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and storage of organic matter, which has been primarily attributed to low plant
biomass inputs under drought suppression. Whether, and how, soil organic mat-
ter (SOM) compositions contribute to the consistently low SOM storage have
been puzzling. A fundamental understanding of this mechanism is particularly
essential to achieve the aspiration of ‘4 per mille Soils for Food Security and

Climate’.

. By screening the molecular composition of dissolved organic matter (DOM), the

gatekeeper of SOM decomposition, we explored the transformation processes
among the pools of SOM, DOM and microbial biomass carbon (MBC) in soils

along a precipitation gradient on dryland grasslands of the Tibetan Plateau.

. The results revealed that the number and mean weight of DOM molecules

significantly decreased, and the soil DOM composition gradually shifted to be
more labile along the transition from meadow, steppe, to desert with decreas-
ing precipitation, coinciding with the substantial reduction in SOM. Compared
with meadow soils, DOM degradability increased by 8.7% in steppe soils and by
23.4% in desert soils. The ratio of soil MBC to total organic carbon was threefold
higher in desert than in meadow, and positively correlated with DOM degrada-
bility, indicating that labile DOM accelerated microbial growth and SOM de-
composition in desert soils. Structural equation model and correlation analyses
demonstrated that the DOM degradability was primarily controlled by soil dis-

solved nitrogen and soil organic C and soil DOC/DN ratio.

. Synthesis and application. This study at a molecular level provides a novel insight

into the important role of the degradability of dissolved organic matter in carbon
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1 | INTRODUCTION

Drylands cover more than 40% of the Earth's land surface and
are predicted to expand further under climate change (Ahlstrom
et al., 2015; Huang et al., 2016; Poulter et al., 2014). The carbon
loss from soil organic matter (SOM) can substantially accelerate
global warming (IPCC, 2013; Lal, 2004; Li et al., 2020; Schmidt
et al., 2011). Dryland soils consistently exhibit low long-term or-
ganic matter storage, which has typically been attributed to the
low plant biomass inputs to soils under drought suppression.
However, SOM storage depends on the balance between biomass
inputs and decomposition (Lehmann & Kleber, 2015; Liang, 2020),
with the formation process of SOM a continuum of microbial trans-
formations of organic compounds (Lehmann & Kleber, 2015; Ma
et al., 2018; Paul, 2016), including in vivo turnover via microbial
anabolic assimilation, and ex vivo extracellular modification via
microbial enzymes (Liang et al., 2017, 2019). Generally, most plant-
derived residues are recalcitrant due to their low nitrogen (N) and
high lignin content (Adair et al., 2008; Melillo et al., 1982). In con-
trast, although it could be protected by minerals, microbial-derived
compounds chemically have a lower C/N ratio than plant com-
pounds and appear to be more labile (Miltner et al., 2012; Schmidt
et al., 2011; Soong et al., 2020; Wang et al., 2020). Once the
microbial-derived compounds are released from mineral protected
fraction into soil solution, it would be easier to be decomposed by
microbes. SOM compounds are chemically diverse, varying with
microbial and plant physiology and community structure (Kégel-
Knabner, 2002; Schmidt et al., 2011). Therefore, the contributions
of soil microbes and plants to SOM formation are a fundamen-
tal question during ecosystem development with climate change
(Khan et al., 2020; Liu et al., 2016), and are of particular concern in
dryland soils due to their low organic carbon but possibly high car-
bon storage potential (Cotrufo et al., 2015; Kallenbach et al., 2016;
Schmidt et al., 2011).

The formation process of SOM primarily controls its intrinsic
composition and, in turn, determines SOM quality and subse-
quent decomposition. Labile components in SOM can stimulate
microbial growth and activity, and subsequently accelerate the
microbial decomposition of recalcitrant compounds through prim-
ing effect (Kuzyakov et al., 2000). While priming effect has been
observed in various ecosystems (Chen et al., 2019), its impacts
on SOM storage during ecosystem development remain largely

unknown.

accumulation in dryland soils with consistently low organic matter storage. The
findings will inform better global managements of soil organic matter under con-

sideration of both food security and climate change.

carbon storage, degradability, dissolved organic matter, dryland soil, microbial activity,
molecular composition, Tibetan Plateau

Dissolved organic matter (DOM), which represents the most
active SOM fraction that micro-organisms can access, acts as
the ‘hotspot’ and ‘gatekeeper’ for SOM dynamics (Marschner &
Kalbitz, 2003). Therefore, DOM offers a bridge between SOM stor-
age and microbial decomposition and allows a better understanding
of the microbial-mediated SOM continuum. Degradation of DOM
plays a key role in regulating accumulation and stabilization of SOM
(Liu et al., 2021; Zhang et al., 2019). Due to the complex sources
and drivers of the SOM pool, DOM likewise contains a myriad of
different compounds that vary vastly in their intrinsic composition
(Cotrufo et al., 2015; Kaiser & Kalbitz, 2012; Kalbitz et al., 2000).
Besides the dissolution of SOM, DOM pool can be directly derived
from the dissolution of plant residues during microbial transforma-
tions, and from microbial biomass and necromass (Ding et al., 2020).
Soil DOM can be affected by the environmental conditions and soil
properties, such as soil C/N ratio, pH (Li, Chen, et al., 2019; Li, Sun,
et al., 2018). A recent study reported that aridity can greatly affect
the DOM chemical composition via influencing microbial processes
(Ding et al., 2020). However, due to a lack of comprehensive consid-
eration of plant and microbial variations, the underlying mechanisms
of soil DOM chemistry in dryland soils remain unclear.

The constituents of DOM can be screened by a recently devel-
oped technology, Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR MS) (Fang et al., 2017; Kramer et al., 2004;
Ohno et al., 2010; Zhang et al., 2016), offering the opportunity to
assess the quality and degradability of DOM in soils. In the current
study the molecular composition of DOM and the pools of SOM
and microbial biomass carbon (MBC) were explored in 10 grassland
sites along a SOM gradient in meadow, steppe and desert grass-
lands on the Tibetan Plateau. Along this gradient, SOM pools and
precipitation gradually decrease together (see Tables S1 and S2).
By investigating DOM composition and the pools of SOM and soil
microbial carbon, we aimed to elucidate the role of carbon compo-
sition in SOM transformation in soils with consistently low SOM
storage. We hypothesize that apart from the impact of low plant
biomass inputs, the low SOM storage could be attributed to high
DOM degradability, which stimulates microbial growth and ham-
pers SOM accumulation. This fundamental understanding is partic-
ularly essential to achieving the goal of ‘4 per mille Soils for Food
Security and Climate’ initiative which aspires to increase global
SOM stocks by 4 per 1,000 (or 0.4%) per year as a compensation
for the global emissions of greenhouse gases by anthropogenic

sources (Minasny et al., 2017).
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2 | MATERIALS AND METHODS
2.1 | Study site description

The study sites were located in grassland ecosystems across
the Tibetan Plateau of China between 82.9103~92.1504°E and
32.3801~33.3974°N (Table S1). We did not need permission for
this fieldwork. The plateau experiences a continental monsoon
climate, with mean annual temperature (MAT) ranging from -3.1
to 4.4°C, with the lowest mean monthly temperature in January
and the highest in July (Wu et al., 2019). The mean annual pre-
cipitation (MAP) gradually decreases from the southeast meadow
area (~800 mm) to the northwest desert grassland area (~200 mm),
about 85% of which occurs from July to September. The vegeta-
tions vary westward from alpine meadow (dominated by Kobresia
pygmaea, K. humilis and Carex moorcroftii) to alpine steppe (domi-
nated by Stipa purpurea, S. capillacea and S. subsessiliflora var.
basiplumosa), and to desert grassland (dominated by S. purpurea,
Ceratoides latens and S. glareosa). The soils across all the study sites
are classified as Borolls, according to US Soil Taxonomy. For this
study, after a thorough field investigation, 10 representative sites
along the climatic gradient from meadow (four sites), to steppe
(three sites), and desert grassland (three sites) were selected.
Within each site, five 1 m x 1 m plots were established at 20 m

intervals along a 100 m long sample transect.

