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• DOM-microbial interactions were explored
during post-glacial initial pedogenesis.

• DOM compounds in subsoil and at late
stage were highly dehydrogenated and oxi-
dized.

• Microbial succession shifted from
copiotrophs to oligotrophs and sapro-
phytes.

• Increased DOM-fungal negative networks
promoted specialization of decomposition.

• Fungi decomposed stable DOM pools indi-
cating increasing DOM persistence.
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Ecosystem succession and pedogenesis reshuffle the composition and turnover of dissolved organic matter (DOM) and
its interactions with soil microbiome. The changes of these connections are especially intensive during initial pedogen-
esis, e.g. in young post-glacial areas. The temporal succession and vertical development of DOM effects on microbial
community structure remains elusive. Using Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-
ICR MS), high-throughput sequencing, and molecular ecological networks, we characterized the molecular diversity
of water-extractable DOM and identified its links to microbial communities in soil profiles along deglaciation
chronosequence (12, 30, 40, 52, 80, and 120 years) in the southeastern Tibetan Plateau. Low-molecular-weight com-
pound content decreased, whereas themid- and high-molecular-weight compounds increased with succession age and
soil depth. This was confirmed by the increase in double bond equivalents and averaged oxygen-to‑carbon ratios (O/
C), and decrease in hydrogen-to‑carbon ratios (H/C), which reflect DOM accumulation and stabilization. Microbial
community succession shifted towards the dominance of oligotrophicAcidobacteria and saprophyticMortierellomycota,
reflecting the increase of stable DOM components (H/C < 1.5 and wider O/C). Less DOM-bacterial positive networks
during the succession reduced specialization of labile DOM production (such as lipid- and protein-like compounds),
whereas more DOM-fungal negative networks increased specialization of stable DOM decomposition (such as
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tannin- and condensed aromatic-like compounds). Consequently, DOM stability is not intrinsic during initial pedogen-
esis: stable DOM compounds remain after fast bacterial utilization of labile DOM compounds, whereas fungi decom-
pose slowly the remaining DOM pools.
1. Introduction

Increasing concerns about global warming have drawn attention to the
role of dissolved organic matter (DOM) in the cycling and redistribution of
ecosystem carbon (C) and nutrients (Hu et al., 2022). As the most mobile
and bioavailable constituent of soil organic matter (Vujinović et al.,
2020), DOM heterogeneity is intimately linked to microbial activities
(Tian et al., 2012; Zhang et al., 2018). Microbial communities are the driv-
ing force of DOM formation, consumption, and transformation, especially
in pristine and young ecosystems, such as glacier retreat areas (Castle
et al., 2017; Jiang et al., 2019). Glacier retreat-driven vegetation succession
and the parallel ongoing pedogenesis increases the diversity of organic sub-
stances and soil microbiome (Bradley et al., 2016; Jiang et al., 2018;
Gyeong et al., 2021). A high microbial diversity provides more metabolic
pathways to continuously recycle, transform, and assemble DOM mole-
cules, which influences themolecular weight, chemical structure, oxidation
state, and bioavailability of DOM (Kaiser and Kalbitz, 2012; Zark and
Dittmar, 2018; Roth et al., 2019). However, the routes of DOM formation
and microbial community succession are usually studied independently
(Wu et al., 2018), despite DOM is the main source of C and energy for
soil microorganisms (Tian et al., 2012). The magnitude and directions of
DOM-microbial interactions have not yet been quantified on the deglaci-
ated area, which are fundamental to evaluate DOM fate and persistence
during initial soil formation.

The mechanisms involved in deglaciation-derived DOM-microbial in-
teractions may be attributed to two proximal drivers. First, vegetation suc-
cession influences DOM composition and bio-availability. Plant supplies
leaf litter, rhizodeposits including root exudates, and decaying fine roots,
all of which are DOM sources and are crucial for microbial metabolism
(Franklin et al., 2020). Plant residue components can be ranked as soluble
compounds, hemicellulose, cellulose, lipids, and lignin by fastest to slowest
degradability (Shipley and Tardif, 2020; Wang et al., 2022). Second, soils
on the deglaciated area undergo a progressive profile development,
which alters microbial habitats, decreases soil pH and increases organic
matter content, cation exchange capacity, porous structure and accelerate
mineralweathering (He and Tang, 2008). Although an increase in claymin-
erals favors the sorption of organic substances (Saidy et al., 2013), micro-
bial processing may remobilize mineral-bound DOM molecules (Kaiser
and Kalbitz, 2012). For instance, plant-derived polymers are hydrolyzed
and oxidized stepwise from soluble compounds to lignin and microbially
transformed into microbially-derived compounds (Waggoner et al.,
2015). Thus, soil microbiome affects the DOM composition and content
and is at the same time dependent of them (Wen et al., 2022). The succes-
sion of DOMmolecular diversity and the linked microbial networks remain
largely unexplored, whereas the recently deglaciated areas provide ideal
objects for such studies, because of the low interaction complexity during
initial soil formation.

