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Microbial necromass carbon (MNC) is an important contributor to soil organic carbon. The influence of lithology
on MNC remains unclear. MNC is often regarded as a stable, uniform entity, but little consideration has been
given to its unprotected and protected fractions. We measured MNC contents in particulate organic matter, which
represents the unprotected fraction, and in mineral-associated organic matter, which represents the protected
fraction, in forest soils over limestone and clastic rock across a climatic gradient in southwest China. Addi-
tionally, nearby croplands with long-term soil tillage were selected for comparison. On average, the contents of
protected and unprotected MNC were 52-56% greater in forest soils over limestone compared to clastic rock.
Both MNC fractions over clastic rock decreased with increasing the mean annual temperature (MAT), whereas
only the unprotected fraction decreased with increasing the MAT over limestone. MNC was regulated by iron
oxides and microbial biomass in clastic rock and by exchangeable calcium, iron oxides, and microbial biomass in
limestone. However, long-term soil tillage minimized the influences of lithology on MNC. By extrapolating the
data to the three provinces of southwest China based on the land-use conversion scenario, we estimated that the
existing forestation (recovery and afforestation) has the potential to increase microbial-derived carbon by 17 Tg
in topsoil (0-15 cm) over limestone and 11 Tg over clastic rock. The lithology-dependent drivers of microbial-
derived carbon accumulation and stability should be considered to predict soil carbon dynamics and minimize
carbon emissions under changing environments.

1. Introduction Recent evidence suggests that microbial necromass carbon (MNC),

also known as microbial-derived carbon, is an important contributor to

Due to the crucial role of soil organic carbon (SOC) in regulating
climate change and soil fertility and erosion (Davidson and Janssens,
2006; Bossio et al., 2020), promoting SOC accumulation has become a
worldwide consensus (Smith et al., 2019). Soil microorganism-mediated
processes play a central role in controlling SOC dynamics since soil
carbon decomposition, transformation, and stabilization are ultimately
the result of microbial activity and growth (Liang et al., 2019). Micro-
organisms not only reduce SOC stocks via microbial respiration of COq,
but also increase SOC accumulation via stabilization of microbial nec-
romass (Liang et al., 2017).

SOC (Liang et al., 2019). A high proportion of MNC in SOC pools
possibly indicates that more carbon is being stored with long-lasting
persistence (Zhu et al., 2020). However, the contribution of MNC to
SOC has been found to vary widely, ranging from 10% to 62% across
study areas (Liang et al., 2019; Fan et al., 2021); this impedes the in-
clusion of MNC in the Earth System Modeling Framework. Furthermore,
there has been no consensus on the patterns and determinants of MNC
across different climatic regions (Liang and Balser, 2012; Chen et al.,
2020; Yang et al., 2020a). The inconsistent patterns may be attributed to
the differences in surficial lithology among the study regions. The
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lithology of parent materials is a key property of the Earth’s critical zone
(Hartmann et al., 2012). Lithology has been reported to greatly influ-
ence plant community composition and productivity (Jiang et al., 2020),
soil geochemistry and properties (Gray et al., 2016), as well as soil mi-
crobial communities (Weemstra et al., 2020), which may consequently
affect MNC. Thus, the effect of edaphic and climatic factors on the
accumulation of MNC may be constrained by surficial lithology.
Although a recent study reported different responses of MNC to lithology
types (Bhople et al., 2021), whether and how lithology controls the
climatic pattern of MNC remain unclear.

In limestone regions, the bedrock composition primarily consists of
highly soluble components and can easily be dissolved by rainwater,
resulting in low vegetation productivity, discontinuous soils, and thin
soil layers, which are highly vulnerable to agricultural activities (Wang
et al., 2019). These regions had experienced severe vegetation degra-
dation and rocky desertification as a result of intense human activity but
are now among the global hotspots of “Greening Earth” and represent an
extensive carbon sink due to massive forestation (recovery and affor-
estation) (C. Chen et al., 2019; Tong et al., 2020). Clastic rock is usually
interwoven with limestone in the same region, and a low percentage of
soluble components in clastic rock leads to relatively thick and contin-
uous soils. Additionally, compared with clastic rock, limestone soils are
characterized by higher pH, Ca content, and microbial biomass carbon
(MBC), which are beneficial to SOC accumulation (Wang et al., 2019). In
particular, Ca generally dominates the role of reactive iron (Fe) oxides in
protecting SOC from decomposition in limestone soils (Rowley et al.,
2018). Although the differences in SOC content between limestone and
clastic rock have been identified (Li et al., 2017; Chen et al., 2018), the
sequestration strategies of MNC in soils underlain by the two contrasting
lithologies and their responses to climatic factors have rarely been
explored.

