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Short-term warming supports mineral-
associated carbon accrual in abandoned
croplands

Zhenrui Zhang1, Hui Gao1, Xiaoxia Gao2, Shurui Huang1, Shuli Niu 3,
Emanuele Lugato 4 & Xinghui Xia 1

Effective soil organic carbon (SOC) management can mitigate the impact of
climatewarming.However, the responseof different SOC fractions towarming
in abandoned croplands remains unclear. Here, categorizing SOC into parti-
culate and mineral-associated organic carbon (POC and MAOC) with physical
fractionation, we investigate the responses of POC and MAOC content and
temperature sensitivity (Q10) to warming through a 3-year in situ warming
experiment (+1.6 °C) in abandoned croplands across 12 sites in China (latitude:
22.33–46.58°N). Our results indicate that POC content remains unchanged
while MAOC content significantly increases under warming. POC and MAOC
content changes are mainly influenced by root biomass and microbial necro-
mass carbon changes, respectively. TheQ10ofMAOC is significantly lower than
that of POC regardless of the warming or control treatment, suggesting that
MAOC represents the most persistent and least vulnerable carbon fraction
within SOC. Collectively, the sequestration of stable soil carbon can be
enhanced in abandoned croplands under short-term warming.

Soil organic carbon (SOC) is the largest terrestrial carbon pool, 2 to 3
times greater than that of vegetation and the atmospheric carbon
pool1, consequently effective SOC management can mitigate the
impact of climatic warming2. Agricultural ecosystems cover approxi-
mately 38% of the global land area3, with cultivation leading to SOC
losses driven by both soil disturbance4 and the increased microbial
activity stimulated by warming5. It is estimated that global croplands
lose between 0.3 to 1.0 Pg C year−1 globally3. Meanwhile, due to unsa-
tisfactory land suitability (such as declining soil fertility) and socio-
economic drivers (such as urbanization or low cost-effectiveness of
agricultural products), cropland abandonment is on the rise and
expanding rapidly across various regions worldwide6,7. Until now,
abandoned cropland accounts for approximately 10% to 25% of global
cropland area6,8. Natural recovery process by secondary succession is
generally beneficial for SOC accrual in abandoned croplands3, but the

impact of warming on SOC in this transitional ecosystem is not well
understood. Furthermore, the transformation from conventional
croplands to abandoned croplands and climate warming can change
the traits of plants and microorganisms9, thereby altering the pro-
portion of different SOC fractions.

Notably, SOC can be physically fractionated into particulate
organic carbon (POC) and mineral-associated organic carbon
(MAOC)10, as recently done in studies predominantly focused on POC
and MAOC content in different ecosystems4,9,11. In addition, due to the
complexity and heterogeneity of POC and MAOC, the impact of cli-
mate warming on them may differ12. POC is primarily considered to
originate from plant fragmentation, while MAOC is formed through
the sorption of low molecular weight organic carbon leached from
plants or transformed by microorganisms to minerals13. In certain
conditions, warming may enhance plant productivity, increasing the
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input of plant-derived carbon and thereby enhancing SOC content14.
According to the “microbial efficiency-matrix stabilization”
hypothesis15, when the input of plant-derived carbon is primarily
composed of low molecular weight, labile and high-quality com-
pounds, it promotes an increase in MAOC content. This is because
such compounds are efficiently utilized by microorganisms and
transformed into microbial necromass carbon (MNC) through the
“microbial carbon pump”16, and then subsequently adsorbed by
minerals to formMAOC17. Conversely, when the input of plant-derived
carbonmainly consists of low-quality compounds, it favors an increase
in POC content18. Abandoned croplands in China are undergoing nat-
ural recovery processes, which are dominated by grass species19. Plant-
derived carbon from grass exhibits characteristics of low C/N and lig-
nin/N ratios, enabling microorganisms to effectively convert it into
MNC through the microbial carbon pump20,21. However, whether
increased input under warming conditions can enhance MAOC con-
tent in abandoned croplands, to date, has rarely been explicitly
explored in any experimental studies.

