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Subsoils below 30 cm store more than half of global soil carbon. Microbial
carbon use efficiency (CUE) serves as a key indicator of microbial control over
soil carbon turnover, but the general patterns and drivers of microbial CUE
across soil depths remain poorly understood. Here, we report a decreasing
trend in microbial CUE with increasing soil depths through large-scale soil
sampling across 60 sites spanning tropical to boreal forests. Using multiple
analytical and statistical approaches complemented by experiments, we fur-
ther identify depth-dependent drivers of microbial CUE. In the topsoil

(0-10 cm), microbial CUE is primarily regulated by microbial diversity,
whereas in deep subsoil (70-100 cm), it is predominantly driven by soil phy-
sicochemical protections. Our findings underscore the need to incorporate
depth-specific microbial CUE drivers into carbon cycle models for more
accurate predictions of whole-soil carbon storage and its feedback to climate
change.

M Check for updates

As the largest organic carbon pool in terrestrial ecosystems, soil
organic carbon (SOC) provides essential ecosystem services such as
soil conservation and climate regulation’* SOC storage is a dynamic
equilibrium between carbon inputs and outputs’, with soil micro-
organisms playing a crucial role in both sequestration and decom-
position processes*®. Microbial carbon use efficiency (CUE),
defined as the proportion of carbon assimilated into microbial
biomass as opposed to being respired’, plays a crucial role in
mediating the flow of carbon through soil®**. While microbial CUE
has been extensively studied in surface soils®™, its dynamics and
underlying mechanisms in subsurface soils remain poorly
understood"?*?. This knowledge gap is critical, as subsoils deeper
than 30 cm store more than 50% of global SOC?, and their response

to climate change remains a major source of uncertainty in soil
carbon dynamic predictions”**.

Until now, there is no consensus on how microbial CUE changes
with soil depth. Owing to the general decline in substrate availability
and quality with increasing depth®?®, microorganisms need to allo-
cate more energy to the mining of resources by exoenzymes, leading
to an expected decrease in CUE?. However, experimental findings at
the site level have reported varying trends, including decreases”,
increases®, or even no change” in CUE with depth, likely due to site-
specific abiotic and biotic conditions and differences in CUE esti-
mation methods. In addition, plant carbon input is generally lower in
subsoil than in topsoil”?, leading to a greater proportion of
microbially-derived carbon to total carbon storage at greater
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Fig. 1| Site distribution and the depth-dependent microbial carbon use
efficiency (CUE). a The 60 soil sampling sites spanning forest ecosystems, with soil
samples collected to a depth of one meter. Numbers in parentheses represent the
number of sampling sites for each forest type. The geographic variation in CUE
indicates values from the topsoil. The background map of China, made with
National Geomatics Center of China (https://www.ngcc.cn), is public available.

b, ¢, Box plots illustrating microbial CUE among soil horizons across all sites

Warm-temperate

Cool-temperate Boreal

(n=60; b) and in different forest types (n=7, 25,11, 9, and 8 for tropical, sub-
tropical, warm-temperate, cool-temperate and boreal forests, respectively; (c).
Horizontal lines inside the box indicate the median; box limits represent the upper
and lower quartiles; and the whiskers are 1.5 times interquartile range. White dots
denote mean values, while colored dots represent individual data points. Statistical
analysis was performed using a two-sided, paired samples t-test. Topsoil: 0-10 cm,
subsoil: 35-50 cm and deep subsoil: 70-100 cm.

depths®. Microbial processes (e.g., microbial CUE) are thus particu-
larly important for soil carbon-climate feedbacks in subsoil®. Con-
sequently, understanding the depth-related patterns of microbial
CUE is essential for developing a comprehensive framework of soil
carbon dynamics under climate change.