Furthermore, MNC is not a uniform entity. Microbes generally live on
the surface of soil particles, and microbial necromass is expected to be
protected once it is associated with mineral surfaces, which stabilizes
the necromass against microbial decomposition (Craig et al., 2018;
Cotrufo et al., 2019; Liang et al., 2019). However, not all microbial
necromasses interact with soil minerals, and the unprotected fraction
decomposes much more rapidly than the protected fraction (Wang et al.,
2020; Fan et al., 2021). Therefore, identifying the contents of unpro-
tected and protected MNC would facilitate a more accurate prediction of
microbial-derived carbon dynamics and better management practices to
avert soil carbon loss. Despite the different biochemical compositions of
microbial cell wall components, Wang et al. (2020) found that fungal,
bacterial, and actinobacterial necromass had similar decomposition
patterns. Thus, the classification of bacterial and fungal necromass may
not reflect the stability of MNC. Conceptualizing soil organic matter
(SOM) into mineral-associated organic matter (MAOM) and particulate
organic matter (POM) frameworks has been considered an efficient way
to identify the drivers of SOM under global change scenarios (Lavallee
etal., 2020; Lugato et al., 2021). Owing to mineral protection, microbial
necromass in MAOM possibly decomposed much more slowly than that
in POM (Lavallee et al., 2020). Thus, we aimed to measure MNC content
in MAOM to represent the protected microbial-derived carbon fraction
and in POM to represent the unprotected fraction.

In this study, we used amino sugars as a biomarker of the microbial
necromass and compared the MNC in soil POM and MAOM fractions and
their controlling parameters in forest ecosystems across a broad climatic
gradient underlain by limestone and clastic rock. We also compared
forests with nearby croplands (long-term soil disturbance) over both
lithologies. We hypothesized that: (1) MNC in POM and MAOM fractions
and their contribution to organic carbon will be higher in forest soils
underlain by limestone than those by clastic rock; and (2) the patterns
and controlling factors of MNC along the climatic gradient varied be-
tween the two lithologies due to the substantial differences of the soil
minerals among them. Our findings advance the understanding of the
potential mechanisms of MNC accumulation and emphasize the
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importance of lithology in MNC modulation.
2. Materials and methods
2.1. Study site description

The study site (22°20'-27°33' N, 104°46’-108°38’ E) was located
along a northwest to southwest transect in the Guizhou and Guangxi
provinces of southwest China (Fig. 1). This region is characterized by
numerous karst geological formations. It is among the largest continu-
ously exposed carbonate rock areas worldwide, which are unique in
terms of multiple physicochemical properties, including high soil Ca and
Mg contents, high soil pH, and shallow soil depth (Wang et al., 2019).
The lithology of the karst site primarily comprises limestone, followed
by dolomite and mixtures of limestone and dolomite, while the lithology
of the non-karst area in the same region is primarily clastic rock, which
is usually rich in Si and has low soil pH and Ca. The elevation of the
study site ranges from 146 m in the southwest to 2233 m in the north-
west. Consequently, the temperature in the area decreases from south-
west to northwest. The study site has a typical subtropical monsoon
climate with mean annual precipitation (MAP) of 1013-1607 mm
year’1 and mean annual temperature (MAT) of 12.6-21.8 °C.

2.2. Experimental design and soil collection

Soil samples were collected from seven counties along the northwest
to southwest transect. The sample areas were located over limestone and
clastic rock in the seven counties (Fig. 1). We selected forests estimated
to be 60 + 5 years old in both lithologies in each county with three
replicates. The plot characteristics and dominant species of these forests
are presented in Table S1. For comparison, croplands over limestone and
clastic rock were also selected near each forest plot. The cropland sites
that were selected had been cultivated with maize for at least 60 years.
The land-use histories of the selected forests and cropland sites were
obtained from local forestry administrations. The slope gradient was
generally 15-20°. In total, we selected 84 sampling sites (two land-use
types x two lithologies x three replicates x seven counties).