Recently, researchers have increasingly paid attention to the
temperature sensitivity (commonly represented by the Q10, a constant
for the change in SOC decomposition rate with a 10 °C increase in
temperature) of different SOC fractions, given its pivotal role in pre-
dicting soil carbon dynamics22. However, our understanding is still
constrained by two aspects. Firstly, previous studies on theQ10 of POC
and MAOC have been largely confined to laboratory or single-site
scales23,24, lacking large-scale observational evidence. While these stu-
dies have contributed to understanding the Q10 of POC and MAOC,
discrepancies in the classification of POC and MAOC and the methods
used to determine their Q10 across different studies can lead to diverse
results24,25. Secondly, existing research on the Q10 of POC and MAOC
primarily focused on comparing their Q10 values24,25. In theory, POC is
not occluded in microaggregates or micropores, nor is it associated
with minerals, all of which are mechanisms that protect MAOC from
climate change26. Due to the typically lower carbon quality of POC27,
the “carbon-quality temperature” hypothesis suggests that the
decomposition of low-quality substrates requires higher activation
energy, making it more sensitive to temperature changes28,29. In con-
trast, the decomposition of MAOC is less sensitive to temperature
because mineral protection limits microbial decomposers and their
enzymes’ access to MAOC, resulting in a slower decomposition rate
compared to that of POC30. Consequently, studies have found that the
Q10 of POC is higher than that of MAOC25,27,31. However, the impact of
warming on theQ10 of POC andMAOC remains unclear. Sincewarming
can enhance microbial activity and increase the utilization of labile
carbon, leading to a decline in substrate quality of POC32, we hypo-
thesize that warming will increase the Q10 of POC while having a
minimal effect on the Q10 of MAOC.

To test this hypothesis, we conducted a 3-year in situ warming
experiment at 12 abandoned cropland sites located in different cli-
matic zones of China, with latitudes ranging from 22.33 to 46.58°N,
mean annual temperatures ranging from −0.9 to 22.3 °C, and mean
annual precipitation ranging from 330 to 2272mm (Fig. 1, Supple-
mentary Table 1). Physical fractionation of SOC and incubation
experiment under varying temperatureswere employed to explore the
effects of warming on POC andMAOC content as well as their Q10, and
the surroundingbiotic and abiotic influencing factorswere analyzed to
uncover the underlying mechanisms.

Results and Discussion
The changes in POC and MAOC in surface soils under warming
On average, surface (0–15 cm) soil temperature significantly increased
by 1.6 °C whereas soil moisture significantly decreased by 4.7% across
12 sites after 3-year simulated warming (all P <0.01, Supplementary
Fig. 1). In the control treatment, SOC content ranged from 4.9 to
32.5 g kg−1 at the 12 sites (Fig. 1); POC and MAOC content ranged from

1.3 to 13.4 g kg−1, and 2.3 to 17.3 g kg−1, respectively, with average POC
and MAOC content of 6.1 g kg−1 and 6.6 g kg−1, respectively (Fig. 1).
Warming had no significant effect on SOC content (P >0.05, Fig. 1),
with the POC content not significantly altered (P >0.05, Fig. 1) while
the MAOC content significantly increased under warming (P <0.01,
Fig. 1). Therefore, the average ratio of MAOC to SOC increased under
warming (from0.45 to 0.48, Fig. 1). Moreover, the aromaticity (ratio of
peak value at 1620 cm−1 to the sum of peak values at 2850 cm−1 and
2920 cm−1 from FTIR spectrum, r1620/(2850 + 2920)) of POC sig-
nificantly increased under warming (P <0.01, Supplementary Fig. 2),
indicating a significant decline in the carbon quality of POC under
warming.

Key factors regulating the changes in POC and MAOC content
under warming
We investigated the impact of changes in biotic and abiotic influencing
factors on the changes in POC and MAOC content under warming.
Firstly, Pearson correlation analysis indicated that the change in POC
content was significantly positively correlated with the changes in soil
temperature, root biomass (RB), and POC fungal α-diversity (reflected
by Shannon index) under warming, respectively (all P <0.05, Supple-
mentary Fig. 3). The change in MAOC content was significantly posi-
tively relatedwith the changes inpedogenic iron oxides (Fed) andMNC
under warming, respectively (all P <0.05, Supplementary Fig. 3). Then,
the results of Random Forest analysis revealed that changes in RB and
MNCwere themain factors influencing the changes in POC andMAOC
content, respectively (Fig. 2), which suggested that the changes in POC
and MAOC content were primarily influenced by changes in their
respective inputs under warming17.