Increasing attention has been paid to the drivers of microbial
CUE, whereas the interactions among different drivers across broad
geographical scales, especially in subsoil, remain largely unexplored.
Traditionally, environmental and substrate conditions are con-
sidered major drivers of CUE>>*°, For example, rising temperatures
typically reduce CUE* due to increased metabolic energy demands®,
and lower water availability is expected to decrease CUE by elevating
osmoregulatory costs and limiting substrate supply to microbial
cells’. Beyond environmental factors, substrate conditions also play a
crucial role, with greater substrate availability or quality generally
enhancing CUE®. Recent evidence further emphasizes the roles of
physicochemical protection and microbial community structure in
regulating soil carbon cycling®~*, both of which likely affect CUE by
regulating substrate conditions. Stronger physicochemical protec-
tion, for instance, may lower CUE by diverting more substrate toward
maintenance rather than growth®. Importantly, these factors (e.g.,
physicochemical protection, substrate availability and microbial
community structure) do not act independently but interact to shape
microbial CUE*>*""*, Environmental conditions can directly influence
CUE via microbial metabolism* and indirectly through their effects
on physicochemical protection*, substrate availability** and micro-
bial community structure®.

In addition, owing to variations in environmental conditions?,
substrates*, physicochemical protection®® and microorganisms*®
across soil horizons, the dominant drivers of microbial CUE may
change with depth. In topsoil, where microbial diversity and substrate
availability are typically high*”*%, these factors likely play a key role in
driving CUE variations. In contrast, subsoil is generally characterized
by stronger physical protection from soil aggregates and chemical
protection by Fe/Al minerals®*’, suggesting that physicochemical
protection may become a dominant factor regulating CUE at greater
depths. However, most previous studies have primarily focused on
topsoil’*®!, leaving empirical evidence on the key determinants of
CUE in subsoil largely lacking, particularly across broad geographic
scales.

The overall aim of this study is to reveal the general patterns and
drivers of microbial CUE with soil depth. We hypothesize that: (1)
CUE is higher at greater soil depth, and (2) substrate availability and
microbial diversity have a larger predictive power of CUE in surface
soil while physicochemical protection factors are more important in
deep soil. To test these hypotheses, we performed a large-scale study
using soil samples from three horizons (topsoil: 0-10 cm, subsoil:
35-50 cm, and deep subsoil: 70-100 cm) collected across 60 forest
sites in China (Fig. 1a). Microbial CUE was determined using the well-
established substrate-independent ®*0-H,0 method”?. To identify
the key drivers of CUE, we assessed various abiotic and biotic factors,
including those related to climate, plant biomass carbon, physico-
chemical protection, substrate availability, and microbial community
structure. Additionally, we conducted manipulative experiments
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Fig. 2 | Depth-dependent relationships between soil organic carbon (SOC) and
microbial carbon use efficiency (CUE). a-c Linear regressions depicting the
relationship between SOC and CUE in the topsoil (0-10 cm, a), subsoil (35-50 cm,
b) and deep subsoil (70-100 cm, c). The dots correspond to the values for the
60 sites across China’s forests (n = 60). Linear regression model with two-sided test

was used for the statistical analysis, and relationships are denoted with solid lines
and fit statistics (R? and P values). The solid lines represent the significant fitted
linear regression (P < 0.05), and the shading around the fitted lines represent the
95% confidence intervals around the predicted mean. Note that the x-axis scale
varies among the panels due to overall shifts in microbial CUE across soil horizons.

(i.e., aggregate disruption, microbial reciprocal transplantation, and
glucose addition) to evaluate the direct effects of microbial com-
munity structure, aggregate protection, and substrate availability on
CUE. We performed three types of statistical analyses (i.e., classifi-
cation and regression tree, partial correlation, and structural equa-
tion modelling) to determine the relative importance of these factors
at different soil horizons. We find that microbial CUE decreases with
increasing soil depth, being primarily regulated by microbial diver-
sity in the topsoil and by soil physicochemical protection in the deep
subsoil.