Soil microorganisms modify the chemical structure and molecular
weight of DOM by utilization and decomposition (Sanderman et al.,
2008; Wen et al., 2022). Hu et al. (2022) constructed the molecular ecolog-
ical networks (MENs) to quantify DOM-microbial interactions: i) negative
MENs correlations indicate the DOM decomposition; ii) positive MENs cor-
relations indicate DOM production via biosynthesis. Such assemblages of
DOM-microbial MENs depend on microbial life-history traits (Fierer et al.,
2007; Muscarella et al., 2019). The r-selected copiotrophs (resource gener-
alists, growth and resource acquisition strategy) focus on consuming labile
DOM, whereas K-selected oligotrophs (resource specialists, compete and
survive strategy) mediate slow DOM turnover (Fierer et al., 2007; Roth
et al., 2019). In natural ecosystems, continuous litter inputs form stable C
2

pools due to the increasing dominance of fungi (resource specialists) rather
than bacteria (resource generalists) (Wei et al., 2022). Although vegetation
succession from nitrogen (N2)-fixing shrubs to broadleaved and coniferous
trees is accompanied by conversion of nutrient-rich to nutrient-poor sub-
strates on recently deglaciated areas (Jiang et al., 2018; Jiang et al., 2019;
Lei et al., 2021), challenges remain regarding nutrient limitation effects
on the DOM persistence via resource generalists or specialists.

Soil DOM consists of a highly complex and heterogeneous molecular
compounds, and only a few DOM molecules (no >5 %) have been defini-
tively classified to date (Zark and Dittmar, 2018). Previous progress in
DOM analytical techniques, such as excitation-emission matrix (EEM)
(Zeng et al., 2017), Fourier transform infrared (FTIR) spectroscopy
(Minor et al., 2014), nuclear magnetic resonance (NMR) spectroscopy
(Neilen et al., 2019), and pyrolysis gas chromatography–mass spectrometry
(Py-GC–MS) (Kallenbach et al., 2016; Leinweber et al., 2008), have pro-
vided comprehensive insights into DOM chemo-diversity. However, these
approaches provide limited types of DOM compounds and functional
groups, because DOM is primarily regarded as a whole for analysis (Li
et al., 2019).

Recent advances in Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR MS) have expedited the parsing of in-depth DOM
components (Zark et al., 2017; Zark and Dittmar, 2018). FT-ICRMS enables
the complete separation and analysis of complexmass peaks and their coun-
terpart molecular formula within DOMpools owing to its ultra-high resolu-
tion (>200,000) and accuracy (error < 1 ppm) (He et al., 2018; Hu et al.,
2022). Currently, the integration of FT-ICR MS and high-throughput se-
quencing enables detailed characterization of DOM-microbial associations
in marine (Osterholz et al., 2016; Zark et al., 2017), lake (Tanentzap
et al., 2019), and soil ecosystems (Li et al., 2018a, 2018b), whereas DOM
characterization in soils of deglaciated areas is still in its infancy
(Broadbent et al., 2021; Wu et al., 2021).

The Hailuogou deglaciated chronosequence in the southeastern Tibetan
Plateau comprises a 120-year primary vegetation succession and pedogen-
esis, which has undergone a progressive transition from the pioneermoss to
the climax forest stage (Lei et al., 2015; Lei et al., 2021). Previous studies
have focused on primary succession in soil development (Zhou et al.,
2013), microbial processes, and nutrient limitations (Jiang et al., 2018;
Jiang et al., 2019; Zhou et al., 2019; Lei et al., 2021). Here, the fundamental
knowledge regarding temporal succession in labile/stable DOM compo-
nents and its interactions with microbial assemblages (for example, r-
selected copiotrophs vs. K-selected oligotrophs or resource generalists vs.
resource specialists) is critical to understand C dynamics. By integrating
FT-ICR MS, high-throughput sequencing, and MENs approaches, we char-
acterized the effects of primary succession on DOM-microbial interactions
along the glacier foreland chronosequence (12, 30, 40, 52, 80, and
120 years), to address the following questions: i) at a structural level: how
does DOM molecular composition change during initial soil development
andwith depth? ii) at a molecular network level: how doesmicrobial commu-
nities interact with DOM components during initial soil formation?

2. Materials and methods

2.1. Study area and sampling design

The study area is located in Hailuogou Glacier Chronosequence area
(29°34′07.83″ N, 101°59′40.74″ E) that lies on Gongga Mountain
(7556 m above sea level), Southeastern Tibetan Plateau (Fig. S1). This
area has a mean annual temperature of 3.8 °C (ranging from −4.3 °C to
12.7 °C), mean annual precipitation is 1947 mm, and the elevation ranges
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from 2800 m to 3400 m above sea level. A gradual recession of Hailuogou
glacier is observed since 1823, with an acceleration from the early 20th
century, which developed from the terminal moraine and reached the
northeast about 2 km (Fig. S1), and has undergone a progressive vegetation
succession from pioneer moss stage to climax forest stage (Table S1) (Lei
et al., 2015; Zhou et al., 2018; Lei et al., 2021). At this deglaciated area, pre-
vious studies have investigated soil development (He and Tang, 2008), nu-
trient cycling (Zhou et al., 2013; Zhou et al., 2018; Jiang et al., 2019; Zhou
et al., 2019) and microbial changes (Jiang et al., 2018; Li et al., 2023).

