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Plastic film mulching (PM), which contributes to nearly half of the increased
crop yields in dryland agroecosystems, exacerbates environmental burdens
due to its non-degradable nature. Globally, there is a growing demand to
replace non-degradable PM with degradable film mulching (DM), yet its
impacts on soil organic carbon (SOC) in dryland agroecosystems remains
unknown. Here, using multi-field studies and mesocosm experiments, we
found that DM strongly increased but PM reduced SOC storage (0-1m). This
difference is likely attributable to the higher microbial C use efficiency in soil
under DM, leading to increased microbial-derived C compared to PM. Under
the high roading scenario for 2100, DM could reduce the decomposition of
SOC (0-1m) in China’s drylands by 9.0 + 1.0 Mg ha™ year (one standard error)
compared with PM. Our findings highlight that DM is a promising alternative to
PM for sequestrating SOC and alleviating C loss under climate change in dry-

land agroecosystems.

As a key component of global carbon (C) cycling, the sequestration of
soil organic C (SOC) plays a critical role in mitigating climate change,
enhancing soil fertility, and maintaining ecosystem services'. Dry-
lands, which cover 45% of the Earth’s terrestrial area, store ~32% of the
global SOC’. In these regions, plastic film mulching (PM)—one of the
most effective strategies for enhancing crop yields, expands the area
suitable for planting crops. This technique has been implemented in
the production of over 40 crops. It is widely adopted worldwide,
particularly in China, which accounts for 40% of global agricultural
plastic film*~’. However, its effect on SOC storage is poorly understood,
as PM not only promotes root biomass production, which contributes
to SOC retention, but also potentially accelerates SOC decomposition
by increasing soil temperature and moisture content*®. Another
complexity is a globally growing demand to replace traditionally used
PM with degradable film mulching (DM), as PM causes ‘white pollution’
due to its degradation-resistant nature and accumulation of

microplastics’'°. The DM may have completely different effects on
SOC. Thus, it is crucial to understand how PM and its substitution by
DM affect soil C pools and their differential responses to climate
change.

Despite considerable scientific research on this topic over the past
decades, there is no consensus on the direction and magnitude of PM-
driven changes in SOC. Such a result mainly arises from two factors.
First is the complexity of the PM system’s impact on SOC by altering
both C inputs and outputs from the soil. Second, SOC is characterized
as a ‘slow variable’ in Earth system models, with a turnover time
spanning several centuries. The inherent complexity of SOC makes it
difficult to predict the changes in SOC patterns®'™*. Recent evidence
indicates that partitioning SOC into plant- and microbial-derived C
based on different sources will help to understand the mechanisms
associated with the turnover and stability of SOC"®, Plant C input
functions as an energy source for microorganisms®. Microbial-derived
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C originates from the ex vivo modification of extracellular enzymes or
synthetic metabolites resulting from in vivo turnover™?°*, Therefore,
any effort to optimize management practices for long-term C storage
demands a greater understanding of variations in these diverse func-
tionalities and sources of C. In addition, most previous studies on SOC
only considered topsoil (up to 0.3 m depth)***. However, how subsoil
C storage responds to reductions in C input (such as litter and root
biomass) remains uncertain. Ignoring changes in the deep soil C pool,
which contains 68% of global SOC, may lead to biased interpretations
of the potential impacts of mulching on soil C storage or even result in
misleading conclusions®*?. Currently, most research concentrates on
the PM system, and no studies have addressed the mechanisms of soil
C storage changes under DM. Given the differences in the degradation
performances of both film types, PM and DM have varied effects on soil
hydrothermal properties, soil aggregate structure, microbial habitat,
and substrate availability*>*'°. These differences may alter microbial-
and plant-derived C through direct pathways (microbial C use effi-
ciency (CUE), C-related functional genes, or soil respiration) or indirect
pathways (extracellular enzyme activities (EEAs)). Differences in the
function and origin of SOC components might explain these diverse
responses, but the potential mechanisms involved remain unclear.

We employ two independent approaches to address these key
questions, including multi-site field measurements and continental-
scale sampling for mesocosm experiments. First, we monitored the
variation in SOC storage (0-1m) across four arid farmland sites, used
two groups of biomarkers comprising amino sugars and lignin phenols
to trace microbial- and plant-derived C, respectively”'**, and eval-
uated a range of biotic and abiotic factors that are associated with the
responses. Second, we performed a continental-scale sampling (com-
prising 153 soil columns) across 17 dryland sites (80°45’E-126°38’E) for
incubation experiments to quantify the contributions of microbial-
and plant-derived C to changes in SOC storage under climate change
conditions.