Results

Reduced microbial CUE at greater soil depths

Microbial CUE exhibited substantial spatial variability across tropical
to boreal forests. CUE values in the topsoil, subsoil and deep subsoil
ranged from 0.10 to 0.68 (minimum to maximum), 0.07 to 0.39 and
0.05 to 0.34, respectively, across the 60 sampling sites (Supplemen-
tary Fig. 1). However, correlation analyses indicated that CUE was not
significantly associated with mean annual temperature (MAT; Sup-
plementary Fig. 2) or mean annual precipitation (MAP; Supplementary
Fig. 3). Moreover, CUE showed a decreasing trend with soil depth, with
mean values of 0.35 + 0.15 in the topsoil, 0.21 + 0.09 in the subsoil, and
0.16 + 0.07 in the deep subsoil (P < 0.05, Fig. 1b). This decreasing trend
was observed across most forest types, except for tropical and sub-
tropical forests, where no differences were found between the subsoil
and deep subsoil horizons (P> 0.05, Fig. 1c).

To examine the relationship between SOC and microbial CUE, we
analyzed CUE-SOC correlations across different soil horizons and
found depth-dependent variations. In the topsoil and subsoil, CUE
showed a positive correlation with SOC, though the relationship was
weaker in the subsoil than in the topsoil (P<0.001, Fig. 2a-b). In
contrast, a negative CUE-SOC relationship was observed in the deep
subsoil (P<0.05, Fig. 2c). These patterns remained consistent when
CUE values were standardized across all soil horizons (Supplemen-
tary Fig. 4).

Depth-dependent drivers of microbial CUE

To identify the key drivers of microbial CUE, we examined various
biotic and abiotic factors, including climate variables (MAT and MAP),
plant biomass carbon (aboveground (AGB) and belowground biomass
carbon (BGB)), physicochemical protection (e.g., soil aggregates and
mineral-associated organic matter (OC-MAOM)), substrate character-
istics (e.g., carbon availability index (CAIl) and SOC decomposability
(Dsoc)), and microbial properties (e.g., bacterial diversity and fungal
diversity). Classification and regression tree (CART) analysis was firstly
conducted to determine the factors most strongly correlated with CUE
(Supplementary Figs. 5-6). When data from all three soil horizons were
combined, the analysis revealed that soil horizon served as an auto-
matic classification factor, grouping into two categories: topsoil, and
subsoil with deep subsoil (Supplementary Fig. 5). In topsoil, bacterial
diversity emerged as the strongest predictor of CUE, whereas in sub-
soil and deep subsoil, substrate availability and soil aggregates were

Nature Communications | (2025)16:5218


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60594-8

the primary predictors, respectively. These findings were further
supported by separate analyses for each soil horizon, which con-
sistently identified bacterial diversity, substrate availability, and mac-
roaggregates as the most influential factors for CUE in topsoil, subsoil,
and deep subsoil, respectively (Supplementary Fig. 6).

Partial correlation analysis was further performed to determine
the relationships of CUE with all individual factors when controlling
other groups of factors that do not include this factor (Supplementary
Figs. 7-9). In the topsoil, CUE was correlated with bacterial and fungal
alpha diversity (indicated by Shannon index), regardless of whether
other factors were controlled (P < 0.05, Supplementary Fig. 7). In the
subsoil, CUE was correlated with substrate availability and quality
(P<0.05, Supplementary Fig. 8). However, in the deep subsoil, CUE
was correlated with substrate properties and physicochemical pro-
tection variables irrespective of whether other factors were controlled
(P<0.05, Supplementary Fig. 9). These results indicate that microbial
diversity was the dominant factor of CUE in the topsoil, whereas sub-
strate properties and physicochemical protection variables were the
dominant factors in deeper soil horizons.

Structural equation modeling (SEM) was also performed to assess
the influencing pathways of climate, plant biomass carbon, substrate
characteristics, physicochemical protection, and microbial properties
on CUE for each soil horizon. In the topsoil and subsoil, only substrate
characteristics and microbial properties exerted significant controls
on CUE (P<0.05, Fig. 3a-b). In contrast, in the deep subsoil, only
physicochemical protection variables exhibited significant effects on
CUE (P<0.05, Fig. 3c). Among all tested factors, substrate character-
istics and microbial properties had the highest prediction power of
CUE variation in the topsoil and subsoil, whereas in the deep subsaoil,
physicochemical protection had the highest prediction power
(Fig. 3d-f). These results further confirm that microbial CUE in the
topsoil and subsoil is primarily regulated by substrate condition (i.e.,
availability and quality) and microbial diversity (i.e., bacterial and
fungal diversity), whereas in the deep subsoil, it is predominantly
governed by physicochemical protection.