In August 2020, a total of 36 soil samples were collected (six succession
ages × two soil depths × three replicates). Six sites representing succes-
sion ages (12, 30, 40, 52, 80 and 120 years since glacier retreat). Two soil
depths (topsoil: 0–10 cm; subsoil: 10–20 cm) and three replicates
(5 × 5 m square with >10 m apart) were sampled for each succession
age. To avoid block effects among three replicates and obtain representa-
tive and reproducible soil samples, we used a nested five-point sampling
strategy at each replicate (Baker et al., 2009): five soil cores from the
same depth were mixed to form a composite sample. After removing the
roots, litter, and stones, soil samples were sieved through a 2 mm mesh
for homogeneity (Mushinski et al., 2018). After sampling, soil samples
were immediately transported to the laboratory in aseptic-refrigeration
boxes. For each sample, approximately 500 g soil was partitioned into
two parts: one section was stored at 4 °C for soil chemical analysis, the
other was stored at−80 °C for solid-phase extraction of DOM (SPE-DOM)
and DNA extraction.

2.2. Chemical characterization and DOM analysis

Soil (8g) wasweighed and placed into tubes, and 40mL ultrapurewater
(1:5 soil: water ratio) was added. The tubes were shaken (170 rpm) for 8 h
and were centrifuged at 4000 ×g for 10 min (25 °C). The supernatant was
collected and filtrated through a 0.45 μm filter membrane and stored at
4 °C, then the content of dissolved organic C and dissolved organic N
were analyzed using a total organic carbon (TOC) analyzer (Liquic TOC,
Elementar, Germany) (Huang et al., 2012).

Solid-phase extraction of DOM (SPE-DOM) from the soil was performed
according to the procedure as previously described (Li et al., 2019). First,
the DOMwas extracted from the soil samples (40 g) using 200mLultrapure
water (1:5 soil: water ratio) on a reciprocal shaker (170 rpm) for 8 h. Sam-
ples were then centrifuged at 4000×g for 10 min, and an equal amount of
supernatant was extracted from each sample (180 mL) to filter (0.45 μm)
and store at 4 °C. SPE cartridges (500 mg, Agilent Technologies, Santa
Clara, CA) were activated bymethanol (20 mL), and were rinsed with acid-
ified ultrapurewater (20mL, pH=2.0). After that, the DOMwas loaded on
the SPE cartridges via gravity. The SPE cartridges were dried by ultrapure
N2, then DOM were eluted with methanol (5 mL) and stored at −20 °C.
Themolecular components of SPE-DOMwere analyzed using a 15T SolariX
FT-ICR mass spectrometer (FTMS, Bruker Daltonics) operating in negative
mode. Samples were continuously injected into the ESI source (200 μL
volume per injection) with a flow rate of 120 μL h−1 and a molecular-
weight range of 100–1600Da (Blackburn et al., 2017), and 300 single
scans with an ion accumulation time of 0.06 s were conducted (Roth
et al., 2019). The instrument was calibrated with sodium formate
(10 mmol/L). After calibration, the mass error of all compounds was
<1 ppm. To determine possible contamination, blanks and solvent
blanks were collected during the extraction process, and the following
data processing did not consider the mass peaks with S/N less than six
(Lucas et al., 2016; Li et al., 2018a, 2018b).

Using Data Analysis 4.4 (Bruker Daltonics), the raw spectra were
converted to a list ofm/z values based on FTMS peak picker. Molecular for-
mulaswith C,H,O, S elementwere assigned using Formularity software. In-
dividual molecular formulas were cross-plotted in a van Krevelen diagram
based on their elemental ratios of oxygen-to‑carbon (O/C, x-axis) and
hydrogen-to‑carbon (H/C, y-axis). All assigned formulas must meet the
criteria: (1) mass accuracy < 0.5 ppm; (2) only formulas of 0.3 < H/
C < 2.2 with O/C < 1.2 were retained (Wang et al., 2016). Then, the
3

formulas in the van Krevelen diagram were assigned into eight groups (Li
et al., 2018a, 2018b): (1) lipid-like compounds (O/C: 0–0.3, H/
C: 1.5–2.0), (2) protein/amino sugar-like compounds (O/C: 0.3–0.67, H/
C: 1.5–2.2), (3) carbohydrate-like compounds (O/C: 0.67–1.2, H/C:
1.5–2.4), (4) unsaturated hydrocarbon compounds (O/C: 0–0.1, H/C:
0.7–1), (5) lignin-like compounds (O/C: 0.1–0.67, H/C: 0.7–1.5,
AI < 0.67), (6) tannin-like compounds (O/C: 0.67–1.2, H/C: 0.5–1.5,
AI < 0.67), (7) condensed aromatic-like compounds (O/C: 0–0.67, H/C:
0.2–0.7, AI ≥ 0.67), (8) others (compounds that were not part of the
above seven groups).

2.3. 16S rRNA gene sequencing and microbial community analysis

Following the manufacturer's instructions, the total DNA from soil
(0.5 g) was extracted using FastDNA® SPIN Kit by MP Biomedicals, USA.
Using NanoDrop 2000 spectrophotometer (Thermo Scientific, USA) and
1 % agarose gel electrophoresis to measure and assess the DNA quantity
and quality. Total DNA was stored at −80 °C until sequencing.

