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ABSTRACT

Aim: Microbial carbon use efficiency (CUE) is one of the key indicators for the formation and release of soil carbon. CUE can
be divided into exogenous CUE (CUE
endogenous CUE (CUE,,
ence CUE, which response depends on the carbon source. However, the effect size and drivers of CUE_, and CUE_, responses to
global changes remain unclear, leading to large uncertainties when forecasting terrestrial carbon cycling. We aimed to quantify
the magnitude and direction of microbial CUE_, and CUE_, responses to global changes.

efficiency in using external carbon sources measured by e.g. 13C or “C labeling) and

ex’

efficiency in using internal carbon sources measured by '#0 labeling). Global changes strongly influ-

Location: Global.

Time Period: 2011-2024.

Major Taxa Studied: Soil microorganisms.

Methods: Database containing 213 paired microbial CUE_, and 155 paired microbial CUE_  data was integrated and meta-
analysed to assess the impacts of global change factors on microbial CUE. Additional information gathered encompassed lati-
tude, longitude, climate, plant properties, soil properties, microbial properties and experimental conditions.

Results: We found that CUE_, decreased with absolute latitude, while CUE, showed the opposite trend. Warming reduced
CUE,, and CUE_, by 3.6% and 16.5%, respectively. Drought increased CUE__ by 7.9%, but decreased CUE_ by 14.3%. Nutrient
inputs consistently decreased CUE_, by 5.0%-17.1%, while nitrogen and nitrogen combined with phosphorus and potassium in-
puts increased CUE_ by 25.5% and 43.1%, respectively. Aridity index, soil pH and cation exchange capacity were the main factors
influencing microbial CUE . In contrast, microbial respiration and growth rates, followed by microbial biomass, were the major
predictors of microbial CUE .
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Main Conclusions: Biogeochemical models should account for the opposite spatial patterns of microbial CUE and CUE_, as

well as their respective specific drivers under global changes, to accurately predict microbial responses to various carbon sources.

1 | Introduction

The Earth and its ecosystems are currently facing multifaceted
challenges arising from global change factors including warm-
ing, droughts, anthropogenic nutrient inputs (nitrogen (N), phos-
phorus (P) and potassium (K)) and non-native plant invasions.
These factors impact the soil organic carbon (SOC) feedback to
changing global conditions (Walker et al. 2018). Soil microor-
ganisms play a critical role in the regulation of soil C dynam-
ics in response to the global changes listed above through their
physiological mechanisms, such as vivo turnover and ex vivo
modification (Liang et al. 2017). While previous studies have fo-
cused on the role of soil microorganisms in the decomposition of
organic matter, it has increasingly been recognised that micro-
organisms also facilitate soil C sequestration through anabolic
processes (Wieder et al. 2013; Zhu et al. 2022). Therefore, the C
use efficiency (CUE) of soil microorganisms, defined as the effi-
ciency of microorganisms in converting organic C inputs to bio-
mass C, has been recognised as a critical indicator of microbial
anabolism related to soil C sequestration (Tao et al. 2023). Thus,
an accurate quantification of the responses of microbial CUE to
global changes is therefore critical for the prediction of microbial
involvement in the formation, transformation and stabilisation
of soil C under various environmental stimuli.

Soil microorganisms not only utilise exogenous C from plant litter
for their growth but also endogenous C from soil organic matter.
Microbial CUE is divided into two categories based on its C source:
microbial exogenous CUE (CUE,,) and microbial endogenous
CUE (CUE,). Microbial CUE__ is measured using the stable *C
isotope labeling approach, which tracks the incorporation of exog-
enous C into microbial phospholipid fatty acids (Brant et al. 2006).
Notably, microbial CUE,, gradually declines as the substrate is
consumed and can also confound the C absorbed into cells with
the C bound to biomass (Geyer et al. 2019). In contrast, microbial
CUE,_, is quantified without substrate addition using *O-labelled
water. This approach is based on the incorporation of 80 from
180-labelled water into microbial DNA during cell growth and
then uses a DNA/microbial biomass carbon (MBC) ratio to calcu-
late the MBC formed and compares that to total CO, production
to calculate microbial CUE,, (Spohn et al. 2016). This technique
assumes that water is the only source of oxygen required for mi-
crobial growth. It is important to distinguish between CUE_, and
CUE,,, as traditional biogeochemical models often assume a fixed
or temperature-dependent microbial CUE without accounting for
these differences (Allison et al. 2010). It remains unclear whether
the magnitudes and spatial patterns of microbial CUE,, and
CUE,, are consistent due to differences in the quality of exogenous
and endogenous C.