Results

Effects of mulching practices on SOC storage

The SOC storage in the 0-1 m soil decreased by 1.9 Mg ha™ yr under
PM but increased by 0.5Mgha™yr? under DM compared with the
conditions before the experiment (Fig. 1a). In the topsoil (0-0.3 m),
SOC storage increased by 4.1% (95% confidence interval: 2.6-5.7%)
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Fig. 1| Mulching-induced shifts in SOC storage in the 0-1 m depth. a Changes in
SOC storage at 0-1 m depth under different mulching practices compared with the
conditions before the experiment. b SOC storage in the soil profile under different
mulching practices. Dots represent mean cumulative storage values based on
equivalent soil mass (ESM). Error bars represent standard errors (n=54). Hollow

under DM (p < 0.05), while it remained at a similar level under PM. In
the subsoil (0.3-1 m), SOC storage decreased by 6.7% (95% confidence
interval: 5.8-7.6%) under PM (p < 0.05), while there was little change
under DM compared to the start of the experiment (Fig. 1b). Moreover,
the SOC content under mulching decreased linearly as the mean
annual temperature increased among the different study sites (Sup-
plementary Fig. 1).

Changes in SOC derived from microbial and plant sources
Microbial-derived C accounted for 39.3-43.0% of SOC storage, sub-
stantially higher than the contribution from plant-derived C (7.2-9.6%)
(Fig. 2a and b). The proportion of microbial-derived C in SOC increased
with soil depth. In contrast, the contribution from plant-derived C had
the opposite trend (Fig. 2 and Supplementary Fig. 2). Compared with
NM, we observed a statistically significant decrease of 9.6% in microbial-
derived C content under PM (p < 0.05), while the microbial-derived C
content under DM remained unchanged (Fig. 2c). Both PM and DM
increased the plant-derived C content, particularly in the topsoil, with
increases of 38.9% under PM (853 mgkg™ and by 32.3% under DM
(710 mgkg™) compared with NM (Fig. 2d). The increase in SOC was
accompanied by an enrichment of amino sugars and a decrease in lignin
phenols. In contrast, increased oxidation of plant lignin was common in
SOC-rich soils (Supplementary Figs. 3 and 4).

Drivers of microbial- and plant-derived C

Microbial-derived C was significantly influenced by soil hydrothermal
conditions and microbial properties, with CUE identified as the most
important factor. High CUE facilitated the accumulation of microbial-
derived C at all study sites (Fig. 3a and b). Belowground biomass (BEG)
was the most significant predictor for plant-derived C, with plant-
derived C in the soil increasing with BEG (Fig. 3a and c). We found that
biotic and abiotic factors together explained 92% of the variation in
SOC pools. Notably, lignin phenols and amino sugars had contrasting
direct effects on soil C pools (Supplementary Fig. 5).

SOC storage mediated by C-cycling related functional genes

The PM significantly increased the abundance of C degradation genes
across various soil depths compared with NM (Fig. 4a). In contrast, DM
reduced the abundances of genes involved in chitin (naglu and chiA),
pectin (pgu), and lignin (glx, lig, mnp, and pox) decomposition (28.8%,
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organic carbon, NM conventional tillage without mulching, PM plastic film
mulching, DM degradable film mulching. Source data are provided as a Source
Data file.
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Fig. 2 | Mulching-induced shifts in distributions of microbial- and plant-
derived C. a, b Microbial- and plant-derived C storage at 0-1m depth under dif-
ferent mulching practices. ¢, d Microbial- and plant-derived C content in the soil
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profile under different mulching practices. Error bars represent standard errors
(n=12). NM conventional tillage without mulching, PM plastic film mulching, DM
degradable film mulching. Source data are provided as a Source Data file.