Using a thermocycler PCR system (GeneAmp 9700, USA), V3-V4 hyper-
variable regions of bacterial 16S rRNA gene was amplified with primers
515F (5′-GTGCCAGCMGCCGCGG-3′) and 907R (5′-CCGTCAATT
CMTTTRAGTTT-3′) (Jiang et al., 2018). Fungal ITS rRNA gene is targeted
by primers ITS1F (5′-ACTTGGTCATTTAGAG-GAAGTAA-3′) and ITS2R
(5′-BGCTGCGTTCTTCATCGATGC-3′) (Shen et al., 2022). The purified
and mixed PCR products were then sequenced (Illumina MiSeq platform,
USA) by Majorbio, Inc. (Shanghai, China). Raw sequences were filtered
andmerged using QIIME 1.9.1 and FLASH1.2.11, respectively. Operational
taxonomic units (OTUs) were defined using a 97 % similarity. All sequenc-
ing files are publicly available through the NCBI Sequence Read Archive
(SRA) database with BioProject ID: PRJNA880367.

2.4. Statistical analysis

The effects of succession age, soil depth, and their interactions on soil
DOM contents were tested with two-way ANOVA, with post-hoc compari-
sons using Tukey's HSD (honest significant difference) method in SPSS
25.0. Absolute FT-ICR-MS signal intensities of assigned molecular formula
were used to characterize DOM molecular-weight spectra (m/z range
100–800 Da). The low-molecular-weight (m/z = 100–300 Da), mid-
molecular-weight (m/z = 300–450 Da), and high-molecular-weight (m/
z = 450–800 Da) range was defined by Roth et al. (2019). Aromaticity
index (AI), double bond equivalent (DBE), molecular weight (MW),
hydrogen-to-carbon ratio (H/C), and oxygen-to-carbon ratio (O/C) were
calculated according to the elemental composition of molecular formula
(Koch and Dittmar, 2006; Li et al., 2019):

AI ¼ 1þ C � 0:5O � S � 0:5H
C � 0:5O � S � N

DBE ¼ 1þ 2C � H þ N
2

Furthermore, weighted averages of DBEw, MWw, H/Cw and O/Cw were
calculated as follows: DBEw = sum((DBEi × Ii)/∑(Ii)); MWw = sum
((MWi × Ii)/∑(Ii)); H/Cw = sum((H/Ci × Ii)/∑(Ii)); O/Cw = sum((O/
Ci×Ii)/∑(Ii)), inwhichDBEi, MWi, H/Ci and O/Ciwere individual informa-
tion and Ii was signal intensity (Roth et al., 2019).

Venn analysis (http://bioinformatics.psb.ugent.be/webtools/Venn/)
was performed to characterize the numbers and percent of molecular for-
mulas unique to each soil age or depth (unique group) and shared by differ-
ent soil ages or depths (sharing group). The sum of unique and sharing
group was the numbers and percent of molecular formulas (abundant
group) in each soil age or depth. Polynomial regressions between succes-
sion age and DOM molecular stoichiometry were performed using Origin
2022. Nonmetric multidimensional scaling (NMDS) was used to assess the
compositional similarity in DOM molecular formulas and microbial

http://bioinformatics.psb.ugent.be/webtools/Venn/
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community using “vegan” package in R version 4.1.2 (Peng et al., 2018).
Linear discriminant analysis (LDA) effect size (LEfSe) was performed online
(http://huttenhower.sph.harvard.edu/lefse/) with the logarithmic LDA
score threshold set to 2.0 (Segata et al., 2011), to intensify DOM chemo-
markers among succession ages and soil depths. The “psych” package in R
version 4.1.2 was used to compute Pearson product-moment correlations
between DOM molecular formulas and microbial OTUs (r > |0.9|,
p< 0.05) (Lucas et al., 2016). The DOM-microbial associations were visual-
ized using Cytoscape (3.9.1) (Lucas et al., 2016) and Gephi (0.9.2) (Li et al.,
2019). Other graphical work was accomplished using Origin 2022, R pack-
age ggplot2, and Adobe Illustrator 2021.
3. Results

3.1. DOM molecular characteristics along the chronosequence

Over the 120-year chronosequence of the glacier retreat, soil DOM
content increased with succession age (p < 0.001, Table 1), with the
largest increase at 80- and 120-years. DOM content also changed with
soil depth, especially in dissolved organic C (p < 0.05, Table 1). The in-
teractions between soil age and depth on dissolved organic C were sig-
nificant (p < 0.001, Table 1).

Using FT-ICR-MS, 42,950 unique DOMmolecular formulas were identi-
fied. Comparedwith the low-molecular-weight range (m/z=100–300Da),
the absolute intensity of mid- (m/z = 300–450 Da) and high-molecular-
weight (m/z=450–800 Da) increasedwith succession age, andwas higher
in the subsoil than in the topsoil (Fig. 1a). During soil development, MW,
DBE, and O/C ratio increased (p < 0.001), whereas the H/C ratios de-
creased (p < 0.001) (Fig. 1b).