Global changes have been shown to impact microbial CUE
by altering the stability and resilience of microorganisms
(Cavicchioli et al. 2019; Zhang et al. 2022). Specifically, warm-
ing stimulates microbial activities, resulting in an energy distri-
bution shift that prioritises respiration over microbial growth.
Consequently, microbial CUE, and CUE,_ tend to decrease with

increasing temperature (Allison et al. 2010; Ruan et al. 2023).
However, the long-term effects of continuous warming on mi-
crobial CUE_, and CUE_, remain uncertain due to the “ther-
mal adaptability” of microbial growth and respiration (Dove
et al. 2021). Drought reduces soil water availability, limiting the
diffusion and uptake of exogenous C by microbes. This leads
to increased respiration relative to microbial growth, lowering
microbial CUE,, (Herron et al. 2009). Conversely, drought pro-
motes microbial absorption of exogenous C to sustain growth,
resulting in increased CUE, (Tiemann and Billings 2011).
The responses of microbial CUE to nutrient inputs are elusive
because theoretically N and P inputs tend to make microbes
allocate more assimilated C to biomass synthesis and increase
microbial CUE (Liu et al. 2025). However, some studies actu-
ally showed that nutrient inputs led to increased soil microbial
activity, resulting in accelerated microbial decomposition and
decreased CUE in decomposer communities (Hu et al. 2022;
Luo et al. 2020). These conflicting results indicate that the
individual and partially contradictory outcomes caused by
global changes have led to uncertainties regarding their over-
all impacts on microbial CUE. Therefore, understanding the
magnitudes and directions of microbial CUE_, and CUE_ re-
sponses to global changes is critical for better comprehending
microorganism-mediated soil C cycling.

Assessing the effect sizes of driving factors on microbial CUE
provides precise insights into soil C dynamics under global
changes. Microbial CUE is influenced by extrinsic (e.g., cli-
matic and edaphic properties) and intrinsic (e.g., microbial
communities) factors (Widdig et al. 2020; Zhang et al. 2022).
Inconsistencies in prior studies may result from site-specific
climate, soil properties and microbial communities. Low arid-
ity indices favour exogenous carbon decomposition, which
sustains microbial respiration and decreases microbial CUE_,
(Cao et al. 2019). Conversely, high aridity indices (above 0.65)
enhance microbial extracellular enzyme activities, facilitat-
ing endogenous carbon decomposition through hydrolysis or
oxidation, which further reduces microbial CUE_, (Conant
et al. 2011). Soil pH significantly influences microbial commu-
nity structure. Alkaline soil results in a faster decomposition
rate of soil organic matter, releasing more organic acids than
acidic soil. Microorganisms exposed to exogenous C input must
produce new reverse transporters or alter their metabolism to
accommodate extra organic acids, negatively affecting micro-
bial CUE,, (Barberan et al. 2017). Soil acidification increases
cation exchange capacity, disrupting microbial cell structures
and enzyme functions while weakening microbial assimilation
capacities (Auger et al. 2013). Additionally, soil microorgan-
isms must balance organic C uptake for biomass production
and respiration and absorb adequate nutrients to meet basic life
needs, maintaining the reduced power and energy required for
metabolic processes (Miiller et al. 2021). Consequently, to fully
comprehend the factors driving microbial CUE_, and CUE_ in
response to ecosystem changes on a global scale, it is crucial to
integrate previous experimental findings conducted under dif-
ferent environmental conditions.
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While many studies have investigated microbial CUE responses
to environmental changes, a comprehensive global analysis re-
mains lacking. To address this gap, 213 paired microbial CUE_,
and 155 paired microbial CUE_, datasets were integrated and
analysed in a meta-analysis to assess the impacts of global
change factors on microbial CUE. The objectives of this study
were to (1) determine the global spatial patterns of microbial
CUE_, and CUE_,, (2) quantify the magnitude and direction of
microbial CUE_ and CUE_ responses to global changes and (3)
identify the key biological and abiotic factors influencing micro-
bial CUE,, and CUE, under global changes. Achieving these
goals is expected to provide a theoretical foundation for improv-
ing soil C sequestration and reducing greenhouse gas emissions
mediated by microorganisms in response to global changes.

