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Abstract

Establishing slash pine plantations is the primary method for restoring sandification land in the Houtian area of South China.
However, the microbial variation pattern with increasing stand age remains unclear. In this study, we investigated micro-
bial community structure and function in bare sandy land and four stand age gradients, exploring ecological processes that
determine their assembly. We did not observe a significant increase in the absolute abundance of bacteria or fungi with stand
age. Bacterial communities were dominated by Chloroflexi, Actinobacteria, Proteobacteria, and Acidobacteria; the relative
abundance of Chloroflexi significantly declined while Proteobacteria and Acidobacteria significantly increased with stand
age. Fungal communities showed succession at the genus level, with Pisolithus most abundant in soils of younger stands
(1- and 6-year-old). Turnover of fungal communities was primarily driven by stochastic processes; both deterministic and
stochastic processes influenced the assembly of bacterial communities, with the relative importance of stochastic processes
gradually increasing with stand age. Bacterial and fungal communities showed the strongest correlation with the diameter
at breast height, followed by soil available phosphorus and water content. Notably, there was a significant increase in the
relative abundance of functional groups involved in nitrogen fixation and uptake as stand age increased. Overall, this study
highlights the important effects of slash pine stand age on microbial communities in sandy lands and suggests attention to
the nitrogen and phosphorus requirements of slash pine plantations in the later stages of sandy management.

Keywords Sandification land - Slash pine (Pinus elliottii) - Stand age - Microbial community assembly - Soil water
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desertification. By 2022, the province of Jiangxi in southern
China has 64,000 hectares of sandy land (http://ly.jiangxi.
gov.cn). The sandy land in Jiangxi Province is mainly dis-
tributed along the south bank of the Yangtze River, around
Poyang Lake, and along five major rivers in the province,
including the Ganjiang River, the largest tributary of Poy-
ang Lake. During the 1980s, the Houtian region, which is
located downstream of the Ganjiang River, was subject to
heavy sandification. However, this was successfully miti-
gated through the implementation of slash pine (Pinus elli-
ottii) plantations. Presently, areas undergoing significant
sandification in Jiangxi Province continue to be effectively
managed through the establishment of slash pine plantations.
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Slash pine, a species native to the southeastern United
States, has been used to restore sandy land in Jiangxi prov-
ince (Long et al., 2021). However, most studies on slash pine
plantations on degraded land have focused on the above-
ground components, neglecting soil microorganisms. Soil
microorganisms play a crucial role in plant-soil interac-
tions (Trivedi et al., 2020). The growth of plants and their
capacity to withstand stresses, both biotic and abiotic, are
influenced by changes in soil microbial communities (Allsup
et al., 2023; Coban et al., 2022; Pennisi & Cornwall, 2020;
Zhao et al., 2020). Therefore, it is imperative to understand
the dynamic pattern of the microbial community during
plant development to provide guidance for management
(Gao et al., 2020; Zhao et al., 2020).

Previous studies on microbial communities in slash pine
plantations have either used relatively old methods (Izumi
et al., 2008; Wu et al., 2015) or focused on a single stand
age (Long et al., 2021; Ning et al., 2019a, 2021; Zhou et al.,
2017), and therefore, there is still a limited understand-
ing of the dynamics of microbial communities during the
growth stages of slash pine. Recent studies have demon-
strated a significant influence of stand age on the structure
of microbial communities (Liu et al., 2021b; Wang et al.,
2023b). Changes in microbial communities can reflect the
“health” of the soil system (Fierer et al., 2021), particularly
fungal communities, may indirectly contribute to plantation
degradation, and consequently, impede effective manage-
ment of sandy land. For instance, a decrease in the relative
abundance of symbiotrophs, predominantly ectomycorrhi-
zal fungi (EMF), and an increase in the relative abundance
of saprotrophs with increasing stand age were found to be
associated with degradation of Pinus sylvestris plantations
in the Mu Us Desert, Northern China (Zhao et al., 2020).
Furthermore, plant growth may be associated with EMF
communities as well as with certain EMF exploration types
(Anthony et al., 2022). EMF exploration types are classified
according to the general morphological characteristics of
their colonizing root tips and emanating hyphae as contact,
short-distance, medium-distance smooth, medium-distance
fringe, and long-distance types (Agerer, 2001), To some
extent, the abundance of these types can reflect the eco-
logical niche differentiation of EMF (Jorgensen et al., 2023;
Wang et al., 2023a). Previous studies have demonstrated
that Rhizopogon (long-distance) is the predominant EMF
in slash pine seedlings and 10-year-old stands (Long et al.,
2021; Ning et al., 2021). However, Rhizopogon is not com-
mon in 30-year-old slash pine plantations and is replaced
by EMF belonging to the Thelephoraceae and Russulaceae
(Ning et al., 2019a). Thus, the fungal partners of slash pine
may undergo succession as the stand ages.