There were significant DOM differences among succession ages
(Stress = 0.07) (Fig. 2a). Based on NMDS distances of molecular DOM
structure, we defined three stages of glacier retreat: early (12- and 30-
year), middle (40- and 52-year), and late stage (80- and 120-year). The
total number of abundant molecular formulas decreased from the early to
late stage (Fig. 2b). The percentage of unique molecular formulas in the
early (32 %), middle (21 %), and late stage (17 %) were 2.3-, 1.5-, and
1.2-fold larger than those in the sharing group (14%) (Fig. 2b), and themo-
lecular formulas unique to the topsoil (37 %) and subsoil (35 %) were 1.4-
and 1.3-fold higher than their sharing group (27 %), respectively (Fig. 2c).
Table 1
Content of dissolved organic C and N averaged over succession age (SA) and soil
depth (SD).

Succession age Dissolved organic C
mg kg−1 soil (s.e.)

Dissolved organic N
mg kg−1 soil (s.e.)

Topsoil
12-year 18.5 (1.5) cB 4.9 (0.9) b
30-year 19.7 (5.2) cB 9.2 (2.7) b
40-year 80.3 (10.1) b 28.4 (3.1) bA
52-year 118.0 (13.0) bA 47.9 (20.7) b
80-year 478.2 (24.8) a 98.5 (26.4) a
120-year 476.9 (14.1) aB 127.9 (28.2) a

Subsoil
12-year 54.7 (3.8) cA 3.3 (0.7) b
30-year 68.1 (15.8) cA 5.8 (2.8) b
40-year 81.7 (23.2) c 15.6 (3.0) bB
52-year 58.1 (15.9) cB 11.9 (4.2) b
80-year 492.0 (25.5) b 51.6 (40.0) ab
120-year 973.2 (54.8) aA 129.8 (52.8) a

F-Radio
SA 340.0⁎⁎⁎ 8.6⁎⁎⁎
SD 48.1⁎⁎⁎ 1.5
SA × SD 41.3⁎⁎⁎ 0.4

Values: means (SE), n= 3; a, b, c Significant differences among retreating age; A, B
Significant differences between topsoil and subsoil.
⁎⁎⁎ p < 0.001.

4

3.2. Chemo-diversity and chemo-markers of DOMmolecular formulas depending
on soil age

The van Krevelen diagram (O/C ratio vs. H/C ratio) of the DOM com-
pounds (Fig. 2d, e) clearly showed that lipid- and protein-like compounds
(H/C ≥ 1.5), and unsaturated hydrocarbon compounds (O/C = 0.1, H/
C=0.7–1) decreasedwith succession age and soil depth. Unique DOMmo-
lecular formulas in the late stage and subsoil were dominated by tannin-like
compounds with O/C = 0.67–1.2 and H/C = 0.5–1.5.

Relative proportion of the DOM components differed significantly
among soil ages (ANOSIM, R = 0.46, p = 0.001) and between soil depths
(ANOSIM, R=0.40, p=0.01) (Fig. 3a). The proportions of carbohydrate-,
protein-, and lipid-like compounds declined with soil age and depth,
whereas tannin- and condensed aromatic-like compounds were strongly
enriched with soil age and depth (Fig. 3a). The lignin-like compounds
were considerably enriched during the middle stage (Fig. 3a).

Using LEfSe analysis, a total of 674 and 48DOMmolecular formulas (re-
ferred as chemo-markers) were identified to explain the greatest difference
among succession stages. These chemo-markers were then plotted in van
Krevelen diagram (O/C ratio vs. H/C ratio) to simplify the analysis of the
major groupings (Fig. 3b, c). The DOM chemo-markers in the early stage
and topsoil were dominated by lipid- and protein-like compounds belong-
ing to labile organic compounds (H/C ≥ 1.5, O/C < 0.67). Conversely,
chemo-markers in the late stage and subsoil were indicative for persistent
compounds with wider O/C and H/C < 1.5, that is, tannin- and condensed
aromatic-like compounds. The chemo-markers in themiddle stagewere the
lignin-like compounds (H/C = 0.7–1.5 and O/C = 0.1–0.67).

3.3. Microbial community shift during initial soil development

NMDS analysis revealed that the succession stages clearly determined
the microbial community assemblage (stress: bacteria = 0.06; fungi =
0.11) (Fig. 4a, b). The dominant bacteria across all soils were Proteobacteria
(33–43 %, Fig. 4c). Other prevalent bacteria were Acidobacteria,
Actinobacteria, and Bacteroidota (>8 %) (Fig. 4c). The relative abundance
of Acidobacteria increased during succession (ANOVA, p < 0.001), whereas
Actinobacteriota (p < 0.01) and Chloroflexi (p < 0.01) decreased.
Methylomirabilota (p < 0.01) and Gemmatimonadota (p < 0.01) increased
until 52-year, and then decreased.

Ascomycota dominated the fungal communities in all soils (13–63 %),
and Basidiomycota, Rozellomycota, and Mortierellomycota were additional
prevalent phyla (>10%) (Fig. 4d). The relative abundance of Rozellomycota
(p < 0.01) decreased with increasing soil age, whereas Basidiomycota
(p < 0.001) and Mortierellomycota (p < 0.001) increased. The abundance
of Ascomycota (p < 0.05) in the middle stage was higher than in the early
and late stages.

