting that phosphorus volatilization may
occur at high temperatures, depending on soil characteristics [51]. Additionally, reduc-
tions in SOC have been linked to changes in microbial composition and population size,
increased carbon mineralization rates due to elevated pH, and carbon dissolution following
fire events [52]. Nitrogen loss may also result from the release of N into the atmosphere
as nitrous oxides, increased uptake and leaching associated with post-fire plant growth,
and ash erosion [50,53]. Furthermore, the increased nitrate levels observed in plots with
Acacia mangium underscore the role of nitrogen-fixing species in influencing soil nitrogen
availability during early recovery. These species can convert atmospheric nitrogen, thereby
contributing to the soil nitrogen cycle [54].

4.2. Effects of Fire on Soil Enzymatic Activities and the Structural of Microbial Communities

Fire significantly diminished the content of microbial biomass carbon and nitrogen
(MBC, MBN), particularly in surface soils (0-10 cm), supporting our hypothesis that fire
adversely affects microbial biomass. Variation in soil organic carbon (SOC), total nitrogen
(TN), and MBC, MBN was positively associated, and microbial activity depended strongly
on substrate availability [55], indicating that fire indirectly affects microbial biomass by
altering soil carbon and nitrogen. This reduction in MBC and MBN is likely a result of the
direct thermal destruction of microbial cells and the removal of carbon and nitrogen sources
essential for microbial growth [56]. Changes in soil enzyme activities after the fire further
support the idea that soil enzymes are highly sensitive to fire-induced variation in the soil
environment [16,57]. Interestingly, we observed a differential response among soil enzymes:
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while phosphatase activity increased after the fire, reflecting potential microbial adaptation
to phosphorus scarcity, 3-glucosidase activity declined across all plots, possibly due to
a decrease in labile carbon substrates [58,59]. Furthermore, soil available P is positively
correlated with the activity of the N-acquiring enzyme (NAG) in the soil, suggesting that
the availability of phosphorus can trigger the increase in the augmentation of nitrogen
nutrient effectiveness [60]. A reduction in SOC and TN would impede the growth and
activity of microorganisms [13,61]. The reduction in soil MBC and MBN resulting from
the fires directly reflected the decline in soil microbial activity. Soil enzymes are primarily
derived from microorganisms [13]. It can thus be surmised that the reduced soil carbon and
nitrogen levels observed in the fire sample may be a contributing factor to the observed
decline in extracellular enzyme activity. Moya et al. [62] have previously reported that while
the poor nutrient availability and reduction in the carbon mineralization rate following
fires may delay the recovery of microbial activity, the collection of soil carbon and nitrogen
stocks during the succession process may lead to an increase in enzyme activity.

Our study revealed discernible alterations in the structure of the soil microbial com-
munity in the aftermath of a fire, showing that the overall PLFAs, bacterial, and fungal
contents all decreased after fire. Moreover, soil microbial diversity decreased after fire, and
the reduction in microbial abundance and diversity could have caused a deterioration of
ecosystem function [63]. Bacterial and fungal declines differed, except for a rise in fungal
content and a drop in bacterial content in the NRF plots, resulting in a post-fire change
in the proportion of fungi to bacteria in the plots. The increase in fungi (especially AMF)
in the NRF may have been due to P limitation, mycorrhizal fungi being more abundant
in sites more limited by soil nutrients, fire-induced substrate changes, and competitor
mortality, which can stimulate positive fungal responses [64,65]. When contrasted with
Gram-negative bacteria, Gram-positive bacteria feature a cell wall that is markedly thicker
and stronger [66], which enables them to better survive in resource-limited environments
and withstand environmental stresses. This might account for the elevation of the ratio of
Gram-positive bacteria to Gram-negative bacteria in shallow soil post-fire. The higher rela-
tive abundance of actinomycetes in post-fire plots may be related to the fact that the spores
they formed were highly resistant to fire [67]. Principal coordinate analysis (PCoA) indi-
cated distinct changes in microbial community composition under different management
strategies. The results indicate that soil pH and the nutrient accessibility in the soil exert
a considerable influence on soil microbial structure, which is in agreement with previous
research that soil microbes are linked to variation in available nitrogen, and the sustained
reduction in microbial activity may result from the loss of carbon—nitrogen binding after
the fire [68]. Fire directly and indirectly drives changes in soil bacteria and fungi through
environmental factors. SEM further revealed that the effect of fire on the content of bacteria
and fungi and the Shannon-Wiener diversity index is mainly through available nitrogen.
Studies have shown that variations in the structure of bacterial and fungal communities
are associated with alterations in nitrogen pools [69]. Increasing nitrogen availability can
support the expansion and reproduction of microbial communities, enhancing microbial
biomass, and affect fungal diversity. Available nitrogen may be a key factor affecting
microbial metabolic potential and functional genes [70,71]. Increased soil bulk density by
fire negatively affected the PLFA concentration in fungi, with reports indicating that soil
bulk density contributed to the reduction in the PLFA concentration in bacteria, fungi, and
overall microorganisms [72].