Enhancing our understanding of the mechanisms gov-
erning the assembly of microbial communities will enable
us to effectively harness the beneficial and indirect impacts
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of these communities on plants (Gao et al., 2020). Some
recent studies on coniferous forests have demonstrated that
the assembly of microbial communities is determined by
both deterministic and stochastic processes, with stochas-
tic processes being dominant (Wang et al., 2021, 2023b).
Other studies on soil microbial communities in subtropical
forests of varying stand ages have revealed that community
assembly mechanisms differ among different stages, with
deterministic processes governing early-stage community
assembly and stochastic processes dominating as stand age
increases or during later stages of succession (Gao et al.,
2015; Liu et al., 2021b). However, the contribution of deter-
ministic or stochastic processes to microbial communities in
slash pine plantations with different stand ages growing on
sandy land is currently unclear.

We therefore selected the MaAnLing sampling site in
the Houtian region, which has a gradient of four stand ages
(1, 6, 11, 16-year-old) of slash pine. In addition, because
the sampling site is a national ecological benefit forest, it
is virtually unaffected by anthropogenic activities such as
fertilization or tapping. We collected soil samples from the
forest stands, and conducted Illumina Miseq sequencing and
quantitative real-time PCR (qPCR) on the 16S rRNA gene
and ITS region sequence to investigate the changes in micro-
bial community structure and absolute abundance with the
increasing age of slash pine trees on sandy land. In addition,
we analyzed soil properties and recorded stand information
from slash pine plantations. The aims of this study were: (1)
To reveal the succession pattern of microbial community
composition and function with increasing age of slash pine
plantations; (2) to identify the mechanisms underlying the
assembly of soil microbial communities in slash pine planta-
tions on sandy land; and (3) to elucidate the principal factors
affecting microbial communities in slash pine plantations
on sandy land.

Materials and Methods
Sampling Site Description and Experimental Design

MaAnLing (N28°24'10.79", E115°47'24.00") has four age
groups that were established in 2003, 2008, 2013, and 2018,
respectively. The climate of this region has been described
previously (Long et al., 2021). In August 2019, a total of
five sampling gradients were established, comprising bare
sandy land (BSL), stand age one year (YRO1), stand age
six years (YRO06), stand age eleven years (YR11), and stand
age sixteen years (YR16) (Fig. 1). Each sampling gradient
was set with three quadrats. For stands older than six years,
three 20 m X 20 m quadrats were set for each gradient, with
each quadrat more than 50 m apart. Due to the limited plant-
ing area, three 10 m X 10 m quadrats were set for YROI,
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Fig. 1 The sampling site, MaAnLing, is situated in the Houtian region of the lower Ganjiang River (A). A total of 15 sample quadrats were
established at the site, encompassing bare sandy land (BSL) and four slash pine stand age groups (YRO1, YR06, YR11, and YR16) (B)

with each quadrat more than 20 m apart. For BSL, three
5 mX5 m quadrats were set, with each quadrat more than
20 m apart. After removing the litter layer, five bulk soil
samples (four samples approximately 1 m from the four cor-
ners of the sample square and one sample at the center of
the sample square) were collected at a depth of 0-20 cm in
each quadrat using a sterile shovel, and five samples in one
sample square then mixed into one sample. Finally, a total
of fifteen soil samples were collected. Subsamples for the
soil chemical and physical and microbiological analysis were
processed as previously described (Long et al., 2021). For
stand information, the mean diameter at breast height (MD,
measured at 1.3 m above ground, and the value of YRO1 was
substituted by the ground diameter) and mean height (MH)
were recorded for at least eight trees within each quadrat
(Table 1).

Soil Physical and Chemical Property Analysis

Soil water content (SWC), pH, total organic carbon (TOC)
content, total nitrogen (TN) content, and available phospho-
rus (AP) content were measured by previous methods (Long
et al., 2021; Tai et al., 2013). The total phosphorus (TP)
content was measured using the Mo-Sb anti-colorimetric
analysis method (Zhao et al., 2020). The soil C/N ratio was
calculated as TOC divided by TN.

lllumina Sequencing and Data Processing
The extraction of DNA from each soil sample is subject

to the manufacturer's instructions for the E.Z.N.A.® soil
DNA Kit (Omega Bio-tek). The bacterial 16S rRNA

V3-V4 region, and fungal ITS1 region were amplified with
primers 338F/806R (Gao et al., 2022), and ITS1F/ITS2R
(Hu et al., 2021). The purified amplicons (PCR ampli-
fication system and conditions, and purification process
please see Tables S1 and S2) were then run on the Illumina
Miseq platform (Shanghai Majorbio Bio-pharm Technol-
ogy Co., Ltd.). After merging and removing barcodes and
primers, the sequencing company provided clean amplicon
data for subsequent data processing. The data processing
was done using the EasyAmplicon v1.14 pipeline (https://
github.com/YongxinLiu/EasyAmplicon) (Liu et al., 2023).
In brief, the clean amplicons were denoised into amplicon
sequence variants (ASVs) by employing -unosie3 in USE-
ARCH. The ASVs were removed when the total number of
sequences present in all the samples was below 20. Rep-
resentative sequences for each ASV of bacteria and fungi
were assigned based on the best matches in the SILVA
database (v123, https://www.arb-silva.de/) (Quast et al.,
2013) and the UNITE database (v8.3, https://unite.ut.ee/)
(Nilsson et al., 2019), respectively.