We conducted field investigations and collected soil samples be-
tween August and October 2018. A 30 x 30 m plot was established at
each sampling site. Mineral soil samples (0-15 cm depth) were collected
at each plot after removing the organic layer. Soil bulk density was
determined by collecting soil in a steel ring with 10 replicates and
weighing each replicate after oven drying to a constant weight. In each
plot, 20 soil cores with a diameter of 38 mm were collected and pooled
as one composite sample. Visible roots and stones were removed with
tweezers and stored separately, then the soils were passed through a 2-
mm mesh sieve. The coarse particle content (>2 mm, %) was recorded in
each composite soil sample. A portion of the fresh soil samples was
immediately placed in an icebox in the field, shipped to the laboratory,
stored in a refrigerator at 4 °C, and then used for MBC and microbial
biomass nitrogen (MBN) analyses. Another portion was used to separate
POM and MAOM fractions and measure the SOC and amino sugar con-
tent in each fraction. The remaining portion was subjected to analyses to
estimate bulk SOC and soil physicochemical properties.

Soil depth and bedrock outcrop ratio (BOR) in each plot were
recorded as described by Hu et al. (2018). Briefly, soil depth was
measured using a chain pin (length: 100 cm; diameter: 1.2 cm) with 30
replicates inserted vertically into the soil profile until reaching the
bedrock. The BOR was estimated by dividing the number of grids over
the rock by the total number of grids.

2.3. Size fraction and analysis of SOC and soil amino sugars
After aggregate dispersion, we fractioned SOM into POM and MAOM

(Cotrufo et al., 2019). Briefly, 10 g of air-dried soil was dispersed in a
sodium hexametaphosphate solution (5 g L™ and 30 mL) and shaken in
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Fig. 1. Spatial distribution of field sampling sites in soils over limestone and clastic rock in Southwest China.

a reciprocating shaker for 4 h. The dispersed soil suspension was rinsed
several times with distilled water and then passed through a 53-pm
mesh. We considered all materials that remained on the mesh as POM
and the fraction that passed through as MAOM. The POM and MAOM
fractions were dried at 55 °C to a constant weight and then used to
measure the contents of SOC and MNC in each fraction.

SOC in both fractions was measured via wet oxidation using the di-
chromate redox colorimetric method (Nelson and Sommers, 1996). MNC
in each soil fraction was assessed by analyzing the amino sugars (Chen
et al.,, 2021). Briefly, 0.15 g of oven-dried soil (after being passed
through a 0.15-mm mesh sieve) was hydrolyzed with 10 mL of 6 M HCl
at 105 °C for 8 h. The solution was then filtered, adjusted to pH 6.6-6.8,
centrifuged, and freeze-dried. Methanol (5 mL) was added to dissolve
the residues, following which, the solution was dried with nitrogen gas
at 45 °C. The dried residues were dissolved in deionized water (0.5 mL),
dried again with nitrogen gas, and then redissolved in 2 mL of deionized
water. After the pre-column derivatization procedure with
ortho-phthaldialdehyde, amino sugar concentrations were determined
using a high-performance liquid chromatographer (Dionex Ultimate
3000, Thermo Fisher Scientific) equipped with a silica gel column
(Kromasil C18; 250 mm x 4.6 mm, 5 pm). Individual amino sugars,
including muramic acid (MurA) and glucosamine (GluN), were identi-
fied and quantified. MurA was used as a biomarker for bacterial nec-
romass. Because GluN is present in both bacterial and fungal cell walls,
fungal-derived GluN was calculated according to the molar ratio of GluN
to MurA of 2:1 in bacterial cell walls (Yuan et al., 2020). Fungal and

bacterial MNC was calculated as follows:

F-GluN (g ¢~ = total GIuN (pg g~ ') -2 x MurA (ug g~) x (179.2/251.2)
Fungal MNC (g kg~ ') = F-GIuN x 9/1000

Bacterial MNC (g kg’l) = MurA x 45/1000

where F-GIuN is the fungal-derived GluN; 179.2 is the molecular
weight of GluN, and 251.2 is the molecular weight of MurA; 9 is the
conversion value of F-GluN to fungal MNC, and 45 is the conversion
value of MurA to bacterial MNGC; and 1000 is the conversion factor for pg
g to g kgL. The total MNC was calculated as the sum of the fungal and
bacterial MNC.

