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ABSTRACT

To identify possible dominating processes involved in soil microbial community assembly,
dissolved organic matter (DOM) and multi-nutrient cycling (MNC) interactions and contribute to
understanding of climate change effects on these important cycles, we investigated the interaction
of soil chemistry, DOM components and microbial communities in five vegetation zones - ranging
from evergreen broad-leaved forest to alpine meadow - along an elevation gradient of 290 to 1960
m in the Wuyi Mountains, Fujian Province, China. Soil DOM composition and microbial
community assembly were characterized using Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR MS) and Illumina MiSeq high-throughput sequencing, respectively. Sloan’s
neutral model and the modified stochasticity ratio were used to infer community assembly
processes. Key microbial drivers of the soil MNC index were identified from partial least squares
path models. Our results showed that soil DOM composition is closely related to the vegetation
types along an elevation gradient, the structure and composition of the microbial community, and
soil nutrient status. Overall, values of the double bond equivalent (DBE), modified aromaticity
index (Almod) increased, and H/C ratio and molecular lability boundary (MLBL) percentage
decreased with elevation. Lignins/CRAM-like structures compounds dominated soil DOM in each
vegetation type and its relative abundance decreased with elevation. Aliphatic/protein and lipids
components also decreased, but the relative abundance of aromatic structures and tannin increased
with elevation. The alpha diversity index of soil bacteria gradually decreased with elevation, with
deterministic processes dominating the microbial community assembly in the highest elevation
zone. Bacterial communities were conducive to the decomposition of labile degradable DOM
compounds (H/C>1.5) at low elevation. In the cooler and wetter conditions at higher-elevation sites
the relative abundance of potentially resistant soil DOM components (H/C<1.5) gradually increased.
Microbial community diversity and composition were important predictors of potential soil
nutrient cycling. Although higher elevation sites have higher nutrient cycling potential, soil DOM
was assessed to be a more stable carbon store, with apparent lower lability and bioavailability than
at lower elevation sites. Overall, this study increases understanding of the potential linkage
between soil microbial community, multiple nutrient cycling and DOM fate in subtropical

mountain ecosystems that can help predict the effect of climate change on soil carbon
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sequestration and thus inform ecosystem management.

Keywords: dissolved organic matter (DOM), FT-ICR MS, Ilabile components, microbial

community assembly, refractory components, soil multi-nutrient cycling

1. Introduction

Globally, the carbon (C) content of soil organic matter (SOM) is more than three times that of the
atmospheric C pool or the C storage of living terrestrial vegetation (Schmidt et al., 2011;
Gougoulias et al., 2014). Climate warming significantly affects the stock and stability of SOM and
increases the release of CO2 from the soil carbon pool, thereby causing a positive feedback between
the terrestrial carbon cycle and climate change (Koven et al., 2011). Soil microorganisms play a
pivotal role in global C cycling (Abatenh et al., 2018), because a large proportion of SOM is derived
from storage and reprocessing within the microbial food web (Liang et al., 2019).

Although dissolved organic matter (DOM) accounts for less than 2% of SOM (Swenson et al.,
2015), it plays an important role in regulating nutrient cycles and soil micro-ecology as a dynamic
soil carbon pool (Fouché et al., 2020). Soil DOM compounds provide soluble organic substrates for
heterotrophic microbes and play a role in extracellular electron transfer across cell membranes,
changing the cellular redox state (Wang Y. H. et al., 2021). This alters the microbial niche and
thereby affects the composition and diversity of the functional microbial community (Liet al., 2019;
Mladenov et al., 2010; Wang Y. H. et al., 2021). The production and degradation of the different
components of DOM are inseparable from DOM-microbe interactions (Wang W. X. et al., 2021).
For example, low molecular mass plant-derived DOM molecules are consumed and transformed by
microorganisms, generating larger molecular mass DOM compounds with increasing soil depth
(Roth et al., 2019). Furthermore, changes in structure and composition of the microbial community
are tightly coupled to DOM turnover (Wu X. Q. et al., 2018). Analysis of changes in the temporal
and spatial distribution of DOM compounds and their chemodiversity is key for evaluating SOM
stabilization mechanisms. Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR
MS) provides detailed information on various DOM compounds at the molecular level (e.g., Roth et

al., 2019; Wang W. X. et al., 2021; Wu X. Q. et al., 2018).
3
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Artificial simulation warming experiments allow us to explore the response of SOM to
short-term temperature increase. For example, in a 4 °C soil warming experiment conducted for 4.5
years, it was reported that soil nutrient availability changed, which affected the composition and
metabolism processes of the microbial community (Dove et al., 2021). However, the applicability of
these results to understanding SOM processing under complex environmental conditions and over
long-time scales is questionable. Moreover, these experiments did not fully consider the impact of
substrate availability on microbial activities. An alternative approach is to use elevation gradients as
natural experiments to test the ecological and evolutionary responses of biological groups to climate
change (Korner, 2007). Climate, vegetation types, and soil heterogeneity vary greatly over short
spatial distances in mountain ecosystems (Tang et al., 2020). These differences have been exploited
in “temporal and spatial substitution” studies across geographic gradients (Rustad, 2008) in which
soil transplant experiments have been conducted along elevation gradients to explore the response
of surface SOM components to rising temperature (Cao et al., 2020; Luan et al., 2014).
Bioavailability of DOM, the most bioavailable fraction of SOM, is controlled by its intrinsic
characteristics, soil properties and external factors such as temperature and precipitation patterns
(Marschner and Kalbitz, 2003). The sharply heterogeneous environment along an elevation
gradient, such as precipitation, temperature, rainfall and vegetation type, may lead to variation in
water-extractable SOM (Huang et al., 2015). Hence, soil heterogeneity and environmental
variability have a great impact on the DOM inventory along elevation gradients. For example, Dai
et al. (2021) reported a positive correlation between the total genetic diversity of microorganisms
related to C cycling and elevation.

