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Abstract

Background and aim  Soil nutrient availability, acid-
ification associated with plant phosphorus-mining
strategies, and fine root foraging all influence nutrient
cycling. However, their relative impacts on microbial
nutrient cycling during primary succession remain
unclear.

Methods We studied a 130-year primary succession
along the Hailuogou post-glacial chronosequence in
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southwest China. Early-successional stages (1-3) are
dominated by Hippophae tibetana, which is gradually
replaced by Populus purdomii. In the climax commu-
nity (stage 4), Abies fabri replaces P. purdomii. We
collected rhizosphere soil, roots, and leaves from the
dominant species, analyzing how phosphorus-acqui-
sition strategies (proxied by soil pH, leaf manganese
concentration and fine-root morphology) influenced
bacterial nutrient-cycling gene abundance, based on
16S rRNA sequencing.

Results Rhizosphere pH and the abundance of
genes encoding enzymes involved in ammonium and
nitrate assimilation, denitrification and phosphorus
mobilization were significantly lower for H. tibetana
and A. fabri than for P. purdomii. In contrast, P. pur-
domii exhibited a significantly higher specific root
length. Linear mixed models reveal that leaf man-
ganese concentration was positively correlated with
soil acidification. Multiple regression models show
that nutrient-cycling potential was more significantly
linked to soil pH than to fine-root morphology or soil
nutrient availability. Structural equation models indi-
cate that the reduced nutrient-cycling potential was
indirectly associated with soil acidification through
bacterial co-occurrence networks rather than bacterial
richness.

Conclusion Soil acidification, associated with phos-
phorus-mining strategies of H. tibetana and A. fabri,
may inhibit microbial nutrient-cycling potential dur-
ing primary succession. This highlights the interac-
tions between plant nutrient-acquisition strategies
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and microbial processes in shaping terrestrial nutrient
cycling.

Keywords Plant-microorganism interaction -
Chronosequence - Co-occurrence network - Bacterial
diversity - Scavenging strategy

Introduction

Nitrogen (N) and phosphorus (P) are essential nutri-
ents that may limit plant and microbial growth in
various ecosystems (Wassen et al. 2005; Lambers
et al. 2008). Rapid nutrient cycling plays an impor-
tant role in supporting the establishment of pioneer
plant communities and enhancing vegetation changes
during primary succession (Sparrius and Kooijman
2013; Ciccazzo et al. 2016). Soil bacteria are the
major microorganisms responsible for a variety of
transforming processes of N and P, such as assimila-
tion, mineralization, fixation nitrification and denitri-
fication of N and solubilization and mineralization of
P (McGrath et al. 2013; Kuypers et al. 2018). These
processes can increase soil nutrient availability and
thus enhance nutrient uptake in diverse plants (Cheng
et al. 2024). Plants exhibit an array of strategies for
nutrient acquisition, such as foraging bioavailable
nutrients from soil via extensive fine root systems
and mobilize insoluble nutrients via proton and car-
boxylate release (Lambers 2022). These strategies
have the potential to inhibit bacterial nutrient cycling,
decreasing the positive impacts of bacteria on plant
nutrient uptake (Chapman et al. 2006; Moreau et al.
2019; Prescott et al. 2020). The strategies that plants
and bacteria utilize to acquire nutrients vary greatly
with plant species replacement and simultaneous soil
nutrient availability (Lambers et al. 2008; Zemunik
et al. 2015; Ortiz-Alvarez et al. 2018; Turner et al.
2019; Li et al. 2025). However, the extent and mecha-
nisms by which plant nutrient-acquisition strategies
impact bacterial nutrient cycling during primary suc-
cession remain poorly understood. The aim of this
study is to estimate the impacts of interspecific dif-
ferences in nutrient-acquisition strategies on nutrient
cycling potential of rhizosphere bacteria during pri-
mary succession.

Soil acidification has the potential to inhibit the
activities and composition of soil bacterial commu-
nities and thus soil nutrient cycling through allowing
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soil pH to deviate from optimum values for microor-
ganisms (Kuzyakov and Xu 2013). For example, stud-
ies focusing on crops in China show that soil acidifi-
cation plays a major role in decreasing the abundance
of genes encoding enzymes involved in bacterial P
solubilization, uptake and transport (Dai et al. 2020).
However, a study conducted on tropical acidic soils
where most P is sorbed onto iron- and aluminum-
bearing minerals shows that soil acidification beneath
N,-fixing plants enhances P cycling as it promotes
the growth of soil Fe-reducing bacteria, and in turn
increases the solubilization of P (Epihov et al. 2021).
Additionally, acidification generally decreases the
abundance of genes encoding enzymes involved in
nitrification due to the acidification stress on nitrifiers
(DeForest and Otuya 2020; Zhou et al. 2023). It likely
also decreases the rates of hydrolysis of organic N and
assimilation of ammonium N, but it enhances nitrate
assimilation (Broadbent and Tyler 1965; Fisher et al.
2017). However, acidification may indirectly, and
not directly, impede N assimilation through decreas-
ing nitrate and ammonium N produced from nitrifi-
cation and mineralization, respectively (Elrys et al.
2022). The strategies that acidify soil are important
for successional species growing in young soils with
abundant primary mineral P (Zhou et al. 2013), but
it remains unclear how acidification associated with
plant P-acquisition strategies influences bacterial nutri-
ent cycling during primary succession.