3.4. Molecular ecological networks (MENs) of DOM and microorganisms during
initial soil development

A co-occurrence network analysis (3-stage × 2-depth series MENs)
allowed to quantify the DOM-microbial interactions and provided a
molecular-level perspective regarding the associations between specific
DOM molecular formulas and microbial taxa. There were strong interac-
tions betweenDOMmolecular formulas and bacterial and fungal communi-
ties, whereas the succession trajectories of MENs were dependent on the
soil age and depth (Fig. 5).

According to the resource-consumer relationships of DOM-microbial
MENs, positive interactions indicate the production of new molecules via
biosynthetic processes, whereas negative interactions relate to the decom-
position of larger molecules to smaller molecules. Compared to the early
stage, the proportion of positive edges declined in middle and late MENs
(23 % and 13 %, respectively). In contrast, the negative edges increased
from 8 % (early stage) to 31 % (middle stage) and 22 % (late stage)
(Fig. 5a). Based on degree and closeness centrality, 68 (DOM: 66, bacteria:
1, fungi: 1) network hubs were detected in the early stage, and only 48
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(DOM: 41, bacteria: 3, fungi: 4) network hubs were detected in the late
stage, whereas none were found in the middle stage. The negative DOM-
fungi edges increased during the glacier retreat stage (slope = 2.52;
R2 = 0.94) (Fig. S2).

Compared to the topsoil, the changes were more pronounced at the
edges of subsoil MENs, in which the proportion of positive edges strongly
decreased during succession (92 % to 77 %), while negative edges in-
creased (from 8 % to 23 %). Network hubs of DOM decreased (84 to 67)
with soil age, whereas hubs of microbes strongly increased (bacteria, 1.6-
and 4.5-fold increases; fungi, 0.5- and 4.8-fold increases). The negative
DOM-bacteria edges increased during the glacier retreat stage (slope =
2.52; R2 = 0.99) (Fig. S2).
5

The temporal succession of network topological parameters in the sub-
soil was more pronounced than in the topsoil (Table S2). Edge numbers de-
creased with soil age, as did the average clustering coefficient and graph
density. In contrast, modularity of DOM-microbial MENs substantially in-
creased (0.18 to 0.57) during the succession.

4. Discussion

Primary succession of vegetation and soils on the deglaciated area de-
fines molecular DOM-microbial networks during a 120-year pedogenesis.
We elucidated that the temporal succession and vertical soil development
define DOM molecular weight, stoichiometry, composition, oxidation
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state and so, reshape themicrobial community. The structural shift inDOM-
microbial networks through succession age and soil depth with increasing
connectivity and modularity of DOM-fungal negative networks reflect the
increased fungal specialization to decompose stable DOM pools and raised
DOM persistence.
6

4.1. DOM composition during pedogenesis

DOM interactions with microorganisms depend on the molecular traits
of DOM, such as its bioavailability, measured by molecular weight, hydro-
gen to carbon ratios, oxygen to carbon ratios, and averaged double bond

Image of Fig. 2
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equivalent (D'Andrilli et al., 2015). Based on molecular formulas obtained
from FT-ICR-MS, low-weight DOM (m/z = 100–300) decreased, but mid-
and high-weight DOM (m/z > 300) increased with soil age after glacier re-
treat. These effects were more pronounced in the subsoil than in the top-
soil (Fig. 1a). This change is typically followed by a substantial increase
in unsaturated molecules (Roth et al., 2019), as indicated by the MW,
DBE, and O/C ratio increased and H/C ratio decreased during pedogen-
esis (Fig. 1b). Consequently, the dehydrogenated and oxygen-enriched
components dominate the DOM with increasing soil age (Šantl-Temkiv
et al., 2013; Osterholz et al., 2016). Chemo-markers (van Krevelen dia-
gram and LEfSe-derived differential mass spectra, Fig. 3b, c) in early
stage (12- and 30-year) and topsoil belonged primarily to labile compo-
nents with H/C ≥ 1.5 and O/C < 0.67 (Fig. 3), such as lipid- and
protein-like compounds, indicating a higher accumulation of
microbially-derived DOM (Li et al., 2019). In contrast, DOM chemo-
markers in late stage (80- and 120-year) and subsoil were dominated
by stable DOMwith a wider O/C and H/C < 1.5, such as tannin- and con-
densed aromatic-like compounds (Fig. 3b, c) (Li et al., 2019; Hu et al.,
2022). Tannins, one type of plant polyphenol, are toxic for most mi-
crobes (Wang et al., 2018), and are precipitate with lipids and proteins
(Niu et al., 2022). Therefore, tannin-like compounds slowed down the
production of microbially-derived DOM in the late stage (Fig. 3a). More-
over, saprophytic fungi can convert lignin to oxygenated tannins (humi-
fication of wood chips) (Khatami et al., 2019). Waggoner et al. (2015)
proposed a non-pyrogenic formation of condensed aromatic compounds
from lignin, which may explain why proportions of lignin-like com-
pounds were lower, while tannin- and condensed aromatic-like com-
pounds were abundant in the late stage (Fig. 3a). This suggests a
transition from microbially-derived DOM production, primarily utiliz-
ing labile DOM, to plant-derived DOM decomposition, mainly utilizing
stable DOM during initial pedogenesis.