Warming promoted plant growth in abandoned croplands, as
evidenced by the increase in RB under warming (P <0.01, Supple-
mentary Fig. 4). The carbon input from grass-dominated abandoned
croplands (Supplementary Table 1) is readily transformed by
microorganisms16, leading to a significant increase in MNC content
(P < 0.05, Supplementary Fig. 4). Moreover, fungi typically exhibit
higher carbon utilization efficiency, allocating more organic matter
towards their own growth33. The significant increase in fungal biomass
under warming (P < 0.05, Supplementary Fig. 5) might be one of the
reasons for the increase in MNC content (Supplementary Fig. 4). The
increase in microbially-derived carbon input can enhance MAOC
content under warming (Fig. 1). In addition to increased input, the
increase in Fed under warming (P <0.01, Supplementary Fig. 4) might
also contribute to the increase in MAOC content. The accumulation of
decomposition products from litter and root exudates could lead to an
increase in acidic substances in the soil under warming34, resulting in a
decrease in soil pH (P <0.01, Supplementary Fig. 4). The significant
increase in soil oxalic acid content under warming (P < 0.05, Supple-
mentary Fig. 6), and the significant negative correlation between the
changes in oxalic acid content and pH under warming (P < 0.01, Sup-
plementary Fig. 6), provided evidence for this phenomenon. The
decline in pH was beneficial for the increased solubility of hydrolyzed
cations such as Fe3+ 35. Meanwhile, warming could reduce soilmoisture
(Supplementary Fig. 1) and then increase soil oxygen levels, which was
conducive to the conversion of Fe2+ into Fe3+ in the soil36. These pro-
cesses could significantly increase Fed content (Supplementary Fig. 4),
enhancing the sorption capacity of minerals for SOC37. For POC,
despite the increased RB under warming (Supplementary Fig. 4), the
enhanced microbial decomposition and transformation of OC may
lead to a balance between the input and output of the POC pool under
warming, resulting in maintained POC content (Fig. 1).

Changes inQ10 of POCandMAOCunderwarming, alongwith the
driving factors
The Q10 of POC was significantly higher than that of MAOC in the
control treatment (P <0.01, Fig. 3). Some previous carbon-climate
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feedback models assumed a constant value for Q10
38,39, however, in

recent years, more and more studies have questioned this
assumption22,28,40. Therefore, we further investigated the effects of
warming on the Q10 of POC and MAOC. The results indicated a ten-
dency for an increase (althoughnot significant) in theQ10 ofPOC,while
the Q10 of MAOC remained unchanged under warming (Fig. 3).

Subsequently, we explored the key influencing factors affecting
the changes in POC and MAOC Q10 under warming. The results of
Pearson correlation analysis showed that the change in POC Q10 was
significantly negatively correlated with the changes in pH, lignin con-
tent, and POC r1620/(2850 + 2920), while the change in MAOC Q10 to
warming was significantly negatively related with the change in
organic-complexed iron (Fep) under warming (all P <0.05, Supple-
mentary Fig. 7). The Random Forest analysis revealed that the changes
in POC r1620/(2850 + 2920) and Fep were the predominant factors
affecting the changes in POC and MAOC Q10, respectively (Fig. 4),
which indicated that warming affected the Q10 of POC and MAOC
through changes in carbon quality and mineral protection,
respectively.

Warming increased microbial biomass (Supplementary Fig. 5),
enhancing the utilization of labile carbon32, leading to a decline in the
carbon quality of POC (Supplementary Fig. 2). SOC with lower quality
require higher activation energy to break chemical bonds during

decomposition, and warming can provide additional energy to pro-
mote the decomposition process, making it more sensitive to
temperature28,29. Wherewarming decreased the carbon quality of POC,
it increased its Q10 under warming.

The negative correlation between the change in Fep and the
change in MAOC Q10 under warming implied that stronger mineral
protection mainly led to lower Q10 of MAOC (Supplementary Fig. 7),
consistent with the “mineral protection” hypothesis41,42. Metal oxides
can provide protection to MAOC through the following mechanisms:
firstly, metal oxides can act as connective cements to promote the
formation of soil aggregates. This process can limit the access of
microorganisms and their enzymes into the soil aggregates43, while
also altering soil porosity and restricting oxygen diffusion44, conse-
quently leading to the physical protection of MAOC; secondly, metal
oxides can formcomplexeswith organic compounds through covalent
or electrostatic bonds, creating stable complexes that are less sus-
ceptible to microbial decomposition, which is because microorgan-
isms require additional energy to break the complexes to utilize such
carbon45; thirdly, metal oxides have a strong sorption capacity for
extracellular enzymes involved in SOC decomposition, leading to
enzyme inactivation and inhibiting microbial decomposition of
organic compounds41. In conclusion, mineral protection can affect the
Q10 of MAOC through microbial inhibition and spatial constraints46,47.