The development of extending fine roots is effec-
tive at foraging soluble nutrients from soil (Francis
and Read 1994). Fine root foraging may affect the
substrate for soil bacteria and thus bacterial nutrient
cycling (Moreau et al. 2019). For example, increased
N acquisition by grassland species associated with
greater root length density decreases the substrate
(nitrate—N) for denitrifiers, leading to reduced emis-
sion of nitrous oxide (Abalos et al. 2018). Similarly,
plants possessing greater specific root length (SRL)
and with a high affinity for ammonium N exhibit a
lower potential rate of nitrification in a European
grassland (Cantarel et al. 2015). However, more
rapid N uptake through fine roots may be associated
with greater input of labile carbon, thus accelerating
N cycling through priming effects (Henneron et al.
2020). Although fine root foraging and acidification
are two complementary strategies and often co-occur
during primary succession, knowledge on which
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of these strategies has a greater impact on bacterial
nutrient cycling is still lacking.

Soil microbial diversity is essential to maintain
soil nutrient cycling. For example, soil acidification
caused by nutrient enrichment indirectly impacts
multiple ecosystem functions (e.g., nutrient cycling)
through affecting microbial diversity (Hu et al. 2024).
A microcosm experiment shows that a 75% decrease
in bacterial species richness through serial dilution
reduces denitrification potential in soil by 70-80%
(Philippot et al. 2013). In addition, plant P-acquisi-
tion strategies are likely to influence the abundance
of specific microorganisms within modules related
to soil nutrient cycling (Wagg et al. 2019). A module
is defined as a cluster of highly-interconnected taxa
of microbial networks and microbial taxa within an
individual module are likely associated with similar
nutrient cycling (Bissett et al. 2013). For example, a
microbial network composed of bacteria, fungi, and
nematodes reveals that different modules are charac-
terized by distinct groups of microorganisms, includ-
ing those involved in nutrient cycling, putative plant
pathogens and arbuscular mycorrhizal fungi (Fan
et al. 2021). Similarly, a N addition experiment in a
subtropical plantation of Moso bamboo shows that
greater bacterial relative abundance within a par-
ticular module account for increased phosphatase
activities and abundance of genes encoding enzymes
associated with P cycling (Zeng et al. 2024). While
both richness of bacterial communities and abun-
dance of bacteria belonging to a particular module
play important roles in affecting soil nutrient cycling,
it is unclear whether plant nutrient-acquisition strat-
egies influence bacterial nutrient cycling through
their effects on bacterial diversity and abundance
within modules of co-occurrence networks.

The Hailuogou postglacial chronosequence with
primary vegetation succession on the eastern edge of
the Tibetan Plateau, southwest China is an ideal place
to address the above questions. The pioneer plant
communities are dominated by Hippophae tibetana
(Elaeagnaceae) and Populus purdomii (Salicaceae),
and the climax plant communities are dominated by
Abies fabri (Pinaceae) along the chronosequence.
The actinorhizal (N,-fixing) Hippophae genus forms
cluster roots that release large amounts of carboxy-
lates and protons (Shah et al. 2015). Soil acidifica-
tion caused by actinorhizal plants can even acceler-
ate rock weathering (Perakis and Pett-Ridge 2019).

The Populus and Abies genera forage bioavailable
nutrients and may mobilize sparingly-soluble nutri-
ents via ectomycorrhizas (Xia et al. 2020a, b). Thus,
acidifying and foraging capacity may differ among
the dominant species. Moreover, the potential assimi-
latory nitrate reduction of bacteria differs among co-
occurring plant species at the stage dominated by H.
tibetana (Sun et al. 2023). Soil pH contributes to a
change in the bacterial community associated with
the release of alkaline phosphatases along the Hailu-
ogou chronosequence (Bai et al. 2020). We therefore
hypothesized that (i) soil acidification decreases the
nutrient-cycling potential of rhizosphere bacteria; (ii)
acidification has greater impacts on nutrient cycling
than fine root foraging does. The objectives of this
study were to (i) determine the relative contribution
of acidifying and fine root foraging strategies in influ-
encing potential nutrient cycling of rhizosphere bac-
teria; (ii) determine the direct and indirect impacts
of nutrient-acquisition strategies on nutrient cycling
though bacterial richness and the abundance of taxa
within modules of co-occurrence networks.

Materials and methods
Study area

The Hailuogou Glacier is located on the eastern slope
of the Gongga Mountain, straddling the transition
zone of the Tibetan Plateau and the Sichuan Basin.
A~ 130-year-old primary succession has developed
from bare soil to a climax plant community along
the Hailuogou Glacier retreat area. Plant community
composition and soil nutrient bioavailability change
rapidly during primary succession (Li and Xiong
1995; Zhou et al. 2013). Three stages were chosen to
represent the pioneer plant communities. Hippophae
tibetana is dominant at the S1 stage (8—12 years) and
H. tibetana and P. purdomii dominate at the S2 stage
(32-42 years). Populus purdomii replaces H. tibetana
at the S3 stage (50-60 years). The S4 stage (80-90
years) represents the plant community with abundant
A. fabri and a few P. purdomii. The relative cover-
age of the former is about 85% but that of the latter
is 10%. Plant communities establish on fine moraine
material at the glacier terminus and S1 stage, while
those at the later stage (S2-S4) colonize soil with
developing litter layers (Zhou et al. 2019). Although
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soil physicochemical properties significantly change
with soil age, soil conditions are similar within each
stage (Zhou et al. 2013). The entire chronosequence
(spanning <2 km length and 80-200 m width) occurs
within a narrow elevational range (2900-2982 m
above sea level), ensuring homogeneous microcli-
mate (precipitation and temperature) and topography.
The mean annual temperature and precipitation is
4.2°C and 1947 mm, respectively (Zhou et al. 2013).
The mean annual soil temperature at 5 cm depth is
5.8-6.1°C along the chronosequence (Zhou et al.
2016). The soils are classified as Regosols according
to the World Reference Base for Soil Classification
(Zhou et al. 2013). The mean concentrations (stand-
ard error) of bioavailable soil N (nitrate and ammo-
nium) in mineral horizons are: S1 stage 0.6 (0.2), S2
stage 7.3 (1.1), S3 stage 11.0 (2.0), S4 stage 1.7 (0.7)
mg N kg™!. The mean concentrations (standard error)
of bioavailable soil P in mineral horizons are: S1
stage 1.8 (0.4), S2 stage 8.4 (1.4), S3 stage 16.1 (3.8),
S4 stage 5.3 (1.8) mg P kg™".