The above statistical analyses (i.e., CART, partial correlation, and
SEM) showed that microbial diversity primarily regulate microbial CUE
in the topsoil, while physicochemical protection governs CUE in the
deep subsoil. To further investigate the direct effects underlying these
depth-associated variations, we performed microbial reciprocal
transplantation, aggregate disruption, and glucose addition experi-
ments. In both uncrushed and crushed (aggregate disruption) soils,
inoculating the topsoil with deep subsoil microorganisms (away
inoculum) reduced CUE compared to inoculating it with its own
inoculum (P<0.01, Supplementary Fig. 11a), introducing topsoil
microorganisms into the deep subsoil had no effect (Supplementary
Fig. 11a). When microorganisms were controlled (by inoculating with
either their own or away inoculum), the removal of aggregate pro-
tection through crushing led to an increase in CUE in the deep subsoil
(P<0.05) but had no effect in the topsoil (Supplementary Fig. 11b).
Additionally, glucose addition increased CUE in the deep subsoil
(P<0.01) but had no notable impact in the topsoil (Supplementary
Fig. 12). These results collectively demonstrate that microorganisms
primarily mediate CUE in the topsoil, whereas physicochemical pro-
tection is the key determinant in the deep subsoil.

Discussion

Based on large-scale soil sampling to a depth of 1 meter across tropical
to boreal forests, this study provides empirical evidence of a depth-
informed insight into CUE variations and drivers across broad geo-
graphic scales. As in previous cross-scale studies®'®"*', our results
show that microbial CUE exhibited substantial spatial variability
(Fig. 1a). However, CUE was independent of climatic factors such as
MAT and MAP (Supplementary Figs. 2-3), which contrasts with earlier
findings from forests in China®*® but aligns with results from a recent

global-scale synthesis'®. Importantly, our results show that CUE
decreases with increasing soil depth, and it is primarily regulated by
microbial community structure in the topsoil, whereas in the deep
subsoil, it is predominantly controlled by physicochemical protection.
This knowledge is crucial for improving predictions of whole-soil
carbon storage and its feedback to climate change.

The decreased CUE with soil depth can be explained by reduced
substrate quality and availability?’, lower microbial diversity*’, and
enhanced physicochemical protection® at greater depths. First, the
lower substrate quality and availability at greater depths could
attenuate microbial CUE. As substrates serve as a direct energy source
for microorganisms, their quality and availability may largely deter-
mine microbial CUE. Microorganisms require additional energy to
decompose low-quality or scarce substrates, leading to lower CUE
under these conditions'. Consistent with this, we observed a general
decline in substrate quality and availability with increasing soil depth
across a broad geographical scale (Supplementary Fig. 13), contribut-
ing to the reduction in CUE. Further supporting this, glucose addition
increased CUE in the deep subsoil but had no effect in the topsoil
(Supplementary Fig. 12), suggesting that limited substrate availability
constrains CUE at greater depths. Second, as microorganisms regulate
soil carbon decomposition and stabilization®>*, shifts in microbial
diversity across soil horizons can influence CUE. Our results show a
decline in bacterial and fungal diversity with depth (Supplementary
Fig. 14), likely due to reduced soil resource availability (e.g., lower
substrate levels; Supplementary Fig. 13). Given that higher microbial
diversity enhances the efficient utilization of diverse soil substrates, a
decline in diversity may contribute to reduced CUE. Finally, stronger
physicochemical protection at greater depths (Supplementary Fig. 15)
may further suppress CUE by restricting substrate accessibility and
quality.