2.2 | Climate data collection, plant survey and
soil sampling

Climate data, including air temperature, cumulative precipitation and
aridity index (dividing precipitation by evaporation), were collected
from meteorological stations at each site for the growing season
(May-September). Sampling was conducted in July 2017. Within each
plot, all living plants were harvested with plant shoot biomass stored
in an envelope. Root samples were randomly collected by taking five
soil cores (7 cm diameter, 0-20 cm depth) and processed by wash-
ing and the manual removal of all soil, pebbles and other debris. We
select the depth of 20 cm because we found that most of roots were
distributed in the top 20 cm across all the study sites. Plant shoot
and root samples were dried at 65°C for 48 hr and weighed to ob-
tain biomass. The climate and plant biomass properties are shown in
Table S1.

Five composite soil samples (depth 10 cm) were collected in
each plot at the 10 sites. Following field sampling, soils were sieved
(2 mm) and separated into three portions. One portion was air-dried
for physicochemical analyses, a second portion was kept at 4°C for
the measurement of microbial biomass, and the remaining soil was
frozen at -20°C for DOM analyses. In total, 50 soil samples were
taken for subsequent analyses (10 sampling sites x 5 replicates). All
sampling work was done within 1 month to reduce the influence of
seasonality. All soil samples were shipped to the ITPCAS laborato-
ries in Beijing (China) for the subsequent laboratory analyses.

2.3 | Soil physicochemical and microbial
biomass analyses

For all soil samples, we measured pH, total organic C (TOC), dis-
solved organic C (DOC), dissolved nitrogen (DN), ammonium, ni-
trate and MBC (Table S2). Soil physicochemical analyses were
performed using standardized protocols (Zhao et al., 2018). Briefly,
soil pH was determined in a water/soil suspension with a mass-
volume ratio of 1:2.5. Soil TOC was determined using a TOC-L
analyser (Shimadzu, Japan). Soil DOC and DN were determined
using a TOC-N auto-analyser (multi N/C 3100; Jena, Germany)
after extraction in 2 M KCI (soil:solution ratio, 1:4). Soil MBC was
determined using fumigation extraction method (Chen et al., 2018;
Vance et al., 1987).

2.4 | Extraction of soil DOM and analysis of
FT-ICR MS

The preparation and measurement of FT-ICR MS samples (50
in total) are described elsewhere (Li, Sun, et al.,, 2018; Roth
et al., 2019). Briefly, freeze-dried soil (3 g) was placed in polypro-
pylene centrifuge tubes with 15 ml Milli-Q water (i.e. 1:5 w/v). The
samples were centrifuged (at 2,800 g) for 10 min after 8 hr shak-
ing (170 rpm, at 80°C) (Guigue et al., 2014). The supernatant was
filtered through a 0.45 pm cellulose ester membrane. The filtered
sample was then isolated with cartridges (Bond Elut PPL, 500 mg,
6 ml; Agilent) under the condition of pH 2. The cartridges were
then rinsed with 20 ml of acidified water (pH 2) and dried with ul-
trapure N, gas. DOM was collected from the cartridges by elution
with methanol (5 ml). Samples were then placed in acid washed
glass vials and stored frozen (-20°C) in the dark until FT-ICR MS
measurement.

Bruker Apex Ultra FT-ICR MS was used to perform ultrahigh res-
olution mass spectrometry analysis of DOM samples. To compare
the relative intensities of MS spectra in various samples, deuterated
stearic acid (C;4D5cH,0,; Sigma-Aldrich) was added as an inter-
nal standard (Fang et al., 2017). Ammonium hydroxide was added
prior to electrospray to increase the ionization efficiency (Ohno
et al., 2010). Samples (180 pl/hr) were injected into the electrospray
source. Spectra were acquired over 128 scans (with an ion accumu-
lation time of 0.6 s; ion flight time into the ICR cell of 0.0012 s, and
am/z range of 150-1,200). PPL extraction blanks and solvent blanks
were prepared and analysed to check for contamination and carry-
over; peaks found in the blank were removed from the profiles ob-
tained for the DOM samples.

Molecular formulas of DOM were calculated using a custom
software (Fang et al., 2017). Detected mass peaks with S/N greater
than 6 were exported to datasheets for processing. Elemental com-
binations were limited to molecular formulas containing 12Co-1oo‘
1Ho-2oo' ¥N

Each assigned class species was extended in double bond equiva-

16, 32
o-a Og_zp ~“Sg., and mass measurement errors <1.

lence (DBE) values (with a mass interval of 2 Da) and C numbers
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(CH2 unit, with a mass interval of 14 Da) by an automatic retrieval
within a tolerance of +0.001 Kendrick mass defect (KMD) (Zhang
etal., 2012). Through the application of these criteria, formulas were
ascribed with a high level of confidence, and only formulas that were
physically possible were permitted.

Each sample was technically measured three times, and only
mass peaks that were detected more than twice of the three
replicates were retained for down-stream data analysis (Lucas
et al.,, 2016). Relative abundance of moieties was determined
through normalization of the sum of all FT-ICR MS signal inten-
sities of each mass of the respective DOM formulas. Compound
groups were delineated by aromaticity index (Al), oxygen to car-
bon ratio (O/C) and hydrogen to carbon ratio (H/C) cutoffs. O/C
and H/C ratio can be used to describe the degree of oxygenation
and hydrogenation, respectively, and Al can be used to identify
aromatic (Al > 0.5) and condensed aromatic (Al 2 0.67) compounds
(Antony et al., 2014; Feng et al., 2016; Koch & Dittmar, 2006; Li,
Sun, et al., 2018; Lv et al., 2016). The detailed delineation of com-
pound groups is as follow: lipids (O/C = 0-0.3, H/C = 1.5-2.0), pro-
tein/amino sugars (O/C = 0.3-0.67, H/C = 1.5-2.2, N/C = 0.05),
carbohydrates (O/C = 0.67-1.2; H/C = 1.5-2), unsaturated hy-
drocarbons (O/C = 0-0.1, H/C = 0.7-1), lignins (O/C = 0.1-0.67,
H/C = 0.7-1.5, Al < 0.67), condensed aromatics (O/C = 0-0.67,
H/C =0.2-0.7, Al 2 0.67) and tannins (O/C = 0.67-1.2, H/C = 0.5-
1.5, Al < 0.67).

2.5 | Statistical analyses

All statistical analyses were performed in the R environment.
Significant differences in measurements among grassland types
were analysed using ANOVA (p < 0.05). The DOM molecular com-
position was visualized using redundancy analysis (RDA) based on

the relative abundance of individual molecules using the ‘vecaN’
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package. The DOM molecules with significant difference in rela-
tive abundance (the marker molecules) among grassland types were
determined by linear discriminant analysis (LDA) effect size (LEfSe)
(Lucas et al., 2016; Segata et al., 2011). The threshold on the LDA
score for discriminative features was set at 1.5, and the Kruskal-
Wallis tests were performed at a significance level of p < 0.1. The
implementation of LEfSe was performed in the Galaxy framework
with online analysis tools at http://huttenhower.sph.harvard.edu/
lefse/. To link the LEfSe analysis results to degradability among
grassland types, we then calculated DOM degradability. Based on
the principle developed by Flerus et al. (2012), the sum of intensi-
ties of POS correlating compounds containing relatively more H and
less C(C,5H,,0,, C,,H,,0,, C,cH,,0,, C,:H,,04 and C,;H,,0,) was
used to indicate DOM degradability in this study. Structural equa-
tion model (SEM) was constructed using AMOS (SPSS Inc.). In the
SEM, all factors were standardized based on the equation before
model analysis: (rawValue - min(rawValue))/(max(rawValue) - min(r
awValue)), where min = minimum value and max = maximum value

across all samples.

3 | RESULTS
3.1 | Change in soil TOC and the ratio of MBC to
TOC across the three grassland types

The concentration of soil TOC significantly decreased from meadow
(4.6%) to steppe (0.8%) and desert grassland (0.9%) (p < 0.05,
Figure 1a). This was accompanied by decreasing plant shoot and root
biomasses across the three grassland types (Table S1). Interestingly,
although the concentration of soil MBC decreased with shifts of
grassland types, its ratio to TOC (MBC/TOC ratio) significantly in-
creased from meadow (0.01) to steppe (0.02) and desert grassland
(0.03) (p < 0.05, Figure 1b).