As a young ecosystem, retreating glacier forefield is accompanied by
vegetation succession and initial soil formation (He and Tang, 2008; Li
et al., 2023). Vegetation succession in this deglaciated area has following
patterns: i) mosses and pioneer N2-fixing shrubs (Astragalus adsurgens and
Hippophae rhamnoides) colonized during the 12- and 30-year retreat (early
stage); ii) 40- and 52-year (middle stage) vegetation was dominated by
H. rhamnoides and broadleaved trees such as Salix spp. and Populus
purdomii; iii) coniferous Abies fabri and Picea brachytyla trees dominated
at 80- and 120-year (late stage) (Lei et al., 2015; Lei et al., 2021; Jiang
et al., 2018; Jiang et al., 2019). N2-fixing plants possess more readily de-
composable litterfall and root residues (Ye et al., 2020), which are preferen-
tially consumed by microbes and transformed to microbially-derived DOM
(Roth et al., 2019). This explains the increase of lipid- and protein-like com-
pounds in the early stage and topsoil (Fig. 3). DOM in the late stage and sub-
soil was enriched with high-molecular-weight (Fig. 1a) and plant-derived
DOM (Fig. 2d, e; Fig. 3b, c), which may be attribute to a lower quality of lit-
ter (C/N > 60) from coniferous trees (Lei et al., 2015).

4.2. Co-variation of DOM chemo-diversity and soil microbial communities

DOM interactions withmicroorganisms can be viewed through molecu-
lar ecological networks. Although glacier retreat and vegetation succession
influence DOM chemo-diversity andmicrobial communities (Roberts et al.,
2009; Hagedorn et al., 2015; Zhou et al., 2020), it is not clear whether and
how it affects the co-occurrence of DOMandmicrobes. The stable and labile
DOM-microbial MENs were dominated by negative and positive networks,
respectively (Fig. 6). Based on the resource-consumer relationships of
DOM-microbial MENs, positive interactions are classified as the production
Fig. 5. Succession of soil DOM-microbial networks during chronosequence and depend
microbial communities. Nodes represent individual DOM molecular formulas and mic
represent significant Spearman correlations (r > 0.9 and p < 0.001); red lines indic
identification of network hubs (degree >25 with closeness centrality >0.2) in DOM-mic
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of newmolecules via biosynthetic processes, whereas negative interactions
indicate the decomposition of larger molecules to smaller molecules (Zhou
et al., 2020; Hu et al., 2022). Persistent components, such as tannin- and
condensed aromatic-like compounds were negatively correlated with
oligotrophs and saprophytes (Fig. 6a–c). Possible mechanisms of tannin-
like compounds increased DOM persistence are i) High-molecular-weight
tannins reduce N availability by binding to organic N compounds
(Adamczyk et al., 2011); ii) Extracellular enzymes binding by tannins
strongly reduce the DOM consumption by microbes (Triebwasser et al.,
2012); iii) Polyphenols lower the bacteria-derived labile DOM production
(Adamczyk et al., 2017), while mycorrhizal and saprophytic fungi can
slowly decompose stable tannin-protein complexes (Wurzburger and
Hendrick, 2009).

The positive interactions of DOM-microbial MENs decreased (Fig. 5a)
with succession age, whereas the negative interactions (Fig. 5a), modular-
ity (Table S2), and microbial hubs (Fig. 5b) increased. The increased nega-
tive interactions further confirmed that microbially-decomposed DOMwas
enriched during the succession (Fig. 3). Due to the increasing negative asso-
ciations, much more microbial hubs reflect highly diverse DOM decompo-
sition from microbial communities (Zhou et al., 2020), whereas greater
modularity indicates an increased stability (Chen et al., 2019; Hernandez
et al., 2021; Li et al., 2022) of decomposition networks. The increase of
microbially-decomposed DOM was also indicated by the raise of negative
DOM-fungal edges and negative DOM-bacterial edges in topsoil (slope =
2.52, R2 = 0.99) and subsoil (slope = 2.52, R2 = 0.94), respectively
(Fig. S2), causing the temporal and vertical differentiation of DOM meta-
bolic niches for microbial utilization (Ye et al., 2020). More specifically,
DOM decomposition in topsoil relied more strongly on fungi during the
succession, whereas DOM decomposition in the subsoil was more depen-
dent on bacteria. One explanation is that vegetation succession from shrubs
to grassland and forest leads to more persistent organic compounds in top-
soil, such as coniferous litterfall, which relies more strongly on fungi-
mediated specialists to decomposition (Wei et al., 2020). Another possibil-
ity is that the intensive precipitation (approximately 2000 mm per year)
accelerates the leaching of readily decomposable substrates from the
topsoil to the subsoil, and the humid and mild climate is more favorable
for a fast bacterial turnover during DOM downward transport (Lei et al.,
2015).