Field sampling

Fine roots (< 2 mm diameter) and soil were collected
from five H. tibetana and P. purdomii individuals
at the first three stages (S1-3) and five P. purdomii
and A. fabri individuals in July 2022. Along the
primary roots of trees and their branches, we deter-
mined the fine roots of target tree species. We col-
lected soil within 2 cm of fine roots of these individu-
als as rhizosheath-like soil since it is hard to collect
enough ‘real’ rhizosheath soil (< 1 mm adhering to
fine roots). To minimize interference from the roots
of co-occurring plants, soil samples were collected
directly adjacent to the roots of the target tree spe-
cies, avoiding areas with potential root overlap from
other species. Before collecting soil samples, plant
litter and any soil adhering to herbaceous roots were
carefully removed to reduce the influence of herbs on
the rhizosheath-like soil of the target trees. In addi-
tion, five replicates of topsoil (0—10 cm deep) were
also collected to represent bare soil at the terminal of
the glacier. Only fine moraine material was sampled
at the terminal of the glacier and S1 stage. Fresh soil
samples were sieved and divided into two subsam-
ples, one was stored at 4°C, and the other at — 80°C
for analysis of bacterial community composition.
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Soil DNA extraction and PCR amplification

To determine the bacterial community composition
associated with N cycling, DNA was extracted from
soil samples by using the ALFA-SEQ Advanced Soil
DNA Kit (mCHIP, Guangzhou, China). The concen-
tration and purity of the genomic DNA were checked
on the NanoDrop One (Thermo Fisher Scientific,
Massachusetts, USA). The regions of the 16S rRNA
genes for bacteria (V4-V5 regions) were amplified
by primer pairs 515 F (GTGCCAGCMGCCGCG
GTAA) and 907R (CCGTCAATTCMTTTRAGTTT)
(Caporaso et al. 2011; Klindworth et al. 2013). The
amplification was carried out with a 50 pL reaction
system that contains 25 pl 2X Premix Taq (Takara
Biotechnology, Dalian Co. Ltd., China), 1 pL of each
primer (10 pM) and 50 ng DNA template. PCR was
conducted using the following procedures: thermal
cycling conditions were initialized at 95 °C for 2 min,
followed by 30 cycles consisting of denaturation at 95
°C for 30 s, annealing at 53 °C for 30 s, and elonga-
tion at 72 °C for 30 s, and a final extension at 72 °C
for 5 min. The purified PCR amplicon products were
subjected to PE250 sequencing on the Illumina plat-
form (Guangdong Magigene Biotechnology Co., Ltd.
Guangzhou, China).

Sequencing and bioinformatic analyses

Raw sequence data were quality-filtered using fastp
(an ultra-fast all-in-one FASTQ preprocessor, version
0.14.1, https://github.com/OpenGene/fastp). Opera-
tional taxonomic units (OTUs) were clustered with a
97% similarity cut-off using UPARSE. The usearch-
sintax was used to align the representative sequence
of each OTU against the SILVA database for species-
level annotation, with a confidence threshold of 0.8.
PICRUSt2 (https://github.com/picrust/picrust2) was
used to predict the metagenome functions associ-
ated with nutrient cycling by performing functional
annotation based on KEGG Orthology (KO) num-
bers, which are used to categorize genes according
to their functional roles in metabolic pathways from
the Kyoto Encyclopedia of Genes and Genomes
(KEGG). The relative abundance of each KO num-
ber was calculated by dividing the sums of all KO
numbers. The N-cycling processes were calculated
by summing the relative abundance of associated KO
numbers (Xue et al. 2021). Bacterial OTUs with a
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relative abundance of more than 0.5% were chosen to
conduct a co-occurrence network based on Spearman
correlation analysis (p< 0.001, r> 0.75). The nutri-
ent-cycling processes were analyzed by determining
the relative abundance of genes encoding nutrient-
cycling enzymes based on functional prediction for
16S rRNA sequences. The investigated genes encod-
ing N- and P-cycling enzymes can be found in Fig. S1
and Table S1, respectively. The gene abundance rep-
resenting nutrient-cycling processes was calculated
as the sum of genes encoding different enzymes. The
abundance of genes encoding the same enzymes were
calculated as their average values for N-cycling path-
ways (Table S1).

The image of the network with the first five mod-
ules was generated by Gephi (http://gephi.github.io/).
The nodes were clustered using the Louvain algo-
rithm, a modularity optimization-based community
detection method, resulting in distinct modules char-
acterized by densely interconnected intra-modular
associations and sparsely connected inter-modular
linkages (Olesen et al. 2007). Module abundance
was calculated by summing the relative abundance
of OTUs in the module in bacterial co-occurrence
networks. Greater abundance of a module associated
with nutrient cycling accounts for greater functional
potential of nutrient cycling (Zeng et al. 2024). Mod-
ule abundance and bacterial diversity were calculated
to determine the indirect impacts of plant nutrient-
acquisition strategies on nutrient cycling through bac-
terial abundance within modules.