Niche and neutral processes are complementary in regulating the assembly of microbial
communities simultaneously (Chen Q. L. et al., 2021; Zhou and Ning, 2017). Niche-based theory
holds that the assembly of microbial community structure is controlled by deterministic processes
due to the different habitat preferences and fitness among microorganisms, including abiotic factors
(environmental filtering) and biotic interactions (such as facilitation and predation) (Chen et al.,
2019; Zhou and Ning, 2017). Thus, environmental heterogeneity is the dominant driver of microbial
assembly. Conversely, neutral theory asserts that microbial assemblage is generated by stochastic

processes, including probabilistic dispersal, random speciation and extinction, and ecological drift
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(Zhou and Ning, 2017). A recent study showed that stochastic processes mainly determined the
assembly of phoD-harboring bacteria (an indicator of organic phosphorus transformation) at high
elevations (> 1500 m) with less environmental constraint, compared to the bacteria assembly at low
elevation (< 1500 m), in the pristine Shennongjia forest, north-western Hubei Province, China (Wan
et al., 2021). Nevertheless, the relationship between soil DOM compositions and its molecular
properties and the assembly patterns of microbial community along subtropical elevation gradients
remain largely unexplored.

Microbial community assembly determines the presence, abundance, and composition of
microbes, thereby impacting multiple ecosystem functions (Wan et al., 2021; Xun et al., 2019). One
of the methods for assessing ecosystem multi-functionality is to standardize and then average the
values of multiple functions to a single index (Byrnes et al., 2014). The multiple nutrient cycling
(MNC) index provides a quantifiable measure of an ecosystem to sustain multiple functions
simultaneously (Delgado-Baquerizo et al., 2016; Jiao et al., 2018; Jiao et al., 2021).
Microorganisms drive the soil nutrient cycling in terrestrial ecosystems (Zhou et al., 2023). Thus,
analyzing microbial community assembly processes and DOM compounds, and investigating how
microbial community diversity and composition drive soil multiple nutrient cycling, are needed for
predicting the effect of climate change on soil microbial community and the drivers of soil C
cycling.

The Wuyi Mountains have a distinct vertical zonation of vegetation types and strong climatic
variation along an elevation gradient in subtropical south-eastern China, providing a unique
experimental platform to explore soil-plant-microbial interactions (Wang et al., 2009; Wu et al.,
2016). To identify the soil microbial community assembly process, diversity patterns, and soil DOM
components, we applied FT ICR-MS to characterize soil DOM components, combined with
Illumina MiSeq sequencing, to soil samples along an elevation gradient in the Wuyi Mountains,
subtropical China. Specifically, we hypothesized that: i) the chemodiversity of DOM molecules and
the content of refractory components increases with elevation due to the shift to specialized
microbes with greater C degradation ability; ii) deterministic processes control soil bacterial and
fungal community assembly at high elevation; iii) changes in soil microbial diversity result in

variation in multi-nutrient cycling along the elevation gradient.
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2. Material and methods

2.1. Site description, soil sample collection and preparation, and soil chemical analysis

Our study was conducted in the Wuyi Mountain National Nature Reserve (27°33'-27°54" N,
117°27-117°51" E) in northern Fujian Province, south-eastern China. Five sites with different
vegetation zones along an elevation gradient were selected, which are long-term ecological study
sites described in Bu et al. (2011). The vegetation zones and elevations of the five sites were:
evergreen broad-leaved forest (EB), coniferous and broad-leaved mixed forest (CB), coniferous
forest (CF), subalpine dwarf forest (DF), and alpine meadow (AM), located at 290, 1070, 1400,
1800 and 1960 m above sea level, respectively. Additional information about soil type, climate
(mean annual air temperature (MAT), and mean annual precipitation (MAP)) and the main plant
species in each vegetation zone are in Table S1. Winter was selected as the optimal time for
sampling to explore soil microbial effects on DOM as previous research in the same area reported
higher soil microbial biomass in winter (He et al., 2009).

We randomly demarcated three plots (20 m x 20 m) in each vegetation zone. Eight cores (3 cm
diameter) were taken in the upper 20 cm of soil in an S-shape in each plot on 19 January 2019 (in
winter) at mid-slope positions. For each plot, all eight soil samples were mixed thoroughly to form
a single composite sample (~1 kg) and then placed in an airtight bag. Thus 15 soil samples were
generated, consisting of one composite sample from each of the three plots for each of the five
vegetation zones. The samples were stored at 4 °C for transport to the laboratory within 48 hours
(Roth et al., 2019). In the laboratory, fresh soil samples were sieved (2 mm) to remove gravel and
plant debris.

Part of the sieved soil was air-dried at room temperature and used to determine soil pH,
available phosphorus (AP) and available potassium (AK). Some of the 2-mm sieved air-dried soil
was ground by hand and passed through a 0.149 mm nylon sieve and used for determination of soil
total carbon (TC) and total nitrogen (TN) contents. The remaining fresh soil samples (<2 mm) were
cryopreserved at -80 °C and then thawed as required to represent “fresh” soil for determination of
ammoniacal-nitrogen (NH4"-N), nitrate-nitrogen (NO3™-N), dissolved organic carbon (DOC), and

the characterization of DOM molecular composition and the soil microbial community. The
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analysis methods for soil chemical properties and the molecular composition of soil DOM are
detailed in Supplementary Material Sections S1 and S2, respectively. We mixed equally the three

replicate soil samples at each site into one sample (Ye et al., 2020) for DOM extraction.

2.2. Soil microbial community analysis

Bacterial and fungal DNA were extracted from each fresh soil sample using a Power Soil DNA
Isolation Kit (MoBio Laboratories, Inc., CA). We subjected soil samples to high-throughput
sequencing using the [llumina Miseq PE300 sequencing platform at Beijing Allwegene Technology
Co., Ltd. (Beijing, China). DNA quality was detected by 1% agarose gel electrophoresis. The
primers 338F (5"-ACTCCTACGGGAGGCAGCAG-3) and 806R
(5"-GGACTACHVGGGTWTCTAAT-3") were used to amplify the V3—V4 region of the bacterial
16S rRNA. For fungal communities, the ribosomal ITS1-ITS2 region was targeted using primers
ITS1 (5- CTTGGTCATTTAGAGGAAGTAA-3") and ITS2 (5'-TGCGTTCTTCATCGATGC-3").
The PCR reaction mixtures and PCR amplification procedures used for soil bacteria and fungi were
the same as in Zhang et al. (2022), and are detailed in Supplementary Material Section S3. Reads
were demultiplexed, quality-filtered, and processed to obtain valid sequences. Effective sequences
with a similarity of 97% were clustered into the same operational taxonomic unit (OTU).
Trimmomatic (v 0.36) and PEAR (v 0.9.6) were used to control the quality of raw sequence reads,
and the paired-end sequences were merged using Flash (v1.20) and PEAR (v0.9.6). Chimeric
sequences were removed with the Vsearch (v2.7.1) (uchime method) (Zhang et al., 2022). The
functional annotation of prokaryotic taxa (FAPROTAX) database was used for annotation of the
bacterial  community  (Sansupa et  al, 2021) using the  online  tools

(http://cloud.biomicroclass.com/CloudPlatform/SoftPage/FAP).