4.3. Implications for Depth

Whether it is the increase in pH after fire or the decrease in soil nutrients (SOC, TN,
TP, etc.), the changes in deep soil were smaller than those in shallow soil, indicating that
the impact of fire decreases with increasing depth. Although the overall soil PLFAs content
decreased by 21.14% on average, the decrease was lower than that in the topsoil layer
(53.66% on average). Microorganisms were usually more affected in the topsoil because the
temperature was usually greater in the topsoil. Fire experiments showed that the soil depth
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difference was 5 cm, and the temperature difference could be more than 100 °C [73]. Soil
nutrients decrease with soil depth. Similarly, soil enzyme activity and microbial content
also decrease as soil depth increases, which is connected to the decline of soil organic matter
and nutrients. Wu et al. [61] believe that their reduction will inhibit the development of
microorganisms and change soil enzyme activity. The results illustrated that the effect of
fire on soil diminished with an increase in soil depth. A fire study about Pinus tabulaeformis
forests in North China showed that organic matter moderated the arrangement of microbial
communities with increasing depth. Fire not only directly affected the microbial community
in the topsoil but also affected the deeper soil over an extended period [10].

4.4. Implications for Post-Fire Management Strategies

Our results highlight important implications for post-fire restoration methods in
subtropical forests. The microbial biomass and microbial activity in the Acacia mangium
plantation plots recovered better than other post-fire plots, consistent with the research
results of Acacia mangium in Eucalyptus plantation. Acacia mangium is an N fixing species,
which can increase MBC, regulate soil microbial characteristics, and increase the concen-
tration of C and N in soil active components [74]. Therefore, the total PLFAs and F/B
in ARF1 plots are closer to those of the unburned sample plot, indicating that planting
Acacia mangium is conducive to the post-fire recovery of soil microorganisms. However, our
findings also caution against immediate after-fire practices, including timber harvesting
and site preparation, which can degrade soil properties by reducing moisture and nutrient
availability and disturbing soil structure [23]. Prior research has shown that harvesting
increases soil community diversity [75]. However, this study found the microbial diversity
in the natural recovery plots showed no significant difference to that in the ARF1 plots,
demonstrating that the impacts of soil compaction and harvesting on microbial diversity
could be offset by cultivating Acacia mangium to a certain extent. To optimize ecosystem
recovery, we recommend delaying interventions until natural vegetation begins to recover,
typically 1 or 2 years after the fire [10,76]. During this period, strategies should focus on
enhancing structural complexity at the forest floor, retaining deadwood to protect soil and
improve nutrient availability, and minimizing soil compaction to promote microbial and
soil health [10,77]. In the long-term, post-fire restoration strategies for subtropical China
should focus on the restoration of vegetation and consider the use of nitrogen-fixing trees
in artificial reforestation efforts, such as Acacia mangium.

While our study provides ponderable insights into the effects of fire and post-fire
restoration methods on soil and microbial dynamics, additional research is required to
comprehend the long-term effects of various restoration methods across varied subtropical
ecosystems. Further research ought to explore the interactive impacts of fire severity, soil
depth, and management interventions on microbial functional traits and their roles in
ecosystem functions, providing a more comprehensive understanding of soil resilience and
recovery after fire.

5. Conclusions

Our findings demonstrate that wildfires significantly alter soil physicochemical prop-
erties and microbial community composition, with impacts varying by soil depth and
post-fire restoration methods. We found that fire reduced soil nutrients (SOC, TN, AN),
leading to declines in microbial biomass carbon and nitrogen, NAG, POD activities, and
the content of microbial groups (PLFAs). Key factors influencing microbial community
structure included soil pH and the availability of nitrogen, phosphorus, and potassium.
Fire indirectly affected soil microbial composition by altering soil physical properties and
nitrogen availability. Soil depth mitigates the effect of fire on soil, as nutrients, microbial
activities, and microbial content decline with increasing depth. Our findings highlight the
importance of selecting appropriate post-fire restoration methods to promote ecosystem
recovery. While interventions like logging exacerbate soil degradation, afforestation with
nitrogen-fixing species, such as Acacia mangium, enhances microbial recovery. We strongly
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recommend prioritizing nitrogen-fixing species in post-fire landscapes and delaying inter-
ventions until natural vegetation recovery is evident, to optimize soil health and enhance
ecosystem resilience. However, this study focused solely on the early recovery stages of
soil properties, leaving long-term trends uncertain. Future research should explore the
interactive effects and underlying mechanisms of fire severity, soil depth, and management
interventions on microbial functional traits and their contributions to ecosystem functions.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/fire7120474/s1, Figure S1: Heat map of Spearman cor-
relation coefficients for measures of microbial activity and microbial composition vs. soil properties
associated with the UF, NRF, ARF1, and ARF?2 sites; Figure S2: Heat map of Spearman correlation
coefficients for microbial activity vs. microbial composition measures with the UF, NRF, ARF1, and
AREF?2 sites; Table S1: General description of the control and burned sites; Table S2: Changes in PLFAs
content of various microbial groups in sites with fire and post-fire management in different soil
layers; Table S3: Significance analysis of fire and post-fire management on soil microbial community
composition; Table S4: Permutation test for redundancy analysis (RDA) for microbial activity under
the final model; Table S5: Permutation test for redundancy analysis (RDA) for microbial community
composition under the final model; Table S6: Indirect and total effects from structural equation
models exploring the interactions between fire, fungal content, soil properties, Shannon-Wiener
diversity index and bacterial content.