2.4. Soil microbial biomass and physicochemical properties

Fresh soil was used for MBC and MBN analyses using the chloroform
fumigation-extraction method (Wu et al., 1990). SOC content in bulk
soil was measured using the same method utilized to determine organic
carbon in the POM and MAOM fractions. The total nitrogen (TN) content
in the bulk soil was measured using an elemental analyzer (Vario MAX,
Elementar, Germany). The stoichiometric imbalance between resource
and microbial biomass (i.e., C:N imbalance) was calculated as the ratio
of soil C:N (the ratio of SOC to TN) to MBC:MBN (Takriti et al., 2018).

Soil pH was measured using a pH electrode (FE20K, Mettler-Toledo,
Switzerland) with a 1:2.5 soil to water suspension. Soil exchangeable Ca
(Ca?") and Mg (Mg?") were displaced via compulsive exchange in
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ammonium acetate (1 mol L™1) at pH 7.0 and were then analyzed using
ICP-OES (Agilent, Santa Clara, USA), and values were reported as cmol
kg~ 1. Free iron oxides (Feq) represent the amount of pedogenic Fe within
oxides, silicates, and organic complexes, whereas amorphous iron oxides
(Fe,) originate from poorly crystalline mineral complexes (L. Chen et al.,
2019). Soil Fe, contents were determined by the acid oxalate extraction
method and Feq contents by the citrate-bicarbonate-dithionite method,
and both were analyzed by ICP-OES (Agilent, Santa Clara, USA). Soil
texture was measured using a laser diffraction particle size analyzer
(Mastersizer 2000; Malvern, UK) after the removal of carbonates by
hydrochloric acid and SOM by hydrogen peroxide.

2.5. Climate and plant biomass carbon

The MAT and MAP of the sampling sites were obtained from maps
produced by the National Meteorological Information Center of China
(http://data.cma.cn/). The plant aboveground biomass carbon (ABC,
Mg C ha’l) and belowground biomass carbon (BBC, Mg C ha’l) for each
sampling forest site were extracted from a global aboveground and
belowground standing biomass carbon density dataset developed by
Spawn et al. (2020). The dataset is publicly available and can be
accessed through the Oak Ridge National Laboratory DAAC data re-
pository (https://doi.org/10.3334/ORNLDAAC/1763). These data were
then imported into ArcGIS 10.5, and MAT, MAP, and plant biomass
carbon were extracted for each site using the longitude and latitude
values of the sampling sites.

2.6. Soil carbon stock calculation

Increased SOC and MNC stocks under the existing forestation sce-
nario in the three provinces of southwest China were calculated using
the following equation:

Tincrease = (Cforest X BD(oresl X (1_6f0rest) - Ccropland X BDcropland X
(lfscropland)) x 15 x (1-BOR) x S/10

where Tincrease represents the increase in total SOC or MNC (Tg); Crorest
represents SOC or MNC contents in forests, and Ccropland represents SOC
or MNC contents in croplands (g kgfl); BDforest is the soil bulk density in
forests, and BDcropland is the soil bulk density in croplands (g cm_g);
dorest represents the coarse particle content (>2 mm, %) in forests, and
Scropland Tepresents the coarse particle content in croplands; 15 is the soil
depth (cm); BOR is the bedrock outcrop ratio (%). S is the area of
forestation from 2000 to 2017 (Mha) in the three provinces of southwest
China; 10 is used for unit conversion.

2.7. Statistical analysis

Data were tested for normal distribution and homogeneity of vari-
ance; when required, data were natural log-transformed to satisfy these
criteria. A one-way analysis of variance was used to test the differences
in the response variables between lithologies within the same land-use
type or between land-use types within the same lithology. Statistical
analyses were performed using SPSS 18.0 (SPSS Inc., Chicago, USA), and
figures were plotted using OriginPro 2021 (OriginLab, Hampton, USA).