Bacterial ASVs were functionally annotated using the
FAPROTAX database (Louca et al., 2016). The functional
annotation of fungal ASVs was performed on the FUN-
Guild platform (Nguyen et al., 2016). Only ASVs that
have confidence rankings of 'highly probable' and 'prob-
able' from FUNGuild were accepted for subsequent analy-
sis. Unassigned ASVs and combined trophic modes were
integrated as other fungi, and combined guilds were inte-
grated as other guilds, as previously described (Long et al.,
2021; Zhao et al., 2020). For the determination of dis-
tance exploratory EMF: long-distance, medium-distance,
and short-distance exploration types, we make qualitative
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Table 1 Stand information, soil physicochemical properites and absolute abundance of 16S rRNA and ITS rRNA genes

BSL YRO1 YRO6 YRI11 YRI16

Stand information
MD (cm) Null 29+1.0a 6.9+09a 18.8+0.9b 21.1+1.5b
MH (m) Null 0.8+0.2a 44+0.6b 11.3+0.5¢ 15.0+1.3d

Soil physicochemical properties
pH 5.24+0.09 a 5.06+0.03 a 5.13+0.04 a 5.28+0.02a 5.00£0.10 a
SWC (%) 0.29+0.02a 0.26+0.02 a 0.30+0.01 a 0.51+0.11 ab 1.63+0.61b
TN (g/kg) 0.245+0.040 a 0.309+0.018 a 0.260+0.023 a 0.299+0.041 a 0.349+£0.041 a
TOC (g/kg) 0.719+0.053 a 0.771+£0.248 a 0.674+0.039 a 0.809+0.083 a 1.134+£0.083 a
AP (mg/kg) 5.390+1.038 a 5.124+1.106 a 4.645+1.567 a 1.789+0.326 a 2.179+£0.446 a
TP (g/kg) 0.155+0.018 a 0.102+0.040 a 0.168 +0.004 a 0.116+£0.033 a 0.166£0.007 a
TK (g/kg) 21.939+1.049 a 23.370+0.554 a 24.945+0.285 a 23.789+0.427 a 23.374+1.789 a
C/N 3.03+032a 2.51+0.82a 2.66+0.36a 292+0.78 a 332+040a

Absolute abundance of 16S rRNA and ITS region sequences
BA (107 16S rRNA copies/g)
FA (10° ITS region copies/g)

B/F

1.052+1.022 a
0.540+£0.521 a
1.87+£041 a

0.313+0.256 a
0.332+0.291 a
1.20+0.25 ab

0.058 +£0.015 a
0.048+£0.011 a
1.27+0.29 ab

1.672+1.185a
7.892+5.721 a
0.21+£0.02b

1.885+0.934 a
4.644+£3.292 a
0.59+0.17b

The soil properties of each stand age were given as means + SE. Different minuscule letters in the column indicate the values that are signifi-

cantly different from one another (ANOVA, Tukey—HSD, p <0.05)

BSL bare sandy land, YRO1-YR16 means the stand age from 1-year to 16-year; sample size of each stand age was 3, MD mean diameter at
breast height, the value of YRO1 was instead of ground diameter, MH mean height, SWC soil moisture, TN soil total nitrogen, TOC soil total
organic carbon, AP soil available phosphorus, TP soil total phosphorus, 7K soil total potassium, C/N the TOC content division by TN content,
BA bacterial abundance, FA fungal abundance, B/F the BA value division by FA value, ND not detected

decisions based on the previous literature (Table S3)
(Agerer, 2001; Peay et al., 2011; Wang et al., 2023a).