2.3. Soil multi-nutrient cycling analysis and DOM molecular properties

We determined the soil MNC index from the seven nutrient variables measured: TC, TN, NH4"-N,
NOs™-N, AP, AK, and DOC. The MNC value was calculated for the average value of the
standardized score of each soil nutrient variable, normalized for individual nutrient concentrations

on a common scale ranging from 0 to 1 (Jiao et al., 2021; Zhang et al., 2022) (Egs. 1 and 2).
7
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STD; = _XizXmin_ (Eq. 1)

Xmax—Xmin

n
i=1STD;

MNC = (Eq. 2)

where STD; is the standardized individual soil nutrient variable 1 and Xi, Xmin, and Xmax are the
individual soil nutrient concentrations and their minimum and maximum values across all soil
samples, respectively. n represents the number of all nutrient variables. Classification and
calculation of soil DOM molecular properties (DBE, Almod, average nominal oxidation state of
carbon (NOSC), molecular lability boundary (MLBL) percentage, and Shannon index) are detailed

in Supplementary Material Section S4 and Table S2.

2.4. Data and statistical analysis

Apart from where stated, all statistical analyses were conducted using R v4.1.3 (R Core Team, 2018)
and the significance level used was P < 0.05. Differences in soil chemical properties and the relative
abundance and alpha diversity indexes of microbes were tested using one-way analysis of variance
(ANOVA), with multiple comparisons among vegetation zones conducted using least significant
difference (LSD) tests (SPSSv19, SPSS Inc., Chicago, IL, USA). The Shapiro-Wilk test and
Levene’s test were used to check that data fulfilled the normality and homogeneity of variance
assumptions for ANOVA, respectively. If these assumptions were not met, we applied the
non-parametric Kruskal-Wallis test with Bonferroni-adjusted P values using the “agricolae”
(v1.3-5) package (de Mendiburu, 2021).

We calculated the alpha diversity indices (Chaol index, Shannon index, and Faith’s
phylogenetic diversity whole tree index (Faith’s PD whole tree index)) of microbial communities in
each of the 15 soil samples using Qiime (v.1.8.0) (Taketani et al., 2017). Differences in microbial
communities between elevations and the degree of separation between- and within- elevations were
evaluated using the NMDS and analysis of similarities (ANOSIM) (Chen et al., 2019).

We calculated Spearman's rank correlation coefficients between the soil bacterial and the
fungal OTUs with the top 300 relative abundances using the "Hmisc" and "igraph" packages in R.
We used the False Discovery Rate (FDR) method to adjust the P values. Only correlations with

absolute correlation coefficient values > 0.8 correlations and adjusted P values < 0.01 were
8
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considered. The "igraph" package was also used to calculate the topological characteristics of the
co-occurring network compared with 10,000 random networks generated according to the Erdos—
Réyni model whose edges were assigned to any node with the same probability (Jiao et al., 2016).
The degree distributions of the co-occurring networks were plotted to assess their form (Fig. S1).
Gephi (0.9.3) (https://gephi.org/) was used to visualize the co-occurrence networks.

To assess the contribution of neutral processes to microbial community assembly, we fitted
Sloan’s neutral community model (NCM) to estimate the relationship between the occurrence
frequency and mean relative abundance variations of OTUs, as described in detail in Jiao et al.
(2021). The modified stochasticity ratio (MST) to infer microbial community assembly processes
(Qiu et al., 2020) and Levins’ niche breadth index were calculated for the soil microbial community
using the “NST” package and the “niche.width” function in the “spaa” package (Chen Q. L. et al.,
2021), respectively. The "EcolUtils" package was used to randomly arrange the occurrences of
OTUs 1000 times to simulate the OTU occurrence frequency. OTUs with observed occurrence
exceeding the upper 95% confidence interval were considered generalists, with those below the
lower 95% confidence interval considered specialists, and the remainder considered neutral taxa
(Zhang et al., 2018).

Associations between soil DOM composition and microbial OTUs were assessed by Pearson
product-moment correlation analysis and visualized as co-occurrence network diagrams using
Cytoscape 3.5.1. The “random-forest” package was used to identify the main microbial predictors
of soil MNC values along the elevation gradient. The most important predictors were assessed as
those with higher percentage increases in the MSE (mean squared error) of the variable. The "A3"
package was used to assess the significance of the model with 5000 permutations of the response
variables (Gao et al., 2021; Jiao et al., 2018), whilst the "rfPermute" package was used to estimate
the significance of each predictor on the MNC index with 5000 trees. We used partial least squares
path models (PLS-PM) through the “plspm” package to investigate the direct and indirect effects of
microbial community characteristics on the MNC index. From initial modeling, variables with
loading values < 0.7 and variance inflation factor (VIF) > 10 were removed, with the final PLS-PM
constructed using the remaining variables (Yun et al., 2022). DOM data used in this manuscript can

be found at https://www.zenodo.org/record/8188815.
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3. Results
3.1. Soil chemical properties and DOM composition along the elevation gradient
Soils were acidic and pH values were very similar among sites, ranging from mean pH of 4.55 in the
subalpine dwarf forest (DF) vegetation zone to 4.73 in the alpine meadow (AM) zone (Table 1). Soil
NH4"-N concentration generally increased with elevation, whilst NO3-N and AP did not vary
significantly between zones. DOC concentration increased with elevation, reaching a mean of 109.4
mg kg at AM, double that in the EB and coniferous and broad-leaved mixed forest (CB) vegetation
zones. Soil TN and TC concentrations also increased significantly with elevation, although the C/N
ratio remained relatively constant. In general, the MNC index increased with elevation (Table 1).