First, the effects of the explanatory variables on the MNC content in
the POM and MAOM fractions were assessed using random forest
analysis. Climatic factors (MAT and MAP), plant biomass carbon (ABC
and BBC), soil variables (pH, C:N ratio, Ca®", Mg?", Fe,, Fey, and the
ratio of clay to sand), and soil microbial variables (MBC and C:N
imbalance) were selected to identify the relative importance of a given
variable compared to the other variables. The percentage increase of the
mean squared error (%IncMSE) was used to rank the relative importance
of the explanatory variables with the “randomForest” package, and the
significance of the effect of each explanatory variable on MNC was
estimated using the ‘rfPermute’ package in R 4.0.2 (Chen et al., 2021).

Soil Biology and Biochemistry 167 (2022) 108600

Second, regression analysis was used to further explore the relationships
between the selected explanatory and response variables and was per-
formed using OriginPro 2021 (OriginLab, Hampton, USA).

The direct and indirect effects of the selected explanatory variables
on the MNC in the POM and MAOM fractions were evaluated using
structural equation modeling (SEM). To simplify the model, MAT; the
soil variables pH, Ca?*, and Fe,; and the microbial variable MBC were
selected based on random forest and regression analyses. An initial
metamodel was constructed for evaluation based on prior knowledge
(Fig. S1). For simplicity, we first removed the least significant path, re-
estimated the model, and then removed the next least significant path,
and so on, until finally, all remaining paths in the SEM were significant
(Wang et al., 2021). The SEM analysis was calculated using
maximum-likelihood estimation, and the goodness of fit was evaluated
using chi-squared values (y2), probability level (p), root mean square
error of approximation (RMSEA), and goodness-of-fit index (GFI).
Furthermore, as sample size may pose issues for SEM application, the fit
of the model was confirmed using Bayesian analysis. The SEM analysis
was performed using Amos 24 (Amos Development Corporation, Chi-
cago, USA).

3. Results
3.1. SOC fractions in soils over limestone and clastic rock

Overall, the bulk SOC content in forest soils over limestone was
significantly higher than that over clastic rock by 33% (p < 0.05,
Fig. 2a). The particulate organic carbon (POC) was also significantly
higher by 37% (p < 0.05, Fig. 2b). The ratio of POC to SOC was not
significantly different between the two lithologies (Fig. 2d). Compared
with croplands, forest soils over both lithologies had significantly higher
contents of SOC and POC and the ratio of POC to SOC (p < 0.05, Fig. 2).

3.2. Soil MNC in POM and MAOM fractions in soils over limestone and
clastic rock

Generally, the contents of bacterial, fungal, and total MNC and their
contributions had a similar pattern in bulk soil and the two fractions
(Figs. 3, 4, S2). Specifically, forest soils over limestone had significantly
higher contents of fungal and total MNC both in POM and MAOM
fractions than over clastic rock (p < 0.05, Fig. 3c,e; Fig. 4c,e). The ratio
of fungal MNC to organic carbon in the POM fraction was also signifi-
cantly higher in forest soils over limestone compared to clastic rock (p <
0.05, Fig. 3d). In contrast with fungal MNC, there was no significant
difference in bacterial MNC content and their contributions to the cor-
responding SOC fractions between limestone and clastic rock (Fig. 3a,b;
Fig. 4a,b). Additionally, the ratio of fungal to bacterial MNC was higher
in forest soils over limestone than over clastic rock (p < 0.05, Fig. S3),
and 81-87% of total MNC stored in forest soils over limestone was
fungal-derived compared to 73-80% over clastic rock.

We also found that the bacterial, fungal, and total MNC contents in
POM and MAOM fractions, and their contributions to the corresponding
SOC fractions, did not differ significantly between cropland soils over
limestone and clastic rock (Figs. 3 and 4).

3.3. Responses of soil MNC to climatic and edaphic factors

We used 13 variables that reflect the effects of climatic factors, plant
biomass, soil properties, and microbial parameters to explain the vari-
ances of MNC in the POM and MAOM fractions (Fig. S4). Factors con-
trolling MNC in the POM and MAOM fractions differed in forest soils
over limestone, whereas the controlling factors were similar over clastic
rock (Fig. S4). Overall, MAT, pH, Ca, Fe,, and MBC were the most
important factors controlling the variance in the MNC.