95% confidence interval: 20.0-37.7%). Both PM and DM enhanced the C
fixation capacity in the topsoil. However, in the subsoil, the abundance
of C fixation genes was 83.1% (95% confidence interval: 27.7-138.5%)
higher under DM than under PM. As the abundance of functional genes
related to C degradation increased, the loss of SOC storage increased
linearly (p<0.01) (Fig. 4b and Supplementary Table 1).The multi-
model inference procedure identified a high abundance of abfA and
glx as key factors driving declines in soil C storage (Fig. 4¢).

Degradable film mulching decreases C decomposition under
climate change

The results of the mesocosm incubation experiments showed that C
losses under all treatments were predominantly from microbial-
derived C (Fig. 5 and Supplementary Figs. 6-8), especially in the sub-
soil (Fig. 5b). In particular, PM increased the microbial-derived C loss
rate in all soil depths, resulting in the highest C loss in the 0-1 m soil
depth. In contrast, the SOC loss from the 0-1 m soil depth was 14.3%
(1.8Mghalyr") and 451% (9.0Mgha'yr?) lower under DM than
under NM and PM, respectively. This reduction was largely driven by a
33.1% (1.5 Mg ha™ yr) and 62.1% (5.1 Mg ha* yr™") decrease in microbial-
derived C loss from the subsoil (Fig. 5b). Furthermore, the microbial-
and plant-derived C loss increased linearly as the SOC or clay content
increased (Supplementary Fig. 9).

Discussion
Previous studies generally suggested that PM does not accelerate the
loss of SOC***. Our study demonstrated how changes in microbial-

and plant-derived C under different mulching practices affected SOC
storage (Figs. 1 and 2). We found a significant decline in SOC storage
under PM, suggesting that results obtained in previous studies may
have been markedly overestimated. At the same time, DM increased
soil C storage (Fig. 1a). These findings underscore the potential bene-
fits of replacing PM with DM to improve agricultural soil C seques-
tration. At least three mechanisms explain the contrasting changes in
SOC storage under PM and DM.

First, material properties influence plant-derived C (Fig. 2 and
Supplementary Fig. 10). In terms of C inputs, DM contributed plant-
derived C to the soil at levels comparable to PM (Fig. 2b), and this
carbon input is primarily regulated by root biomass. Notably, the
mechanical properties of the degradable film gradually deteriorate
throughout crop growth until breakdown occurs (Supplementary
Fig. 11), significantly reducing its ability to increase the temperature
and conserve moisture, which results in lower C decomposition®*?,
The improvements in the soil temperature conditions under PM cat-
alyze the breakdown of complex macromolecules, allowing microbes
to access protected litter or SOC more readily”*’. Under PM, lignin
phenols were found to have high (Ad/Al)V and (Ad/AI)S ratios and low
C/V and S/V ratios, possibly because the enhanced hydrothermal
conditions facilitated the microbial decomposition of plant-derived C
(Supplementary Fig. 12). Moreover, the competitive advantage of
bacteria under warming conditions resulted in a significant increase in
the F/B ratio under PM, further facilitating the decomposition and
uptake of plant residues® 2. By dividing the soil respiration compo-
nents, we found that DM reduced C emissions due to heterotrophic
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Fig. 3 | Potential factors related to microbial- and plant-derived C. a Relative
importance of variables that affected microbial-derived C. b Relationship between
microbial-derived C and CUE. ¢ Relative importance of variables that affected plant-
derived C. d Relationship between plant-derived C and BEG. Shadows denote the
95% confidence intervals for the regression lines. *p < 0.05; **p < 0.01. SWC soil
water content, ST soil temperature, ABG aboveground biomass, BEG belowground
biomass, CEgs annual C emissions from soil respiration, CEgy, annual C emissions
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efficiency, Hy-EEAs hydrolytic C-acquiring extracellular enzyme activities, Ox-EEAs
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Pengyang, AD Anding, NM conventional tillage without mulching, PM plastic film
mulching, DM degradable film mulching. Source data are provided as a Source
Data file.

respiration by microorganisms (Supplementary Fig. 10). Water avail-
ability is a key factor influencing the CO, flux; increased SWC in arid
regions can boost C emissions through direct (microbial activity and
root growth) and indirect (soil nutrient availability) pathways®. On the
other hand, compared to fully degradable films that break down into
starch, CO,, and H,0, polyethylene plastic films may release chemicals
that alter CO, emissions from the surface soil®**.