Author Contributions: H.Z.: Conceptualization, Formal analysis, Methodology, Software, Visualiza-
tion, Writing—original draft. M.Y.: Formal analysis, Investigation, Methodology, Writing—review
and editing. X.L.: Investigation. Z.Y.: Investigation. L.W.: Investigation. S.L.: Investigation, Re-
sources. Q.Z.: Investigation, Resources. M.L.: Investigation. J.O.: Investigation. S.X.: Investigation.
Y.Q.: Supervision. Y.L.: Funding acquisition, Project administration, Supervision. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant
No. 31961143023), the National Key Research and Development Program of China [Grant No.
2021YFF0703905] and the Science and Technology Program of Guangdong (No. 202481212080005).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data will be available from the corresponding author on request.

Acknowledgments: We express our gratitude to the Gaoming branch of the Foshan Natural Resources
Bureau and the Forestry Science Research Institute of Gaoming District for their invaluable assistance
in the field work.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Taufik, M.; Torfs, PJ.J.E; Uijlenhoet, R.; Jones, P.D.; Murdiyarso, D.; Van Lanen, H.A.J. Amplification of wildfire area burnt by
hydrological drought in the humid tropics. Nat. Clim. Chang. 2017, 7, 428-431. [CrossRef]

2. Gajendiran, K;; Kandasamy, S.; Narayanan, M. Influences of wildfire on the forest ecosystem and climate change: A comprehensive
study. Environ. Res. 2024, 240, 117537. [CrossRef]

3. Vieira, D.C.S,; Borrelli, P,; Jahanianfard, D.; Benali, A.; Scarpa, S.; Panagos, P. Wildfires in Europe: Burned soils require attention.
Environ. Res. 2023, 217, 114936. [CrossRef]

4.  Santin, C.; Doerr, S.H. Fire effects on soils: The human dimension. Philos. Trans. R. Soc. B 2016, 371, 20150171. [CrossRef]
[PubMed]

5. Agbeshie, A A.; Abugre, S.; Atta-Darkwa, T.; Awuah, R. A review of the effects of forest fire on soil properties. J. For. Res. 2022, 33,
1419-1441. [CrossRef]

6.  Roshan, A.; Biswas, A. Fire-induced geochemical changes in soil: Implication for the element cycling. Sci. Total Environ. 2023, 868,
161714. [CrossRef] [PubMed]

7. Thomaz, E.L. Effects of fire on the aggregate stability of clayey soils: A meta-analysis. Earth-Sci. Rev. 2021, 221, 7. [CrossRef]

8.  Ibitoye, R.G,; Tijani, FO.; Adeboye, O.B.; Akinde, B.P.; Oyedele, D.]. Prescribed fire and grass mulch impact on selected soil

properties and amelioration potentials of amendments under an agricultural field in Ile-Ife, Nigeria. Soil Tillage Res. 2024, 244,
106249. [CrossRef]


https://www.mdpi.com/article/10.3390/fire7120474/s1
https://doi.org/10.1038/nclimate3280
https://doi.org/10.1016/j.envres.2023.117537
https://doi.org/10.1016/j.envres.2022.114936
https://doi.org/10.1098/rstb.2015.0171
https://www.ncbi.nlm.nih.gov/pubmed/27216528
https://doi.org/10.1007/s11676-022-01475-4
https://doi.org/10.1016/j.scitotenv.2023.161714
https://www.ncbi.nlm.nih.gov/pubmed/36682541
https://doi.org/10.1016/j.earscirev.2021.103802
https://doi.org/10.1016/j.still.2024.106249