(b) 0.04

0.03

B

ie) ®
s i s
O
O 0.02
|~
&
= c J °

0.01 L

(]
0.00
Meadow Steppe Desert grassland

FIGURE 1 Total organic carbon concentration (TOC, a) and the ratio of microbial biomass carbon to TOC (MBC/TOC ratio, b) in soils of
meadow, steppe, and desert on the Tibetan Plateau. Different uppercase letters indicate significant differences among the three grassland

types (n = 20 for meadow and n = 15 for steppe and desert grassland)
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3.2 | Changes in composition of soil DOM
across the three grassland types

With the decreasing concentration of soil DOC (Table S2), the
number of soil DOM molecules also significantly decreased from
meadow (3,577) to steppe (2,729) and desert grassland (2,435)
(p < 0.05, Figure S1a). Similarly, the mean molecular weight signifi-
cantly decreased, ranging from 404.8 in meadow, to 394.7 in steppe
and 382.1 in desert grassland (p < 0.05, Figure S1b). Furthermore,
RDA revealed that DOM molecular composition was dependent of
grassland types (Figure Sic).

The shift of DOM composition pattern across grassland types
was associated with a set of environmental factors (Figure Sic).
The factors driving the shift towards desert grassland (MAT, Al,
soil pH and MBC/TOC ratio) were positively correlated with
DOM molecules that have relatively lower O/C and higher H/C
ratio (p < 0.05, Figure S2a-d). Inversely, the factors driving the
shift towards meadow (TOC, DOC, DN, DOC/DN ratio, plant
shoot and root biomasses) were positively correlated with DOM
molecules that have relatively higher O/C and lower H/C ratio
(p < 0.05, Figure S2e-i). The molecules were classified into six
categories, among which, the total relative abundance of lipids,
proteins and lignins significantly increased with the transition of
meadow, steppe and desert grassland. By contrast, the relative
abundance of carbohydrates, condensed aromatics and tannins
significantly decreased with grassland transition (all p < 0.05,
Figure S3).

3.3 | Changes in degradability of soil DOM
across the three grassland types and its relationship
with MBC/TOC ratio

Linear discriminant effect size (LefSe) analysis showed individual
molecules that were significantly enriched in each grassland type
(Figure 2a). In meadow, there were 379 DOM molecules being en-
riched. These molecules had relatively higher O/C ratio and lower
H/C ratio. By contrast, there were 306 DOM molecules being en-
riched in desert grassland. These molecules had relatively lower O/C
ratio and higher H/C ratio. As a transition region between meadow
and desert, steppe showed few (37) significantly enriched DOM
molecules. The calculated DOM degradability index significantly in-
creased by 23.4%, ranging from 0.32 in meadow, 0.35 in steppe and
0.40 in desert grassland (p < 0.05, Figure 2b). The calculated DOM
degradability showed significantly positive correlation with MBC/
TOC ratio (R? = 0.350, p < 0.001, Figure 3). By categories, the MBC/
TOC ratio was positively correlated with lipids, proteins and lignins,
and was negatively correlated with carbohydrates, condensed aro-

matics and tannins (All p < 0.05, Figure S4).
3.4 | Environmental factors driving degradability of
DOM in Tibetan grassland soils

The structural equation model revealed that the direct drivers for
DOM degradability were soil organic C and DN (Figure 4). DOM
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FIGURE 2 Dissolved organic matter (DOM) molecules (a) identified by linear discriminant effect size analysis (LefSe) and DOM
degradability (b) in the three types of Tibetan grassland soils. (a) Red, grey and blue points indicate molecules that are significantly (p < 0.05)
enriched in meadow, steppe and desert grassland soils respectively (n = 379, 37 and 306 respectively). Rectangles with different colours
separate DOM categories on the diagram. (b) Different uppercase letters indicate significant differences among the three grassland types

(n = 20 for meadow and n = 15 for steppe and desert grassland)
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degradability was positively driven by soil DN (r = 0.913, p < 0.01),
and negatively driven by soil organic C (r = -1.060, p < 0.05).
Furthermore, MBC/TOC ratio was negatively driven by soil organic
C (r = -0.839, p < 0.001) and positively driven by pH (r = 0.776,
p < 0.001) and soil DN (r = 0.588, p < 0.01). Additionally, both soil
organic C and DN were positively driven by root biomass but with
different effect sizes (r = 0.268 for soil organic C and r = 0.955 for
soil DN, p < 0.05). Soil organic C was also positively driven by shoot
biomass (r = 0.103, p < 0.05), which was further positively driven by
root biomass (r = 0.614, p < 0.001). Soil pH was negatively driven by
soil organic C (r = -0.710, p < 0.001) and shoot biomass (r = -0.276,
p < 0.001).

The DOC/DN ratio significantly (p < 0.05) decreased by
40.5% from meadow (3.7) and steppe (3.3) to desert grassland

(2.2, Figure 5a). Meanwhile, the relative abundance of nitrogen
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FIGURE 3 The degradability of soil dissolved organic matter
(DOM degradability) positively correlated with the ratio of
microbial biomass carbon to total organic carbon (MBC/TOC ratio).
Lines and shaded areas indicate the predictions and their 95%
confidence intervals respectively

FIGURE 4 Structural equation model
showing the effects of soil and plant
variables on soil dissolved organic matter
(DOM) degradability. DN, dissolved
nitrogen; MBC, microbial biomass
carbon; TOC, total organic carbon. The
factor ‘soil organic C’ is the average

of the standardized soil total organic

C and dissolved organic C. Numbers
adjacent to arrows indicate the effect
size of the relationship at different

levels of significance (* < 0.05, ** < 0.01,
*** < 0.001). R? denotes the proportion of
variance explained

R? =0.452

(N)-containing DOM compounds significantly increased by 27.1%,
ranging from 41.3% in meadow, 48.5% in steppe and 52.6% in desert
grassland (p < 0.05, Figure 5a). The N-containing compounds was
negatively correlated with the DOC/DN ratio (p < 0.001, Figure 5c),
and the DOM degradability with positively correlated with the N-
containing compounds (p < 0.001, Figure 5d). Furthermore, the
DOC/DN ratio was negatively correlated with the relative abun-
dance of lipids (R?> = 0.118, p = 0.015) and proteins (R?> = 0.205,
p = 0.001), and was positively correlated with condensed aromatics
(R*=0.285, p < 0.001) and tannins (R? = 0.269, p < 0.001, Figure S5).

4 | DISCUSSION

41 | New insight on low SOM storage in desert
grasslands

Soil TOC, together with plant biomass, decreased along the pre-
cipitation gradient from meadow to steppe and desert grasslands
(Figure 1a, Table S1), indicating that the SOM reduction can be at-
tributed to the reduced plant-derived inputs induced by drought
suppression. Furthermore, the increased soil MBC/TOC ratio with
aridity (Figure 1b) indicates relatively faster microbial metabolism of
TOC pool, by which a relatively higher proportion of reduced SOM
is derived from microbial decomposition. Therefore, our finding sup-
ports a new insight that soil microbial growth plays an important
role in determining the low SOM storage of desert soils, which is
consistent with the concept that the balance between SOM forma-
tion and decomposition determines the SOM pool size (Lehmann &
Kleber, 2015; Liang et al., 2017).

The DOM characterization would reveal the mechanism behind
the higher microbial growth (MBC/TOC) in desert soils, since DOM
represents the most active SOM fraction that soil micro-organisms
can access (Marschner & Kalbitz, 2003). We speculated that the

Root 0.614%**
biomass

Shoot
biomass

R?=0.762

MBC/TOC

ratio
DOM
degradability 22 =23,p =0.891
GFI = 0.987, NFl = 0.994, CFl = 1.000

RMSEA =0.000, p =0.917
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DOM quality (composition and degradability) could play a central
role in facilitating microbial growth in desert soils, which even-
tually reduced the amount of SOM (Cotrufo et al., 2015; Kaiser &
Kalbitz, 2012; Kalbitz et al., 2000).

Redundancy analysis revealed that DOM molecular composition
gradually shifted along the transition between meadow, steppe and
desert grassland (Figure Sic), and the number of different types
of soil DOM molecules as well as the mean molecular weight also
significantly decreased (Figure S1a). These results indicate that the
DOM diversity decreased and the molecules became simpler (Malik
etal.,, 2012; Monreal et al., 1997; Ohno et al., 2010).