Regression analyses results indicated that the responses of the MNC
to climatic and edaphic factors differed between forest soils over
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use type.

limestone and clastic rock (Fig. 5). Specifically, only MNC in the POM
fraction decreased with MAT in forest soils over limestone, whereas both
MNC in POM and MAOM fractions over clastic rock decreased with MAT
(Fig. 5a,f). Soil pH was negatively correlated with only MNC in the POM
fraction in the clastic rock sites (Fig. 5b,g). Fe, was positively correlated
with only MNC in the POM fractions in limestone sites, whereas it was
positively correlated with both MNC in POM and MAOM fractions in
clastic rock sites (Fig. 5d,i). Additionally, Ca®" was positively correlated
with MNC in the MAOM fraction in the limestone (Fig. 5c,h). For both
lithologies, MNC in the POM and MAOM fractions increased with MBC
(Fig. 5e,j).

3.4. Determinants of soil MNC accumulation

The SEM determined using both the maximum-likelihood estimation
method and Bayesian analysis showed similar results (Table S2). The
SEM results mirrored those that were obtained using regression analyses
in that the effects of climatic and edaphic factors on MNC differed be-
tween the two lithologies (Fig. 6). Specifically, MAT negatively affected
MNC in the POM fraction directly and indirectly (via its effect on Fe,) in
forest soils over limestone, whereas MAT had indirect effects on both
MNC in POM and MAOM fractions over clastic rock. Additionally, Fe,
was only directly associated with MNC in the POM fraction in forest soils
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climatic and soil variables in forest soils. Linear regression analysis was undertaken between MNC in POM/MNC in MAOM fraction and climatic and edaphic factors
separately. MAT, mean annual temperature; pH, soil pH; Ca?*, soil exchangeable calcium; Fe,, amorphous iron oxides; MBC, microbial biomass carbon. *p < 0.05,

**p < 0.01, and ***p < 0.001; ns, not significant regressions (p > 0.05).

over limestone, whereas Fe, had direct and indirect effects (via its effect 4. Discussion
on MBC) on both MNC fractions in soils over clastic rock. Compared to

soils over clastic rock, Ca>" was an additional factor that indirectly

affected MNC in soils over limestone. Similar to the regression analyses, carbon fractions
MBC directly and positively affected both the MNC fractions in soils over

both lithologies.

4.1. Lithology effects on unprotected and protected microbial-derived

The results supported our first hypothesis and demonstrated that the

contents of both

unprotected and protected MNC were significantly
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(a) Limestone

(b) Clastic rock

Fig. 6. Structural equation modeling (SEM) showing
the dependence of microbial necromass carbon
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higher in forest soils over limestone than over clastic rock, which sug-
gests that lithology can strongly regulate microbial-derived carbon
accumulation. Although the effects of lithology on SOM have been
explored and verified (Doetterl et al., 2015, 2018; Yang et al., 2020b),
their controls on microbial-derived carbon have seldom been reported.
A recent study found that soil microbial necromass accumulated
differently in alpine ecosystems with different bedrock types (Bhople
et al.,, 2021), which confirmed a non-negligible effect of the parent
material on microbial necromass.

In our study, both unprotected and protected MNC contents were
positively related to MBC (Fig. 6). Although soil microorganisms can
decompose SOM, the pool size of microbial biomass is also considered to
contribute to MNC through microbial uptake, assimilation, growth, and
death (Liang et al., 2017). Thus, the significantly higher MBC content in
forest soils over limestone compared to clastic rock (Table S3) suggests
greater MNC accumulation. Higher pH and Ca?* concentration in forest
soils underlain by limestone were also contributing factors to the higher
MNC (Table S3). This is because the higher limestone soil pH favors the
growth of fungi and, thus, increases the fungal necromass (Aciego Pietri
and Brookes, 2009). This is consistent with our results, which showed a
higher ratio of fungal to bacterial MNC in forest soils underlain by
limestone compared to clastic rock (Figs. S3a and b). Higher soil Ca?t
concentration in limestone improves soil structure, moisture, and
aeration, while also favoring the growth of microorganisms (Golchin
et al., 1996). In addition, soil Ca®* can stabilize SOM by forming inner-
and outer-sphere cation bridges (Rowley et al., 2018) and stabilizes
fungal-derived carbon more effectively than bacterial-derived carbon
(Six et al., 2006).