Analyses of plant nutrient-acquisition strategies and
soil properties

We analyzed plant nutrient-acquisition strategies by
determining soil pH, leaf manganese concentration
([Mn]) and fine root morphology. The interspecific
differences in soil pH were used to represent the abil-
ity of plants to acidify soil, as in previous studies
(Li et al. 2007; Wen et al. 2020). Soil acidification,
caused by proton release, likely drives the carboxylate
release from roots due to charge balance (Chai and
Schachtman 2022). The pH was measured in a 1:5
(w/v) soil/water suspension (1:2.5 for fine moraine
material) using a glass electrode (7252101B) and a
potentiometer (pH 6+, EUTECH™, Thermo Fisher
Scientific, Waltham, USA). Considering that sym-
biotic N, fixation likely enhances soil acidification

through increasing proton release from plant roots
and bacterial nitrification and assimilation (Haynes
1983), we measured leaf 89N as an indicator of sym-
biotic N, fixation. Leaf 8'°N was determined with an
elemental analyzer linked to an isotope ratio mass
spectrometer (ISOPRIME 100, Elementar Analysen-
systeme GmbH, Langenselbold, Germany).

Leaf [Mn] was used to represent the strategy of
plant release of carboxylates that mobilize insoluble
P (Lambers et al. 2015). The use of mature leaf [Mn]
as a proxy for rhizosphere carboxylate concentrations
is well documented (Lambers et al. 2015; Zhou et al.
2020, 2021). Plants exhibit high leaf [Mn] as root-
released carboxylates enhance the mobilization of
soil Mn, which is subsequently absorbed by roots via
transporters with low substrate specificity (Lambers
et al. 2015, 2021). This proxy has been successfully
applied in many field and pot experiments (Teste and
Laliberté 2019; Zhong et al. 2021; Zhou et al. 2021;
Yan et al. 2024). To determine the role of carboxy-
late release in solubilization of insoluble soil cations,
we measured soil Mn and cation concentrations. The
soil cation concentration was calculated as the sum of
the concentrations of calcium (Ca), magnesium (Mg)
and potassium (K). For the measurement of Mn and
cation concentrations, dried leaves were digested with
8 mL nitric acid (68%, w/v) and 2 mL HCIO, (72%,
w/v) at 400°C (Zarcinas et al. 1987). Dried soil was
digested with 7 mL nitric acid (68%, w/v) and 3 mL
hydrofluoric acid using a microwave digestion system
(Nezat et al. 2007). The Mn and cation concentrations
in the digested solution of leaves and soil were meas-
ured using an atomic absorption spectrometer (ICE™
3500, Thermo Fisher Scientific, Waltham, US) (Zar-
cinas et al. 1987).

Specific root length of fine roots is an essential
indicator of fine root morphology, representing the
capacity of plants to forage soluble nutrients from
soil (Lynch 2019). Specific root length was calculated
according to the ratio of root length to dry mass (after
drying at 70°C). Root length of fine roots was analyzed
using WinRHIZO software (Regent, Quebec, Canada)
after scanning. Soil nutrient availability is often con-
sidered an important factor affecting microbial nutri-
ent cycling through affecting nutrient limitation of
soil microorganisms (Zeng et al. 2024). Considering
that bioavailable nutrient concentrations (e.g., mineral
N and soluble inorganic P) in soil may be a conse-
quence of bacterial nutrient cycling, soil total N and P
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concentrations were measured to determine the corre-
lations of nutrient-cycling potential with soil nutrient
availability. Soil N concentration was determined with
an elemental analyzer (Elementar Vario EL, Elemen-
tar Analysensysteme GmbH, Hesse, Germany). The
P concentration in the digested solution of soil was
determined using a molybdenum-blue method on a
microplate reader (SuPerMax 3000 FA, Flash, Shang-
hai, China) (Murphy and Riley 1962).

Statistics

Linear models were used to determine the interspe-
cific differences in various indicators. To avoid inter-
specific differences in soil pH being confused with
vegetation changes and soil age, linear mixed models
were used to determine the correlations among these
indicators where successional stages acted as a random
effect. Multiple linear regression was used to estimate
the effects of plant nutrient-acquisition strategies and
soil nutrient concentrations on the abundance of genes
encoding nutrient-cycling enzymes. Structural equa-
tion models (SEM) were used to assess the mecha-
nisms through which plant P-acquisition strategies
were linked to ammonium assimilation and P mobili-
zation. Non-metric multidimensional scaling (NMDS)
was used to analyze the module composition. Two axes
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Fig. 1 Plant nutrient-acquisition strategies as dependent on
successional stage along the Hailuogou postglacial chronose-
quence in southwest China. SRL, specific root length; Mn,
manganese. Soil cation concentration is the sum of potassium,
calcium and magnesium concentrations. In panels a-e, linear
models were used to determine the interspecific differences
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in NMDS (NMDS 1 and NMDS 2) were used to rep-
resent module composition loaded in different dimen-
sions in SEM. The function psem in the R package
piecewiseSEM was used to estimate the standardized
path coefficients (Lefcheck 2016). Linear models were
used to conduct each path in the SEM. For each model,
the normality and variance homogeneity of residuals
were tested according to histograms of residuals and
plots with residuals versus fitted values. The data were
transformed and outliers were excluded to normalize
the residuals and homogenize the variance of residu-
als. The Bonferroni adjusted p values were used to
determine the significance of models. The R package
r.squaredGLMM was used to calculate the marginal R?
in linear mixed models. All above analyses were per-
formed in R (version 4.1.1). All figures were produced
by OriginPro 2024 (Learning Edition).