An UpSet plot were used to visualize the common-shared, partial-shared, and unique DOM
molecules for the five vegetation zones along the elevation gradients in the Wuyi Mountains (Fig.
S1). The number of detected molecular formulae of soil DOM at the five different vegetation zones
ascending with altitude from evergreen broad-leaved forest (EB) to AM was 1168, 3106, 1206, 3392,
and 2325, respectively. The common shared molecules (present in all five samples) accounted for
the largest proportion from the intersection of different vegetation zones. Inter sample rankings
analysis was performed to reveal possible differences in quality in the 703 common DOM
components present in the five vegetation zones (Fig. 1). DOM qualities differed considerably
across the vegetation zones at different elevations. At the EB site, DOM molecular formulae
ranked 1 (relatively high peak intensities) exhibited H/C > 0.9 and O/C < 0.5, whilst those ranked
4 and 5 mainly had O/C > 0.5. In contrast, at sites DF and AM, DOM formulae ranked 4 and 5
mainly exhibited H/C > 1 and O/C < 0.55. The DOM molecular formulae ranked 1 at site AM
were dominated by H/C < 1, whilst formulae ranked 1 and 2 at DF displayed high m/z values (>
400) with O/C > 0.5. Unique DOM molecular formulae at DF and AM were dominated by tannin-
and aromatic structures- like compounds, respectively (Fig. S2).

Lignins/CRAM-like (carboxylic rich alicyclic molecule) structures dominated soil DOM
composition in all vegetation zones, and its abundance decreased with increasing elevation (Fig.
S3). The relative abundance of aliphatic/proteins and lipids also decreased with elevation, whilst

those of tannin and aromatic structures increased with elevation (Fig. S3d). The weighted mean
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O/C ratio, Almod, and NOSC values of DOM molecules showed increasing trends with elevation,
whilst the H/C ratio and molecular lability boundary (MLBL) percentage decreased (Table 2). The
Shannon index values of DOM molecules in the coniferous forest (CF) were slightly lower than in
the other vegetation zones (Table 2). This is consistent with the narrower ranges of the distribution
curves for the number of C and O atoms and M/Z values of DOM compositions in CF compared

to the other vegetation zones (Fig. S3).

3.2. Soil microbial diversity, community structure and assembly processes along the elevation
gradient
Within the soil bacterial community, Acidobacteria (36.2%-42.6%), Proteobacteria (24.5%—
32.3%), Chloroflexi (7.51%—-14.2%), Actinobacteria (5.97%—8.4%) and Planctomycetes (2.14%—
5.77%) were the five most abundant phyla in all five vegetation types (numbers in parentheses are
minimum and maximum values of mean % abundance amongst the different sites, Fig. S4a). They
displayed no clear trend in abundance with elevation, although the relative abundance of
Verrucomicrobia (0.99%-2.69%) decreased with elevation (Fig. S3b). In the fungal community,
Basidiomycota (53.7%—82.5%) dominated at all sites. Its relative abundance was highest at the
lowest elevation in the evergreen broad-leaved forest (EB) zone, and then decreased before
increasing with elevation. The relative abundance of Mortierellomycota phylum also generally
increased with elevation (Fig. S4c).

The Chaol index and Faith’s PD index of soil bacteria decreased with increasing elevation (Fig.
S5a and Fig. S6a), whilst the indices for fungi were not significantly different between elevations
(Fig. S5d and Fig. S6b). The Shannon indices for both the bacterial and fungal communities
increased from EB to the coniferous and broad-leaved mixed forest (CB) zone and then showed a
decreasing trend with elevation (Fig. S5b, e). Non-metric multidimensional scaling (NMDS)
analysis showed that the soil bacterial and fungal communities at the different sites formed distinct
clusters, which are completely separate in the ordination space (Anosim test, Global R = 1, P <
0.001) (Fig. S5c, f). Beta diversity, estimated among the microbial communities in all 15 soil
samples based on Bray-Curtis dissimilarities, was significantly lower among bacteria than fungi

(Fig. S7).
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The potential linkages among soil bacteria and fungi OTUs were revealed by the co-occurring
network analysis (Fig. 2a, b). Compared with the Erdés-Réyni random network, a higher clustering
coefficient and average path length were observed in the co-occurrence networks of bacterial and
fungal communities (Fig. 2a, b). This displayed that the generated networks were more clustered
than the identically sized random networks and that their degree distributions are non-random. The
modularity and average path length of the fungal community were greater than for the bacterial
network. In the fungal community most connections were positive (93%), in contrast to the bacterial
community where only 55% of connections were positive.

Neutral processes dominated assembly of the bacterial and fungal communities overall along
the elevation gradient, with 72.9% and 56.6% of the community variation explained by the neutral
community model (NCM), respectively (Fig. 2c, d). The values of m (migration rate) were 0.561
and 0.123 for the bacterial and fungal community, respectively (Fig. 2c, d). To detect the relative
importance of stochastic and deterministic processes in the assembly of the bacterial and fungal
communities at different elevations, we calculated the modified stochasticity ratio (MST) in each
vegetation zone (Fig. 2e). The MST value for the fungal community in CB was significantly higher
than in other vegetation zones. In addition, MST values were < 0.5 for both bacteria and fungi in the

AM zone.

3.3. Correlation between soil chemical properties, DOM components, and microbial
community characteristics

Correlation analysis across all elevations revealed that the Chao 1 index for the bacterial community
was significantly negatively correlated with tannins, aromatic structures, and the Almod value of
DOM compounds (Fig. 3a). Conversely, lignins/CRAM-like structures and aliphatic/proteins
components were significantly positively correlated with the bacterial Chaol index (Fig. 3a). The
relative abundance of lignins/CRAM-like structures and aliphatic/proteins compounds were
significantly negatively correlated with soil TC. NH4"-N, and TN contents (P < 0.05). However,
the relative abundance of tannins was significantly positively correlated with soil TN and TC
contents (Fig. S8).