2 | Materials and Methods
2.1 | Database Collection

To examine the impacts of global change factors on microbial
CUE, we compiled a comprehensive dataset by surveying peer-
reviewed literature published until December 2024 from the Web
of Science (http://apps:webofknowledge.com), Google Scholar
(https://scholar.google.com), and China National Knowledge
Infrastructure (CNKI, http://www.cnki.net/). Search keywords
included “microbial carbon use efficiency” and various global
change factors such as warming, elevated temperature, elevated
carbon dioxide, drought, precipitation, fertilisation, land use,
plant invasion, etc. To minimise publication bias, the following
criteria were adopted: (a) Microbial CUE had to be reported for
0-30cm soil. (b) The experiment had to use a pairwise design,
with both control and at least one global change factor treat-
ment. (c) The control and treatment plots had to be established
under the same abiotic and biotic conditions. (d) When the same
research results were presented in multiple publications, only
one representative data pair was selected. (¢) The mean micro-
bial CUE could be extracted from figures or tables.

Two approaches were employed to estimate microbial CUE: the
13C-labelled substrate approach (microbial CUE_) and the '*O-
labelled water approach (microbial CUE, ). Additionally, the ex-
tracellular enzyme-based stoichiometric model was not included,
as it did not directly capture specific C partitioning. Due to limited
data, the incorporated global change factors encompassed warm-
ing, drought, N input, P input, NP input, NPK input and C input.

In total, 368 paired microbial CUE data were collected, compris-
ing 213 paired microbial CUE_ and 155 paired microbial CUE_
Additional information gathered encompassed latitude, longi-
tude, climate, plant properties, soil properties, microbial prop-
erties and experimental conditions. Climate data included mean
annual temperature (MAT), mean annual precipitation (MAP)
and aridity index. Plant attributes covered net and gross primary
productivity. Soil properties included pH, bulk density, cation
exchange capacity, texture (sand, silt, clay), SOC and total nitro-
gen (N). Microbial properties included MBC, growth rate, res-
piration rate and phospholipid fatty acid content. Experimental
conditions involved nutrient input rates, experimental duration,
warming temperature, water stress intensity, substrate number,
incubation time and temperature.

2.2 | Data Preparation

Data presented in the figures were extracted using Getadata
Graph Digitizer 2.26 (http://getdata-graph-digitizer.com). The
MAT, MAP and aridity indices were directly recorded from pa-
pers or extracted from WorldClim (https://worldclim.org/). Most
studies were concentrated in three regions (Figure la): East
Asia, North America and Western Europe. The experimental
sites were situated in the latitude range of —33.93° to 68.35° and
the longitude range of —93.39° to 150.66°. The MAT, MAP and
aridity indices range from —3.30°C to 23.20°C, 281.00mm to
1938.00mm, and 0.20 to 3.52, respectively. Soil properties were
obtained directly from literature or the Harmonised World Soil
Database v 1.2 (HWSD). The nutrient input rate (presented as g
kg~! soil in laboratory incubations) was converted to kg ~tha=!
yr~! after correcting for soil bulk density. Detailed site data on
climate and soil texture are shown in Supporting Information
Table S1.