Second, the activities and turnover of microorganisms dominate
soil C transformation and sequestration processes. Microorganisms
have crucial roles in the mineralization process by acting in two key
pathways, where they decompose SOC to generate CO, but also con-
tribute significantly to C sequestration through the formation of
microbial biomass and the “entombing effect””. We found that the low
CUE in PM is a major factor contributing to the reduction of microbial-
derived C (MDC). The sustained anaerobic environment under PM also
promoted soil mineralization and decreased the production and
accumulation of microbial-derived C (Fig. 2a and Supplementary
Fig. 13). Moreover, the microbial-derived C accumulation pattern
influenced by the microbial growth, reproduction, and death process
could potentially change under the ongoing warming effect of
mulching, which was supported by the decrease in MAOC in the pre-
sent study (Supplementary Figs. 14 and 15). In particular, PM increased
the abundance of microbial functional genes that target the oxidation

of recalcitrant C compounds, thereby amplifying microbial-mediated
microbial-derived C decomposition®. The significantly reduced G+/G-
ratio under PM suggests a decrease in the proportion of recalcitrant C
(Supplementary Fig. 16). By contrast, DM slowed the microbial
decomposition of recalcitrant C compounds (such as cellulose, chitin,
pectin, and lignin), while enhancing C fixation in the subsoil (Fig. 4a). In
addition, the growth and turnover rates are faster for r-strategist
organisms than k-strategists, thereby leading to a higher yield of
microbial residues. Thus, a decline in the ratio of r-strategist relative to
k-strategist microorganisms under warming conditions is not con-
ducive to producing microbial-derived C*.

Third, the decreased availability of soil nitrogen (N) caused by
mulching altered the EEAs (Supplementary Figs. 17-19). The reduced
nitrogen availability under film mulching was due to higher crop
biomass, which led to the redistribution of nitrogen from soil to
biomass and increased macroaggregate sorption of soil NH,*’. To
maintain the stoichiometric balance at the community level, the
microorganisms under PM promoted the decomposition of complex
phenols and lignin through the increased production of ligninases
(oxidases) (Supplementary Fig. 17), which supports the “microbial N
mining theory”**. This high C cost for acquiring recalcitrant N also
explains the lower CUE in the subsoil under PM (Supplemen-
tary Fig. 20).
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Fig. 4 | Effects of mulching practices on functional genes involved in C degra-
dation and fixation, and their influence on soil C storage. a Changes in func-
tional genes involved in C degradation and fixation under PM and DM compared
with NM. The spans of whiskers represent 95% confidence intervals (n =12). b Linear
mixed-effects models showing the relationship between the abundance of C

degradation-related functional genes and dSOC. ¢ The fixed effects of functional
gene abundance on dSOC in the optimal model, following Z-transformation of the
data and subsequent model screening. SOC soil organic carbon, dSOC SOC storage
in farmland minus SOC storage in the previous year, PM plastic film mulching, DM
degradable film mulching. Source data are provided as a Source Data file.

Analysis of the plant and microbial sources of C in soil showed that
microbial-derived C was dominant in the soil C pool under all treat-
ments, particularly in the subsoil (Supplementary Fig. 2a). Previous
studies highlighted the dominant role of fungal necromass C, where
the stability of fungal necromass C was associated with the high CUE
exhibited by fungal communities*°. Moreover, the high sensitivity of
fungi to limited fresh litter inputs led to microorganisms decomposing
alarger fraction of fungal necromass C in the deep soil to support their
reproduction and growth (Supplementary Fig. 21b). This phenomenon
is widespread across various ecosystems, including forests, farmlands,
and grasslands***. The lower GlcN/MurA ratio under PM implied the
instability of microbial-derived C (Supplementary Fig. 21c). Significant
shifts in SOC storage were predicted for future stages, primarily due to
the considerable impacts of climate change on C stability and C
inputs'*¢, In contrast to the field experiment results, SOC storage
under DM showed a declining trend, although C loss was significantly
reduced compared to NM and PM (P < 0.05). We observed that the loss
of C was primarily driven by microbial-derived C, with PM strongly
amplifying the effects of climate change (Fig. 5 and Supplementary
Figs. 6 and 7). Notably, the substantially lower contribution of
microbial-derived C to the C pool under PM may indicate alterations in
the microbial C pump within the soil”’, potentially leading to the loss of
stable C that has accumulated over centuries within a relatively brief
period. Clearly, restoring this C would be immensely challenging.