Fig. 1 | Locations of the field warming experiment at 12 sites in abandoned
croplands in China (a), along with changes in particulate, mineral-associated,
and soil organic carbon (POC, MAOC, and SOC) content (b, c, and d), and the
ratios of POC or MAOC to SOC (POC/SOC and MAOC/SOC, e and f) under
warming. POC and MAOC content is loge (ln) transformed. The ends of boxplots

represent the 25th and 75th percentiles. Within each boxplot, the horizontal line
andbox symbolize themedian andmean, respectively, and error bars represent the
standard deviation. n = 36 per treatment (i.e., 12 × 3; 3 is the replication from the
sampling sites). **, P <0.01; ns, P >0.05.
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Warming significantly increased Fep (P <0.01, Supplementary Fig. 4),
enhancing mineral protection and resulting in MAOC decomposition
insensitive to warming (Fig. 3). However, the Q10 value of MAOC
remained unchanged (but was greater than 1) under warming, indi-
cating that warming could still enhance the decomposition of MAOC

(Fig. 3). The increase in inputs might be disproportionately larger than
increase in decomposition, resulting in an overall increase in MAOC
content (Fig. 1).

Implications for soil carbon management in croplands under
climate warming
Our findings hold significant practical implications for cropland man-
agement under climate warming. Previous studies have consistently
indicated that the natural recovery process by secondary succession
could increase the SOC content in abandoned croplands3,19; yet, the
specific SOC fraction primarily influenced by this conversion, espe-
cially under conditions of climate warming, remains uncertain. Our
results indicated that POC content remained unchanged while MAOC
content significantly increased in abandoned croplands under warm-
ing and increased input of labile plant-derived carbon (Figs. 1 and 5).
TheQ10 ofMAOCwas significantly lower than thatof POC regardless of
thewarming or control treatment (Fig. 3), which suggested thatMAOC
represented the most persistent and least vulnerable carbon fraction
within SOC. Based on this observations and previous estimates of the
area of abandoned croplands in China (approximately 392,156.2 km2)7,
we speculated on the potential impact of short-term warming on POC
and MAOC stocks in the surface soils (0–15 cm) of these croplands
(considering that soil bulk density was not significantly changed under
warming (P >0.05, Supplementary Fig. 8)). The estimates suggested
that short-term warming led to an increase of 0.04 Pg C in MAOC
stock, which is double the increase observed in POC stock (0.02 Pg C,
due to changes in soil particle size under warming, the POC stock

Fig. 3 | Difference in temperature sensitivity (Q10) between particulate and
mineral-associated organic carbon (POC and MAOC) in warming and control
treatments. All variables are loge (ln) transformed. The ends of boxplots
represent the 25th and 75th percentiles. Within each boxplot, the horizontal line
andbox symbolize themedian andmean, respectively, and error bars represent the
standard deviation. n = 36 per treatment (i.e., 12 × 3; 3 is the replication from the
sampling sites). **, P <0.01; ns, P >0.05.

Fig. 2 | The relationship between the response ratio (lnRR) of particulate and
mineral-associated organic carbon (POC and MAOC) content with the lnRR of
potential driving factors underwarming. a, cThe relative importanceof the lnRR
of influencing factors in affecting the lnRR of POC and MAOC content derived by
Random Forest model. b Relationship between the lnRR of POC content and the
lnRR of root biomass (RB). d Relationship between the lnRR of MAOC content and

the lnRR of microbial necromass carbon (MNC). POC aromatic degradation: bac-
teria involved in aromatic compound degradation of POC; Fed and Feo: pedogenic
iron oxides and poorly crystalline iron oxides; SM: soil moisture. n = 12, where the
POC aromatic degradation, POC fungal Shannon, and MAOC fungal saprotroph
parameters represent composite samples of the sampling sites, and the other
parameters represent themean values of replicate samples from the sampling sites.
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increased despite no significant changes in POC content or bulk den-
sity). This suggested that short-term warming was more conducive to
the accumulation of stable carbon in abandoned croplands. However,
based on the “soil carbon saturation” hypothesis, minerals exhibit a
saturation threshold for binding SOC10. When the MAOC content
reaches saturation, continuously inputting plant-derived carbon may
increase the content of POC21. Therefore, it is imperative to assess
whether the MAOC content has reached saturation in the warming
treatment.

The carbon saturation capacity of the 12 sites was estimated using
the regression equations reported by Hassink48 and Six49, respectively,
and compared themwith theMAOCcontent in thewarming treatment.
The results indicated that, except for the Maqin site (located on the
Qinghai-Tibet Plateau, abandoned for over 10 years, reaching
approximately 60–80% of estimated carbon saturation capacity), the
MAOC content in other sites was <50% of the estimated carbon
saturation capacity (Supplementary Fig. 9). This suggested that the
MAOC content in the warming treatment had not yet reached satura-
tion in this study. Moreover, a 10-year in situ warming experiment
(+2 °C) reported that warming significantly increased SOC content in
croplands, which was attributed to a significant increase in MNC3;

consistentwith numerous previous studies, including our study,which
showed a significant positive correlation between MNC and MAOC
content13,50, the result might imply that a decade of warming could
potentially lead to an increase in MAOC content in abandoned crop-
lands. Furthermore, we found that Fed, Fep, and silt and clay content
increased under warming (Supplementary Fig. 4), suggesting that
warmingmay have createdmore potential sites formineral sorption of
MAOC37.