To comprehensively examine the impacts of climate, vegeta-
tion, soil properties and experimental conditions on effect sizes,
we grouped the data into categories based on various criteria.
Experimental sites were categorised in two ways: first, based on
MAT into cool (< 10°C) and warm (> 10°C) zones (Bai et al. 2019);
second, based on aridity indexes into semi-arid (<0.65, includ-
ing semi-arid and dry sub-humid) and humid (>0.65) zones
(Zhou et al. 2023). Net primary productivity was classified as
low (<400g C m~2yr ), medium (400-800g C m~2yr!) and
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FIGURE1 | Location of sites and the distribution of microbial exoge-
nous carbon use efficiency (CUE,,) and endogenous carbon use efficien-
cy (CUE,)) in this meta-analysis. (a) Spatial distribution of experimental
sites. (b) Box plots of microbial CUE under control and global change
treatments. (c) Linear relationship between microbial carbon use effi-
ciency (CUE) without global changes and absolute latitude. Solid lines
within the box plots represent medians. The bottom and top edges of the
boxes represent the 25th and 75th percentiles, respectively.
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high (>800g C m~2yr™!). Initial SOC was categorised as poor/
low (<12gkg™) and moderate/rich (>12gkg™), while initial
soil pH was classified as acidic (<6), neutral (6-8) and alkaline
(>8) (Du et al. 2020). The experimental incubation duration to
measure CUE was grouped as short-term (<2days), medium-
term (2-7 days) and long-term (> 7days) (Zhou et al. 2023).

2.3 | Meta-Analysis

The natural log of the response ratio (In (RR)) and inverse vari-
ance weight were utilised to assess the effects of global change
factors on microbial CUE. The calculation of In (RR) was calcu-
lated as follows:

RR=Y/Y. @
Ln(RR) = Ln(Y,) — Ln(Y,) ®)

where Y, and Y, represent the means of microbial CUE under
global change factors and control, respectively.

In cases of heterogeneity between treatments (p<0.05 and
I>>50%), a random effects model was applied for analysis; oth-
erwise, a fixed effects model was employed. When literature
provided only a standard error (SE), it was converted into a stan-
dard deviation (SD) using the following equation:

SD =SE x \/n ®

For datasets with missing SD (35%) data, it was derived from
the mean by the coefficient of variation for all datasets (Cai
et al. 2021).

The variance (V) of Y was calculated as follows:

SD;  SD?
V= + @

nthZ n.Y?2

where SD_ and SD, represent the SD of microbial CUE under
global change factors and control, respectively, while n, and
n, represent sample numbers for microbial CUE under global
change factors and control, respectively.

To assign a greater weight to entries with lower variance, the
weighting factor (W;;) was calculated for individual comparisons
between the control and treatment (where i=1, 2, ..., m; j=1, 2,
..., ki), with m being the number of groups (e.g., the global change
factors) and ki being the number of comparisons in group i. W,
was calculated using the following equation:

1
e T —
AT ®)

To identify significant differences in effect sizes, the SEof RR
and the 95% confidence interval (CI) were calculated as follows:

m k;
Zi:l 2]:1 WinRij
k;
2121 Zj:l vVij

RR,, = (6)

1
S(RR,,)=  [————
( ) eril ij;l u/ij (7)

+1.96S(RR,,) (8)

95%CI=RR,, +
If the 95% CI does not overlap with zero, the effect of global
change factors on microbial CUE was considered significant.

The percentage change in soil microbial CUE effect size was cal-
culated using the following formula:

Effect size = (e®*+~ — 1) X 100% )

2.4 | Statistical Analysis

To ensure the data quality, the normality of effect sizes of global
change factors on microbial CUE was tested for Gaussian distri-
bution before data processing (Supporting Information Figure S1).
Effect sizes were calculated using MetaWin 2.1 software (https://
www.metawinsoft.com). Before the analyses, some factors were
not considered to avoid autocorrelation. Specifically, the aridity
index was adopted to represent climate instead of MAP. SOC was
used as an indicator of soil fertility rather than soil total N. Silt plus
clay content (soil fine particles) was employed as an indicator of
soil texture instead of considering sand, silt and clay content. Biotic
and abiotic factors were classified into five groups (climate, plant,
experimental conditions, soil properties and soil microbial indi-
ces). Stepwise regression was performed to select factors in each
group using the “fastDummies” package version 1.6.3 in R version
4.2.2. Finally, eleven variables (MAT, aridity index, net primary
productivity, soil pH, SOC, soil fine particles, soil cation exchange
capacity, MBC, microbial growth rate, microbial respiration rate
and incubation time) were retained for subsequent random forest
analysis. The “randomForest” package was used to quantify the
effect of each predictor variable on the effect sizes (Hao et al. 2021).