Why have previous studies overestimated the C sequestration
under PM?>%72 Qur study reveals that those overestimations were
attributable to the rapid depletion of SOC in the subsoil (Fig. 1b and
Supplementary Figs. 14 and 15), which was not considered in most
previous studies. We propose four possible explanations for this
phenomenon. First, the accumulation of SOC was strongly influenced
by litter input. PM and DM mitigated the impacts of drought and low
temperatures on the productivity of rain-fed farmland, leading to
significant increases in net primary productivity (Supplementary
Fig. 10). In farmland without external C inputs, the soil C pool is pri-
marily replenished by aboveground litter and root biomass*"**, Thus,
the subsoil receives a far lower quantity of organic matter than the
topsoil, and this disparity resulted in considerably lower plant-derived
C inputs in deep soils under mulching (Fig. 2d and Supplementary

Fig. 2b)*. Second, the abundances of the dominant functional genes
associated with C fixation under PM declined significantly in the sub-
soil (Fig. 4a). Third, PM accelerated the turnover rate of microbial
biomass in the deep soil, with turnover time decreasing by one-fifth
compared with NM (Supplementary Fig. 22). Finally, the C in the dee-
per soil may be more sensitive to temperature changes. A soil warming
experiment conducted by Soong et al.>° showed that the high sensi-
tivity of subsoil C to temperature led to a significant increase in deep
soil CO, effluxes, with a net loss of SOC storage in the 0.2-0.9 m
soil depth.

Admittedly, our study has several limitations. First, the C
sequestration benefits of DM should be evaluated more comprehen-
sively across a broader range of regions. Second, during the mesocosm
experiments, we could not place soil samples from each site in indi-
vidual climate chambers to simulate site-specific air temperature.
Thus, our study may have overestimated C losses in cold regions under
climate change. Finally, despite recent advances in understanding how
plant- and microbial-derived C contribute to SOC formation and sta-
bilization, soil remains a complex and heterogeneous environment.
Uncertainties persist in the estimates of plant- and microbial-derived
C, arising from three key factors: (1) some MAOC formed through
abiotic processes are not included in the soil microbial carbon pump
model*; (2) the use of fixed conversion factors introduces uncertainty
in estimating plant- and microbial-derived C*; and (3) current analy-
tical methods cannot accurately quantify all types of amino sugars and
lignin®. Therefore, future research should prioritize developing new
biomarkers to comprehensively assess plant- and microbial-derived C
and further explore the impact of mineral-microbial interactions on
SOC transformation and biotic-abiotic aggregation processes.

In summary, this study reveals consistent trends in the impacts of
mulching on soil C storage across the dryland agroecosystems. Spe-
cifically, PM reduced C storage, while DM generally increased C sto-
rage across soil horizons. Our findings highlight the importance of
understanding deep soil C dynamics, given that observing the surface
soil alone can lead to substantial overestimates of the beneficial effects
of mulching on C storage (Fig. 1b). Moreover, assessing C sources can
deepen our understanding of the mechanisms that underlying changes
in C sequestration (Fig. 6). PM increased the turnover of microbial-
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used in the figure were obtained from the Global Aridity Index and Potential Eva-
potranspiration Database-Version 3 (Global-Al PET_v3)¥.

derived C, thereby reducing the available C pools (Fig. 2 and Supple-
mentary Fig. 22). In contrast, DM prevented the accelerated degrada-
tion of stable C in the subsoil and mitigated dryland C-climate
feedback during long-term mulching (Fig. 5). It is important to
recognize that adopting and implementing additional strategic mea-
sures is crucial for reversing the declining trend in C pools in the
context of climate change.

Methods

Experimental sites

Film mulching experiments were conducted at four locations on the
Loess Plateau in China, representing the region’s predominant climate
types. Film mulching significantly enhanced crop yields by nearly 50%,
making it the primary agronomic practice for yield improvement in the
area”. The sites were located in Yangling (34°20'N, 108°24'E),
Changwu (35°14'N, 107°41’E), Pengyang (35°51'N, 106°48’E), and And-
ing (35°33'N, 104°35’E). The experiments were conducted on flat
farmland cultivated for many years at all four sites. The field trials were
conducted between 2015 and 2018 in Yangling, 2018 and 2020 in
Changwu, 2013 and 2020 in Pengyang, and 2017 and 2019 in Anding
(Supplementary Table 2). Supplementary Table 3 shows the four test
sites’ climatic characteristics and surface soil properties.