Highly significant correlations (P < 0.01) between the 100 most abundant DOM molecular
12
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formulae and bacteria and fungi OTUs at the phylum level were selected to construct network
diagrams. For bacteria (Fig. 3b), formulae of lignins/CRAM-like structures were positively
correlated with most microbes, whilst Chloroflexi was negatively correlated with some tannin
molecules. Proteobacteria was only positively correlated with individual DOM molecules, whilst
Chloroflexi only had negative correlations. The number of C atoms in DOM formulae correlated
with Proteobacteria had a small range of 15-21, while those correlated with Acidobacteria had a
relatively large range of 13-23. For fungi (Fig. 3c), there were a smaller number of correlations
between phyla and individual DOM molecules, and all correlations were positive and with
lignins/CRAM-like structures, apart from one formula. More DOM molecular formulae were

correlated with Ascomycota than with Basidiomycota.

3.4. Microbial drivers of soil multi-nutrient cycling

We applied random forest (RF) analysis to identify the major potential microbial drivers of soil
multiple nutrient cycling across all sites. Site elevation, alpha diversity (PD whole tree and Chaol
indices), and the relative abundance of Verrucomicrobia and Firmicutes were the most important
bacterial community indicators of the soil multi-nutrient cycling (MNC) index (Fig. 4a). The
significant fungal community predictors were site elevation, relative abundance of three fungal
phyla, and the alpha diversity (PD whole tree and Shannon indices). Partial least squares path
models (PLS-PM) analyzed the effects of microbial community characteristics on the soil MNC
index, which had best fit goodness-of-fit (GOF) values of > 0.70 for microbial communities (Fig.
4c). The PLS-PM also highlighted the strong direct effects of elevation on soil microbial
community diversity, although the effects are in opposite directions: high elevation has a negative
effect on the bacterial alpha diversity index (path coefficient = -0.91, P < 0.001) but a positive
effect on the fungal alpha diversity index (path coefficient = 0.59, P < 0.05). The Shannon
diversity index of fungal community exhibited direct negative effects on MNC (path coefficient =

-0.56, P <0.05).

4. Discussion

4.1. Refractory components of soil DOM molecules gradually increase along the elevation
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In our study elevation transect in the Wuyi Mountains, the MLBL (%) decreased and Almod and
NOSC values of DOM molecules increased with elevation. Since higher Almod and NOSC values
indicate greater recalcitrance (low bioavailability) of DOM compounds (Cai and Jiao, 2023; Hu et
al., 2022), this indicates that soil DOM resistance increased with elevation. The DBE and O/C ratio
of soil DOM molecules increased along our study elevation gradient (Table 2), which is consistent
with the elevational variation in DOM components in restored areas of the Loess Plateau (Hu et al.,
2021), but contrasts with results in the higher altitude Sygera Mountains on the Tibetan Plateau
(Zhang et al., 2022). The DBE value reflects the degree of unsaturation of the DOM molecules
(Melendez-Perez et al., 2016), with higher values indicating greater unsaturation and lower
bioavailability (Cai and Jiao, 2023). Ligand exchange between the carboxyl / hydroxyl functional
groups of the DOM compounds and the surface of Fe oxides is the main mechanism of adsorption of
soil DOM molecules (Ding, 2020). An experimental study demonstrated that adsorption of the more
oxidized DOM components increased at low DOM concentrations, whilst at high DOM
concentrations selective adsorption of the less oxidized DOM components occurred (Avneri-Katz et
al., 2017). These processes appear to occur along our study elevation transect, with more oxidized
DOM components remaining in the soil liquid phase at the high-elevation sites. In contrast, at the
lower elevation sites, the oxidized DOM components were more readily adsorbed at soil solid phase
surfaces (and not extracted for analysis in our ultrapure water extraction (Bahureksa et al., 2021)),
thus decreasing the C accessibility for microbial degradation. Soil iron-containing minerals retain
great quantities of SOM (Lv et al., 2017). Highly oxidized and more aromatic DOM molecules are
preferentially adsorbed on hematite surfaces (Lv et al., 2017), and preferential adsorption of high
molar mass organic solutes occurs on goethite surfaces (Liu et al., 2014). The soil in the Wuyi
Mountains is highly leached, with mineral composition dominated by hematite in low-elevation red
earth soils and goethite at higher elevations in yellow earth soils (Lin, 2010). Soil mineralogy,
therefore, helps explain the lower molar mass (M/Z) and O/C values of the DOC molecules
extracted at the lowest elevation EB site.

The abundances of DOM molecules with lipids- and aliphatic/proteins-like compositions

decreased with increasing elevation on our study transect. Conversely, aromatic- and tannin- like
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compounds increased, indicating DOM compounds derived from microbe to plants along the
elevation gradient (Shen et al., 2023). Tannins are secondary metabolites of polyphenols produced
by higher plants, which can leach from litter into soil, and are toxic to microbial metabolism and
can inhibit enzyme activity, thereby affecting nutrient cycling (Triebwasser et al., 2012; Kraus et
al., 2003). Feng et al. (2021) showed that soil microbial metabolic efficiency decreased with
elevation, which was attributed partly to the microbial community increasing investment in nutrient
acquisition via enzymes. Thereby, the decrease with elevation of microbial-derived DOM along
our elevation transect is attributed to the expected inhibition of microbial activity. We also found
that the relative abundance of lignin/CRAM-like structure compounds decreased with increasing
altitude. Lignins in soil are mainly generated from above-ground and subsurface (root) litter of
higher plants, though biotic, aerobic and co-metabolic degradation processes (Thevenot et al.,
2010). For example, white rot fungi of Basidiomycetes secrete ligninolytic enzymes, which can
convert and mineralize refractory DOM into CO:2 and water by co-metabolizing aliphatic and
aromatic substances (Agrawal et al., 2021). The change of lignin input source during the transition
from trees to graminaceous plants and the strong degradation of saprophytic fungi at higher
elevation may explain the change of lignin-like compounds to some extent along the study
transect.