Real-Time PCR (qPCR)

The qPCR technique was employed to determine the abso-
lute abundance of bacterial 16S rRNA genes and fungal
ITS region sequences, as previously reported (Hu et al.,
2021). The primer pairs used in qPCR amplification
were identical to those used in Illumina sequencing, i.e.,
338F-806R for 16S rRNA and ITS1F-ITS2R for the ITS
region, respectively. The standard curves were generated
from a clone with 16S rRNA and ITS amplicon inserts by
utilizing tenfold serial dilutions of the plasmid. The ampli-
fications were performed using the ABI7300 Real-Time
PCR System (Applied Biosystems). Assays were per-
formed in triplicate, each 20 pl reaction contained: 10.0 pl
ChamQ SYBR Color gPCR Master Mix (2X, Vazyme Bio-
tech Co., Ltd.), 0.8 pul of each primer (5 pM), 0.4 pl ROX
Reference Dye 1 (50%), 2.0 pl template DNA, and 6 pl
ddH,0. Thermocycling consisted of an initial denaturation
at 95 °C for 3 min, followed by 40 cycles of 95 °C for 5 s,
annealing temperature of 58 °C for 16S rRNA and 62 °C
for ITS for 30 s, extension at 72 °C for 1 min, and finally
10 °C until terminated.
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Statistical Analysis

All statistical analyses were performed using R (version
4.1.3, https://www.r-project.org/). Prior to calculating the
soil microbial diversity, we resampled the ASV tables from
each sample to obtain an identical number of sequences,
namely 25,000 for bacteria and 25,000 for fungi. The alpha
diversity metrics, including the Shannon diversity index and
Chaol richness estimator, were calculated for each sample.
The significance of differences in soil physicochemical
properties, alpha diversity, and functional groups of micro-
bial communities was assessed through a one-way analysis
of variance (ANOVA, with ‘Tukey HSD’ correction). The
beta diversity was analyzed through the principal-coordi-
nate analysis (PCoA) based on Bray—Curtis distance metrics
using the microeco R package (Liu et al., 2021a). The sig-
nificance of the distinction between different stand ages was
tested by the ‘ADONIS’ function with 999 permutations.
Hierarchical clustering of different taxonomy levels based
on average agglomerative clustering method (Unweighted
Pair Group Method with Arithmetic Mean, UPGMA) using
the cluster R package (Maechler, 2019).

To estimate the contribution of stochastic processes in
bacterial and fungal communities, Sloan’s neutral com-
munity model (NCM) was applied (Sloan et al., 2006).
The migration rate (m) calculation method and R code
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for the neutral model were provided by (Gao et al., 2022).
Further, null model (NM) was used to assess the stochas-
ticity of microbial community assembly, we computed the
beta Nearest Taxon Index (BNTI) and Bray—Curtis-based
Raup-Crick Index (RCI) using previous methods (Gao
et al., 2020; Stegen et al., 2013; Wang et al., 2023b; Zhou
& Ning, 2017).

Prior to conducting the correlation analysis of environ-
mental factors (stand information and soil properties) and
microbial communities, the ASV data underwent transfor-
mation using the ‘Hellinger’ method, while the microbial
diversity indices, absolute abundance, and environmental
factors data underwent logarithmic conversion [namely,
x=log (e, n+ 1), where n is the value of the environmen-
tal factor]. The Spearman’s rank correlation analysis was
employed to determine the correlations between microbial
diversity indices, absolute abundance, functional group,
and environmental factors, using the magrittr (https://
github.com/tidyverse/magrittr) and corrplot R packages
(Friendly, 2002).

We investigated the association between environmental
factors (Euclidean distances) and microbial community
structure (Bray—Curtis distances) using the Mantel test
method with 999 permutations. Further, the distance-based
redundancy analysis (db-RDA) was used to analyze the
effects of environmental factors on microbial communities
(ASV levels), and variation partitioning analysis (VPA)
was conducted to clarify the relative contribution of stand
information and soil properties on microbial community
turnover using the functions ‘capscale’ and ‘varpart’ of the
vegan R package (Oksanen et al., 2007), respectively. The
db-RDA used variance inflation factor (VIF) analysis to
remove colinear factors of environmental factors until the
VIF < 10, and before the VPA, environmental factors were

A Bacterial Chao1 B Fungal Chaot

2000 -

1500 1

1000 1

subjected to forward selection until the p value was < 0.05
(Gao et al., 2022).

Data Deposit

The clean amplicon data were submitted to the NCBI
Sequence Reading Archive (SRA) database with SRA acces-
sion numbers PRINA979784 for 16S rDNA sequences and
PRINA979787 for ITS region sequences.

Results

Stand Information and Soil Physicochemical
Properties at Different Stand Ages

The MD and MH increased significantly with increasing
stand age (Table 1). The characteristics of 15 soil samples
were analyzed regarding pH, SWC, TN, TOC, AP, and TP
(Table 1). Only SWC showed significant variation among
stand ages, with SWC significantly higher in YR16 than
in BSL, YROI, and YR06. With increasing stand age, the
trends in TOC, TN, and C/N were increasing, but they were
not significant. The decline in soil AP after 11-year planta-
tions was also insignificant.