Experimental design and crop management
The field experiment used a completely randomized block design,
with three mulching practices tested at each of the four locations: (1)

plastic film mulching (PM), with full coverage by polyethylene plastic
film with a width of 120 cm; (2) degradable film mulching (DM), with
full coverage by degradable film with a width of 120 cm; and (3)
control (NM), with traditional flat planting and no mulching. The
degradable film was white mulch made of polybutylene succinate
(Showa Electric Co. Ltd, Japan). The degradation rate of degradable
film mulch depends on temperature, humidity, soil fertility, and
other factors, and it ultimately decomposes entirely into water and C
dioxide. Each treatment was replicated thrice with nine plots per site,
spaced 1-2 m apart.

The crop was spring maize planted at a density of 67,000
plants ha™ (60 x 25 cm). Seeds were sown annually during April-May
and harvested in August-October. At the time of sowing, N 140 kg ha™
and P,0s 150kgha™ were applied as the base fertilizer, and N
145kgha™ was applied about 70 days after sowing. All treatments
received no irrigation throughout the growth stage. Specific tillage
management practices are detailed in Supplementary Table 2.

Soil sampling

Soil samples were collected each year when the crop was har-
vested. The samples were collected from the 0-10, 10-30, 30-60,
and 60-100 cm soil depths at nine randomly selected points in
each plot using a soil corer with a diameter of 5cm. The soil sam-
ples from three points were thoroughly mixed to form a composite
sample, resulting in three composite samples per plot. For each
composite sample, roots and other debris were removed, and the
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Fig. 6 | Conceptual framework illustrating mechanisms that control SOC
sequestration under film mulching practices. (1) Film mulching alters crop
productivity and biomass allocation to subsequently influence soil C inputs. (2)
Pathway for microbial in vivo turnover. (3) Pathway for microbial ex vivo mod-
ification. (4) Accumulation of microbial-derived C. (5) Accumulation of plant-
derived C. (6) Changes in SOC, POC, and MAOC. (7) Soil C loss in the context of
climate change. Processes (1)-(6) (current stage) were derived from the results of
multi-site field trials, while process (7) (future stage) was based on the findings from
mesocosm experiments. The aridity index data used in the figure were obtained
from the Global Aridity Index and Potential Evapotranspiration Database-Version 3
(Global-AILPET v3)*. Solid arrows and dotted arrows signify differences in

NM PM DM

parameters under PM and DM, respectively, compared with NM. Upward-pointing
red arrows indicate increases, whereas downward-pointing blue arrows denote
decreases. NM conventional tillage without mulching, PM plastic film mulching, DM
degradable film mulching, ABG aboveground biomass, BEG belowground biomass,
Rs annual C emissions from soil respiration, Rh annual C emissions from hetero-
trophic respiration, Ra annual C emissions from autotrophic respiration, Hy-C
hydrolytic C-acquiring enzymes, Ox-C oxidative C-acquiring enzymes, CUE micro-
bial C use efficiency, SOC soil organic C, POC particulate organic C, MAOC mineral-
associated organic C, dSOC SOC storage in farmland minus SOC storage in the
previous year. Source data are provided as a Source Data file. Some elements of this
figure were created in BioRender. Xu, Y. (2025) https://BioRender.com/z2vc7If.

sample was sieved through a 2 mm mesh. The composite samples
were air-dried to determine the soil organic C (SOC) content.
Additional fresh soil samples were collected from the four sites
during the final year of the trial to analyze amino sugars, lignin
phenols, microbial C use efficiency (CUE), phospholipid fatty acids
(PLFAs), extracellular enzyme activities (EEAs), and the abun-
dances of functional genes.

SOC storage

The SOC contents were determined utilizing the K,Cr,O; external
heating method**. SOC storage in different soil depths was calculated
using the equivalent soil mass method rather than the fixed depth
method based on the observation that film mulching typically reduces
the soil bulk density, which would lead to underestimation of the soil C
storage under mulching conditions when using the fixed depth
method™.