Fire 2024, 7, 474 15 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Arunrat, N.; Sereenonchai, S.; Hatano, R. Effects of fire on soil organic carbon, soil total nitrogen, and soil properties under
rotational shifting cultivation in northern Thailand. J. Environ. Manag. 2022, 302, 113978. [CrossRef]

Qin, Q.Q.; Liu, Y.H. Changes in microbial communities at different soil depths through the first rainy season following severe
wildfire in North China artificial forest. . Environ. Manag. 2021, 280, 111865. [CrossRef] [PubMed]

Xu, S.; Eisenhauer, N.; Pellegrini, A.F.A.; Wang, J.; Certini, G.; Guerra, C.A.; Lai, D.Y.F. Fire frequency and type regulate the
response of soil carbon cycling and storage to fire across soil depths and ecosystems: A meta-analysis. Sci. Total Environ. 2022,
825, 153921. [CrossRef]

Zhou, J.; Wang, L.L.; Chen, H.; Marod, D.; Wu, ].P. Effect of fire on microbial necromass carbon content is regulated by soil depth,
time since fire, and plant litter input in subtropical forests. Plant Soil. 2024. [CrossRef]

Cui, J.; Holden, N.M. The relationship between soil microbial activity and microbial biomass, soil structure and grassland
management. Soil Tillage Res. 2015, 146, 32-38. [CrossRef]

Shi, Z.Y.; Chen, Y.R.; Li, A.G.; Wang, C.; Hu, M.].; Liu, W.X. Taxonomic turnover dominates changes in soil microbial communities
and functions in response to wildfire in subtropical forest. Appl. Soil Ecol. 2024, 202, 105572. [CrossRef]

Hu, M.J.,; Wang, ].L.; Lu, L.L,; Shao, P.S.; Zhou, Z.X.; Wang, D.; Han, S.J.; Osborne, B.; Chen, J. Post-fire soil extracellular enzyme
activities in subtropical-warm temperate climate transitional forests. Land Degrad. Dev. 2023, 34, 1973-1983. [CrossRef]
Paz-Ferreiro, J.; Fu, S.L. Biological Indices for Soil Quality Evaluation: Perspectives and Limitations. Land Degrad. Dev. 2016, 27,
14-25. [CrossRef]

Certini, G.; Moya, D.; Lucas-Borja, M.E.; Mastrolonardo, G. The impact of fire on soil-dwelling biota: A review. For. Ecol. Manag.
2021, 488, 118989. [CrossRef]

Huerta, S.; Marcos, E.; Fernandez-Garcia, V.; Calvo, L. Short-term effects of burn severity on ecosystem multifunctionality in the
northwest Iberian Peninsula. Sci. Total Environ. 2022, 844, 157193. [CrossRef]

Metz, M.R,; Frangioso, K.M.; Meentemeyer, R.K.; Rizzo, D.M. Interacting disturbances: Wildfire severity affected by stage of
forest disease invasion. Ecol. Appl. 2011, 21, 313-320. [CrossRef]

Ammitzboll, H.; Jordan, G.J.; Baker, S.C.; Freeman, J.; Bissett, A. Contrasting successional responses of soil bacteria and fungi to
post-logging burn severity. For. Ecol. Manag. 2022, 508, 120059. [CrossRef]

Weber, C.F,; Lockhart, ].S.; Charaska, E.; Aho, K.; Lohse, K.A. Bacterial composition of soils in ponderosa pine and mixed conifer
forests exposed to different wildfire burn severity. Soil Biol. Biochem. 2014, 69, 242-250. [CrossRef]

Pei, J.; Wan, J.; Wang, H.; Fang, C.; Nie, M.; Li, J. Changes in the activity of soil enzymes after fire. Geoderma 2023, 437, 116599.
[CrossRef]

Juan-Ovejero, R.; Molinas-Gonzalez, C.R.; Leverkus, A.B.; Martin Peinado, F].; Castro, J. Decadal effect of post-fire management
treatments on soil carbon and nutrient concentrations in a burnt Mediterranean forest. For. Ecol. Manag. 2021, 498, 119570.
[CrossRef]

Lewis, S.A.; Robichaud, P.R.; Archer, V.A.; Hudak, A.T; Eitel, ].U.H,; Strand, E.K. Informing Sustainable Forest Management:
Remote Sensing Strategies for Assessing Soil Disturbance after Wildfire and Salvage Logging. Forests 2023, 14, 2218. [CrossRef]
Cheng, L.; Wang, K.; Yao, Z.; Liu, X.; Zhao, D.; Wang, Y. Naturally Deposited Charcoal Enhances Water Retention Capacity of
Subtropical Forest Soils. Forests 2024, 15, 1939. [CrossRef]