3 | Results

3.1 | Global Spatial Patterns of Microbial CUE_,
and CUE,  Without Global Changes

The median microbial CUE_ was 0.30 (ranged widely from
0.01 to 0.89), while the median microbial CUE,, was 0.33
(ranged widely from 0.01 to 0.77, Figure 1b). The global mi-
crobial CUE_, and CUE_, exhibited contrasting patterns with
absolute latitude (Figure Ic). Specifically, microbial CUE,,
decreased with absolute latitude (trending towards colder eco-
systems), whereas microbial CUE, increased with absolute
latitude (p <0.05).

3.2 | The Effects of Global Changes on CUE
and CUE_

Global changes decreased microbial CUE_, by 5.6% and increased
microbial CUE_ by 0.8% (Figure 1b). Specifically, warming, P, NP
and NPK inputs decreased microbial CUE_ by 3.6%, 17.1%, 10.0%
and 5.3%, respectively. Conversely, drought increased microbial
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CUE,, by 7.9% (Figure 2a). In contrast, N and NPK inputs elevated
microbial CUE_ by 25.5% and 43.1%, respectively, whereas warm-
ing, drought and C input reduced microbial CUE_ by 16.5%, 14.3%
and 32.1%, respectively (Figure 2b).

(a) CUE,, (b) CUE,,
Warming - o 3 27+ ] E 54
Drought] . e16} ° 12
N input- —.?A— 58t i A 42
P input - } 55¢ v‘; 13
NP input; —— | 18} 4 14
NPK input i 6f i »12
C input —é)— 3 & E 8

-30 -15 6 15 -30 (I) 30 60

Effect size (%) Effect size (%)

FIGURE 2 | Effects of global change factors on microbial exoge-
nous carbon use efficiency (CUE
ficiency (CUE,,,
non-significant effects of global change factors on microbial CUE, re-
spectively. Error bars are 95% ClIs. Sample sizes are indicated on the
right side. N, P and K represent nitrogen, phosphorus and potassium
deposition, respectively. Plant inv. means plant invasion. C input means

a) and endogenous carbon use ef-

ex’

b). Filled and open symbols reflect significant and

carbon input.

The effects of global changes on microbial CUE_, and CUE_,
exhibited opposite trends (Figure 3). In cool regions, global
changes decreased microbial CUE,, by 4.2% but increased
CUE,, by 8.2%. Similarly, in semi-arid sites, microbial CUE_,
declined by 9.8%, whereas CUE rose by 7.0%. In carbon-rich
soils, global changes reduced CUE,, but enhanced CUE_,. The
effect sizes of microbial CUE,, also diminished with higher
soil pH and cation exchange capacity, while those of microbial
CUE,, increased. Furthermore, microbial CUE_ decreased by
7.4%, whereas CUE_ increased by 6.0% in soils with fine parti-
cles exceeding 50%.

3.3 | Predicted Driving Factors of Global Changes
on Microbial CUE_, and CUE_

The results of random forest analysis revealed that the aridity
index was the strongest predictor of the effect sizes of global
changes on microbial CUE_, (Increase in mean squared error
(%IncMSE) of 10.9%), followed by soil pH (7.1%) and cation ex-
change capacity (5.4%) (Figure 4a). For microbial CUE_ under
global changes, the most important predictors were microbial
respiration rate (18.3%) and microbial growth rate (16.2%), fol-
lowed by MBC (13.9%) (Figure 4b). Effect sizes of global changes
on microbial CUE_ increased with the aridity index, while ef-
fect sizes decreased with soil pH and cation exchange capacity
(Figure 4c-e). Effect sizes of global change factors on micro-
bial CUE_, were positively correlated with MBC and microbial
growth rate, but negatively correlated with microbial respiration
rate (Figure 4f-h).