Assays of lignin phenols and amino sugars

Lignin phenols were quantified using the alkaline CuO oxidative
hydrolysis method, where CuO-catalyzed oxidation of lignin macro-
molecules breaks the intermolecular ether bonds to release lignin
phenol monomers®. Soil amino sugars were quantified to evaluate the
microbial necromass according to the method described by Zhang and
Amelung”’.

Lignin phenols and amino sugar derivatives were analyzed using a
TRACE 1300 gas chromatograph (Thermo Scientific) equipped with a
VT-1 capillary chromatographic column (30 m x 0.25 mm x 0.25 pm)
and flame ionization detector. The detailed methods used for deter-
mining lignin phenols are presented in the Supplementary Methods.
The lignin phenols analyzed comprised syringyl (S; syringaldehyde,
acetosyringone, and syringic acid), vanillyl (V; vanillin, acetylvanillone,
and vanillic acid), and cinnamyl (C; p-coumaric and ferulic acids)
phenols. The C/S and C/V ratios, as well as the acid-aldehyde ratios of
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Vand S phenols ((Ad/Al)V and (Ad/Al)S), were used to assess the extent
of lignin oxidation®®**°, Assuming that CuO does not oxidize two-thirds
of V phenols, and S and C phenols are liberated with 90% and 100%
efficiency, respectively®, the content of plant-derived C in the soil
(g kg™ was estimated using the following formula:

Cy

CS
33%

Plant — derived C= ( 90%

+ CC> /12% @

where Cy, Cs, and Cc (g kg™) are the C contents of V-type, S-type, and
C-type phenols, respectively, and 12% is the lignin content of maize
plant residues®’.

We analyzed four amino sugars comprising glucosamine (GIcN),
galactosamine (GalN), mannose (ManN), and muramic acid (MurA).
GlcN is commonly found in bacteria and fungi, but it mainly originates
from the polysaccharide chitin in the cell walls of fungi in the soil.
MurA is only found in the peptidoglycan layer of the bacterial cell wall
and is an indicator of bacterial-derived C®**. The sources of GalN and
ManN remain disputed®**. Assuming a molar ratio of 1:2 for GIcN
relative to MurA in bacterial cells'"”, the estimated bacterial necro-
mass C (BNC), fungal necromass C (FNC), and microbial-derived C
were calculated using the GIcN and MurA concentrations as

GIcN  2xMurA
FNC= (W_W> x179.17x9 2)
BNC=MurA x 45 3)
Microbial — derived C=FNC+BNC 4)

where 179.17 and 251.23 are the relative molecular masses of GIcN and
MurA, respectively, 9 is the conversion factor for GIcN to FNC®, and 45
is the conversion factor for MurA into BNC®.

Analysis of microbial traits

We utilized a fluorometric method to determine the activities of four
hydrolases associated with C acquisition comprising a-1,4-glucosidase,
B-1,4-glucosidase, cellobiose hydrolase, and B-1,4-xylosidase®® (Sup-
plementary Table 4). The activities of non-hydrolytic enzymes (poly-
phenol oxidase and peroxidase) were determined using the pyrogallol
colorimetric method®. Microbial communities were quantified based
on PLFAs®® (Supplementary Table 5). The microbial CUE was deter-
mined using the ®0-H,0 incubation method®. The detailed methods
used for determining EEAs, PLFAs, and CUE are provided in the Sup-
plementary Materials.

HT-qPCR (SmartChip Real-Time PCR System, WaferGen Biosys-
tems, Fremont, USA) was employed to quantitatively assess the
abundances of functional genes associated with C degradation and
fixation’°. Details of the functional genes and corresponding gene chip
primers are provided in Supplementary Table 6. The melting curve was
automatically generated using WaferGen software. Functional genes
with multiple melting peaks or amplification efficiencies outside the
range of 1.8-2.2 were excluded by SmartChip qPCR software. Further
analysis was conducted only if the negative control exhibited no
amplification and the threshold cycle (Ct) was <31. The absolute
abundance of a functional gene (copies g™”) was calculated using the
following formula:

Funtional Gene absolute copy number = _‘61::3 x MX }1000 )

where a is the relative copy number of the functional gene, b
(copies pL™) is the absolute abundance of the 16S rRNA gene, ¢ is the
relative copy number of the 16S rRNA gene, d (ngpuL™) is the DNA

concentration, m (ug) is the extracted DNA mass, and n (g) is the mass
of the extracted soil sample.