More importantly, our results reveal depth-dependent changes in
controls of microbial CUE through a comprehensive assessment of its
relationships with climate, plant carbon input, substrate character-
istics, physicochemical protection, and microbial properties, sup-
ported by manipulative experiments. In the topsoil, microbial CUE was
primarily mediated by microorganisms. A recent study by Domeignoz-
Horta et al.” reported a positive microbial diversity—CUE relationship
using a model soil at 60% water holding capacity. Using soils from
diverse environments, this study also revealed that higher bacterial or
fungal diversity was associated with a higher CUE. This may be because
greater microbial diversity enhances the efficient utilization of various
carbon substrates’, thereby increasing CUE. However, the influence of
microbial community structure on CUE was significant in the topsoil
but not in deeper soil layers, likely due to the naturally lower microbial
diversity at greater depths (Supplementary Fig. 14), which limits its
effect on CUE. This was further confirmed by the microbial reciprocal
transplant experiment: inoculating the topsoil with low-diversity
microbial communities decreased CUE, whereas inoculating the
deep subsoil with high-diversity communities had no effect. Moreover,
despite the strong correlations between CUE and substrate in the
topsoil (Fig. 3a), the glucose addition experiment showed no direct
causal effect of substrate availability on CUE at this depth (Supple-
mentary Fig. 12), suggesting that the observed associations may be
mediated by other factors. These depth-dependent microbial influ-
ences on CUE imply that soil management strategies promoting
microbial diversity may be more effective in modifying microbial
processes (e.g., microbial CUE) in surface soils than in carbon-poor
deep horizons, where such interventions may have limited impact.

Our results further indicate that physicochemical protection plays
a dominant role in regulating microbial CUE in deep subsoil. Micro-
aggregates and Fe-rich minerals can restrict oxygen diffusion®, limit-
ing microbial activity*, while simultaneously occluding SOC within
aggregate interiors and/or by binding it to Fe minerals, creating spatial
disconnection between substrates and enzymes®®. In response to these
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shaping microbial CUE in the topsoil or deep subsoil is shown on the bottom; the
length of each rectangular bar indicates the relative importance for the corre-
sponding factor, based on structural equation modeling results presented in Fig. 3.
R, microbial respiration; G, microbial growth; plant BC, plant biomass carbon.

processes, microorganisms may allocate more energy toward SOC
decomposition, leading to lower CUE under stronger physicochemical
protection. In addition, the degree of protection intensifies with
decreasing aggregate size and increasing Fe mineral content. Our
results showed a higher physicochemical protection in deep subsoil
than in topsoil (Supplementary Fig. 15), which may explain why this
mechanism predominantly mediates CUE in deep subsoil but not in
topsoil. This was further supported by aggregate disruption experi-
ments, where the removal of aggregate protection promoted micro-
bial CUE in deep subsoil but had no impact in topsoil. Physicochemical
protection has long been recognized as a key factor in SOC persis-
tence, especially in deeper soil layers®. Our results underscore the
critical role of physicochemical protection in soil carbon cycling by
regulating microbial CUE, particularly in deep subsoil, emphasizing the
need to incorporate physicochemical protection into models for more
accurate predictions of soil carbon dynamics under changing envir-
onmental conditions.

Although our study provides empirical evidence for the depth-
dependent drivers of soil microbial CUE, several limitations should be
acknowledged. First, short-term incubation experiments were
employed to assess the direct effects of physicochemical protection
and microbial community composition on CUE. Despite a 3-week
preincubation designed to reduce potential disturbance effects, the
disruption of soil aggregates may have caused a transient increase in
soil respiration, potentially influencing short-term CUE estimates.
Future studies involving longer-term incubations, in both laboratory
and field settings, with controlled aggregate disruption, are warranted
to improve our understanding of these processes. Second, while the
observed microbial respiration indicates the activity and viability of
the transferred microbial communities to some extent, additional
direct evidence—such as measurements of enzyme activity—would
more robustly confirm microbial viability. Nevertheless, these

limitations do not undermine our principal conclusion that microbial
CUE and its drivers are depth-dependent.