Interestingly, the DOM molecules in soil from the coniferous forest (CF) site had a narrower
range of number of C and O atoms and M/Z values (Fig. S3), which is consistent with the results of
Li et al. (2021) for soil DOM of monoculture Chinese fir
(Cunninghamia lanceolata (Lamb.) Hook.) plantations. Soil DOM provides carbon-containing
substrates for the soil microbial community, and the latter affects DOM composition by supplying
metabolites and residues (Wu M. et al., 2021). Plant litter is an important main source of soil DOC
(Don and Kalbitz, 2005). Therefore, differences in litter-fall and the metabolites and residues of
microorganisms in vegetation zones along elevation gradients may be one important cause of
changes in DOM molecular composition. For instance, the low input of soil nutrients from
litter-fall (Ma et al., 2007) may partly explain the soil DOM variation in Chinese fir plantations of
different ages.

The van Krevelen diagram is widely used for visualization of DOM molecular types and
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characteristics, and identification of possible chemical reactions (Kim et al., 2003). Nevertheless,
it is important to note that the molecular composition (molecular formulae) only of DOM is
obtained based on FT-ICR MS but not the isomer features (Hu et al., 2022). It is therefore
necessary in future studies to identify the structural features of DOM molecules to reveal their full

role in soil ecosystems (Qi et al., 2022).

4.2. Deterministic processes dominate the low-diversity microbial assembly at high elevation

The MST values of the soil bacteria and fungi communities were below the 0.5 threshold in the
alpine meadow zone, indicating that deterministic processes dominate microbial assembly at the
highest elevation site (Fig. 2e). Furthermore, the microbial community at this site had low Shannon
diversity indices compared to many of the lower elevation vegetation zones (Fig. S5b, e).
Environmental filters, including temperature, precipitation, soil available nutrient contents and
physical properties, and vegetation types can select for microbial species with specific traits, such as
stress tolerances and nutrient acquisition (Anthony et al., 2020). Such effects have been reported in
a number of studies. For instance, microbial community diversity and enzyme activity were
affected more by changing climatic factors, such as mean annual temperature and precipitation,
than soil characteristics along an elevation gradient on Taibai Mountain in eastern China (Ren et
al., 2020). Mo et al. (2021) reported that deterministic processes influenced the microeukaryotic
plankton community assembly with narrow habitat niche breadths under high salinity conditions.
Furthermore, Xun et al. (2019) indicated that environmental selection increased in low-diversity
bacterial communities, which contributed to the dominance of deterministic processes. Reduced soil
temperature and increased soil moisture were observed with elevation in the Wuyi Mountains
related to lower air temperature and elevated precipitation (Table S1), which results in slower
decomposition rates of SOM at high elevation (Bu et al., 2012). Collectively, increasing
environmental and physiological stress on microorganisms along the elevation gradient (Ren et al.,
2020), including the reduced abundance of labile DOM (H/C > 1.5), high C/N ratio substrates
(Anthony et al., 2020) and increasing abundance of tannins, are suggested to lead to the dominance
of deterministic assembly processes for the microbial community at the highest elevation site in the

Wuyi Mountains.
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Co-occurring network analysis is a useful method for identifying potential microbial
interactions and functional distribution (Chen W. J. et al., 2021). The results of co-occurring
network analysis showed that positive associations were more dominant among the fungal
community than the bacterial community at the study sites (Fig. 2a, b), suggesting possible niche
overlap and mutualistic or facilitative interactions between the fungal species (Zhu et al., 2021). The
lower average path length and higher average degree of the bacterial co-occurring network
indicates closer relationships among the OTUs and rapid distribution of any perturbation (Li et al.,
2020; Yuan et al., 2021).

The emergence and maintenance of soil microbial diversity are underpinned by soil
heterogeneity (Nunan et al., 2020). In this study, soil fungal communities had higher beta diversity
than bacterial communities (Fig. S7) which is consistent with the results of Jiao et al. (2018). The
bacterial community across all sites had lower path length, lower dispersal limitation (lower m
value), and wider habitat niche breadths than fungal taxa (Fig. 2a, ¢, d and Fig. S9), which have a
smaller body size and more flexible metabolic plasticity, and therefore are less environmentally
filtered (Wu W. X. et al., 2018). The interaction between disturbance and dispersal can homogenize
species composition, which was observed to cause decreased beta diversity (Catano et al., 2017).
The relative proportions of soil heterotrophic microorganisms are determined by the local
geographic environment, vegetation types, and soil factors (Zhuang et al., 1997). For example, Li et
al. (2021) found that the soil fungal Faith’s PD index declined with elevation in the cold temperate
zone at high latitudes in China. Microbial diversity positively regulates the service functions of
terrestrial ecosystems by changing the nutrient supply and distribution of terrestrial ecosystems
(Delgado-Baquerizo et al., 2016).

Overall, in this study, the Chao 1 and Faith’s PD diversity indexes of bacterial communities
decreased along a subtropical elevation gradient (Fig. S5a and Fig. S6a). Ma et al. (2022) also
reported that the bacteria community richness index and Faith’s PD index decreased with elevation
in subtropical forests, with soil temperature largely explaining the changes in soil bacterial and
fungal diversity. Bacterial community diversity largely drives the utilization efficiency of C
(Domeignoz-Horta et al., 2020). Reduced abundance of labile DOM (H/C > 1.5) and increasing

abundance of tannins may reduce soil enzyme activity, thereby reducing bacterial community
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diversity.

Microbial life history strategies also influence soil DOM composition. For example, Zeng et al.
(2022) found that microbial assemblies shifted from using labile to recalcitrant carbon with
increasing elevation. In our study, Chloroflexi had higher relative abundance at the highest
elevation AM site (Fig. S4a) and also its abundance was negatively correlated with
lignins/CRAM-like structures and tannins in DOM molecules (Fig. 3b). Positive correlations
between microbial compositions and DOM molecules are indicative of the generation of new
molecules by microbial activity, whilst negative correlations are interpreted as the decomposition
of DOM molecules based on resource-consumer relationships (Hu et al., 2022). Chloroflexi can
decompose recalcitrant C-containing components and are considered a K-selected microbe
(Adamczyk et al., 2021). Combined with our study results, this suggests the selection of substrates

with low bioavailability by Chloroflexi.