Consistent with the above findings, specific DOM molecules
were significantly enriched in different grassland types (Figure 2a),
and the DOM degradability gradually increased along the transi-
tion from meadow to desert. Molecules enriching in meadow soils
are considered to be recalcitrant due to higher O/C but lower H/C
ratios, including condensed aromatics, tannins and a part of lignins
with relatively high O/C and low H/C (Antony et al., 2014; Li, Chen,

et al., 2019). By contrast, molecules enriching in desert soils were
more labile due to relatively lower O/C but higher H/C ratios, in-
cluding lipids, proteins and lignins with relatively low O/C and high
H/C (Frostegard & Baath, 1996; Haider, 1992). These results were
in agreement with the change in relative abundance of all DOM
categories (Figure S3). The lignins enriched in desert soils could
be due to the suppression of microbial decomposition of plant res-
idues by water limitation (Curiel Yuste et al., 2007; Peyton Smith
et al., 2017). The DOM degradability index significantly increased
from meadow to steppe and desert soils (Figure 2b), and was pos-
itively correlated with MBC/TOC ratio (R2 = 0.350, p < 0.001,
Figure 3). By DOM category, the MBC/TOC ratio was positively
correlated with the relative abundance of lipids, proteins and lig-
nins, but negatively correlated with that of carbohydrates, con-
densed aromatics and tannins (all p < 0.05, Figure S4). Collectively,
these results indicate that desert soils exhibited a higher DOM
degradability, which accelerated microbial growth, compared with
meadow and steppe soils.
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The above results are in agreement with the widely recognized
fact that soil micro-organisms prefer consuming organic substrates
with low molecular weights (Wen et al., 2019). The enrichment of
labile DOM compounds in desert soils enhances microbial growth
and activity, and may further accelerate the microbial decomposi-
tion of the total SOM by intensifying the priming effect (Feng &
Zhu, 2021; Kuzyakov, 2010). A stronger priming effect may occur
in desert than meadow and steppe soils due to the greater amount
of labile DOM molecules, highlighting the important role of DOM
composition in SOM decomposition. DOM serves as the interme-
diate pool for and hotspot of SOM decomposition, bridging the
transition between SOM and MBC pools. Our finding provides
a novel insight and supplements the notion that SOM reduction
is primarily caused by decreased plant biomass input to soils in
ecosystems with less vegetation (Berg & McClaugherty, 2010;
Lehmann & Kleber, 2015).

4.2 | Drivers of soil DOM molecular
composition and degradability across
grassland ecosystems

Soil DOM composition patterns significantly shifted along the gradi-
ent of meadow, steppe and desert, and was highly associated with a
set of environmental factors (Figure Sic, Figure S2). These high asso-
ciations were in agreement with the linear correlations between en-
vironmental factors and the relative abundance of DOM categories
(Figure S2). The driving factors were consistent with previous stud-
ies (Li, Sun, et al., 2018; Roth et al., 2015; Zhao et al., 2018). Drought
and high pH impede the vegetation growth, and consequently re-
duce the plant-derived compounds into DOM pool. In contrast, soil
microbes can better adapt to harsh conditions, thereby contribute
relatively more microbial-derived compounds (Beer et al., 2010).
Positive relationship between labile DOM molecules and MBC/
TOC showed the evidence that MBC could affect DOM composi-
tion (Figure S2d). Part of labile DOM molecules may be microbial
originated since MBC is a labile SOM fraction and could potentially
release into DOM pool.

However, we did not observe the impact of MBC/TOC on DOM
degradability in the SEM model. The SEM revealed the soil organic C
and DN played central roles in driving DOM degradability (Figure 4).
The DOC/DN ratio significantly decreased from meadow and
steppe to desert grassland (Figure 5a), which could be attributed to
reduced plant biomass inputs into soils, for plants have a relatively
high C/N ratio as compared to SOM (Soong et al., 2020). The cor-
relations between DOC/DN ratio and DOM categories (Figure S5),
together with the relative abundance of N-containing DOM com-
pounds (Figure 5b) and its correlations (Figure 5c,d), collectively in-
dicated that DOC/DN plays a central role in controlling the DOM
composition and its degradability. This is consistent with a previous
study reported that DOM with higher organic carbon content may
have higher relative abundance of polyphenolic compounds which
may be attributed to the high hydrophilicity of some polyphenolic

molecules (Ding et al., 2020). Also, our results agreed a recent find-
ing in the same region that nitrogen limitation becomes stronger
in grassland ecosystems on the Tibetan Plateau (Kou et al., 2020).
Furthermore, the finding supports the long-standing belief that soil
C/N ratio controls SOM decomposition (Bengtsson et al., 2003;
Nicolardot et al., 2001), because soil micro-organisms would pre-
fer high N-containing DOM, including carbohydrates, proteins, etc.
(Ohno et al., 2014). More recently, N addition was shown to promote
microbial decomposition of SOM in an N-limited Tibetan meadow
(Du et al., 2020; Li, Li, et al., 2018). The importance of N for C se-
questration has drawn increased attention in natural and managed
ecosystems since C and N cycles are coupled (Davies et al., 2021;
Soares & Rousk, 2019).

5 | CONCLUSIONS

Our findings demonstrated that increased soil DOM degradabil-
ity accelerates SOM loss by stimulating microbial growth in desert
grasslands. This is of particular significance for climate change and
food security, as SOM dominates the release of greenhouse gas
emissions and maintains soil nutrients for crop production and
agricultural sustainability (Cambardella & Elliott, 1992; Schmidt
et al., 2011). We provide a novel insight into the SOM storage and
maintenance, supplementing the long-standing notion that low SOM
storage can be primarily attributed to low plant biomass inputs. The
soil dissolved nitrogen and DOC/DN ratio plays a central role in driv-
ing the microbial growth, DOM quality and SOM storage. In regions
where the soil is relatively carbon saturated but nitrogen deficient,
nitrogen inputs may accelerate microbial decomposition of SOM
(Castellano et al., 2015; Li, Tian, et al., 2019).

ACKNOWLEDGEMENTS

We greatly thank Professor Yuanhe Yang for constructive com-
ments and suggestions. This project was financially supported
by the National Natural Science Foundation of China (417713083,
32161123004 and 42007047), the Chinese Academy of Sciences
(XDA19070304 and the West Light Foundation ofInterdisciplinary
Team) and the Second Tibetan Plateau Scientific Expedition and
Research Program (2019QZKK0606).

CONFLICT OF INTEREST

The authors declare no conflict of interest.

AUTHORS' CONTRIBUTIONS

W.K. conceived the ideas and designed the methodology; H.C. col-
lected and analysed the data; H.C. and W.K. led the writing of the
manuscript. All authors contributed critically to the drafts and gave

final approval for publication.

DATA AVAILABILITY STATEMENT
Data available via the Zenodo Digital Repository https://doi.
org/10.5281/zen0d0.4942382 (Chen et al., 2021).

8518017 SUOWIWIOD BAITER.ID 3qedljdde al Aq psuienob 8 sapile YO ‘8N JO S3ni 10} Akeiq1T8UIUO AB]IM UO (SUONIPUOD-PUR-SLLBIALIOD" AB| 1M AR1q1)BUIIUO//SCNY) SUORIPUOD PUe WS L 34} 88S *[£202/20/62] Uo A1 8UIIUO AB]IM 'S80IN0S8y [BINEEN PUY 0UBI0S 01ydeiBoas JO uonmiisu| Aq SOTHT ¥992-G9ET/TTTT OT/I0p/woo Ao M ARiqijeul|uo'sfeunokaq//sdiy wo.j pepeojumoq ‘€ ‘2202 ‘v992S9ET


https://doi.org/10.5281/zenodo.4942382
https://doi.org/10.5281/zenodo.4942382

892 Journal of Applied Ecology

CHEN ET AL.

ORCID

Hao Chen "= https://orcid.org/0000-0003-1848-3146
Weidong Kong "= https://orcid.org/0000-0001-9682-1484
Quan Shi "= http://orcid.org/0000-0002-1363-1237

Chen He "= https://orcid.org/0000-0002-7529-6366
Jianshuang Wu = https://orcid.org/0000-0002-6768-8255
Yong-Guan Zhu " https://orcid.org/0000-0003-3861-8482
Yu Luo " https://orcid.org/0000-0002-3834-498X

REFERENCES

Adair, E. C., Parton, W. J., Del Grosso, S. J., Silver, W. L., Harmon, M. E.,
Hall,S. A., Burke, I. C., & Hart, S. C. (2008). Simple three-pool model
accurately describes patterns of long-term litter decomposition in
diverse climates. Global Change Biology, 14, 2636-2660. https://doi.
org/10.1111/j.1365-2486.2008.01674.x

Ahlstrém, A., Raupach, M. R., Schurgers, G., Smith, B., Arneth, A., Jung,
M., Reichstein, M., Canadell, J., Friedlingstein, P., Jain, A. K., Kato,
E., Poulter, B., Sitch, S., Stocker, B. D., Viovy, N., Wang, Y., Wiltshire,
A. J., Zaehle, S., & Zeng, N. (2015). The dominant role of semi-
arid ecosystems in the trend and variability of the land CO, sink.
Science, 348, 895-899.