The Soil Microbial Alpha Diversity Metrics
and Community Structure in Different Slash Pine
Stand Ages

As the age of slash pine stands increased, the Shannon index
and Chaol index of both bacterial and fungal communities
showed an increasing trend (Fig. 2). However, only the fun-
gal Shannon index was significantly different, namely, YR16
was significantly higher than YR06 and YR11 (Fig. 2D).
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Fig.2 The alpha diversity of the microbial community in different
stand ages. The Chaol (A) and Shannon index (C) of bacteria, and
the Chaol (B) and Shannon index (D) of fungi. Different lowercase

letters represent statistically significant differences between values.
(ANOVA, with ‘“Tukey HSD’ correction, p <0.05)
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Fig. 3 Hierarchical clustering analysis (UPGMA) of bacterial (A) and fungal (C) communities at the phylum level, and PCoA of bacterial (B)
and fungal (D) communities at the ASV level based on Bray—Curtis distance

For bacterial communities, Chloroflexi, Actinobacteria,
Proteobacteria, and Acidobacteria were the dominant phyla
(Fig. 3A). As the age of the stand increased, the relative
abundance of Chloroflexi declined significantly at YR11
and YR16 (p <0.05), whereas the relative abundance of
Proteobacteria and Acidobacteria increased significantly at
YR11 and YR16 (p <0.05) (Fig. STA). At the genus level,
the unassigned taxa belonging to phylum Chloroflexi showed
dominance (Fig. S1B). Besides, among the genera with a
mean relative abundance greater than 1%, Burkholderia,
Bradyrhizobium, Variibacter, Candidatus_Solibacter, and
Mycobacterium showed significant variations in relative
abundance (Fig. S1C). Clustering analysis showed that both
bacterial phylum level communities (Fig. 3A) and bacte-
rial genus level communities (Fig. S1B) clustered into two
clusters of younger stands (YRO1, YRO06) and older stands
(YR11, YR16) The results of PCoA analysis at the ASV
level were similar to those of cluster analysis, with ADONIS
R?=0.61, p<0.001 (Fig. 3B).
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For fungal communities, the Basidiomycota and Ascomy-
cota were the dominant phyla (Fig. 3C). The relative abun-
dance of all phyla did not differ significantly with increasing
stand age (Fig. S1D). At the genus level, cluster analysis
showed that samples of different stand ages clustered into
three clusters, one for BSL, one for younger stands (YRO1
and YRO06), and one for older stands (11-year stands, 16-year
stands) (Fig. S1E). Furthermore, among the genera with a
mean relative abundance greater than 1%, Pisolithus and
Tomentella showed significant variations in relative abun-
dance. Pisolithus was predominant in YR01 and YRO06, and
significantly higher in relative abundance than YR11 and
YR16 (p <0.05), while Tomentella had the highest relative
abundance in YR16 (p <0.05) (Fig. S1F). Cluster analysis at
the fungal phylum level based on Bray—Curtis distances also
showed no clear pattern across forest age samples (Fig. 3C).
However, PCoA analysis at the ASV level showed that fun-
gal communities of different forest ages clustered together,
with ADONIS R?=0.55, p <0.001 (Fig. 3D).
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Assembly Processes of Bacterial and Fungal
Communities

The NCM revealed that the assembly of bacterial com-
munities was driven by a combination of deterministic
and stochastic processes, with deterministic processes
being predominant throughout plantation chronosequence
(R?=0.2155, m=0.0923, Fig. 4A). And deterministic
processes dominated the bacterial community with suc-
cession from BSL to YR16 (R?=0.232-0.362, Fig. S2A).
In contrast, the fungal communities did not fit the NCM
either throughout plantation chronosequence (R?=—0.490,
m=0.0005, Fig. 4B) or by each gradient (R? <0, Fig. S2B).
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Fig.4 Fit of Sloan's neutral community model (NCM) displaying
predicted occurrence frequencies versus relative abundance of bacte-
rial (A) and fungal (B) ASVs. The solid blue lines represent the opti-
mal fit to the NCM, while the dashed blue lines indicate 95% con-
fidence intervals surrounding model predictions. ASVs exhibiting
greater or lesser frequency than anticipated by the NCM are depicted
in varying colors. R? and m value denote model goodness—of—fit and

Density

The NM results suggest that both stochastic (51.4%)
and deterministic processes (48.6%) dominate the bacte-
rial community assembly throughout plantation chronose-
quence (Fig. 4C), while the fungal community assembly
was dominated by stochastic processes (84.76%, Fig. 4D).
With increasing stand age, the bacterial community assem-
bly shifted from being primarily determined by determin-
istic processes to being predominantly influenced by sto-
chastic processes (Fig. S3A), while the fungal community
assembly was mainly governed by stochastic processes
(drift dominated) in all stages (Fig. S3B).
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selection (VS) and stochastic processes (ST)

@ Springer



960

Journal of Microbiology (2023) 61:953-966

The Soil Functional Groups of Microbial
Communities at Different Stand Ages

For bacteria, a total of 52 functional groups were obtained
from the FAPROTAX database (Fig. 5A), and nine of these
are significantly different (Fig. S2). Among the functional
groups with a mean relative abundance greater than 1%,
the relative abundance of nitrogen fixation taxa, primarily
Bradyrhizobium, exhibited an increase with increasing stand
age (Fig. 5B).