4.3. Microbial assemblage links to DOM molecular transformation during initial
soil formation

DOM interactions with microorganisms are affected by microbial life-
history traits (Muscarella et al., 2019; Deng et al., 2020). To confirm the
role of microbes in DOM molecular transformation, we constructed a co-
occurrence network between microbial communities and the above-
mentioned chemo-marker DOM. Proteobacteria and Actinobacteriota were
negatively correlated with persistent DOM (such as lignin-, tannin-, and
condensed aromatic-like compounds) in the early and middle stage, but
were increased with persistent DOM content in late stage (Fig. 6a–c). This
suggests Proteobacteria and Actinobacteriota mediate both decomposition
and production of persistent DOM (St James et al., 2021). The hyphal mor-
phology of Actinobacteriota can expand their C and nutrient acquisition
from distant locations and are therefore, less specialized to the persistent
DOM decomposition (Ling et al., 2022). In contrast, fungi (e.g. Ascomycota
andMortierellomycota) possessed more negative interactions with persis-
tent DOM than bacteria (Acidobacteria) (Fig. 6c), indicating the domi-
nance of fungal specialists to persistent DOM decomposition in the
late stage. Notably, persistent DOM decomposition correlates with the
ing on depth. (a) Co-occurrence network analysis for DOM molecular formulas and
robial phyla, with sizes that are positively correlated with the node degree. Edges
ate positive correlations and green lines indicate negative correlations. (b) The
robial MENs.
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colonization and assembly of oligotrophs and saprophytes (Veach et al.,
2019). Thus, a much higher abundance of Acidobacteria and
Mortierellomycota in the late stage (Fig. 4a) suggested oligotrophs and
saprophytes decompose slowly the stable DOM pools, indicating a
greater DOM persistence. Although Acidobacteria members are K-
selected oligotrophs that specialize to decompose stable DOM (Ling
et al., 2022), Acidobacteria were dominant in utilization of both stable
and labile substances (Fig. 6). These observations are consistent with
Kielak et al. (2016) confirmed an affinity of Acidobacteria for both stable
and easily degradable C sources.

4.4. Implications and uncertainties

Understanding the temporal and vertical dynamics of soil DOM compo-
sition, microbial communities, and their interaction networks after deglaci-
ation, have profound impacts on evaluating the fate and persistence of soil
DOM under future climate change. During post-glacial pedogenesis, there
was a transition from bacteria-dominated positive networks, primarily uti-
lizing labile DOM, to fungi-dominated negative networks, specially utiliz-
ing stable DOM. The dominance of oligotrophic and saprophytic fungi
might be linked to the shift from microbial growth limitations from C and
N to phosphorus (P) in the late pedogenesis (Jiang et al., 2018; Jiang
et al., 2019), because P will be intensively leached at a mean annual precip-
itation of 2000 mm. Nevertheless, considering the contentious view of nu-
trient limitation during pedogenesis, revisiting and characterizing the
edaphic and biotic drivers of DOM generalists vs. DOM specialists thus
seem warranted.

Several uncertainties should be considered. The definition of low,
mid, and high molecular weight DOM in the m/z range of 100–800 Da
was introduced by Roth et al. (2019), which aims to filter the interfer-
ence peaks from molecular weight lists (Patriarca and Hawkes, 2020).
It is evident, however, that such distinguishability of low, mid, and
high molecular weight through a narrow window captured by FT-ICR
MS has limitations to its applicability. For instance, when ultrafiltration
10
is used to separate DOM, all of them described here might fall into the
category of low molecular weight DOM. Thus, improved ultrafiltration
methods may allow exploration for more variable molecular weight
DOM in the future. In co-occurrence network analysis, the relative
method might increase the intragroup variability among molecular for-
mulas as FT-ICR MS does not provide quantitative information on the
molecular compounds. But actually, the variability of DOM-microbial
co-occurrence was much greater than that among the molecular formu-
las (Li et al., 2019; Hu et al., 2022). Furthermore, additional studies
have shown that over 20 % of soil total mobile organic carbon are par-
ticulate organic matter (POM, > 0.45 μm), which potentially contribute
to pedogenesis, functioning, and nutritional supply of soil ecosystems
(Lehmann et al., 2021). Further investigations are warranted to address
microbial interactions into the DOM-POM continuum for a more com-
prehensive understanding of microbial metabolism, specialization,
and contribution on soil total mobile inventory.

5. Conclusions

During a 120-year initial soil formation on the glacial forefield
chronosequence, DOM were progressively dehydrogenated and oxi-
dized, and transformed towards much lower H/C and higher molecular
weight, double bond equivalent, and oxygen to carbon ratios. DOM in
early stage (12 and 30 years) and middle stage (40 and 52 years), as
well as in topsoil were enriched by labile compounds (lipid- and
protein-like compounds with H/C ≥ 1.5 and O/C < 0.67). DOM in
late stage (80 and 120 years) and subsoil contained more persistent
compounds (tannin- and condensed aromatic-like compounds with H/
C < 1.5 and wider O/C). The succession directed microbial communities
from eutrophic bacteria (r strategists) towards oligotrophic and sapro-
phytic fungi (mainly K strategists). The modularity, microbial hubs,
and negative connectivity of DOM-microbial networks increased with
soil age and depth, which stimulate fungal specialists to decompose sta-
ble DOM. Consequently, DOM is not intrinsically persistent during post-
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glacial initial pedogenesis; rather, it persists in soil by decreased pro-
duction of microbially-derived DOM (less bacteria-dominated positive
networks) and increased decomposition of plant-derived DOM (more
fungi-dominated negative networks) (Fig. 7).
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