Li, M.P; Miao, N.; Liu, S.R. Effects of nitrogen-fixing tree species Alnus nepalensis on the degraded soils and understory
restoration in the upper reaches of the Jinsha River, China. Acta Ecol. Sin. 2022, 42, 2321-2330. [CrossRef]

Kelly, J.; Ibanez, T.S.; Santin, C.; Doerr, S.H.; Nilsson, M.C.; Holst, T.; Lindroth, A.; Kljun, N. Boreal forest soil carbon fluxes one
year after a wildfire: Effects of burn severity and management. Glob. Chang. Biol. 2021, 27, 4181-4195. [CrossRef]

Zhang, H.L.; Deng, Q.; Hui, D.F,; Wu, ].P; Xiong, X.; Zhao, ].Q.; Zhao, M.D.; Chu, G.W.; Zhou, G.Y.; Zhang, D.Q. Recovery in soil
carbon stock but reduction in carbon stabilization after 56-year forest restoration in degraded tropical lands. For. Ecol. Manag.
2019, 441, 1-8. [CrossRef]

Liu, X.; Zhang, G.C.; Heathman, G.C.; Wang, Y.Q.; Huang, C.H. Fractal features of soil particle-size distribution as affected by
plant communities in the forested region of Mountain Yimeng, China. Geoderma 2009, 154, 123-130. [CrossRef]

Bremner, ].M. Nitrogen-Total. In Methods of Soil Analysis; Sparks, D.L., Page, A.L., Helmke, P.A., Loeppert, R.H., Soltanpour, P.N.,
Tabatabai, M.A., Johnston, C.T., Sumner, M.E., Eds.; John Wiley & Sons: Hoboken, NJ, USA, 1996; pp. 1085-1121.

Pierzynski, G.M. Methods of Phosphorus Analysis for Soils, Sediments, Residuals, and Waters; North Carolina State University: Raleigh,
NC, USA, 2000; pp. 45-49.

Walkley, A.; Black, .A. An examination of the Degtjareff method for determining soil organic matter, and a proposed modification
of the chromic acid titration method. Soil Sci. 1934, 37, 29-38. [CrossRef]

Lu, RK. (Ed.) Methods for Agrochemical Analysis of Soil; China Agricultural Science and Technology Press: Beijing, China, 1999.
Bao, S. Soil Agrochemical Analysis. China Agricultural Press; Agricultural Press: Beijing, China, 2000.

Joergensen, R.G. The fumigation-extraction method to estimate soil microbial biomass: Calibration of the kEC value. Soil Biol.
Biochem. 1996, 28, 25-31. [CrossRef]

Deng, S.; Popova, I. Carbohydrate Hydrolases. In Methods of Soil. Enzymology; John Wiley & Sons: Hoboken, NJ, USA, 2011;
pp. 185-209.

Eivazi, F.; Tabatabai, M.A. Glucosidases and Galactosidases in Soils. Soil Biol. Biochem. 1988, 20, 601-606. [CrossRef]


https://doi.org/10.1016/j.jenvman.2021.113978
https://doi.org/10.1016/j.jenvman.2020.111865
https://www.ncbi.nlm.nih.gov/pubmed/33360742
https://doi.org/10.1016/j.scitotenv.2022.153921
https://doi.org/10.1007/s11104-024-06940-z
https://doi.org/10.1016/j.still.2014.07.005
https://doi.org/10.1016/j.apsoil.2024.105572
https://doi.org/10.1002/ldr.4582
https://doi.org/10.1002/ldr.2262
https://doi.org/10.1016/j.foreco.2021.118989
https://doi.org/10.1016/j.scitotenv.2022.157193
https://doi.org/10.1890/10-0419.1
https://doi.org/10.1016/j.foreco.2022.120059
https://doi.org/10.1016/j.soilbio.2013.11.010
https://doi.org/10.1016/j.geoderma.2023.116599
https://doi.org/10.1016/j.foreco.2021.119570
https://doi.org/10.3390/f14112218
https://doi.org/10.3390/f15111939
https://doi.org/10.5846/stxb202101120121
https://doi.org/10.1111/gcb.15721
https://doi.org/10.1016/j.foreco.2019.03.037
https://doi.org/10.1016/j.geoderma.2009.10.005
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1016/0038-0717(95)00102-6
https://doi.org/10.1016/0038-0717(88)90141-1

Fire 2024, 7, 474 16 of 17

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Saiya-Cork, K.R.; Sinsabaugh, R.L.; Zak, D.R. The effects of long term nitrogen deposition on extracellular enzyme activity in an
Acer saccharum forest soil. Soil Biol. Biochem. 2002, 34, 1309-1315. [CrossRef]

Tabatabai, M.A.; Bremner, ].M. Use of p-nitrophenyl phosphate for assay of soil phosphatase activity. Soil Biol. Biochem. 1969, 1,
301-307. [CrossRef]