In conclusion, based on large-scale soil sampling and substrate-
independent '®0-H,0 measurements of microbial CUE, this study
provides empirical evidence for depth-dependent changes in micro-
bial CUE and underlying mechanisms (Fig. 4). Our findings reveal a
decreasing trend in CUE with increasing soil depth, which is related to
reduced substrate quality and availability, lower microbial diversity
and/or enhanced physicochemical protection at greater depths.
Moreover, our findings reveal that in the topsoil, CUE is primarily
influenced by microbial community structure, whereas in deep soil
layers, physicochemical protection plays a dominant role. These
findings suggest that ecosystem management strategies (e.g., organic
farming and forestation) that increase microbial diversity can enhance
microbial CUE in carbon-rich topsoil but may not be applicable to
carbon-poor deep subsoil. In contrast, implementing ecosystem
management strategies that increase carbon substrate availability in
deeper soil layers could enhance microbial CUE. By elucidating these
depth-specific mechanisms, our study provides a foundation for
prioritizing future research on microbial processes in subsoil to
improve predictions of whole-soil carbon storage and its feedback to
climate change.

Methods

Study area and soil sampling

Soils were collected from 60 representative sites across China’s forest
ecosystems, covering a broad range of geographical and climatic
conditions (Fig. 1a) These sites span latitudes from 18.26 to 50.43°N
and longitudes from 81.02 to 129.47°E, with MAT ranging from —2.2 to
25.0°C and MAP varying from 98 to 1873 mm. The study area
encompasses major global forest biomes, including tropical (7 sites),
subtropical (25 sites), warm-temperate (11 sites), cool-temperate
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(9 sites) and boreal (8 sites) forests. In this study, sampling sites with a
MAT below 5.0 °C were classified as boreal forests, following the cri-
teria used in previous studies”. Our previous studies have demon-
strated large variability in soil physicochemical and microbial
properties across these forests®’*®, providing an ideal platform to
investigate the general patterns and regulatory mechanisms of
microbial CUE with soil depth.

To investigate variations in microbial CUE and the underlying
mechanisms across soil horizons, soils were collected from three dis-
tinct horizons: topsoil (0-10 cm), subsoil (35-50 cm) and deep subsoil
(70-100 cm). Sampling from discontinuous horizons minimized
interactions between adjacent soil horizons. At each site, soils were
obtained from three random locations (each separated by more than
20 m). After manually removing litter and organic layers, soils from
each horizon were collected, transported to the laboratory with ice
bags, and homogenized into a composite sample per horizon per site.
Fresh samples were sieved (2 mm) under field-moist conditions, with
visible roots and rocks being removed. Each composite sample was
then divided into three subsamples for different analyses: (1) air-dried
for SOC, pH and physicochemical protection analyses, (2) stored at
4 °C for microbial CUE, CAl and Dsoc measurements, (3) preserved at
—80 °C for microbial community quantification.

Microbial CUE assessments
Microbial CUE was determined using a substrate-independent **0-H,0
method’*. Briefly, six sets of 400 mg of fresh soil samples were placed
into 2 ml screw-cap vials. In three sets, ®O-labeled water (99 atom%
80) was added to achieve an enrichment of 20 atom% %0 and 60% of
water holding capacity, while the other three sets received the same
volume of non-labeled water as a natural abundance control. The vials
were then transferred to 40 ml headspace bottles, sealed, and flushed
with CO,-free air. After 24 h of incubation at 20 °C in darkness, a 5 ml
gas sample was extracted from each bottle to measure CO, con-
centration using a gas chromatograph (Agilent 6890, Agilent Corp.),
allowing determination microbial respiration rates. The vials were
subsequently frozen at —80 °C until DNA extraction. Total DNA was
extracted and quantified using the FastDNA™ SPIN Kit for Soil (MP
Biomedicals) following the manufacturer’s instructions. To remove
water, the remaining DNA extract was dried in a silver capsule at 60 °C
for 6 h, and the total oxygen content and *0 abundance were deter-
mined using IRMS-TC/EA (Thermo Scientific). Additionally, microbial
biomass carbon (MBC), which was used to convert the amount of
newly produced DNA into MBC, was measured using the CH3Cl fumi-
gation extraction method*’; to do so, six sets of 5 g of soil samples were
weighed into 20 mL scintillation vials, with three sets undergoing
fumigation and three serving as controls. Finally, microbial CUE was
calculated as follows™":