Incubation experiment

Soil samples in the topsoil (0-30 cm) and subsoil (30-100 cm) were
collected from 17 farmland sites across China. These sites span over
3800 km from east to west (80°45’E-126°38’E), and over 1500 km from
north to south (34°20’N-47°26’N), covering the major Chinese dryland
regions (Supplementary Fig. 23). The significant variability in soil
properties across the sampling sites allowed us to effectively evaluate
the impacts of different mulching practices on soil C pools under cli-
mate change. A total of 153 soil samples (17 sites x 3 treatments x 3
replicates) were collected for the incubation experiment. At each site,
nine sampling points were randomly selected within a 50 x 50 m area,
and intact topsoil (0-30 cm) and subsoil (30-100 cm) samples were
collected. The samples were placed into custom-made polyvinyl
chloride cylinders (30 cm inner diameter, 110 cm height) in the order
of the soil depths and transported to the laboratory. The soil columns
collected at each site were consistent with the field experiment setup,
with treatments divided into PM, DM, and NM. Incubation was con-
ducted in an artificial intelligence climate chamber designed to simu-
late climate change. The CO, concentration was adjusted to represent
the projected atmospheric levels for the year 2100, based on the
intermediate Shared Socioeconomic Pathway (SSP5-8.5). The tem-
perature was maintained at 15 °C, and the humidity was controlled at
55%. A 45-day preincubation was conducted to ensure soil samples
reached a stable state, followed by SOC, and microbial- and plant-
derived C measurements. The samples were then incubated for an
additional 367 days, after which SOC, microbial- and plant-derived C
contents were re-measured in both the topsoil and subsoil. The SOC
loss during the incubation period was calculated using different
mulching practices and the contributions of microbial- and plant-
derived C.

Statistical analysis

Levene’s test was first used to verify the homogeneity of variance
before conducting a one-way analysis of variance to assess the effects
of film mulching on SOC and its components (microbial- and plant-
derived C). We also evaluated the impacts on biological (ABG, BEG,
EEAs, PLFAs, CUE, and functional genes associated with C degradation
and fixation) and abiotic factors (ST, SWC, CEgs, CEgp, and CEg,). The
threshold for statistical significance was set at p < 0.05. Random forest
model analysis was conducted using the “randomForest” package in R
to identify key variables that affected microbial- and plant-derived
C”"2, The “rfPermute” package in R was used to assess the significance
of variables through permutation tests’. To improve the accuracy of
the predictions, 10-fold cross-validation was conducted with three
replicates to optimize the model parameters. The “trainControl”
function from the “caret” package was applied to set the cross-
validation parameters and grid search to identify the optimal combi-
nation. Following parameter optimization, the random forest model
was reconstructed, and the importance and significance of each vari-
able were re-evaluated. Further regression analysis was conducted to
investigate the relationships between different C sources and the most
influential factors identified through random forest screening. Linear
mixed-effects (LME) modeling was employed to analyze the relation-
ships between the abundances of functional genes (C-degradation
genes, C-fixation genes, and their sum) and dSOC. The model allowed
nested covariance structures, particularly site-level relationships nes-
ted within overall relationships to effectively address the measure-
ment errors across various sites. The study site was included as a
random effect, and functional gene abundance was treated as a fixed
effect. The results indicated that only the linear mixed-effects model
between the abundance of C-degradation genes and dSOC was sta-
tistically significant (Supplementary Table 1). The “Imer” function in R
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was utilized to construct a model to evaluate the effects of various
functional genes on the response of dSOC. The model was specified as:
dSOC ~ amyA + apu + iso-plu + sga + abfA + manB + xylA + cdh + cex +
naglu + chiA + pgu + glx + lig + mnp + pox + (1/Site). The control para-
meters were adjusted to ignore singularity convergence, and the
restricted maximum-likelihood estimation method was used for
parameter estimation. The dredge function in the “MuMIn” package in
R was employed to perform stepwise selection and to identify the
optimal model based on Akaike’s information criterion (Supplemen-
tary Table 7). Finally, we utilized the “plspm” package in R (version
4.1.3) to perform PLS-PM analysis in order to determine factors that
influenced the soil C pool™.

Data availability
Source data are provided with this paper Source data are provided
with this paper.
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