Bossio, D.A.; Scow, K.M. Impacts of carbon and flooding on soil microbial communities: Phospholipid fatty acid profiles and
substrate utilization patterns. Microb. Ecol. 1998, 35, 265-278. [CrossRef]

Vestal, J.R.; White, D.C. Lipid analysis in microbial ecology: Quantitative approaches to the study of microbial communities.
Bioscience 1989, 39, 535-541. [CrossRef]

Bossio, D.A.; Fleck, J.A.; Scow, K.M.; Fujii, R. Alteration of soil microbial communities and water quality in restored wetlands.
Soil Biol. Biochem. 2006, 38, 1223-1233. [CrossRef]

Zhang, B.; Li, Y.J.; Ren, T.S,; Tian, Z.C.; Wang, G.M.; He, X.Y; Tian, C.J. Short-term effect of tillage and crop rotation on microbial
community structure and enzyme activities of a clay loam soil. Biol. Fert. Soils 2014, 50, 1077-1085. [CrossRef]

Cai, K.; Zhao, Y,; Kang, Z.; Ma, R.; Wright, A.L.; Jiang, X. Pyrolysis-assisted transesterification for accurate quantification of
phospholipid fatty acids: Application to microbial community analysis in 1000-years paddy soil chronosequence. Geoderma 2022,
406, 115504. [CrossRef]

Shannon, C.E.; Weaver, W.; Wiener, N. The mathematical theory of communication. Phys. Today 1950, 3, 31-32. [CrossRef]
Murphy, M. semEff: Automatic Calculation of Effects for Piecewise Structural Equation Models (Version R Package Version 0.6.0).
Available online: https://murphymv.github.io/semEff/ (accessed on 6 June 2022).

Heydari, M.; Rostamy, A.; Najafi, F.; Dey, D.C. Effect of fire severity on physical and biochemical soil properties in Zagros oak
(Quercus brantii Lindl.) forests in Iran. J. For. Res. 2017, 28, 95-104. [CrossRef]

Thomaz, E.L. Fire changes the larger aggregate size classes in slash-and-burn agricultural systems. Soil Tillage Res. 2017, 165,
210-217. [CrossRef]

Rodriguez-Cardona, B.M.; Coble, A.A.; Wymore, A.S.; Kolosov, R.; Podgorski, D.C.; Zito, P.; Spencer, R.G.M.; Prokushkin, A.S,;
McDowell, W.H. Wildfires lead to decreased carbon and increased nitrogen concentrations in upland arctic streams. Sci. Rep.
2020, 10, 8722. [CrossRef]

Caon, L.; Vallejo, V.R.; Ritsema, C.J.; Geissen, V. Effects of wildfire on soil nutrients in Mediterranean ecosystems. Earth Sci. Rev.
2014, 139, 47-58. [CrossRef]

Francos, M.; Vieira, A.; Bento-Gongalves, A.; Ubeda, X.; Zema, D.A.; Lucas-Borja, M.E. Effects of wildfire, torrential rainfall and
straw mulching on the physicochemical soil properties in a Mediterranean forest. Ecol. Eng. 2023, 192, 106987. [CrossRef]
Pellegrini, A.F.A.; Harden, J.; Georgiou, K.; Hemes, K.S.; Malhotra, A.; Nolan, C.J.; Jackson, R.B. Fire effects on the persistence of
soil organic matter and long-term carbon storage. Nat. Geosci. 2022, 15, 5-13. [CrossRef]

Ji, S.Z.; Zhao, HM.; Wang, G.P,; Cong, ].X.; Li, G.X.; Han, D.X.; Gao, C.Y. Effects of Fire Regime on Nitrogen Distribution in
Marshlands of the Sanjiang Plain (NE China). Fire 2024, 7, 16. [CrossRef]

Hoogmoed, M.; Cunningham, S.C.; Baker, P; Beringer, J.; Cavagnaro, T.R. N-fixing trees in restoration plantings: Effects on
nitrogen supply and soil microbial communities. Soil Biol. Biochem. 2014, 77, 203-212. [CrossRef]

Ponder, E; Tadros, M.; Loewenstein, E.F. Microbial properties and litter and soil nutrients after two prescribed fires in developing
savannas in an upland Missouri Ozark Forest. For. Ecol. Manag. 2009, 257, 755-763. [CrossRef]

Rong, S.; Jing-Chao, L.; Xin, Z.; Yao-Quan, Y.; Fa-Ping, Z.; Davide, F,; Xiao-Yan, Y.; Wen, X. Heat input determines the response
and rapid recovery of post-fire soil microbial biomass. Int. J. Wildl. Fire 2024, 33, WF23095. [CrossRef]