(a) CUE,, (b) CUE,,
MAT I Cool- : 106 ; 85
(C) Warmq & lr ________________ 107 o 1I70
Aridity index Sez'u::g | - e 12? 4 s 1‘1%
______________ M. noNS... | RPN, . SO .
PP <400+ | 83 , 27
(@Cm2yrly | 400-800- . 92 : 83
>8001 o | S 8| ... o R 45
socC <121 o 134 Y | 54
(gkg™) | >12{ ® . 1£] s ® 101]
Acidic- | 43 77
Soil pH Neutral 1 : 157 : 64
Alkaline{ ——&—— L ¢ I @ 14
Soil fine particles <50 —— 39 o 65
(%) > 50+ * 174 I 90
Soil CEC <40{ © P % o . 58
(cmol kg™ > 40+ | 117 I 97
o Short{ T o T I T @ 113]
Incubation time Mid 4 ® 5| @ ; 32
(@ Long - e 110 o 10

-0 0 10 20 20 -10 0 10 20

Effect size (%)

Effect size (%)

FIGURE3 | Effects of climate, plant, experiment and soil chemical properties predictors on microbial exogenous carbon use efficiency (CUE,, a)

and endogenous carbon use efficiency (CUE,,

b). The climate category encompasses mean annual temperature (MAT) and aridity index. The plant

category includes net primary production (NPP). The experiment category involves incubation time. Soil chemical properties include soil organic

carbon (SOC), soil pH, soil fine particles (silt plus clay) and soil cation exchange capacity (CEC). Error bars are 95% CIs. Sample sizes are indicated
on the right side. MAT was classified as cool (< 10°C) and warm (> 10°C). The aridity index was classified as semi-arid (<0.65) and humid (> 0.65).
Soil pH was classified as acidic (< 6), neutral (6-8) and alkaline (> 8). Incubation time was classified as short (<2days), mid (2 <time <7days) and

long (> 7days).
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FIGURE4 | Relative effects (%) of climate, plant, experimental approach, soil properties and microbial indices on microbial exogenous carbon use

efficiency (CUE,,, a) and endogenous carbon use efficiency (CUE, ,

b) under global changes. Linear relationship between Ln(RR) of microbial CUE,

X

and the aridity index (c), soil pH (d) and soil cation exchange capacity (CEC, e). Linear relationship between Ln(RR) of microbial CUE_ and effect
size of microbial respiration rate (f), microbial growth rate (g) and MBC (h). Predictors include parameters of climate, plant, experiment, soil chemi-
cal properties and soil microorganisms. Climate includes mean annual temperature (MAT) and aridity index. Plant includes net primary production
(NPP). The experiment includes incubation time. Soil chemical properties include soil organic carbon (SOC) content, pH, fine particles (silt plus clay
particles) and CEC. Soil microorganisms include MBC, microbial growth rate and microbial respiration rate. The asterisk represents the significant

impact of predictors on microbial CUE, with * and ** representing significance levels at p <0.05 and p <0.01, respectively. IncMSE represents the

increase in mean squared error. The regression line is significant at levels p <0.001.

4 | Discussion

4.1 | The Opposite Global Spatial Patterns
of Microbial CUE_, and CUE_

Our findings revealed that the microbial CUE,, and CUE_
were 0.30 and 0.33, respectively. This is similar to the average
microbial CUE value (0.35) reported by Zhang et al. (2024),
but both are lower than previously reported parameters
(0.6, Figure 1b) (Manzoni et al. 2012). This indicates that
the microbial CUE values used in C kinetic models may be