However, whether long-term warming necessarily leads to an
increase inMAOC content remains a subject of debate. Several studies
have shown a significant negative correlation between MAOC content
and mean annual temperature26,51, indicating that warming could
reduce MAOC content. This phenomenon is partly due to the
enhanced microbial decomposition of MAOC under warming27,51.
Meanwhile, since the desorption of SOC from minerals is generally an
endothermic reaction, warming can promote this process, further
decreasing MAOC content52. This suggests that the apparent MAOC
capacity is constrained by environmental covariates, such as man-
agement practices and climate, because it results from a balance
between inputs and outputs. Therefore, in theory, even if warming
would increase the sorption sites for MAOC, the apparent MAOC

Fig. 4 | The relative importance of the response ratio (lnRR) of influencing
factors in affecting the lnRR of particulate and mineral-associated organic
carbon (POC and MAOC, a and b) temperature sensitivity (Q10) derived by
Random Forest model. POC or MAOC r1620/(2850 + 2920): ratio of peak value at
1620 cm−1 to the sum of peak values at 2850 cm−1 and 2920 cm−1 from FTIR

spectrum of POC or MAOC; POC B: the fundamental microbial respiration rate of
unit OC at 0 °C of POC; RB: root biomass. n = 12, where the POC or MAOC r1620/
(2850 + 2920), POC or MAOC bacterial and fungal Shannon parameters represent
composite samples of the sampling sites, and the other parameters represent the
mean values of replicate samples from the sampling sites.

Fig. 5 | Conceptual diagram illustrating the response of particulate and mineral-associated organic carbon (POC and MAOC) to warming and the regulatory
mechanisms of temperature sensitive (Q10) of POC and MAOC. RB: root biomass; MNC: microbial necromass carbon.
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capacity might still decrease. Although warming can accelerate MAOC
accumulation in the short term, long-term warming may reduce soil
MAOC stock, ultimately limiting overall carbon sequestration and
increasing positive carbon feedback to climate change. More research
is needed to understand the changes in different SOC fractions in
abandoned croplands over longer time scales under warming, to
optimize management practices and promote soil carbon
sequestration.

Methods
Study sites and field warming experiment
Croplands that have remained uncultivated for five consecutive years
is typically defined as abandoned croplands7. Based on previous
investigations, we conducted a field warming experiment across 12
abandoned croplands in China investigate the impact of warming on
different fractions of soil organic carbon (SOC). The sampling sites
were distributed within latitude ranging from 22.33°N to 46.58°N,
mean annual temperatures (MAT) spanning from −0.9 °C to 22.3 °C,
and mean annual precipitation (MAP) ranging from 330mm to
2272mm (Fig. 1, Supplementary Table 1). The primary reason for the
abandonment of these croplands is the decline in soil fertility, as
indicated by SOC content (Supplementary Table 1). Currently, these
croplands are undergoing natural recovery by secondary succession.

Since July 2018, simulated warming experiments have been con-
ducted at each sampling site using open-top chambers (OTCs). See
Supplementary Method 1 for details of the OTCs. The experiment
consisted of six plots, including three warming and three control
treatments (labeled as “warming” and “control” respectively). Eachplot
had an area of 2m× 2m, with buffer distances of 2–3m between
adjacent plots. The topography and plant composition were similar
between warming and control treatments at each site. From July 2018
to July 2021, soil temperature andmoistureweremeasured three times
a year in the surface soil (0–15 cm) in April, July, and November. The
simulated warming experiments led to an average temperature
increase of 1.6 °C in the surface soil at the 12 sites (Supplementary
Fig. 1). The soil type classification is based on the international stan-
dard for soil classification system, the World Reference Base (WRB).

Soil sampling and analyses
In July 2021, surface soil samples were collected from each warming
and control plot at the 12 sites. Three soil cores were randomly taken
from each plot using a 5 cmdiameter soil auger and thoroughlymixed
to form composite samples, resulting in a total of 72 soil samples
collected (12 sites × 2 treatments × 3 plots). The collected soil samples
were transported to the laboratory using ice packs and subsequently
divided into twoparts: oneportionof soil sampleswas air-dried, sieved
through a 2mm mesh for measuring soil physicochemical properties
and for separating POC and MAOC; the other portion was stored at
−80 °C for further microbial analysis. Furthermore, a 15 cm deep soil
core was randomly collected from each plot for measuring root bio-
mass (RB). In each plot, soil samples were randomly collected using a
100 cm3 ring cutter to determine soil bulk density53, and therefore,
three samples were collected fromwarming and control treatments in
each site, respectively.