Results
Differences in plant nutrient-acquisition strategies

Soil pH and SRL served as proxies for plant P-mobi-
lizing and fine root foraging strategies, respectively.
The pH at the terminal silts was above 8.5 and signifi-
cantly higher than that at the S1-S4 stages (Fig. 1a).
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(n =5 for each box). In panels f-h, linear mixed models were
used to determine the correlations of soil Mn and cation con-
centrations with soil pH. Asterisks represent significant differ-
ences among species (* p < 0.05, ** p < 0.01). The boxes show
the minimum to maximum values and the lines in the boxes
show mean values
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At the S2, S3 and S4 stages, soil surrounding H. tibet-
ana and A. fabri roots exhibited significantly lower pH
(Fig. la) than that of soil surrounding P. purdomii,
while H. tibetana and A. fabri roots exhibited smaller
SRL (Fig. 1b). Notably, these acidifying species (H.
tibetana and A. fabri) exhibited significantly lower
concentrations of soil Mn and cations (Fig. Ic, d) and
higher leaf [Mn] than P. purdomii at the S3 and S4
stages (Fig. le), despite similar nitrification-related
gene abundances among species (Fig. S2a). Soil Mn
and cation concentrations (the sum of K, Ca and Mg,
Fig. 1d) were significantly and positively correlated
with soil pH, while leaf [Mn] showed a negative cor-
relation with soil pH (Fig. 1f-h). In comparison, leaf
8N showed an insignificant correlation with soil pH
(Fig. S2b).
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a b
Bacterial richness

O Hippophae tibetana

Differences in bacterial communities in soil
surrounding plant roots

We observed significantly lower richness, Shannon
index and abundance of genes encoding enzymes
involved in denitrification and assimilations of nitrate
and ammonium and P mobilization in soil surround-
ing both H. tibetana and A. fabri roots compared with
soil surrounding P. purdomii roots at the S2-S4 stages
(Fig. 2a-f). There were no significant differences
in bacterial communities at the S1 stage (Fig. 2a-f).
Similar to P mobilization, soil surrounding H. tibet-
ana and A. fabri roots exhibited significantly lower
abundance of gcd, which is responsible for extracel-
lular carboxylate release from bacteria (Fig. S3a).
The gene abundance encoding enzymes involved
in ammonium assimilation and P mobilization was
an order of magnitude greater than that of genes
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Fig. 2 Differences in bacterial diversity and potential nutrient
cycling in soils surrounding roots among plant species along
the Hailuogou postglacial chronosequence in southwest China.
The normalized gene abundance (Z-score) is shown. T, termi-
nal; S1, S2, S3 and S4 represent stage 1, stage 2, stage 3 and

Successional stage

Successional stage

stage 4, respectively. Linear models were used to compare the
differences among species at each stage (n =5 for each box).
Asterisks represent significant differences among species (*
p<0.05, ** p< 0.01). The boxes show the minimum to maxi-
mum values and the lines in the boxes show means
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encoding enzymes involved in nitrate assimilation
and denitrification (Fig. S3b).

Differences in OTUs among plant species

The bacterial co-occurrence network shows five
modules (Fig. 3a). The five modules were ranked
according to the taxonomic numbers of OTUs within
individual modules, with module 1 exhibiting the
greatest taxonomic number but module 5 the lowest
(Fig. 3b-f). The most abundant families in modules
1, 2, and 4 were Chitinophagaceae, Burkholderiaceae
and Xanthobacteraceae, respectively. Solibacteraceae
were the most abundant family in modules 3 and 5.
Soil surrounding H. tibetana and A. fabri roots exhib-
ited significantly greater abundance of modules 2 and
5 but lower abundance of module 4 than that of soil
surrounding P. purdomii (Fig. 3c, e, f). Such interspe-
cific differences were not significant for modules 1
and 3 (Fig. 3b, d).

O Hippophae tibetana

| Populus purdomii

The correlations of bacterial communities with plant
phosphorus-acquisition strategies and soil nutrient
concentrations

Soil surrounding H. tibetana and A. fabri roots exhib-
ited significantly higher N concentration and lower P
concentration than that of soil surrounding P. purdomii
at the acidic S2-S4 stages (Fig. S4a, b). The potential
abundance of genes encoding nutrient-cycling enzymes
was more significantly correlated with soil pH and
SRL than with soil nutrient concentrations (Table 1).
Similarly, the abundance of genes encoding enzymes
involved in nitrification showed no significant correla-
tion with soil N concentration (Fig. S4c). The absolute
values of standardized regression coefficients for soil
pH were significantly greater than those for SRL in lin-
ear models (Table 1). The predicted abundance of genes
encoding enzymes involved in P mobilization was posi-
tively correlated with soil pH at the acidic S2-S4 stages,
while the correlation differed at the alkaline S1 stage
(Fig. 4a). By contrast, the correlations of the predicted
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Fig. 3 Module classes in bacterial co-occurrence network in
soils surrounding roots among plant species and their variation
among successional stages along the Hailuogou postglacial
chronosequence in southwest China. S1, S2, S3 and S4 repre-
sent stage 1, stage 2, stage 3 and stage 4, respectively. In panel
a, different modules are filled with different colors. Spearman
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correlation analysis was used in network analysis (n =40).
Linear models were used to compare the differences among
species at each stage (n =5 for each box). Asterisks represent
significant differences among species (* p < 0.05, ** p< 0.01).
The boxes show the minimum and maximum values and the
lines in the boxes show means of relative abundance
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Table 1 The correlations of nutrient cycling with plant phosphorus-acquisition strategies and soil nutrient concentrations along the
Hailuogou postglacial chronosequence in southwest China

Explaining variables

Responsible variables

Phosphorus mobilization

Ammonium assimilation

Nitrate assimilation

Denitrification

Model R?