Antony, R., Grannas, A. M., Willoughby, A. S., Sleighter, R. L., Thamban,
M., & Hatcher, P. G. (2014). Origin and sources of dissolved or-
ganic matter in snow on the east Antarctic ice sheet. Environmental
Science & Technology, 48, 6151-6159. https://doi.org/10.1021/
es405246a

Beer, C., Reichstein, M., Tomelleri, E., Ciais, P., Jung, M., Carvalhais, N.,
Rédenbeck, C., Arain, M. A., Baldocchi, D., Bonan, G. B., Bondeau,
A., Cescatti, A., Lasslop, G., Lindroth, A., Lomas, M., Luyssaert,
S., Margolis, H., Oleson, K. W., Roupsard, O, ... Papale, D. (2010).
Terrestrial gross carbon dioxide uptake: Global distribution and
covariation with climate. Science, 329, 834-838. https://doi.
org/10.1126/science.1184984

Bengtsson, G., Bengtson, P., & Mansson, K. F. (2003). Gross nitro-
gen mineralization-, immobilization-, and nitrification rates as
a function of soil C/N ratio and microbial activity. Soil Biology
& Biochemistry, 35, 143-154. https://doi.org/10.1016/S0038
-0717(02)00248-1

Berg, B., & McClaugherty, C. (2010). Plant litter: Decomposition, humus
formation, carbon sequestration. Springer.

Cambardella, C. A., & Elliott, E. T. (1992). Particulate soil organic mat-
ter changes across a grassland cultivation sequence. Soil Science
Society of America Journal, 56, 777-783. https://doi.org/10.2136/
$552j1992.03615995005600030017x

Castellano, M. J., Mueller, K. E., Olk, D. C., Sawyer, J. E., & Six, J. (2015).
Integrating plant litter quality, soil organic matter stabilization and
the carbon saturation concept. Global Change Biology, 21, 3200-
32009. https://doi.org/10.1111/gcb.12982

Chen, H., Kong, W.,, Shi, Q., Wang, F., He, C., Wu, J., Lin, Q., Zhang, X.,
Zhu, Y.-G., Liang, C., & Luo, Y. (2021). Data from: Patterns and
drivers of the degradability of dissolved organic matter in dryland
soils on the Tibetan Plateau-data. Zenodo, https://doi.org/10.5281/
zeno0do.4942382

Chen, H., Zhao, X., Chen, X., Lin, Q., & Li, G. (2018). Seasonal changes of
soil microbial C, N, P and associated nutrient dynamics in a semiarid
grassland of north China. Applied Soil Ecology, 128, 89-97. https://
doi.org/10.1016/j.aps0il.2018.04.008

Chen, L., Liu, L. I, Qin, S,, Yang, G., Fang, K., Zhu, B., Kuzyakov, Y., Chen,
P., Xu, Y., & Yang, Y. (2019). Regulation of priming effect by soil
organic matter stability over a broad geographic scale. Nature
Communications, 10, 5112. https://doi.org/10.1038/s41467-019-
13119z

Cotrufo, M. F,, Soong, J. L., Horton, A. J., Campbell, E. E., Haddix, M. L.,
Wall, D. H., & Parton, A. J. (2015). Formation of soil organic matter
via biochemical and physical pathways of litter mass loss. Nature
Geoscience, 8, 776-779. https://doi.org/10.1038/nge02520

Curiel Yuste, J., Baldocchi, D. D., Gershenson, A., Goldstein, A.,
Misson, L., & Wong, S. (2007). Microbial soil respiration and its
dependency on carbon inputs, soil temperature and moisture.
Global Change Biology, 13, 2018-2035. https://doi.org/10.1111/
j.1365-2486.2007.01415.x

Davies, C. A., Robertson, A. D., & McNamara, N. P. (2021). The impor-
tance of nitrogen for net carbon sequestration when consider-
ing natural climate solutions. Global Change Biology, 27, 218-219.
https://doi.org/10.1111/gcb.15381

Ding, Y., Shi, Z,, Ye, Q. Liang, Y., Liu, M., Dang, Z., Wang, Y., & Liu,
C. (2020). Chemodiversity of soil dissolved organic matter.
Environment Science & Technology, 54, 6174-6184. https://doi.
org/10.1021/acs.est.0c01136

Du, E., Terrer, C., Pellegrini, A. F. A., Ahlstrém, A., van Lissa, C. J., Zhao,
X., Xia, N., Wu, X., & Jackson, R. B. (2020). Global patterns of ter-
restrial nitrogen and phosphorus limitation. Nature Geoscience, 13,
221-226. https://doi.org/10.1038/s41561-019-0530-4

Fang, Z., He, C., Lia, Y., Chung, K., Xu, C., & Shi, Q. (2017). Fractionation
and characterization of dissolved organic matter (DOM) in refinery
wastewater by revised phase retention and ion-exchange adsorp-
tion solid phase extraction followed by ESI FT-ICR MS. Talanta, 162,
466-473. https://doi.org/10.1016/j.talanta.2016.10.064

Feng,J.,&Zhu,B.(2021). Global patternsand associated drivers of priming
effect in response to nutrient addition. Soil Biology & Biochemistry,
153, 108118. https://doi.org/10.1016/j.s0ilbio.2020.108118

Feng, L., Xu, J., Kang, S., Li, X., Li, Y., Jiang, B., & Shi, Q. (2016). Chemical
composition of microbe-derived dissolved organic matter in cryo-
conite in Tibetan Plateau glaciers: Insights from Fourier transform
ion cyclotron resonance mass spectrometry analysis. Environmental
Science & Technology, 50, 13215-13223. https://doi.org/10.1021/
acs.est.6b03971

Flerus, R., Lechtenfeld, O. J., Koch, B. P., McCallister, S. L., Schmitt-
Kopplin, P., Benner, R., Kaiser, K., & Kattner, G. (2012). A mo-
lecular perspective on the ageing of marine dissolved organic
matter. Biogeosciences, 9, 1935-1955. https://doi.org/10.5194/
bg-9-1935-2012

Frostegard, A., & Baath, E. (1996). The use of phospholipid fatty acid
analysis to estimate bacterial and fungal biomass in soil. Biology and
Fertility of Soils, 22, 59-65. https://doi.org/10.1007/BF00384433

Guigue, J., Mathieu, O., Lévéque, J., Mounier, S., Laffont, R., Maron, P.
A., Navarro, N., Chateau, C., Amiotte-Suchet, P., & Lucas, Y. (2014).
A comparison of extraction procedures for water-extractable or-
ganic matter in soils. European Journal of Soil Science, 65, 520-530.
https://doi.org/10.1111/ejss.12156

Haider, K. (1992). Problems related to humification processes in soils of
the temperate climate. In G. Stotzky & J. M. Bollag (Eds.), Soil bio-
chemistry (Vol. 7, pp. 55-94). Marcel Dekker.

Huang, J., Yu, H., Guan, X., Wang, G., & Guo, R. (2016). Accelerated dry-
land expansion under climate change. Nature Climate Change, 6,
166-172.

IPCC. (2013). Climate change 2013: The physical science basis. Contribution
of Working Group | to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, Cambridge, UK and
New York, NY, USA.