C

CUE = Cgrawth _ growth

uptake Cgrowth + Crespiration

@

where CUE represents microbial carbon use efficiency, Crespiration
denotes the carbon allocated to microbial respiration, and Cgrowen
refers to the carbon allocated to microbial biomass production, which
was determined by measuring '*0-labeled DNA production:

at% 100y 100
c _fDNA x <0total X160 X @k 31.21) Q)
‘growth — wxt

where fpn4 represents the conversion factor for newly produced DNA
calculated as the ratio of soil MBC to soil DNA content, O, denotes
the total oxygen content (Ug), At%excess refers to the excess 0 atom
percentage in the labeled sample compared to the control, at%snq
represents the’®0 atom percentage in soil water, w is the dry soil
weight (g) and ¢ is the incubation time (h).

Although the substrate-independent *0-H,O method has been
widely used to measure microbial CUE””, it requires lab incubation,
whichiis typically conducted under aerobic conditions, as in this study.
This can result in higher oxygen availability than in the natural soil
environment, potentially influencing soil carbon cycling at different
horizons. However, it is unlikely to alter the relative ranking of
microbial CUE, except in cases where deep subsoils are consistently
more anaerobic or aerobic than surface soils, a pattern not generally
observed across our 60 upland forest sites. Since all soil samples were
collected above the water table (gravimetric water content <36%),
aerobic rather than anaerobic soil carbon processes would dominate
across all horizons. Additionally, we assessed the potential effect of
oxygen levels on microbial CUE by adjusting O, concentrations to 5%,
10%, and 20% in deep subsoils from 15 sites and found no significant
impact on CUE (Supplementary Fig. 16). Thus, we conclude that ele-
vated oxygen availability during lab-based CUE measurements in deep
subsoils does not affect our overall findings.

Assessing the direct influence of aggregate protection, sub-
strate availability, and microbial communities on microbial CUE
To further investigate the direct effects of microbial communities and
aggregate protection on microbial CUE in the topsoil and deep subsail,
we conducted an independent manipulative experiment combining
aggregate disruption with microbial reciprocal transplantation. This
experiment utilized soils from 15 of the 60 sites, with microbial inocula
and both crushed and uncrushed subsamples prepared for analysis.
Microbial inocula were obtained by suspending 1g of dry-weight-
equivalent fresh soil in 100 ml of sterilized deionized water, shaking for
0.5h at 150 rpm, and filtering through a Whatman GF/C filter**. For
aggregate disruption, soils were air-dried, and a portion was crushed
using a ball mill to remove aggregate protection. Both crushed and
uncrushed soil samples were sterilized via y-irradiation®®. The ster-
ilized soils from both topsoil and deep subsoil were then inoculated
with either their own microbial inoculum (own) or that from the cor-
responding opposite horizon (away), adding 0.5 ml of inoculum to
2.5g of sterilized soil. After a 3-week preincubation to minimize the
possible disturbances (e.g. soil crushing and packing) and activate
microorganisms, microbial CUE was then measured as described
above. To assess the direct impact of aggregate protection, we com-
pared CUE values between crushed and uncrushed soils inoculated
with the same microbial inoculum. To determine the direct influence
of microbial communities, we compared CUE between soils receiving
their own inoculum versus those receiving away inoculum for both
crushed and uncrushed samples.

To directly assess the effects of substrate availability on microbial
CUE, we conducted a glucose addition experiment using topsoil and
deep subsoil samples from the previously selected 15 sites. In the
treatment group, glucose was added to fresh soil at a concentration of
5mg C g1 soil, while in the control group, an equal amount of deionized
water was added. Microbial CUE was then measured as described earlier,
and the CUE values were compared between the glucose-treated and
control samples to evaluate the impact of substrate availability.

Climate and vegetation properties

Climate variables, including MAT and MAP, were obtained from the
WorldClim database (www.worldclim.org). Carbon input variables,
specifically plant AGB and BGB, were extracted from 300 m resolution
maps developed by Spawn et al.®’. Data extraction was performed
using ESRI ArcMap (version 10.3) software.