SOC content was measured using the potassium dichromate
oxidation method54. Soil pH was determined under the condition of a
1:2.5 ratio of water to soil (SL1000, HACH, USA)54. Soil texture analysis
was carried out using the hydrometer method (sand 2–0.02mm, silt
0.02–0.002mm, and clay <0.002mm)54. For the analysis of iron oxi-
des, including crystalline iron (Fed), poorly crystalline iron (Feo), and
organic-complexed iron (Fep), extractions were performed using
solutions of citrate-carbonate-dithionite, ammonium oxalate, and
sodium pyrophosphate solutions, respectively37. Subsequently, the
concentrations of iron elements in the solutions were determined
using an inductively coupled plasma optical emission spectrometer

(ICP-OES, Optima 8300, USA). Oxalic acid in soil was extracted using a
phosphate buffer, and then quantified using high-performance liquid
chromatography (HPLC, 1260 Infinity LC; Agilent Technologies, Santa
Clara, CA, USA)55. Two groups of biomarkers, amino sugars (summar-
ized as glucosamine, galactosamine, and muramic acid) and lignin
(summarized as vanillin, acetovanillone, vanillic acid, syringaldehyde,
acetosyringone, syringic acid, p-coumaric acid, and ferulic acid), were
employed to trace microbial necromass carbon (MNC) and plant-
derived carbon, respectively56,57. See Supplementary Methods 2 and 3
for detailed measurements of amino sugars and lignin, respectively.

SOC fractionation
We fractionated SOC based on particle size10,11. Briefly, 100 g of air-
dried and sieved soil from each plot were thoroughly dispersed in a
0.5% solution of sodium hexametaphosphate (500ml) with microbe-
ads, by shaking for 18 h. The dispersed soil was subsequently rinsed
over a 53 µm sieve, and the portion passing through ( < 53 µm) was
collected as mineral-associated organic matter (MAOM), while the
remaining portion on the sieve was collected as particulate organic
matter (POM). POM and MAOM were soaked in ultrapure water and
centrifuged three times, respectively, to remove sodium hexameta-
phosphate. After beingdried to a consistentweight in an oven at 40 °C,
the OC content in both POM and MAOM (i.e., POC and MAOC) was
determined using the potassium dichromate method.

Laboratory incubation for temperature sensitivity (Q10)
Since constant incubation temperature may cause microorganisms to
adapt to the corresponding temperature by producing new enzymes
or altering membrane fatty acids, potentially influencing the Q10 of
SOC40,58, we conducted an incubation experiment under varying tem-
peratures to explore the CO2 release rate of POC and MAOC. Specifi-
cally, 20 g POC or MAOC from each plot were weighed into 250ml
glass bottles. Considering the potential influence of the introduced
sodium hexametaphosphate during the fractionation process on the
microbial community, an inoculum of the original soil was prepared
(add 1 g of dry weight fresh soil to 100ml of sterilized ultrapure water
and fully shaken, filtered through a Whatman GF/C filter22) before the
cultivation experiment. Then, the inoculum was added to the glass
bottles containing the weighed POC or MAOC samples (0.4ml per
gram samples22), and further adjusted with ultrapure water to achieve
60% of water-holding capacity. Subsequently, the samples were pre-
incubated at 20 °C for 10 days. Moreover, three empty bottles were
incubated as blanks.

After the pre-incubation, the incubation temperature first started
from 5 °C, gradually increased to 25 °C with 5 °C as a step, and then
gradually decreased from 25 °C to 5 °C with the same step59. After each
temperature adjustment, a 3 h equilibration period was implemented to
allow POC or MAOC samples to adapt to the changing temperature
conditions. To maintain a consistent soil moisture content, deionized
water was added when water loss reached 0.1 g. After the equilibration
period, the cultivation bottles were purged with CO2-free air for 5min
and then sealed for incubation. Based on preliminary experiments, the
incubation time was determined: 35, 20, 10, 6, and 4h for temperatures
of 5, 10, 15, 20, and25 °C, respectively. After the incubationperiod, 10mL
of gas was collected from the headspace of each bottle using a syringe.
The concentration of CO2 in the collected gas wasmeasured using a gas
chromatograph (Agilent 7890B, California, USA). By subtracting the
blank values, the CO2 release of POC and MAOC were obtained.