4.3. Bacteria drive the degradation of labile soil DOM components, and the fungal
community is the key control on soil nutrient cycling

The soil bacterial community contained a slightly higher percentage of habitat generalists and had
a larger niche breadth compared to the fungal community, which had a higher percentage of
habitat specialists (Fig. S9), indicating that the soil bacterial community had more competitive
ability than the fungi. Highly labile substrates, for which bacterial communities have a high affinity
(Osterholz et al., 2016), can reach steady-state equilibrium concentrations below detection limits.
The significant correlations across the study sites between the Chaol index for bacteria and the H/C
and O/C ratios of DOM components (positive and negative, respectively) (Fig. 3a), indicate that the
bacterial community plays an important role in the degradation of labile components. The Chaol
index of the bacterial community was also significantly positively correlated with soil DOM
aliphatic/protein compounds, concurring with other studies reporting positive associations between
bacterial abundance and activity and aliphatic DOM components (Kamjunke et al., 2019). From the
results of the FAPROTAX database functional annotation, we found that bacterial OTUs with
functional photoheterotrophy increased with elevation, whilst those with functional nitrification

and aerobic nitrite oxidation decreased overall with altitude (Fig. S10). Furthermore, the soil MNC
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index increased along the altitude gradient (Table 1). Thus, changes in microbial investment in
nutrient acquisition may lead to this interaction between soil nutrients and microbial communities.

Fungal extracellular polymeric substances and hyphae networks are conducive to the
transmission and aggregation of plant-derived litter derivatives to increase the decomposition
efficiency and persistence of SOM (De Beeck et al., 2021; Witzgall et al., 2021). Fungi are
regarded as oligotrophs, exhibiting effective degradation of refractory carbon substrates (Ho et al.,
2017). The soil fungal community plays a vital role in nutrient cycling and organic matter
transformation, such that fungal community structure and biomass provide an early indicator of soil
environmental changes (Wu et al., 2019). Specifically, the relative abundance of the fungal phylum
Mortierellomycota increased with elevation and was significantly positively correlated with soil AK
and DOC concentrations (Fig. S4c and Slla). Mortierellomycota are r-selected saprotrophic
microorganisms that have a low life expectancy and stronger growth in environments with high
available resources and low-stress exposure (Wu et al., 2021).

In contrast, the relative abundance of the bacterial phylum Verrucomicrobia was significantly
negatively correlated with soil NH4™-N, AK, and DOC concentrations (Fig. S11b, c¢), and with
tannin abundance (Fig. S12). This is interpreted as indicative of the oligotrophic lifestyle of
Verrucomicrobia (Navarrete et al., 2015). In our study, the relative abundance of tannins were
significantly positively correlated with soil TC and TN concentrations (Fig. S8), which showed
that tannins was beneficial to the sequestration of carbon and nitrogen. The dominant fungal
phylum Basidiomycota in our study had the highest relative abundance in the lowest elevation
vegetation zone EB, and then decreased, followed by an increasing trend with elevation from CB to
AM (Fig. S4c). Basidiomycota are representative of oligotrophic fungi, which can degrade
refractory compounds, and were found to be most abundant in warmer soil conditions along a
temperate forest transect characterized by a K-strategy fungal community (Li et al., 2021). Thus the
increase in the relative abundance of Basidiomycota with elevation in our study can partly explain

the shift to K strategy due to the refractory components (H/C < 1.5) of soil DOM with elevation.

5. Conclusions

It is well-known that the soil microbial community has a profound impact on DOM composition and
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multi-nutrient cycling in ecosystems. Changes in the functional group of soil bacterial community
with elevation, related to investment in nutrient acquisition, may account for changes in soil
nutrient cycling. Neutral processes dominated overall the bacterial and fungal communities
assembly along the elevation transect, and bacteria have a higher niche breadth and lower dispersal
limitation than fungi. However, deterministic selection dominated the microbial community
assembly at the highest elevation site, which may be attributed to the reduced soil temperature and
increased soil moisture, and increased relative abundance of tannin and aromatic structures in soil
DOM. This increased abundance of potentially resistant DOM components could be interpreted as
enhanced soil carbon sequestration capacity with increasing elevation, but their stability is not
assured if vegetation zones at lower elevations with higher rates of DOM degradation move
upwards in response to climate warming. As a relatively active fraction of the soil C pool, DOM
molecules are greatly affected by microbial community, and anthropogenic-driven climate change
increases the possibility of DOM degradation. Since sampling was conducted in winter, care should
be taken in interpreting the interconnection between soil DOM components and microorganisms in

the Wuyi Mountains in other seasons.
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Figure captions

Fig. 1. Inter sample rankings analysis of common-shared DOM molecules in five vegetation zones
along the elevation gradient in the Wuyi Mountains, Fujian Province, China. Codes for the
different vegetation zones - EB: evergreen broad-leaved forest; CB: coniferous and broad-leaved

mixed forest; CF: coniferous forest; DF: subalpine dwarf forest; AM: alpine meadow.

Fig. 2. Co-occurring network diagrams for soil bacteria (a) and fungi (b) (top 300 OTUs) across
all soil samples along the elevation gradient in the Wuyi Mountains, Fujian Province, China. The
box below each of (a) and (b) contains summary characteristics of the results of 10,000 random
networks generated for bacteria and fungi, respectively, according to the Erdos—Ré&yni model. Fit
of Sloan’s neutral community model (NCM) to the OTUs of the soil (c) bacterial and (d) fungal
community assemblies for all soil samples. The solid black line represents the best-fitting neutral
model and the dashed black lines represent the 95% confidence intervals around it. Blue points
between the dashed black lines represent OTUs that follow the neutral process. The green and
orange points indicate OTUs that occur more and less frequently than predicted by the NCM,
respectively. R? indicates the fit to the NCM, m is the estimated migration rate, and Nm is the
product of metacommunity size and m values. (¢) Bar plots of the modified stochasticity ratio
(MST) values of the soil bacterial and fungal community assemblies in different vegetation zones
along the elevation gradient. The horizontal dashed purple line (MST = 0.5) was set as the
boundary between deterministic (MST < 0.5) and stochastic (MST > 0.5) assembly processes.
Values are means + standard error (n = 3). Different lowercase letters for bacteria/fungi indicate
significant differences between vegetation zones at different elevations according to LSD tests (P