Arunrat, N.; Sansupa, C.; Sereenonchai, S.; Hatano, R.; Lal, R. Fire-Induced Changes in Soil Properties and Bacterial Communities
in Rotational Shifting Cultivation Fields in Northern Thailand. Biology 2024, 13, 383. [CrossRef]

Sardans, J.; Pefiuelas, ].; Estiarte, M. Changes in soil enzymes related to C and N cycle and in soil C and N content under
prolonged warming and drought in a Mediterranean shrubland. Appl. Soil Ecol. 2008, 39, 223-235. [CrossRef]

Rodriguez, J.; Gonzalez-Pérez, ].A.; Turmero, A.; Herndndez, M.; Ball, A.S.; Gonzalez-Vila, FJ.; Arias, M.E. Physico-chemical and
microbial perturbations of Andalusian pine forest soils following a wildfire. Sci. Total Environ. 2018, 634, 650-660. [CrossRef]
Luo, M.; Moorhead, D.L.; Ochoa-Hueso, R.; Mueller, C.W.; Ying, S.C.; Chen, J. Nitrogen loading enhances phosphorus limitation
in terrestrial ecosystems with implications for soil carbon cycling. Funct. Ecol. 2022, 36, 2845-2858. [CrossRef]

Wu, Q.Q. Season-dependent effect of snow depth on soil microbial biomass and enzyme activity in a temperate forest in Northeast
China. Catena 2020, 195, 104760. [CrossRef]

Moya, D.; Gonzalez-De Vega, S.; Lozano, E.; Garcia-Orenes, F; Mataix-Solera, J.; Lucas-Borja, M.E.; de Las Heras, J. The burn
severity and plant recovery relationship affect the biological and chemical soil properties of Pinus halepensis Mill. stands in the
short and mid-terms after wildfire. ]. Environ. Manag. 2019, 235, 250-256. [CrossRef]

Wagg, C.; Bender, S.F.; Widmer, E; van der Heijden, M.G. Soil biodiversity and soil community composition determine ecosystem
multifunctionality. Proc. Natl. Acad. Sci. USA 2014, 111, 5266-5270. [CrossRef]

Treseder, K.K. A meta-analysis of mycorrhizal responses to nitrogen, phosphorus, and atmospheric CO; in field studies. New
Phytol. 2004, 164, 347-355. [CrossRef]

Fox, S.; Sikes, B.A.; Brown, S.P; Cripps, C.L.; Glassman, S.I.; Hughes, K.W.; Semenova-Nelsen, T.A.; Jumpponen, A.].M. Fire as a
driver of fungal diversity—A synthesis of current knowledge. Mycologia 2022, 114, 215-241. [CrossRef]


https://doi.org/10.1016/S0038-0717(02)00074-3
https://doi.org/10.1016/0038-0717(69)90012-1
https://doi.org/10.1007/s002489900082
https://doi.org/10.2307/1310976
https://doi.org/10.1016/j.soilbio.2005.09.027
https://doi.org/10.1007/s00374-014-0929-4
https://doi.org/10.1016/j.geoderma.2021.115504
https://doi.org/10.1063/1.3067010
https://murphymv.github.io/semEff/
https://doi.org/10.1007/s11676-016-0299-x
https://doi.org/10.1016/j.still.2016.08.018
https://doi.org/10.1038/s41598-020-65520-0
https://doi.org/10.1016/j.earscirev.2014.09.001
https://doi.org/10.1016/j.ecoleng.2023.106987
https://doi.org/10.1038/s41561-021-00867-1
https://doi.org/10.3390/fire7100339
https://doi.org/10.1016/j.soilbio.2014.06.008
https://doi.org/10.1016/j.foreco.2008.10.009
https://doi.org/10.1071/WF23095
https://doi.org/10.3390/biology13060383
https://doi.org/10.1016/j.apsoil.2007.12.011
https://doi.org/10.1016/j.scitotenv.2018.04.028
https://doi.org/10.1111/1365-2435.14178
https://doi.org/10.1016/j.catena.2020.104760
https://doi.org/10.1016/j.jenvman.2019.01.029
https://doi.org/10.1073/pnas.1320054111
https://doi.org/10.1111/j.1469-8137.2004.01159.x
https://doi.org/10.1080/00275514.2021.2024422

Fire 2024, 7, 474 17 of 17

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Wang, C.; Lu, X.K.; Mori, T.; Mao, Q.G.; Zhou, K.J.; Zhou, G.Y.; Nie, Y.X.; Mo, ].M. Responses of soil microbial community to
continuous experimental nitrogen additions for 13 years in a nitrogen-rich tropical forest. Soil Biol. Biochem. 2018, 121, 103-112.
[CrossRef]