Kaiser, K., & Kalbitz, K. (2012). Cycling downwards-dissolved organic
matter in soils. Soil Biology & Biochemistry, 52, 29-32. https://doi.
org/10.1016/j.s0ilbio.2012.04.002

Kalbitz, K., Solinger, S., Park, J. H., Michalzik, B., & Matzner, E. (2000).
Controls on the dynamics of dissolved organic matter in soils: A
review. Soil Science, 165, 277-304. https://doi.org/10.1097/00010
694-200004000-00001

8518017 SUOWIWIOD BAITER.ID 3qedljdde al Aq psuienob 8 sapile YO ‘8N JO S3ni 10} Akeiq1T8UIUO AB]IM UO (SUONIPUOD-PUR-SLLBIALIOD" AB| 1M AR1q1)BUIIUO//SCNY) SUORIPUOD PUe WS L 34} 88S *[£202/20/62] Uo A1 8UIIUO AB]IM 'S80IN0S8y [BINEEN PUY 0UBI0S 01ydeiBoas JO uonmiisu| Aq SOTHT ¥992-G9ET/TTTT OT/I0p/woo Ao M ARiqijeul|uo'sfeunokaq//sdiy wo.j pepeojumoq ‘€ ‘2202 ‘v992S9ET


https://orcid.org/0000-0003-1848-3146
https://orcid.org/0000-0003-1848-3146
https://orcid.org/0000-0001-9682-1484
https://orcid.org/0000-0001-9682-1484
http://orcid.org/0000-0002-1363-1237
http://orcid.org/0000-0002-1363-1237
https://orcid.org/0000-0002-7529-6366
https://orcid.org/0000-0002-7529-6366
https://orcid.org/0000-0002-6768-8255
https://orcid.org/0000-0002-6768-8255
https://orcid.org/0000-0003-3861-8482
https://orcid.org/0000-0003-3861-8482
https://orcid.org/0000-0002-3834-498X
https://orcid.org/0000-0002-3834-498X
https://doi.org/10.1111/j.1365-2486.2008.01674.x
https://doi.org/10.1111/j.1365-2486.2008.01674.x
https://doi.org/10.1021/es405246a
https://doi.org/10.1021/es405246a
https://doi.org/10.1126/science.1184984
https://doi.org/10.1126/science.1184984
https://doi.org/10.1016/S0038-0717(02)00248-1
https://doi.org/10.1016/S0038-0717(02)00248-1
https://doi.org/10.2136/sssaj1992.03615995005600030017x
https://doi.org/10.2136/sssaj1992.03615995005600030017x
https://doi.org/10.1111/gcb.12982
https://doi.org/10.5281/zenodo.4942382
https://doi.org/10.5281/zenodo.4942382
https://doi.org/10.1016/j.apsoil.2018.04.008
https://doi.org/10.1016/j.apsoil.2018.04.008
https://doi.org/10.1038/s41467-019-13119-z
https://doi.org/10.1038/s41467-019-13119-z
https://doi.org/10.1038/ngeo2520
https://doi.org/10.1111/j.1365-2486.2007.01415.x
https://doi.org/10.1111/j.1365-2486.2007.01415.x
https://doi.org/10.1111/gcb.15381
https://doi.org/10.1021/acs.est.0c01136
https://doi.org/10.1021/acs.est.0c01136
https://doi.org/10.1038/s41561-019-0530-4
https://doi.org/10.1016/j.talanta.2016.10.064
https://doi.org/10.1016/j.soilbio.2020.108118
https://doi.org/10.1021/acs.est.6b03971
https://doi.org/10.1021/acs.est.6b03971
https://doi.org/10.5194/bg-9-1935-2012
https://doi.org/10.5194/bg-9-1935-2012
https://doi.org/10.1007/BF00384433
https://doi.org/10.1111/ejss.12156
https://doi.org/10.1016/j.soilbio.2012.04.002
https://doi.org/10.1016/j.soilbio.2012.04.002
https://doi.org/10.1097/00010694-200004000-00001
https://doi.org/10.1097/00010694-200004000-00001

CHEN ET AL.

Journal of Applied Ecology 893

Kallenbach, C. M., Frey, S. D., & Grandy, A. S. (2016). Direct evidence for
microbial-derived soil organic matter formation and its ecophysi-
ological controls. Nature Communications, 7, 13630. https://doi.
org/10.1038/ncomms13630

Khan, A., Kong, W.,, Ji, M., Yue, L., Xie, Y., Liu, J., & Xu, B. (2020).
Disparity in soil bacterial community succession along a short
time-scale deglaciation chronosequence on the Tibetan Plateau.
Soil Ecology Letters, 2, 83-92. https://doi.org/10.1007/s4283
2-020-0027-5

Koch, B. P., & Dittmar, T. (2006). From mass to structure: An aromatic-
ity index for high-resolution mass data of natural organic matter.
Rapid Communications in Mass Spectrometry, 20, 926-932. https://
doi.org/10.1002/rcm.2386

Kogel-Knabner, 1. (2002). The macromolecular organic composition of
plant and microbial residues as inputs to soil organic matter. Soil
Biology & Biochemistry, 34, 139-162. https://doi.org/10.1016/
S0038-0717(01)00158-4

Kou, D., Yang, G., Li, F., Feng, X., Zhang, D., Mao, C., Zhang, Q., Peng,
Y., Ji, C.,, Zhu, Q., Fang, Y., Liu, X., Xu-Ri, Li, S., Deng, J., Zheng, X.,
Fang, J., & Yang, Y. (2020). Progressive nitrogen limitation across
the Tibetan alpine permafrost region. Nature Communications, 11,
3331. https://doi.org/10.1038/s41467-020-17169-6

Kramer, R. W., Kujawinski, E. B., & Hatcher, P. G. (2004). Identification
of black carbon derived structures in a volcanic ash soil humic acid
by Fourier transform ion cyclotron resonance mass spectrometry.
Environmental Science & Technology, 38, 3387-3395. https://doi.
org/10.1021/es030124m

Kuzyakov, Y. (2010). Priming effects: Interactions between living and
dead organic matter. Soil Biology & Biochemistry, 42, 1363-1371.
https://doi.org/10.1016/j.s0ilbio.2010.04.003

Kuzyakov, Y., Friedel, J. K., & Stahr, K. (2000). Review of mechanisms
and quantification of priming effects. Soil Biology & Biochemistry,
32, 1485-1498. https://doi.org/10.1016/50038-0717(00)00084-5

Lal, R.(2004). Soil carbon sequestration impacts on global climate change
and food security. Science, 304, 5677. https://doi.org/10.1126/
science.1097396

Lehmann, J., & Kleber, M. (2015). The contentious nature of soil organic
matter. Nature, 528, 60-68. https://doi.org/10.1038/nature16069

Li, B., Ge, T., Hill, P. W., Jones, D. L., Zhu, Z., Zhran, M., & Wu, J. (2020).
Experimental strategies to measure the microbial uptake and min-
eralization kinetics of dissolved organic carbon in soil. Soil Ecology
Letters, 2, 180-187. https://doi.org/10.1007/s42832-020-0035-5

Li, J., Li, F.,, Li, W., Chen, S., Abbott, L. K., & Knops, J. M. H. (2018).
Nitrogen additions promote decomposition of soil organic carbon
in a Tibetan alpine meadow. Soil Science Society of America Journal,
82, 614-621. https://doi.org/10.2136/sssaj2017.12.0417

Li, X.-M,, Chen, Q.-L., He, C., Shi, Q., Chen, S.-C., Reid, B. J., Zhu, Y.-G., &
Sun, G.-X. (2019). Organic carbon amendments affect the chemo-
diversity of soil dissolved organic matter and its associations with
soil microbial communities. Environmental Science & Technology, 53,
50-59. https://doi.org/10.1021/acs.est.8b04673

Li, X., Sun, G., Chen, S., Fang, Z., Yuan, H., Shi, Q., & Zhu, Y. (2018).
Molecular chemodiversity of dissolved organic matter in paddy
soils. Environmental Science & Technology, 52, 963-971. https://doi.
org/10.1021/acs.est.7b00377

Li, Z., Tian, D., Wang, B., Wang, J., Wang, S., Chen, H. Y. H., Xu, X., Wang,
C., He, N, & Niu, S. (2019). Microbes drive global soil nitrogen min-
eralization and availability. Global Change Biology, 25, 1078-1088.
https://doi.org/10.1111/gcb.14557

Liang, C. (2020). Soil microbial carbon pump: Mechanism and appraisal.
Soil Ecology Letters, 2, 241-254. https://doi.org/10.1007/s4283
2-020-0052-4

Liang, C., Amelung, W., Lehmann, J., & Kastner, M. (2019). Quantitative
assessment of microbial necromass contribution to soil organic mat-
ter. Global Change Biology, 25, 3578-3590. https://doi.org/10.1111/
gch.14781