4.2. Control over microbial-derived carbon accumulation: lithology
dependence

Empirical observations of the responses of unprotected and protected
MNC fractions to climatic and edaphic factors across a large scale in soils
underlain by different lithologies are scarce. Our results provide

Ca** Fe

quantitative evidence that factors affecting MNC are lithology-
dependent and that this dependence also differed between unpro-
tected and protected fractions.

We found that both unprotected and protected MNC fractions in
forest soils over clastic rock decreased with increasing MAT. In contrast,
in forest soils over limestone, only the unprotected fraction decreased
with MAT (Fig. 5a,f), which supports our second hypothesis that the
MNC fractions between the two lithologies respond differently to
climate. Higher temperatures generally promote the decomposition of
MNC (Chen et al., 2020). In our study, warmer temperatures indirectly
affected unprotected and protected MNC fractions via the regulation of
Fe, in forest soils underlain by clastic rock (Fig. 6b). Fe, is more closely
related to the stability of soil aggregates than Fegq (Duiker et al., 2003),
and thus is able to decrease microbial necromass decomposition. Addi-
tionally, Fe, has a very large specific surface area, which helps in the
adsorption of the microbial biomass component and the stabilization of
microbial necromass (Kastner and Miltner, 2018). Thus, higher Fe,
contents promoted the accumulation of microbial-derived carbon
(Fig. 6). The negative effect of higher temperatures on Fe, content
(Figs. 6 and S5a) could be because warmer temperatures favor the
transformation of Fe, to other crystalline Fe oxides (Zhao et al., 2016).
Therefore, as the temperature increases, the capacity of Fe, to stabilize
microbial-derived carbon decreases.

In contrast to clastic rock, Fe, and temperature only affected the
unprotected MNC fraction in forest soils over limestone but not the
protected fraction (Fig. 5d,i, 6a). Compared to clastic rock sites, lower
Fe, content in limestone sites (Table S3) had a limited effect on
microbial-derived carbon stability. Instead, Ca®" may outweigh the role
of Fe oxides in calcareous soils (Rowley et al., 2018). Specifically,
abundant soil Ca>" plays an important role in the stabilization of MNC
through inner- and outer-sphere cation bridging (He et al., 2021). Thus,
high Ca?* concentration in forest soils over limestone (Table S3) and the
negligible effect of warmer temperatures on Ca?* (Fig. S5b) could
negate the effect of higher temperatures on the decomposition of the
protected MNC fraction. Overall, lithology mediates the climatic pattern
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of microbial-derived carbon fractions in forest soils through the modi-
fication of soil properties.

Soil pH also showed different effects on MNC in forest soils underlain
by the two lithologies. Specifically, soil pH was negatively correlated
with the unprotected MNC fraction in soils underlain by clastic rock but
showed no correlation with MNC in soils underlain by limestone
(Fig. 5b,g). The distinctly different soil pH controls on MNC over the
lithologies were likely due to the differences in background soil pH. The
unprotected MNC fraction decreased with increasing the pH in acidic
soils underlain by clastic rock, possibly because the improved microbial
living environment promotes the decomposition of unprotected
microbial-derived carbon (Leifeld et al., 2008; Luo et al., 2020). The lack
of a correlation between MNC and soil pH over limestone was possibly
due to the trade-off between increased microbial carbon use efficiency
(CUE) and decreased turnover rate with increased soil pH in
near-neutral or alkaline soils (Malik et al., 2018). High microbial CUE
potentially favors the accumulation of microbial-derived carbon
(Cotrufo et al., 2013), whereas the low turnover rates of microbial
biomass lead to slow necromass production and, therefore, potentially
less microbial-derived carbon (Spohn et al., 2016). Thus, although soil
pH was previously considered as an important factor affecting soil mi-
crobial physiology parameters and thus their necromass (Wang et al.,
2021), its effects varied depending on lithology.