F values; p
0.43

8.3;8.1 x107
0.71

23.8;1.9 %107
0.52

11.5;4.8 x10°°
0.49

10.5; 1.1 x 107

Soil pH SRL
Coefficients Coefficients
t values; p t values; p
—0.60" (0.19) 0.477(0.13)
—3.2;0.003 3.7; 0.001
0.78™ (0.14) 0.19 (0.09)
5.7;2.0x107° 2.0; 0.051
0.41° (0.18) 0.18 (0.12)
2.3;0.026 1.50; 0.134
0.34 (0.18) 0.06 (0.12)
1.9; 0.068 0.48; 0.634

Soil P Soil N
Coefficients Coefficients
t values; p t values; p
0.15 (0.16) —0.18 (0.17)
0.97;0.339 -1.0;0.313
0.12 (0.11) —0.02 (0.13)
1.0; 0.309 0.15;0.886
0.26 (0.14) —0.17 (0.16)
1.8; 0.085 —1.1;0.289
0.20 (0.15) —0.31(0.16)
1.4;0.186 —-0.19; 0.070

Standardized regression coefficients (standard errors) are shown. SRL, specific root length; Soil P, soil total phosphorus concentra-
tion; Soil N, Soil total nitrogen concentration. Linear models were used to determine the coefficients and significance. The adjusted

R? of these models are shown

abundance genes encoding enzymes involved in deni-
trification and assimilation of nitrate and ammonium N
with soil pH was positive at the stages 1—4 (Fig. 4b-d).

Fig. 4 The correlations

of bacterial communi-

ties with soil pH in soils
surrounding roots of plant
species along the Hailuogou
postglacial chronosequence
in southwest China. S1,

S2, S3 and S4 represent
stage 1, stage 2, stage 3 and
stage 4, respectively. Linear
mixed models were used to
determine these correlations
where successional stages
were used as a random
effect in each model. In
panels a, h and i, the linear
mixed model involved only
stages 1-3 because stage 1
exhibited different variation
in phosphorus (P) mobiliza-
tion and module abundance
with soil pH compared with
stages 1-3
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Fig. 5 The correlations of Alkline stage: + S1 Acidstage: o S2 o S3 v $4
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The correlations of abundance of functional genes
encoding nutrient-cycling enzymes with module
composition and bacterial richness

The predicted abundance of genes encoding enzymes
involved in P mobilization and ammonium assimila-
tion was significantly correlated with module compo-
sition and bacterial richness, while module composi-
tion explained more variance of P mobilization (64%
versus 7%) and ammonium assimilation (59% versus
45%) than bacterial richness (Fig. 5a-d).

The direct and indirect correlations of nutrient
cycling with plant P-acquisition strategies

Potential pathway analysis showed that the decreased
abundance of genes encoding enzymes involved in
P mobilization was indirectly associated with the
reduced soil pH through the composition of soil bac-
terial modules (Fig. 6a). In contrast, the abundance
of genes encoding enzymes involved in ammonium
assimilation was both directly and indirectly associ-
ated with the decreased pH, primarily through mod-
ule composition (Fig. 6b). The abundance of genes
encoding enzymes involved in P mobilization or

@ Springer

ammonium assimilation showed no significant corre-
lations with bacterial richness (Fig. 6a, b). The path-
way coefficients linking soil pH to module composi-
tion and bacterial richness were greater than those
linking SRL to module composition and bacterial
richness (Fig. 6a, b).

Discussion

Rhizosphere acidification was linked to plant
P-acquisition strategies rather than bacterial strategies

The differences in soil pH and SRL (Fig. 1a, b) indi-
cate that both H. tibetana and A. fabri acidified the
soil as a strategy for P mobilization, while P. pur-
domii was effective at foraging bioavailable forms
of soil nutrients. The acidifying capacity of H. tibet-
ana and A. fabri is further supported by the loss of
Mn and cations in soil surrounding their roots and
their significantly positive correlations with soil pH
(Fig. 1c, d, f, g). The soils supporting these plants fea-
tured relatively homogeneous litter layers and exhib-
ited similar weathering intensity at the same stage
(Zhou et al. 2016, 2018). Previous studies conducted
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Fig. 6 Potential pathways by which bacterial nitrogen and
phosphorus cycling are associated with acidification in soil
surrounding plant roots along the Hailuogou postglacial chron-
osequence in southwest China. The orange and blue arrows
represent positive and negative coefficients, respectively. The
thicker arrows show greater values of coefficients. Non-metric
multidimensional scaling (NMDS) was used to analyze the

along this chronosequence show that soils represent-
ing overall communities exhibit small variance in pH
at each stage, but soil pH increases with increasing
soil depth (Zhou et al. 2016). Considering that roots
were concentrated within the topsoil (0-10 cm), the
difference in soil pH among species at each stage
was mainly caused by plant P acquisition rather than
soil weathering and degradation of plant litter. Plant
P-acquisition strategies likely contribute to acidifica-
tion due to the release of protons that drive the release
of carboxylates (Chai and Schachtman 2022), as indi-
cated by the negative correlation between leaf [Mn]
and soil pH (Fig. le). Soil pH was not correlated with
leaf 5'°N (Fig. S2), indicating that symbiotic N, fixa-
tion likely contributed less to soil acidification than
carboxylate and proton release. The newly exposed
soil exhibited a strong buffering capacity because it
contained large amounts of primary minerals that are
rich in Ca, K and Mg (Fig. 1b), likely explaining the
insignificant interspecific difference in soil pH at the
S1 stage.