Carbon quality characterization of POC and MAOC
Due to the similar soil physicochemical properties among the three
plots within each treatment group (Supplementary Table 2), the
samples from the three plots were uniformly combined into a single
sample before measuring the carbon quality of POC and MAOC,
resulting in 24 samples (12 for warming treatment and 12 for control
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treatment) for both POC and MAOC, respectively. The carbon func-
tional groups in POC and MAOC were analyzed using a Fourier-
transform infrared spectrometer (FTIR, NEXUS 670, OSIC, USA).
Briefly, 2mg of POC or MAOC samples were homogeneously mixed
with 180mg of potassium bromide to form pellets. Scans were con-
ducted in the range of 4000 to 400 cm−1 at a resolution of 4 cm−1, with
a scan frequency of 50 times. The spectrawere baseline-corrected, and
then the ratio of peak value at 1620 cm−1 to the sum of peak values at
2850 cm−1 and 2920 cm−1 was calculated (r1620/(2850+ 2920)) to
determine the carbon quality of POC and MAOC41. A higher r1620/
(2850 + 2920) indicates higher aromaticity and lower carbon quality41.

Microbial property analysis
Similar to the carbon quality analysis of POC and MAOC, microbial
biomass and α-diversity were analyzed for 24 bulk soil samples, with
corresponding analyses of microbial α-diversity for POC and MAOC
fractions. We employed the phospholipid fatty acid (PLFA) extraction
method recommended by Bossio and Scow60 tomeasure soil microbial
biomass. See Supplementary Method 4 for details of the PLFA extrac-
tion and analysis. We calculated the bacterial (i14:0, a15:0, i15:0, i16:0,
16:1ω7c, a17:0, cy17:0, i17:0, 18:1ω7, cy19:0) and fungal (18:2ω6, 9c)
PLFAs, respectively22,61.

Bacterial and fungal community structure and α-diversity of bulk
soil, as well as POC and MAOC, were determined through sequencing
of the 16S and ITS rRNA genes41,62. It is noteworthy that, to avoid the
effects of sodium hexametaphosphate on microorganisms, gene
sequencing of POC and MAOC was conducted on samples that were
inoculated and incubated at 20 °C for 10 days (mentioned in labora-
tory incubation).

Based on the manufacturer’s guidelines, DNA was extracted from
bulk soil, POC, and MAOC using the PowerSoil DNA Isolation Kit
(MoBio Laboratories Inc., Carlsbad, CA, USA), with a sample weight of
0.5 g. The initial evaluation of DNA quality was performed with the
NanoDrop 8000 UV-Vis spectrophotometer (Thermo Fisher Scientific,
Madison, USA). Subsequently, DNA concentration was determined
using the QubitTM 3.0 Fluorometer (Life Technologies, Grand Island,
NY, USA). High-throughput sequencing analysis was executed utilizing
the 515 F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGAC-
TACHVGGGTWTCTAAT-3′) primers for bacterial community assess-
ment and the ITS3F (5′-GCATCGATGAAGAACGCAGC-3′) and ITS4R (5′-
TCCTCCGCTTATTGATATGC-3′) primers for fungal community
evaluation62. The sequencing procedure was managed by Majorbio
BioPharm Technology Co., Ltd., employing the Illumina Nova 6000
platform in accordance with standard protocols63. Briefly, polymerase
chain reaction (PCR) was employed for amplification, followed by
assessment of PCR product concentration and length via 1% agarose
gel electrophoresis. Subsequent to mixing and purification of PCR
products using the ENZA Gel Extraction Kit (Omega Bio-Tek Cor-
poration,Norcross, Georgia, USA), DNA librarypreparationutilized the
NEBNext® Ultra DNA Library Prep Kit for Illumina (New England Bio-
labs, Ipswich, Massachusetts, USA). Evaluation of library quality was
conducted through the Qubit 3.0 Fluorometer and the Agilent 4200
TapeStation system (Agilent, Santa Clara, CA). Sequencing was carried
out using the Illumina Nova 6000 platform, producing paired-end
reads with a length of 2 × 250 base pairs.

Magigene Cloud Platform (http://cloud.magigene.com) was
employed to analyze the sequencing data. Initial assessment of raw
data quality was conducted using the fastp software, with primer
sequences being eliminated utilizing the cutadapt software. The
quality-filtered sequences derived from the 16S and ITS rRNA gene
were grouped into Operational Taxonomic Units (OTUs) at a 97%
similarity cutoff. The most frequently occurring sequence within each
OTU was designated as the representative sequence, achieved by uti-
lizing the ribosomal database project classifier. Taxonomic annotation
of sequences was performed using the basic local alignment search

tool. All samples were normalized to the smallest sequence number
through rarefaction. The Shannon index was used to evaluate the α-
diversity of the bacterial and fungal community64. Moreover, the
FAPROTAX and FUNGuild tools were employed to predict bacterial
and fungal functions according to the taxonomic information ofOTUs,
respectively62. Based on functional predictions, the relative abundance
of fungal saprotroph was found to be the highest in both POC and
MAOC (Supplementary Fig. 10), and therefore was selected for sub-
sequent analysis.