Soil and microbial property analyses

To investigate the factors driving microbial CUE at different soil hor-
izons across China’s forests, data on physicochemical protection,
substrate availability, substrate quality and microbial properties were
analyzed.
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Physicochemical protection properties. Physicochemical protection
of SOC was deconstructed into physical protection, mediated by soil
aggregates, and chemical protection, governed by minerals. Soil
aggregation was assessed using the wet sieving technique®, quantifying
microaggregates (0.25-0.053 mm) and macroaggregates (>0.25mm),
with SOC proportions in these fractions analyzed via an elemental ana-
lyzer (Multi EA 4000, Analytik Jena, Germany) to determine aggregate
protection. A higher SOC proportion in microaggregates indicates
stronger physical protection®. In addition, chemical protection was
quantified by measuring Fe/Al oxide content and organo-mineral asso-
ciations. The SOC stored in mineral-associated organic matter (OC-
MAOM) and Fe oxides (OC-Fe) was measured following established
protocols®. Organo-mineral associations were determined via fractio-
nation techniques®, while organically complexed oxyhydroxides
(Fep +Alp)* and poorly crystallized oxyhydroxides (Fe,+Al,)* were
determined using an inductively coupled plasma optical emission
spectrometer (iCAP 6300, Thermo Fisher Scientific).

Substrate availability and quality. Substrate availability and quality
were assessed using two key metrics: CAl and SOC decomposability
(Dsoc). CAl was determined as the ratio of basal respiration to
substrate-induced respiration rate”’. To measure this, a 60gL™" glu-
cose solution was added to 5g dry weight of fresh soil to determine
substrate-induced respiration (glucose-added treatment), while the
same amount of deionized water was added to a separate sample to
measure basal respiration (ambient-substrate treatment). Substrate
quality was evaluated through Dsoc, calculated as the ratio of
respiration rate at 20 °C to SOC content, providing an indicator of SOC
decomposability.

Microbial properties. Microbial diversity was assessed using high-
throughput sequencing technique. DNA was extracted with a Power-
Soil DNA Kit (Qiagen, Carlsbad, USA) following the manufacturer’s
protocol. The V4 region of the 16S rRNA gene was amplified for bac-
terial analysis, while the nuclear ribosomal internal transcribed spacer
2 (ITS2) region was amplified for fungal analysis. Detailed polymerase
chain reaction conditions and data processing methods are available in
Li et al.*® and the Supplementary Text in the supplementary informa-
tion. Bacterial and fungal diversity was indicated by alpha diversity,
which was quantified using the Shannon index.

Statistical analyses

A paired samples t-test was used to evaluate differences in microbial
CUE between soil horizons using SPSS Statistics 23 (IBM). CART ana-
lysis was used to assess the impact of explanatory variables on CUE
variation across all soil horizons and at each horizon. This non-
parametric technique sequentially partitions a dataset consisting of a
response variable and multiple potential predictor variables®®. CART is
particularly effective for analyzing the relative importance of pre-
dictors in explaining response variable variation, handling nonlinear
relationships and high-order interactions®®**’. The analysis was per-
formed using the ‘rpart’ and ‘rpart.plot’ packages in R (version 4.0.3).
Given the strong connections and inter-correlations among variables,
partial correlation analysis was also conducted to examine the rela-
tionships of CUE with each variable tested using the ‘tidyverse’ and
‘ppcor’ packages in R (version 4.0.3). Additionally, SEM was employed
to partition the indirect and direct effects of climate, carbon inputs,
physicochemical protection, substrate and microbial properties on
CUE. Principal component analysis was performed to generate a mul-
tivariate functional index prior to SEM analyses because of the strong
correlations among variables within each category***’. The first prin-
cipal component was introduced as a new variable to represent the
combined group properties in subsequent SEM analysis. The SEM was
constructed using AMOS 21.0 (Amos Development Corporation,
Chicago, IL).

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

Data availability

Supplementary Information is available online. The sequence data
generated in this study have been deposited in the National Omics
Data Encyclopedia (NODE) under project accession number
OEP00000792. The data supporting the main findings of this study are
deposited in the Zenodo database (https://zenodo.org/records/
15340227).
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