4.3. Implications for soil carbon sequestration

Microbial-derived carbon should not be regarded as a uniform entity
as MNC in POM and MAOM fractions respond distinctly to MAT in forest
soils over limestone. This result partially aligns with the idea that the
unprotected fraction of the microbial necromass could be rapidly
decomposed (Fan et al., 2021). We also found that MNC in the POM
fraction was more sensitive to MAT than organic carbon in the POM
fraction in forest soils over limestone (Figs. S6a and c). Compared to
plant-derived carbon, the compounds in MNC tend to be more
nutrient-dense and richer in nitrogen (Miltner et al., 2012; Liang et al.,
2019), which may require less depolymerization prior to plant or mi-
crobial assimilation. Thus, the unprotected fraction could be an impor-
tant source of nutrients for the growth of microorganisms and plants
(Drigo et al., 2012; Morrissey et al., 2015). Overall, these results high-
light the need to characterize and quantify unprotected and protected
fractions of microbial-derived carbon separately, particularly under
future climate change scenarios.

In contrast to forest soils (undisturbed soils), neither the contents of
unprotected and protected MNC fractions (Figs. 3 and 4) nor their re-
sponses to MAT (Fig. S7) showed significant differences in cropland soils
(disturbed soils) between limestone and clastic rock. Tillage in croplands
can reduce the physical and chemical protection of SOM (Davidson and
Janssens, 2006), which may accelerate the decomposition and loss of
MNC. Additionally, removal of the aboveground biomass in croplands
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reduces carbon inputs, resulting in the reduction of living microbial
biomass and thus their residues. Consequently, long-term soil distur-
bance may obscure and distort the influence of lithology on
microbial-derived carbon. This suggests that SOC and MNC contents in
limestone soils are high only in the absence of soil disturbance. There-
fore, no-tillage management, similar to forestation, on croplands in
limestone sites would be an effective strategy to accumulate soil carbon.
According to the data extracted from Tong et al. (2020), the areas of
forestation (including recovery and afforestation on croplands) from
2000 to 2017 were ~4.35 Mha over limestone and ~5.38 Mha over
clastic rock in three provinces of southwest China (Guizhou, Guangxi,
and Yunnan). Assuming that forestation would result in a state similar to
that of forest ecosystems after several decades (Bastin et al., 2019), we
extrapolated the data demonstrating the differences in SOC and MNC
densities between forests and croplands (Fig. 7) and bedrock outcrop
ratio for both lithologies (Table S4) in the three provinces. We concluded
that an increase of 84 Tg, of which 20% is microbial-derived, would
occur in the topsoil (0-15 cm) underlain by limestone, while an increase
of 86 Tg, of which 13% is microbial-derived, would occur in the topsoil
underlain by clastic rock. Considering that forest soils over limestone
contain relatively higher pools of MNC that are resistant to warmer
temperatures relative to clastic rock, forestation on degraded croplands
in limestone sites may be the most effective way to reduce CO, efflux
from the soil.

Our results imply that ignoring the important role of lithology in
regulating microbial-derived carbon will possibly contribute to large
inaccuracies in the prediction of the response of soil carbon to a
changing climate. However, the effects of climate should not be ignored.
The weathering and geochemistry of soil is determined not only by the
mineralogical composition of the bedrock, but also by climate (Doetterl
et al., 2018). Therefore, we recommend further research that combines
the interaction effects of bedrock geochemistry (including bedrock
nutrient release) and climate on microbial-derived carbon
accumulation.

5. Conclusions

Compared to clastic rock, forests underlain by limestone are more
conducive to accumulating both unprotected and protected MNC frac-
tions and are less susceptible to warmer temperatures. Our study pro-
vides evidence that lithology affects the contents of MNC fractions and
their response to temperature in forest soils, primarily through the
regulation of soil minerals and MBC. However, croplands with long-term
soil disturbance over both lithologies deplete significant amounts of
MNC and increase their vulnerability to warmer temperatures. In the
context of the existing forestation in southwest China, an additional 17
Tg of microbial-derived carbon may be sequestered in the topsoil over
limestone, and 11 Tg might be sequestered in the case of clastic rock.
Overall, our results demonstrate that the key soil minerals governing

Fig. 7. Differences in soil organic carbon (SOC) (a)
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microbial-derived carbon accumulation and stability are ultimately
regulated by lithology.
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