< 0.05). See Fig. 1 for explanation of the codes for the different vegetation zones.
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Fig. 3. (a) Heatmap of correlation between microbial community characteristics (Chaol, Shannon
and Faith’s PD indices, modified stochasticity ratio (MST)) and site elevation and DOM
components/characteristics (defined in Supplementary Material Section S1). *, 0.01 <P < 0.05; **,
0.001 < P < 0.01 indicate significant coefficients. Co-occurrence network diagrams of significant
(P <0.01) correlations between the 100 most abundant soil DOM molecular formulae and the 100
highest relative abundance OTUs for bacteria (b) and fungi (c) in soil samples across the elevation
gradient of different vegetation zones. Blue circles represent the OTUs of bacterial and fungal
phyla. Green and red circles represent the lignin/CRAM-like structure and tannin molecules,
respectively. The sizes of the circles indicate the relative abundance of the OTUs and DOM
molecular formulae. The blue and red lines indicate significant positive and negative correlations,

respectively, between DOM formulae and microbial phyla.

Fig. 4. Random forest (RF) analysis to identify the importance of different microbial predictors of
the multiple nutrient cycling (MNC) index of the 15 soil samples along an elevation gradient in
the Wuyi Mountains, Fujian Province, China. (a) Bacterial community predictors: relative
abundance of the 10 most abundant bacterial phyla, alpha diversity indices (Shannon index, Chaol
index, Faith’s PD index), the site pH, and elevation. (b) Fungal community predictors: relative
abundance of the 3 most abundant fungal phyla, alpha diversity indices (Shannon index, Chaol
index, Faith’s PD index), the site pH, and elevation. Partial least squares path models (PLS-PM)
showing the effects of soil microbial communities characteristics on MNC (c). The line width is
proportional to the magnitude of the path coefficient. Numbers adjacent to arrows indicate the
direct effect size of the relationship. The black and blue lines indicate positive and negative path
coefficient, respectively. R? indicates the variance of the dependent variable explained by the
model. GOF is the goodness-of-fit index of the model. *, 0.01 <P <0.05; **,0.001 <P <0.01;

*#% P <0.001 indicate significant predictors or path coefficients.
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Tables

Table 1. Soil properties in different vegetation zones along an elevation gradient in the Wuyi Mountains, Fujian Province, China. All data are presented as means =+

standard error (n = 3). EB: evergreen broad-leaved forest; CB: coniferous and broad-leaved mixed forest; CF: coniferous forest; DF: subalpine dwarf forest; AM:

Alpine meadow). Ammoniacal-nitrogen (NH4"-N); nitrate-nitrogen (NO3™-N); available phosphorus (AP); available potassium (AK); dissolved organic carbon (DOC)

b

total nitrogen (TN); total carbon (TC); C/N ratio: TC/TN; MNC: soil multiple nutrient cycling index, calculated as explained in Section 2.5. NO3-N, NH4™-N, and

DOC reported as mg kg™! fresh weight. Different lowercase letters in a row indicate significant differences between elevations (P < 0.05).

Vegetation zone and elevation

Soil property

EB (290 m) CB (1070 m)  CF (1400 m) DF (1800 m)  AM (1960 m)
pH 4.70+0.04ab 4.64+0.09ab 4.58+0.04ab 4.55+0.04b 4.73+0.03a
NH4*-N (mg kg') 12.71+0.64a 15.23+1.70a 13.3840.28a 14.23+0.62a  18.20+2.18a
NOs™-N (mg kg?) 1.89+0.60a 1.11+0.04a 1.99+0.10a 1.48+0.21a 1.37+0.11a
AP (mg kg™?) 5.38+1.09b 5.11+0.49b 11.64+4.89ab  7.95+0.4lab  11.67+0.93a
AK (mg kg?) 156.96+15.91ab 113.33+16.53b 130.85+20.32b 200.07+7.48a 223.74+16.17a
DOC (mg kg™) 54.28+4.06c 56.21+8.07c 03.93+9.80ab  80.08+4.71b  109.43+4.36a
TN (g kg?) 1.47+0.26¢c 1.20+0.55¢ 3.42+0.21b 4.53+0.30b  6.96+0.67a
TC (g kg?) 20.88+1.23cd 19.29+7.70d 4553+1.54bc  60.29+3.12ab 98.15+14.76a
CIN 14.78+1.78a 16.80+0.89a 13.36+0.39a 13.36+0.50a  14.01+1.34a
MNC 0.22+0.03c 0.16+0.07c 0.41+0.03b 0.43+0.02b 0.68+0.08a
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995  Table 2. Intensity weighted average (wa) values of the different characteristics of DOM molecules and relative abundance of different element combinations from
996  soils along an elevation gradient, Wuyi Mountains, Fujian Province, China. n = 1 as a composite sample for the three plots at each elevation was analyzed by FT-ICR
997  MS. DBE: double bond equivalent; NOSC: average nominal oxidation state of carbon; Almod: modified aromaticity index; MLBL: molecular lability boundary. The

998  calculation methods are described in Supplementary Material Section S4. Vegetation zone codes are as given in Table 1.

Characteristics of soil DOM molecules
Vegetation zone

. Shannon
codeand elevation pBEwa M/Zwa H/Cwa O/Cwa NOSCwa Almawa MLBL % CHO%  CHON % CHOS %
index

EB (290 m) 8.49 409.15  1.25 0.48 -0.26 0.25 14.47 6.78 88.39 8.12 3.48

CB (1070 m) 9.20 43960 1.21 0.52 -0.16 0.26 11.63 7.42 90.43 5.54 4.03

CF (1400 m) 8.37 41403  1.24 0.53 -0.13 0.24 11.44 6.70 80.17 9.46 10.37

DF (1800 m) 1020 45560  1.13 0.55 0.004 0.29 7.96 7.60 86.79 7.83 5.39

AM (1960 m) 1159 45373  0.98 0.57 0.19 0.39 3.20 7.45 88.53 10.91 0.56
999
1000
1001
1002
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