overestimated, likely due to insufficient consideration of mi-
crobial nutrient limitations in natural ecosystems (Sinsabaugh
et al. 2013). Nutrient limitation can lower CUE by uncoupling
catabolism and anabolism through energy spillover pathways
and by increasing the production of extracellular enzymes
and polysaccharides (Russell and Cook 1995). Additionally,
recalcitrant C sources, shaped by stochastic oxidative and
condensation reactions in the environment, may further re-
duce CUE by raising the costs of extracellular and intracellu-
lar catabolism (Blagodatskaya and Kuzyakov 2008). Notably,
microbial CUE,, decreased with increasing absolute latitude
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(from 22.83° to 68.35°), while CUE, exhibited the opposite
trend (Figure 1c). Conventionally, biogeochemical models
represent microbial CUE as a constant value or a function of
temperature, and this simplification overlooks the spatial and
substrate-specific variability in CUE (Manzoni et al. 2012).
For instance, Steinweg et al. (2008) documented a reduction
of approximately 0.009 in microbial CUE for every 1°C rise in
temperature. Similarly, Allison et al. (2010) incorporated this
linear correlation between microbial CUE and temperature
into their microbial-enzyme model. Specifically, the failure to
distinguish between the utilisation efficiencies of exogenous
and endogenous carbon in current models may lead to inac-
curacies in predicting soil carbon dynamics. However, our
results question the notion that microbial CUE remains con-
stant or diminishes linearly with temperature in biogeochem-
ical models. Incorporating the dynamic changes in CUE_,
and CUE_, into models would not only capture microbial re-
sponses to environmental changes more accurately but also
improve simulations of soil carbon cycling. This enhancement
is crucial for increasing the reliability of carbon cycle predic-
tions under future climate change scenarios.

The observed global trends of microbial CUE_ aligned with
the assumptions of previous models, potentially due to the
facilitation of organic matter decomposition and enhanced
respiration at higher temperatures, resulting in diminished
CUE,, at lower latitudes (Liu et al. 2019; Razavi et al. 2017).
The decline in microbial CUE_, with absolute latitude may be
ascribed to two underlying mechanisms. Firstly, microbial
communities in high-latitude regions often entered dormancy
owing to low temperatures. Microbial growth rates were con-
tingent on the availability of organic matter and nutrients
within the soil matrix, and the introduction of exogenous
carbon could alleviate carbon limitation in microorganisms
(Joergensen and Wichern 2018). This stimulus could reacti-
vate dormant soil microbial communities, elevate their met-
abolic respiration rates and consequently reduce microbial
CUE,, (Blagodatskaya and Kuzyakov 2013). Secondly, exog-
enous organic materials typically possessed higher carbon-
to-nitrogen ratios compared to soil organic matter. Soils in
high-latitude regions generally had lower available nitrogen
levels than those in low-latitude regions. When exogenous or-
ganic materials were introduced into the soil, microorganisms
may have preferentially decomposed soil organic matter to
access nitrogen. This process could have inhibited the assimi-
lation of exogenous carbon by soil microorganisms and subse-
quently decreased microbial CUE,, (Mason-Jones et al. 2018;
Zhou et al. 2022). Overall, our findings emphasised that the
contrasting spatial patterns of microbial CUE, and CUE_,
should be considered in biogeochemical models to enhance
the accuracy of soil C dynamics predictions.

4.2 | Global Changes Diminished Microbial CUE
While Enhancing CUE_

Warming reduced both microbial CUE_, and CUE_ , whereas
drought increased CUE,, and decreased CUE, (Figure 2).
Wang et al. (2021) documented the negative effects of warm-
ing on microbial CUE and attributed this phenomenon to
climate-induced changes in plant-soil-microbial interactions.