Fisher'C = 3.039, p =0.219

-0.07 _| Ammonium assimilation 0.64**
R*=0.80

0.,&
-0.01

NMDS 2
R’ =0.60

NMDS 1
R’ = 0.11 0.3+

°, Richness
¢ | R=056| f

o
-~
p *
3 s
Q(y *

SRL Soil pH

composition of five modules in a co-occurrence network (stress
=0.11). NMDS 1 and NMDS 2 were two axes in NMDS and
were used to represent module composition loaded in differ-
ent dimensions. SRL, specific root length. R package piece-
wiseSEM was used to determine model validation and param-
eter (n =39). Linear models were used in each pathway to
determine pathway coefficients

Although soil nitrifying and P-mobilizing bac-
teria can contribute to acidification through proton
release (Hayat et al. 2010), the lower abundance of
genes encoding enzymes involved in P mobilization
and nitrification in H. tibetana and A. fabri soil than
in P. purdomii soil suggests a limited role of soil
bacteria in explaining the interspecific difference in
soil pH (Figs. 2f, S2a). Abundant soil ammonium-
N is an important factor increasing nitrification by
providing substrate and enhancing N availability (Li
et al. 2020). Soils conditioned by N,-fixing plants
exhibit greater N concentration and thus greater nitri-
fication rates (Haynes 1983). This was not observed
in this study because soil N concentration was not
significantly correlated with potential nitrification
(Fig. S4c), although H. tibetana and A. fabri soil
exhibited greater soil N concentration than P. pur-
domii soil (Fig. S4a). The rapid increase in soil N
concentration (Fig. S4a) likely allowed nitrifying bac-
teria not to be limited by substrate availability. Also,
DeForest and Otuya (2020) found that a decrease in
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soil pH from 6.7 to 4.8 slows down nitrification rates
by 97%. At the S2-S4 stage, the acid environment
(pH =3.5-6.5) may suppress the activities of nitrify-
ing bacteria, leading to a slow production of protons
during nitrification. This is further supported by the
decrease in the abundance of genes encoding nitri-
fying enzymes at the acidic stages compared with
the alkaline S2 stage (Fig. S2a).

Phosphate-solubilizing  microorganisms  likely
acidify the soil with protons released to drive the
release of carboxylates (Rawat et al. 2021). The gcd
gene is responsible for the synthesis of enzymes
involved in gluconic acid synthesis which is a major
acid secreted by bacteria involved in P solubiliza-
tion (Rodriguez et al. 2006). The significantly lower
gene abundance of gcd in H. tibetana and A. fabri soil
than in P. purdomii soil suggests that P-solubilizing
bacteria played a marginal role in lowering soil pH
(Fig. S3a). Microbial ammonium assimilation would
lead to the secretion of excess protons into soil, thus
acidifying soil (Rawat et al. 2021). However, this
trait is expressed in alkalophilic Bacillus marisflavi
FA7 in artificial media, but is not well evidenced in
the field in acid soil (Rawat et al. 2021). Carbonic
acid generated by microbial respiration also has the
potential to decrease soil pH, but soil respiration was
largely explained by temperature (59-90%) at each
stage along the Hailuogou chronosequence (Luo et al.
2012).

Plant P-mobilizing strategies affect nutrient cycling

Functional genes are frequently considered as bio-
markers for predicting specific processes of nutrient
cycling (Uroz et al. 2009; Petersen et al. 2012). Mobi-
lizing P and assimilating ammonium by bacteria may
be prevalent in soil around plant roots, as gene abun-
dance related to the two processes is an order of mag-
nitude greater than that of other nutrient-transforming
processes (Fig. S3b). The differences in the predicted
abundance of nutrient-cycling processes among spe-
cies indicate that the potential P mobilization and
ammonium assimilation might be suppressed in H.
tibetana and A. fabri soil compared with that in P.
purdomii soil at the acidic S2-S4 stages (Fig. 2c-f).
This is in line with a previous study that soil domi-
nated by plants with stronger soil acidification exhibit
slower microbial nutrient cycling (Bahram et al.
2020).
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The nutrient-cycling potential of rhizosphere bac-
teria was correlated with plant nutrient-acquisition
strategies rather than soil nutrient availability, as indi-
cated by the multiple regression models (Table 1).
Also, soil acidification might exert greater effects
on bacterial ammonium assimilation and P mobili-
zation than fine root foraging did (Fig. 6a, b). Roots
take up bioavailable forms of nutrients from soil
and decrease substrate availability for soil bacteria
(Gutschick 1981), thus likely decreasing the rates of
soil nutrient cycling (Moreau et al. 2019). However,
the concentrations of bioavailable N and P rapidly
increased in acidic soil at the S2-S4 stages during
this primary succession (Zhou et al. 2013). The weak
impacts of fine root foraging on bacteria may arise
from the increased nutrient availability, which can
relax the competition for nutrients between roots and
surrounding bacteria (Capek et al. 2018). Also, Wang
et al. (2020) found that plants likely do not compete
for P with microorganisms since the cycling of soil
microbial biomass P is at least an order of magni-
tude greater than plant P uptake along the Hailuogou
chronosequence.