Data analysis
The decomposition rate of organic carbon is calculated using the fol-
lowing formula59:

R =V × ðCs � CbÞ×273= 273+Tð Þ×22:4ð Þ×M= W × tð Þ ð1Þ

where R is the CO2 release rates (μg C-CO2 g−1 h−1) at a given
temperature (T, °C),V is the headspace volume in the incubationbottle
(L),Cs and Cb represent the CO2 gas concentrations in soil samples and
blank incubation bottles (ppm), respectively, M represents the
molecular weight of CO2, W is the mass of soil used for incubation
(dry weight, g), and t represents the sealing time of the incubation
bottles (h).

A commonly used exponential function (Eq. 2) was employed to
analyze the relationship between CO2 release rates of both POC and
MAOC and temperature59,65,66:

R=BekT ð2Þ

where B and k are the fit parameters. The parameter “B” represents the
fundamental microbial respiration rate of unit OC at 0 °C.

Q10 valuewas employed to describe the temperature sensitivity of
POC and MAOC calculated as follows:

Q10 = e
10k ð3Þ

The fitted parameters of POC and MAOC were listed in Supple-
mentary Tables 3 and 4.

Wecalculated thedensity of POC (POCD)orMAOC (MAOCD) in the
surface soil of abandoned croplands according to Eq. (4) (kg C m−2)54,67:

POCDorMAOCD=A×BD×OC× ð1� C=100Þ=100 ð4Þ

where A represents soil thickness (cm), BD is bulk density (g cm−3), OC
represents organic carbon of POC or MAOC (g kg−1), and C is percen-
tage of the fraction > 2mm, respectively.

The POC or MAOC stock (POCstock or MAOCstock, Tg C) in surface
soil was subsequently calculated using the following equation54,67:

POCstock orMAOCstock = POCDorMAOCD× S=1000 ð5Þ

where S represents the soil area of abandoned croplands in China,
which is 392,156.2 km2, as determined by a recent study7.

The carbon saturation capacity (CSC, g kg−1) at the 12 sites was
estimated based on the regression equation reported by Hassink
(CSCHassink)

48 and Six (CSCSix)
49:

CSCHassink = 4:09+0:37× the percentage of silt and clayðR=0:89Þ
ð6Þ

CSCSix = 4:38+0:26× the percentage of silt and clayðR=0:41Þ ð7Þ

where the percentage of silt and clay (%) used in the regression
equations represents the average value in the warming treatment.
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Statistical analyses
Before analysis, natural logarithm (ln) transformation of the data was
carried outwhen required to fulfill the assumptionof normality. Linear
mixed effects models (LMMs, “nlme” package) were employed to
investigate differences in POC,MAOCcontent andQ10, aswell as biotic
and abiotic influencing factors with three replicates (including soil
temperature, soil moisture, RB, SOC, Fed, Feo, Fep, pH, silt and clay,
lignin, MNC, and bulk density) among different treatments (i.e.,
warming and control treatments). These variables were fitted as fixed
factors, and plots nested within the site were fitted as random factors.
Tukey’s test (“multcomp” package) was conducted for further analysis
of significant differences among variables between different treat-
ments. Moreover, paired t test was employed to assess the differences
in other influencing factors, including bulk soil bacterial and fungal
PLFAs, bacterial and fungal α-diversity, as well as POC and MAOC
bacterial and fungal α-diversity and the POC and MAOC r1620/
(2850 + 2920) ratio, among different treatments.

We evaluated the response of variables to warming using the
natural logarithm of the response ratio (lnRR)68:

lnRR= In Xw=Xc

� �
= In Xw

� �� ln Xc

� � ð8Þ

where Xw and Xc are the arithmetic mean values of the variables in
warming and control treatments, respectively.

Pearson correlation analysis and ordinary least squares linear
regression analysis were employed to assess the relationship between
the lnRR of potential biotic and abiotic factors with the lnRR of the
content and Q10 of POC and MAOC. Then, by employing a Random
Forest model (“randomForest” package), we investigated the relative
importance of the lnRR of influencing factors on the lnRR of content
andQ10 of POC andMAOC. The statistical analysis was carried out using
Statistical Product and Service Solutions 20 (SPSS 20.0) and R 4.3.2.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data used in this study could be downloaded from the
Figshare database (https://doi.org/10.6084/m9.figshare.25816564). The
sequencing data obtained in this study have been submitted to the NCBI
Sequence Read Archive (SRA) and are available under the accession
number PRJNA1194767 and PRJNA1194782. Source data are provided
with this paper.
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