For the fungal functional group (Fig. 5C, Fig. S5), the
EMF is the most abundant in each slash pine plantation.
Moreover, the relative abundance of long-distance EMF
decreased with increasing stand age, but the difference was
not significant. The relative abundance of medium-distance
EMF increased with increasing stand age and was highest
at YR16 (p <0.05), while the relative abundance of short-
distance EMF was highest at YR11 (p <0.05) (Fig. 5B).
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Boxes indicate 25-75 percentiles, vertical lines indicate 10-90 per-
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Environmental Factors Affecting Microbial
Community Diversity, Composition, and Function

The Mantel test results (Fig. 6A, Fig. S6A) indicate that MD,
MH, and AP significantly influence the microbial commu-
nity composition. Additionally, SWC also has a significant
impact on bacterial community composition.

The results of the db-RDA analysis indicated that SWC,
AP, and MD were the main factors significantly associated
with bacterial and fungal communities (Fig. S6B). VPA
analysis revealed that plant (MD) and soil factors (SWC, AP)
explained 4.8 and 9.1%, respectively, of bacterial community
turnover, while the majority of the variation in community
turnover (69.2%) remained unexplained (Fig. S6C). For fun-
gal community turnover, plants (MD) and soils (SWC, AP)
explained 7.5 and 4.5%, respectively; however, more vari-
ation in fungal community turnover (82.2%) could not be
explained compared to bacterial communities.
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Fig.6 A Pairwise comparisons of environmental factors are pre-
sented with a color gradient indicating Pearson's correlation coef-
ficient. The taxonomic community composition (after Hellinger
transformation) was assessed for its relationship to each environmen-
tal factor using Mantel tests. Edge width corresponds to the Man-
tel’s r statistic for the corresponding distance correlations, and edge
color indicates the statistical significance based on 999 permuta-

The results of Spearman's rank correlation analysis
(Fig. 6B) also indicated significant correlations between
microbial diversity index, absolute abundance, and func-
tional taxa (with a focus on nitrogen-fixing taxa, and EMF)
with plant aboveground traits (MD and MH), SWC, and AP.

Discussion

The restoration of degraded land is a long process (Strick-
land et al., 2017). Indeed, in this study, only SWC exhibited
a significant increase with increasing stand age, whereas
other soil physicochemical properties did not show statisti-
cally significant changes. These findings indicate that the
recovery process of sandy land in this study area is slow.
Notably, AP decreased as the stand age increased, consist-
ent with the findings of a previous study on slash pine of
varying stand ages (Wu et al., 2015). However, our previ-
ous research indicated that planting slash pine resulted in an
increase in soil AP compared with that in BSL (Long et al.,
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tions. *p <0.05; **p<0.01. B Spearman's rank correlation analysis
between microbial diversity indices, absolute abundance, nitrogen fix-
ation group, ectomycorrhizal (EMF) exploration types, and environ-
mental factors. MD mean diameter at breast height, MH mean height,
SWC soil water content, TN soil total nitrogen, TOC soil total organic
carbon, AP soil available phosphorus, TP soil total phosphorus, 7K
soil total potassium, C/N the TOC content division by TN content

2021), possibly because our previous study only focused
on a single stand age. In both this and our prior research,
the changes in AP with increasing stand age did not reach
significant levels.

Changes in Microbial Abundance and Diversity

Understanding the dynamic processes of the microbial com-
munity with increasing stand age can help us to guide plan-
tation management (Wang et al., 2022a; Zhao et al., 2020).
In addition, some microbes can serve as bioindicators (Fierer
et al., 2021). For example, the ratio of absolute abundance
of bacteria and fungi (B/F) can reflect the “health” of the
soil system (Fierer et al., 2021). Changes in the structure
of microbial communities can reflect their ecological strat-
egy (Fierer et al., 2007), and be consistent with changes
in above-ground plants during different stages of restora-
tion (Bi et al., 2021). In this study, the absolute abundance
of bacteria and fungi exhibited a positive correlation with
increasing stand age, whereas the B/F ratio displayed a
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negative trend. Although none of these trends reached the
level of statistical significance, a reduced B/F ratio means
more sustainable soil systems (Fierer et al., 2021). Similarly,
we found that the fungal Shannon index was significantly
higher in 16-year-old plantations than in younger ones, sug-
gesting that the ability of the fungal community to withstand
external disturbances increases with increasing stand age
(Bietal., 2021).