Barcenas-Moreno, G.; Rousk, J.; Baath, E. Fungal and bacterial recolonisation of acid and alkaline forest soils following artificial
heat treatments. Soil Biol. Biochem. 2011, 43, 1023-1033. [CrossRef]

MacKenzie, M.D.; Quideau, S.A. Microbial community structure and nutrient availability in oil sands reclaimed boreal soils. Appl.
Soil Ecol. 2010, 44, 32-41. [CrossRef]

Prendergast-Miller, M.T.; de Menezes, A.B.; Macdonald, L.M.; Toscas, P; Bissett, A.; Baker, G.; Farrell, M.; Richardson, A.E.; Wark,
T.; Thrall, PH. Wildfire impact: Natural experiment reveals differential short-term changes in soil microbial communities. Soil
Biol. Biochem. 2017, 109, 1-13. [CrossRef]

Zhang, A.; Chen, S.; Chen, |.; Cui, H.; Jiang, X.; Xiao, S.; Wang, ]J.; Gao, H.; An, L.; Cardoso, P. Shrub and precipitation interactions
shape functional diversity of nematode communities on the Qinghai-Tibet Plateau. Glob. Change Biol. 2023, 29, 2746-2758.
[CrossRef]

Li, S;; Tang, S.; Chen, H.; Jin, K. Soil nitrogen availability drives the response of soil microbial biomass to warming. Sci. Total
Environ. 2024, 917, 170505. [CrossRef] [PubMed]

Shang, Q.; Li, C.; Liu, Y. The Negative Effects of Tourist Trampling on the Soil Physical Properties and Microbial Community
Composition in a Natural Oak Forest. Forests 2024, 15, 1419. [CrossRef]

Bruns, T.D.; Chung, J.A.; Carver, A.A.; Glassman, S.I. A simple pyrocosm for studying soil microbial response to fire reveals a
rapid, massive response by Pyronema species. PLoS ONE 2020, 15, e0222691. [CrossRef]

Zhang, W.; You, Y,; Su, X; Yan, J.; Gao, G.; Ming, A.; Shen, W.; Huang, X. Introducing N2-fixing tree species into Eucalyptus
plantations promotes soil organic carbon sequestration in aggregates by increasing microbial carbon use efficiency. Catena 2023,
231,107321. [CrossRef]

Garcia-Carmona, M.; Garcia-Orenes, F.; Mataix-Solera, J.; Roldan, A.; Pereg, L.; Caravaca, F. Salvage logging alters microbial
community structure and functioning after a wildfire in a Mediterranean forest. Appl. Soil Ecol. 2021, 168, 104130. [CrossRef]
Pereira, P,; Francos, M.; Brevik, E.C.; Ubeda, X.; Bogunovic, I. Post-fire soil management. Curr. Opin. Environ. Sci. Health 2018, 5,
26-32. [CrossRef]

Lingua, E.; Marques, G.; Marchi, N.; Garbarino, M.; Marangon, D.; Taccaliti, F.; Marzano, R. Post-Fire Restoration and Deadwood
Management: Microsite Dynamics and Their Impact on Natural Regeneration. Forests 2023, 14, 1820. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.soilbio.2018.03.009
https://doi.org/10.1016/j.soilbio.2011.01.019
https://doi.org/10.1016/j.apsoil.2009.09.002
https://doi.org/10.1016/j.soilbio.2017.01.027
https://doi.org/10.1111/gcb.16638
https://doi.org/10.1016/j.scitotenv.2024.170505
https://www.ncbi.nlm.nih.gov/pubmed/38301778
https://doi.org/10.3390/f15081419
https://doi.org/10.1371/journal.pone.0222691
https://doi.org/10.1016/j.catena.2023.107321
https://doi.org/10.1016/j.apsoil.2021.104130
https://doi.org/10.1016/j.coesh.2018.04.002
https://doi.org/10.3390/f14091820

	Introduction 
	Materials and Methods 
	Study Area 
	Soil Sampling and Chemical Analyses 
	Soil Microbial Biomass, Enzyme Activity and Microbial Characteristics Analyses 
	Statistical Analyses 

	Results 
	Impacts of Fire, Soil Depth, and Post-Fire Restoration Methods on Soil Physiochemical Properties 
	Impacts of Fire, Soil Depth, and Post-Fire Restoration Methods on Soil Microbial Characteristics 
	Correlations of Soil Enzyme Activity and Microbial Community Composition with Soil Physicochemical Properties 

	Discussion 
	Effects of Fire on Soil Physical and Chemical Properties 
	Effects of Fire on Soil Enzymatic Activities and the Structural of Microbial Communities 
	Implications for Depth 
	Implications for Post-Fire Management Strategies 

	Conclusions 
	References