Liang,C.,Schimel, J.P.,&Jastrow, ). D.(2017). Theimportance of anabolism
in microbial control over soil carbon storage. Nature Microbiology, 2,
17105. https://doi.org/10.1038/nmicrobiol.2017.105

Liu, H., Xu, H., Wu, Y., Ai, Z., Zhang, J., Liu, G., & Xue, S. (2021). Effects of
natural vegetation restoration on dissolved organic matter (DOM)
biodegradability and its temperature sensitivity. Water Research,
191, 116792. https://doi.org/10.1016/j.watres.2020.116792

Liu, J., Kong, W,, Zhang, G., Khan, A., Guo, G., Zhu, C., Wei, X., Kang, S.,
& Morgan-Kiss, R. M. (2016). Diversity and succession of autotro-
phic microbial community in high-elevation soils along deglaciation
chronosequence. Fems Microbiology Ecology, 92, fiw160. https://
doi.org/10.1093/femsec/fiw160

Lucas, J., Koester, I., Wichels, A., Niggemann, J., Dittmar, T., Callies,
U., Wiltshire, K. H., & Gerdts, G. (2016). Short-term dynamics of
north sea bacterioplankton-dissolved organic matter coherence
on molecular level. Frontiers in Microbiology, 7, 321. https://doi.
org/10.3389/fmich.2016.00321

Lv,J., Zhang,S.,Wang, S., Luo, L., Cao, D., & Christie, P. (2016). Molecular-
scale investigation with ESI-FT-ICR-MS on fractionation of dis-
solved organic matter induced by adsorption on iron oxyhydrox-
ides. Environmental Science & Technology, 50, 2328-2336. https://
doi.org/10.1021/acs.est.5b04996

Ma, T., Zhu, S., Wang, Z., Chen, D., Dai, G., Feng, B., Su, X., Hu, H., Li, K.,
Han, W, Liang, C., Bai, Y., & Feng, X. (2018). Divergent accumulation
of microbial necromass and plant lignin components in grassland
soils. Nature Communications, 9, 3480. https://doi.org/10.1038/
s41467-018-05891-1

Malik, A., Scheibe, A., LokaBharathi, P. A., & Gleixner, G. (2012). Online
stable isotope analysis of dissolved organic carbon size classes
using size exclusion chromatography coupled to an isotope ratio
mass spectrometer. Environmental Science & Technology, 46, 10123~
10129. https://doi.org/10.1021/es302467y

Marschner, B., & Kalbitz, K. (2003). Controls of bioavailability and bio-
degradability of dissolved organic matter in soils. Geoderma, 113,
211-235. https://doi.org/10.1016/50016-7061(02)00362-2

Melillo, J. M., Aber, J. D., & Muratore, J. F. (1982). Nitrogen and lignin
control of hardwood leaf litter decomposition dynamics. Ecology,
63, 621-626.

Miltner, A., Bombach, P., Schmidt-Briicken, B., & Kistner, M. (2012). SOM
genesis: Microbial biomass as a significant source. Biogeochemistry,
111, 41-55. https://doi.org/10.1007/s10533-011-9658-z

Minasny, B., Malone, B. P., McBratney, A. B., Angers, D. A., Arrouays, D.,
Chambers, A., Chaplot, V., Chen, Z.-S., Cheng, K., Das, B. S., Field,
D. J,, Gimona, A., Hedley, C. B., Hong, S. Y., Mandal, B., Marchant,
B. P., Martin, M., McConkey, B. G., Mulder, V. L., ... Winowiecki, L.
(2017). Soil carbon 4 per mille. Geoderma, 292, 59-86. https://doi.
org/10.1016/j.geoderma.2017.01.002

Monreal, C. M., Schulten, H. R., & Kodama, H. (1997). Age, turnover
and molecular diversity of soil organic matter in aggregates of a
Gleysol. Canadian Journal of Soil Science, 77, 379-388. https://doi.
org/10.4141/595-064

Nicolardot, B., Recous, S., & Mary, B. (2001). Simulation of C and N min-
eralization during crop residue decomposition: A simple dynamic
model based on the C:N ratio of the residues. Plant and Soil, 228,
83-103.

Ohno, T., He, Z., Sleighter, R. L., Honeycutt, C. W., & Hatcher, P. G.
(2010). Ultrahigh resolution mass spectrometry and indicator
species analysis to identify marker components of soil- and plant
biomass-derived organic matter fractions. Environmental Science
& Technology, 44, 8594-8600. https://doi.org/10.1021/es101
089t

Ohno, T., Parr, T. B., Gruselle, M. I., Fernandez, I. J., Sleighter, R. L., &
Hatcher, P. G. (2014). Molecular composition and biodegradability
of soil organic matter: A case study comparing two new England
forest types. Environmental Science & Technology, 48, 7229-7236.
https://doi.org/10.1021/es405570c

8518017 SUOWIWIOD BAITER.ID 3qedljdde al Aq psuienob 8 sapile YO ‘8N JO S3ni 10} Akeiq1T8UIUO AB]IM UO (SUONIPUOD-PUR-SLLBIALIOD" AB| 1M AR1q1)BUIIUO//SCNY) SUORIPUOD PUe WS L 34} 88S *[£202/20/62] Uo A1 8UIIUO AB]IM 'S80IN0S8y [BINEEN PUY 0UBI0S 01ydeiBoas JO uonmiisu| Aq SOTHT ¥992-G9ET/TTTT OT/I0p/woo Ao M ARiqijeul|uo'sfeunokaq//sdiy wo.j pepeojumoq ‘€ ‘2202 ‘v992S9ET


https://doi.org/10.1038/ncomms13630
https://doi.org/10.1038/ncomms13630
https://doi.org/10.1007/s42832-020-0027-5
https://doi.org/10.1007/s42832-020-0027-5
https://doi.org/10.1002/rcm.2386
https://doi.org/10.1002/rcm.2386
https://doi.org/10.1016/S0038-0717(01)00158-4
https://doi.org/10.1016/S0038-0717(01)00158-4
https://doi.org/10.1038/s41467-020-17169-6
https://doi.org/10.1021/es030124m
https://doi.org/10.1021/es030124m
https://doi.org/10.1016/j.soilbio.2010.04.003
https://doi.org/10.1016/S0038-0717(00)00084-5
https://doi.org/10.1126/science.1097396
https://doi.org/10.1126/science.1097396
https://doi.org/10.1038/nature16069
https://doi.org/10.1007/s42832-020-0035-5
https://doi.org/10.2136/sssaj2017.12.0417
https://doi.org/10.1021/acs.est.8b04673
https://doi.org/10.1021/acs.est.7b00377
https://doi.org/10.1021/acs.est.7b00377
https://doi.org/10.1111/gcb.14557
https://doi.org/10.1007/s42832-020-0052-4
https://doi.org/10.1007/s42832-020-0052-4
https://doi.org/10.1111/gcb.14781
https://doi.org/10.1111/gcb.14781
https://doi.org/10.1038/nmicrobiol.2017.105
https://doi.org/10.1016/j.watres.2020.116792
https://doi.org/10.1093/femsec/fiw160
https://doi.org/10.1093/femsec/fiw160
https://doi.org/10.3389/fmicb.2016.00321
https://doi.org/10.3389/fmicb.2016.00321
https://doi.org/10.1021/acs.est.5b04996
https://doi.org/10.1021/acs.est.5b04996
https://doi.org/10.1038/s41467-018-05891-1
https://doi.org/10.1038/s41467-018-05891-1
https://doi.org/10.1021/es302467y
https://doi.org/10.1016/S0016-7061(02)00362-2
https://doi.org/10.1007/s10533-011-9658-z
https://doi.org/10.1016/j.geoderma.2017.01.002
https://doi.org/10.1016/j.geoderma.2017.01.002
https://doi.org/10.4141/S95-064
https://doi.org/10.4141/S95-064
https://doi.org/10.1021/es101089t
https://doi.org/10.1021/es101089t
https://doi.org/10.1021/es405570c

894 Journal of Applied Ecology

CHEN ET AL.