Bacterial Community Structure and Function

In this study, comparison of relative abundance values
showed that Chloroflexi was the dominant bacterial phylum
in stands of all ages (Fig. 3A), which verified the results of
our earlier study (Long et al., 2021). As monoderms, the
Chloroflexi are more drought tolerant than are other phyla,
such as the diderms Proteobacteria and Acidobacteria (Xu
& Coleman-Derr, 2019). Indeed, with increasing stand age,
SWC increased and the relative abundance of Chloroflexi
decreased significantly (Fig. S1A). The relative abundance
of Actinobacteria did not change significantly with increas-
ing stand age (Fig. S1A), although Actinobacteria are also
drought-tolerant monoderms (Xu & Coleman-Derr, 2019).
This result suggests that the relative abundance of Act-
inobacteria does not change in a predictable manner with
changes in soil nutrient availability (Fierer et al., 2007). In
contrast, as diderm bacteria (Xu & Coleman-Derr, 2019),
Proteobacteria and Acidobacteria showed significant
increases in their relative abundance with increasing stand
age (Fig. S1A). Proteobacteria has been classified as a fast-
growing copiotrophic group (Fierer et al., 2007). The accu-
mulation of TOC can stimulate a rapid increase in Proteo-
bacteria, as found in this study and previous studies (Jiang
etal., 2021; Wang et al., 2022b).

The FAPROTAX results revealed a significant increase in
the functional group of bacteria related to nitrogen fixation
with increasing stand age (Fig. S4), and Bradyrhizobium
exhibited the highest relative abundance within this group
(Fig. 5B). A previous study (Wu et al., 2015) demonstrated a
significant decrease in TN with increasing age of slash pine
plantations in southern China, suggesting that the nitrogen
demand of slash pine on sandy land may increase with stand
age, although the changes in TN were not significant in this
study (Table 1). Besides, it is noteworthy that the relative
abundance of Bradyrhizobium is usually significantly and
negatively correlated with soil Olsen P content (a measure of
plant-available phosphorus) (Hermans et al., 2017). In this
study, the relative abundance of Bradyrhizobium increased
with stand age and was significantly and negatively corre-
lated with soil AP content (Fig. 6B). This again suggests that
Bradyrhizobium has the potential to serve as a biologically
relevant indicator of important soil variables such as AP
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and the overall effectiveness of land management (Hermans
etal., 2017).

Fungal Community Structure and Guilds

For the fungal community, Ascomycota and Basidiomycota
were the dominant groups at the phylum level, consistent
with the results of other studies on Pinaceae plantations
in degraded or desertified lands (Bi et al., 2021, 2022; Liu
et al., 2019a, 2019b; Long et al., 2021; Wang et al., 2019b,
2022b; Zhao et al., 2020). However, changes in their abun-
dance did not show a regular trend with increasing stand age
(Fig. 3C). At the genus level, the fungal community structure
underwent succession as the stand age increased (Fig. S1E),
which is a trend that has also been detected in other studies
on Pinaceae plantations (Koizumi et al., 2018; Kyaschenko
et al., 2017). This succession was mainly reflected by EMF,
which showed the highest relative abundance of all stand-
age functional guilds (Fig. 5C). The results of EMF explorer
analysis indicated a tendency towards an increase in the pro-
portion of short-distance and medium-distance EMF and a
decrease in the proportion of long-distance EMF as the stand
age increased (Fig. 5B). On the one hand, short-distance
and medium-distance smooth EMF have been proposed to
promote rapid uptake of mobile nitrogen (Hobbie & Agerer,
2010; Jorgensen et al., 2023). Notably, the relative abun-
dance of Tomentella (Medium-distance smooth) which has
been described as nitrophilic (Jorgensen et al., 2023; Kra-
nabetter et al., 2009), increased significantly with stand age
in this study (Fig. S1F). This is consistent with the results
of previous studies that found that Tomentella was the most
abundant EMF in mature slash pine and other Pinus forests
(Ning et al., 2019a; Wang et al., 2021) and again, implies an
increased demand for nitrogen in the later stages of growth
of slash pine plantations.

On the other hand, previous studies have highlighted the
significance of Rhizopogon (long-distance EMF) in the ini-
tial colonization of pine trees (Koizumi et al., 2018; Long
et al., 2021; Ning et al., 2019b; Policelli et al., 2019; Zhao
et al., 2020). Rhizopogon was found to be dominant in slash
pine seedlings (Ning et al., 2021) and 10-year-old planta-
tions (Long et al., 2021). Similarly, in this study, Rhizopogon
was distributed in all stand ages except YRO1, and its rela-
tive abundance gradually increased with increasing stand
age (Fig. S1F). However, Pisolithus (long-distance EMF)
dominated the soil samples of younger stands (YRO1, YRO6,
Fig. S1F), highlighting its significance during the early
establishment of slash pine in southern China (Hua et al.,
1995), especially in sandy land (Sebastiana et al., 2020).
This finding is consistent with those of an earlier survey on
ectomycorrhizal resources in southern pine forests of China
(including slash pine), which concluded Pisolithus tincorius
was the most important pioneer mycorrhizal fungus (Hua
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et al., 1995). A recent study showed that Pisolithus influ-
ences the availability of soil phosphorus (Stuart et al., 2022),
suggesting that Pisolithus may also be able to help plants
access phosphorus.