Our results support the contention that the reduced
nutrient cycling potential of bacteria was associated
with soil acidification (Fig. 4a-d). By incorporat-
ing successional stages as a random effect, we were
able to isolate the influence of gene abundance and
soil pH, ensuring that the observed correlation was
not confounded by successional changes (Fig. 4a-d).
The negative impact of soil acidification on bacte-
rial nutrient cycling is consistent with previous stud-
ies (Fierer and Jackson 2006; Dai et al. 2020). The
optimal pH for most microorganisms is near neutral,
which is close to their intracellular pH (Madigan et al.
1997). Bacteria generally exhibit low tolerance to a
decrease in soil pH (Rousk et al. 2010). Thus, acidi-
fication from neutral to acid might decrease bacterial
activities and functional potential. In addition, acidifi-
cation increases the solubilization of soil Mn and alu-
minum (Lambers et al. 2015, 2022), which may lead
to reduced bacterial activities due to toxicity (Kraal
et al. 2009; Juttukonda and Skaar 2015). However,
the correlation between soil pH and P mobilization
varies depending on soil pH, showing distinct differ-
ences between acidic and alkaline conditions. Consid-
ering the narrow range of pH values (between 6.8 and
8.1) and small sample size at the S1 stage, it is dif-
ficult to determine whether potential P mobilization
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decreased or simply plateaued with increasing pH in
alkaline soil. Zhou et al. (2024) found that fewer bac-
terial genera tolerate acidic conditions compared with
alkaline conditions. This likely explains the different
effects of soil pH on P mobilization between acid and
alkaline stages.

Our results show that bacterial P mobilization was
indirectly and negatively associated with acidification
through the bacterial abundance within modules of
bacterial networks (Fig. 6a, b). Similarly, Zeng et al.
(2024) found that bacterial abundance in a module
involved in P cycling account largely for an increase
in P-mineralizing potential of bacterial communities
when N addition exacerbates bacterial P limitation.
The interspecific differences in module abundance
and reduced bacterial richness were correlated with
soil acidification (Fig. 4e-i), consistent with previous
studies (Fierer and Jackson 2006; Zhang et al. 2018).
When both module composition and bacterial rich-
ness were considered within the same model, mod-
ule composition was a much more powerful predictor
of potential nutrient cycling than bacterial diversity.
The significant role of module composition was fur-
ther supported by the linear mixed models that more
variance of nutrient cycling was explained by module
composition than by bacterial richness (Fig. 5a-d).
Module composition likely features bacterial com-
munities with low functional redundancy because
species within individual modules may be involved in
similar functions (Olesen et al. 2007). However, spe-
cies richness is a crude metric in this regard when dif-
ferent taxa support similar nutrient-cycling processes
(Wagg et al. 2019).

Implications and limitations

The interactions between plants and soil microorgan-
isms play crucial roles in driving vegetation succes-
sion (Reynolds et al. 2003; Kardol et al. 2006; Wubs
et al. 2016). Successional predecessors may cause an
accumulation of relatively unfavorable rhizosphere
microorganisms (e.g., more abundant soil patho-
gens) than successional successors, leading to spe-
cies replacement during primary succession (van der
Putten et al. 1993; Reynolds et al. 2003). Our findings
advance the understanding on how plant-soil interac-
tions drive species replacement. Plant nutrient-acqui-
sition strategies negatively influence rhizosphere bac-
terial activities and associated nutrient cycling which

likely generates negative feedback effects on plant
nutrient uptake and growth. Such different accumula-
tion of beneficial microorganisms likely contributes
to species replacement.

Soil acidification accompanied by carboxylate
release can suppress bacterial degradation of car-
boxylates. This inhibition enables plants to efficiently
acquire sorbed P through their carboxylate-releasing
strategy (Weisskopf et al. 2006; Chai and Schacht-
man 2022). Future studies should investigate potential
trade-offs in P-mining strategies between plants and
bacteria. For instance, plants with efficient P-mining
mechanisms can acquire P independently, poten-
tially suppressing bacterial activity by limiting bac-
terial access to carboxylates and available P (Weis-
skopf et al. 2006). Conversely, plants lacking efficient
P-mining capabilities may rely on bacterial processes
for P mobilization (Jiang et al. 2021).

The significant impacts of plant nutrient-acquisi-
tion strategies on bacterial nutrient cycling may not be
as significant in non-growing seasons, as low temper-
ature and precipitation are the major factors that limit
bacterial activities and associated nutrient cycling
(Bahram et al. 2018). It is important to note that
our predictions of functional gene abundance were
based on bacterial community data rather than quan-
titative PCR or metagenomic sequencing. Integrating
results from both bacterial community composition
and absolute gene abundance may provide deeper
insights into the interactions between plant and bac-
terial nutrient-acquisition strategies. Considering that
fungi are closely correlated with plant nutrient-acqui-
sition strategies and soil nutrient cycling (Miki et al.
2010; Phillips et al. 2013), future studies may provide
a more comprehensive understanding of microbial
nutrient cycling through linking fungi and bacteria, as
well as root strategies. Additionally, conducting con-
trolled pot experiments that quantify plant nutrient-
acquisition strategies, microbial community dynam-
ics, and metagenomic sequencing would be valuable
to further elucidate these complex interactions.

Conclusions
This study examined the impact of soil acidification on
bacterial nutrient-cycling potential during primary suc-

cession along a glacier foreland chronosequence on the
eastern edge of the Tibetan Plateau, southwest China.

@ Springer



158

Plant Soil (2026) 525:145-161

We found that the reduced N and P cycling potentials
of bacteria were linked to soil acidification, which was
associated with plant P-acquisition strategies, whereas
fine root foraging strategies and variation in soil nutri-
ent status likely had a negligible influence.

The significant shifts in both bacterial diversity
and composition of modules within the bacterial
co-occurrence network were linked to acidification.
Notably, acidification-induced changes in bacterial
module abundance likely played a more critical role
in influencing nutrient-cycling potential in the rhizo-
sphere than bacterial richness did. These findings
address a significant knowledge gap regarding the
direct effects of plant P-acquisition strategies on bac-
terial nutrient cycling, as well as the indirect impacts
mediated by bacterial network structures. Further-
more, this study adds a new dimension to our under-
standing of how plant communities drive changes in
belowground bacterial communities and their associ-
ated nutrient cycling processes during primary suc-
cession and soil formation.
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