Paul, E. A. (2016). The nature and dynamics of soil organic matter: Plant
inputs, microbial transformations, and organic matter stabilization.
Soil Biology & Biochemistry, 98, 109-126. https://doi.org/10.1016/j.
s0ilbio.2016.04.001

Peyton Smith, A., Bond-lamberty, B., Benscoter, B. W., Tfaily, M. M.,
Hinkle, C. R., Liu, C., & Bailey, V. L. (2017). Shifts in pore connectiv-
ity from precipitation versus groundwater rewetting increases soil
carbon loss after drought. Nature Communications, 8, 1335. https://
doi.org/10.1038/541467-017-01320-x

Poulter, B., Frank, D., Ciais, P., Myneni, R. B., Andela, N., Bi, J., Broquet,
G., Canadell, J. G., Chevallier, F,, Liu, Y. Y., Running, S. W., Sitch, S,
& van der Werf, G. R. (2014). Contribution of semi-arid ecosystems
to interannual variability of the global carbon cycle. Nature, 509,
600-603. https://doi.org/10.1038/nature13376

Roth, V. N., Dittmar, T., Gaupp, R., & Gleixner, G. (2015). The molecular
composition of dissolved organic matter in forest soils as a func-
tion of pH and temperature. PLoS ONE, 10, e0119188. https://doi.
org/10.1371/journal.pone.0119188

Roth, V.-N., Lange, M., Simon, C., Hertkorn, N., Bucher, S., Goodall, T.,
Griffiths, R. |., Mellado-Vazquez, P. G., Mommer, L., Oram, N. J.,
Weigelt, A., Dittmar, T., & Gleixner, G. (2019). Persistence of dis-
solved organic matter explained by molecular changes during its
passage through soil. Nature Geoscience, 12, 755-761. https://doi.
org/10.1038/s41561-019-0417-4

Schmidt, M. W. |, Torn, M. S., Abiven, S., Dittmar, T., Guggenberger, G.,
Janssens, I. A., Kleber, M., Kégel-Knabner, I., Lehmann, J., Manning,
D. A. C., Nannipieri, P., Rasse, D. P., Weiner, S., & Trumbore, S. E.
(2011). Persistence of soil organic matter as an ecosystem property.
Nature, 478, 49-56. https://doi.org/10.1038/nature10386

Segata, N., Izard, J., Wardron, L., Gevers, D., Miropolsky, L., Garrett, W.
S., & Huttenhower, C. (2011). Metagenomic biomarker discovery
and explanation. Genome Biology, 12, R60. https://doi.org/10.1186/
gb-2011-12-6-r60

Soares, M., & Rousk, J. (2019). Microbial growth and carbon use effi-
ciency in soil: Links to fungal-bacterial dominance SOC-quality and
stoichiometry. Soil Biology & Biochemistry, 131, 195-205. https://
doi.org/10.1016/j.s0ilbi0.2019.01.010

Soong, J. L., Fuchslueger, L., Marafion-Jimenez, S., Torn, M. S., Janssens,
I. A., Penuelas, J., & Richter, A. (2020). Microbial carbon limitation:
The need for integrating microorganisms into our understanding of
ecosystem carbon cycling. Global Change Biology, 26, 1953-1961.
https://doi.org/10.1111/gcb.14962

Vance, E. D., Brookes, P. C., & Jenkinson, D. S. (1987). An extraction
method for measuring soil microbial biomass carbon. Soil Biology
& Biochemistry, 19, 703-707. https://doi.org/10.1016/0038-
0717(87)90052-6

Wang, X., Wang, C., Cotrufo, M. F,, Sun, L., Jiang, P., Liu, Z., & Bai, E.
(2020). Elevated temperature increases the accumulation of micro-
bial necromass nitrogen in soil via increasing microbial turnover.

Global Change Biology, 26, 5277-5289. https://doi.org/10.1111/
gch.15206

Wen, Y., Zang, H., Preeman, B., Musarika, S., Evans, C. D., Chadwick,
D. R., & Jones, D. L. (2019). Microbial utilization of low molecular
weight organic carbon substrates in cultivated peats in response
to warming and soil degradation. Soil Biology & Biochemistry, 139,
107629. https://doi.org/10.1016/j.s0ilbio.2019.107629

Wu, J., Li, M., Fiedler, S., Ma, W., Wang, X., Zhang, X., & Tietjen, B.
(2019). Impact of grazing exclusion on productivity partitioning
along regional plant diversity and climatic gradients in Tibetan
alpine grasslands. Journal of Environmental Management, 231,
635-645.

Zhang, H., Zhang, Y., Shi, Q, Ren, S., Yu, J., Ji, F,, Luo, W., & Yang, M.
(2012). Characterization of low molecular weight dissolved nat-
ural organic matter along the treatment trait of a waterworks
using Fourier transform ion cyclotron resonance mass spectrom-
etry. Water Research, 46, 5197-5204. https://doi.org/10.1016/j.
watres.2012.07.004

Zhang, L., Wang, S., Xu, Y., Shi, Q., Zhao, H., Jiang, B., & Yang, J. (2016).
Molecular characterization of lake sediment WEON by Fourier
transform ion cyclotron resonance mass spectrometry and its envi-
ronmental implications. Water Research, 106, 196-203. https://doi.
org/10.1016/j.watres.2016.09.059

Zhang, X., Li, Z., Nie, X., Huang, M., Wang, D., Xiao, H., Liu, C., Peng, H.,
Jiang, J.,&Zeng, G.(2019). Therole of dissolved organic matterin soil
organic carbon stability under water erosion. Ecological Indicators,
102, 724-733. https://doi.org/10.1016/j.ecolind.2019.03.038

Zhao, K., Kong, W., Wang, F., Long, X.-E., Guo, C,, Yue, L., Yao, H., &
Dong, X. (2018). Desert and steppe soils exhibit lower autotrophic
microbial abundance but higher atmospheric CO, fixation capac-
ity than meadow soils. Soil Biology & Biochemistry, 127, 230-238.
https://doi.org/10.1016/j.s0ilbio.2018.09.034

SUPPORTING INFORMATION
Additional supporting information may be found in the online
version of the article at the publisher’s website.

How to cite this article: Chen, H., Kong, W., Shi, Q., Wang, F.,
He, C., Wu, J,, Lin, Q., Zhang, X., Zhu, Y.-G., Liang, C., & Luo, Y.
(2022). Patterns and drivers of the degradability of dissolved
organic matter in dryland soils on the Tibetan Plateau. Journal
of Applied Ecology, 59, 884-894. https://doi.
org/10.1111/1365-2664.14105

8518017 SUOWIWIOD BAITER.ID 3qedljdde al Aq psuienob 8 sapile YO ‘8N JO S3ni 10} Akeiq1T8UIUO AB]IM UO (SUONIPUOD-PUR-SLLBIALIOD" AB| 1M AR1q1)BUIIUO//SCNY) SUORIPUOD PUe WS L 34} 88S *[£202/20/62] Uo A1 8UIIUO AB]IM 'S80IN0S8y [BINEEN PUY 0UBI0S 01ydeiBoas JO uonmiisu| Aq SOTHT ¥992-G9ET/TTTT OT/I0p/woo Ao M ARiqijeul|uo'sfeunokaq//sdiy wo.j pepeojumoq ‘€ ‘2202 ‘v992S9ET


https://doi.org/10.1016/j.soilbio.2016.04.001
https://doi.org/10.1016/j.soilbio.2016.04.001
https://doi.org/10.1038/s41467-017-01320-x
https://doi.org/10.1038/s41467-017-01320-x
https://doi.org/10.1038/nature13376
https://doi.org/10.1371/journal.pone.0119188
https://doi.org/10.1371/journal.pone.0119188
https://doi.org/10.1038/s41561-019-0417-4
https://doi.org/10.1038/s41561-019-0417-4
https://doi.org/10.1038/nature10386
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1016/j.soilbio.2019.01.010
https://doi.org/10.1016/j.soilbio.2019.01.010
https://doi.org/10.1111/gcb.14962
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.1111/gcb.15206
https://doi.org/10.1111/gcb.15206
https://doi.org/10.1016/j.soilbio.2019.107629
https://doi.org/10.1016/j.watres.2012.07.004
https://doi.org/10.1016/j.watres.2012.07.004
https://doi.org/10.1016/j.watres.2016.09.059
https://doi.org/10.1016/j.watres.2016.09.059
https://doi.org/10.1016/j.ecolind.2019.03.038
https://doi.org/10.1016/j.soilbio.2018.09.034
https://doi.org/10.1111/1365-2664.14105
https://doi.org/10.1111/1365-2664.14105