Assembly of the Microbial Community in Stands
of Different Ages

Understanding the mechanism of microbial community
assembly is one of the central topics in microbial ecology
(Zhou & Ning, 2017). In this study, bacterial community
assembly was dominated by both deterministic and stochas-
tic processes, and deterministic processes dominated in the
early stage of stand age succession. This is consistent with
the results of a study on the early stages of restoration after
deforestation (Zhang et al., 2016), and emphasizes the envi-
ronmental constraints of degraded land (Huo et al., 2023;
Wang et al., 2023b; Zhang et al., 2016). In addition, the
assembly of bacterial communities shifted from being domi-
nated by deterministic to stochastic processes with increas-
ing forest age (Figs. S2A and S3A), suggesting that the eco-
logical environment of sandy land gradually recovered with
increasing forest age.

In contrast, although the fungal community assembly did
not fit the NCM, similar to the results of another coniferous
forest study (Kang et al., 2022), the extremely low m-val-
ues suggest that fungal community assembly was strongly
dispersal-limited (Fig. 4B, Fig. S2B), i.e., governed by a
stochastic process, consistent with the results of the NM in
this study (Fig. S3B). This result is similar to the findings of
previous studies on fungal communities in secondary forests
and Pinus plantations (Huo et al., 2023; Wang et al., 2021).

Driving Factors of Bacterial and Fungal Community

SWC is an important parameter for predicting bacterial com-
munity structure (Delgado-Baquerizo et al., 2018; Fierer,
2017). Accordingly, we found that SWC significantly
affected bacterial community composition, diversity, and
B/F in this study (Fig. 6 and Fig. S6). These results and
those of another study (Xu & Coleman-Derr, 2019) highlight
the sensitivity of the soil bacterial community to variations
in SWC in sandy land in Southern China. Besides, AP sig-
nificantly affected both bacterial and fungal communities
and functional groups (Fig. 6 and Fig. S6), indicating the
important effects of AP on the soil microbial community
during the development of pine forest (Bi et al., 2021; Wu
et al., 2021). We found that MD was the most important
factor predicting variations in microbial communities, sug-
gesting that stand age has a significant effect on microbial
communities (Wang et al., 2023b), and MD is a good indica-
tor that is easier to measure.

A previous study detected a significant negative correla-
tion between C/N and the soil microbial diversity of slash
pine plantations at different stand ages (Wu et al., 2015),
but no such correlation was detected in our study (Fig. 6B),
possibly because of the low soil C and N contents in the soil
layer of the sandy land studied here. The accumulation of
slash pine litter with a high C/N ratio increases the soil C/N
ratio with increasing stand age (Wu et al., 2015), consistent
with the results of this study. However, a high C/N ratio may
lead to nitrogen deficiency (Jiang et al., 2021), and thus exert
selective pressure on microorganisms (Wang et al., 2019a).
This may also be the reason why the abundance of nitrogen-
fixing bacteria increased with increasing stand age in this
study (Fig. 5B).

Conclusion

The results of our study show that the sandy land ecosys-
tem gradually improves as the stand age of the slash pine
plantation increases, but the process is slow. At each stage,
the dominant phylum in the bacterial community was
Chloroflexi, while fungal community succession occurred
at the genus level, with Pisolithus most abundant in soils
of younger stands (YRO1 and YRO06). This emphasizes
the importance of Pisolithus in the early establishment of
slash pine in Southern China. In addition, the mechanisms
of bacterial and fungal community assembly differed, with
bacterial community assembly shifting from being governed
by deterministic to stochastic processes with increasing
stand age, while fungal communities were always governed
by stochastic processes. Notably, the relative abundance
of Bradyrhizobium, the main taxon in the nitrogen-fix-
ing functional group, and Tomentella (medium-distance
smooth EMF), which potentially promotes mobile nitrogen
uptake, increased significantly with stand age, suggesting an
increased nitrogen demand in slash pine plantations during
the later stages of restoration on sandy lands. Furthermore,
given the significant negative correlation between the rela-
tive abundance of Bradyrhizobium and soil AP content, we
re-emphasize its potential as a bioindicator. The results of
Mantel tests and db-RDA analysis showed that both bacterial
and fungal communities were significantly correlated with
SWC, AP, and MD. Moreover, Spearman’s rank correlation
analyses revealed strong correlations between SWC, AP,
and MD and microbial diversity, abundance, and functional
groups. We concluded that the development of slash pine
plantations on sandy land significantly affects the microbial
community structure, function, and assembly mechanism,
and the increase in stand age may lead to an increase in
nitrogen and phosphorus demand. These findings provide a
theoretical basis for future management of slash pine planta-
tions on sandy land.
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