Physiologically, microbial respiration is thought to be more
temperature-sensitive than microbial growth, and higher
temperatures may increase maintenance costs and en-
ergy demands, ultimately reducing microbial CUE (Allison
et al. 2010; Manzoni et al. 2012). A recent study has indicated
that the reduction in microbial CUE associated with MAT is
primarily driven by microbial growth rather than respiration
(Ren et al. 2024). Our findings support this conclusion by
demonstrating that warming resulted in decreases in the mi-
crobial growth rates (Supporting Information Figure S2). Soil
moisture is critical in regulating the osmotic potential and sub-
strate diffusion, ultimately affecting microbial growth, dor-
mancy and mortality (Schimel et al. 2007). Generally, drought
would reduce the utilisation of C and energy resources to syn-
thesise organic osmolytes, which disrupt the water potential
in microbial cells and lead to cell damage (Simon et al. 2020).
This slows down or even stops microbial growth, while respi-
ration processes continue (Sinsabaugh et al. 2013). Drought
leads to a faster increase in microbial respiration compared to
microbial growth, resulting in a decline in microbial CUE_|
(Figure 3 and Supporting Information Figure S2). Meanwhile,
drought increases the fixation and adsorption of extracellu-
lar enzymes, which reduce their efficacy or completely de-
activate them, and decrease organic matter decomposition
(Alster et al. 2013). Under drought conditions, exogenous C
inputs provide energy sources for originally starved microor-
ganisms, promoting their absorption of exogenous C for suf-
ficient growth and resulting in an increase in CUE,, (Ullah
et al. 2021).

We also observed a consistently negative impact of nutrient in-
puts on microbial CUE (Figure 2a). Firstly, the exogenous nu-
trient inputs combined with exogenous C may have increased
the abundance of bacteria that preferentially decompose simple
C substrates, leading to further decomposition of exogenous lit-
ter by microorganisms to sustain their respiration requirements
(Guillaume et al. 2016). Secondly, N and NPK inputs altered
microbial activity and decreased microbial biomass by 17% and
19%, respectively (Supporting Information Figure S2). These
factors may have resulted in reduced uptake and utilisation of
labelled exogenous C by microorganisms, decreasing microbial
CUE,,. Conversely, N and NPK inputs significantly increased
microbial CUE_ (Figure 2b), aligning with previous studies that
demonstrated microbial CUE_ increases with higher levels of
soil available nutrients (Widdig et al. 2020; Zhang et al. 2022).
Exogenous nutrient inputs enhance soil nutrient availability,
allowing microbes to direct more energy towards synthesising
their biomass instead of producing enzymes for nutrient acqui-
sition (Liu et al. 2025). However, P and NP inputs had no signif-
icant effects on microbial CUE_, likely due to the irrelevance
of microbial phosphatase activities to microbial CUE, (Morris
et al. 2022). The interactions between N and P inputs inhibited
soil N oxidase ability in converting C compared to N input alone
(Widdig et al. 2020). Furthermore, N input escalated microbial
growth by decreasing the relative abundance of metabolism-
related microbial genes; however, N combined with P input at-
tenuated this effect (Leff et al. 2015) (Supporting Information
Figure S2). Taken together, our results emphasise the different
roles of global changes on microbial CUE_, and CUE_ and rec-
ommend that these findings be incorporated into biogeochemi-
cal models to more accurately predict the soil carbon cycle.
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4.3 | Microbial CUE,, and CUE,, Regulated by
Different Factors

Our findings indicated that climate and soil chemical properties
were the primary regulators of microbial CUE_, under global
changes (Figures 4a and 5). The aridity index emerged as the
most critical factor determining microbial CUE,,. Although ex-
ogenous C provided energy for microorganisms, microbial res-
piration was more temperature-sensitive than microbial growth
under high temperatures and drought (Frey et al. 2013). Soil
drought induced by warming also reduced soil available water,
thereby limiting the ability of microorganisms to absorb exoge-
nous C by constraining its migration and diffusion (Manzoni
et al. 2012). Our additional findings, which showed that the effect
of N, P and NPK inputs on microbial CUE_, increased with the
drought index, highlighted the critical role of drought in influ-
encing CUE_, (Supporting Information Figure S3). Furthermore,
soil pH and cation exchange capacities were found to play essen-
tial roles in determining microbial CUE,, under global changes.
The response of microbial CUE, to these changes decreased
with higher soil pH and cation exchange capacities (Figure 4d,e).
At higher soil pH levels, exogenous C decomposes more rapidly,
releasing additional organic acids. Microbes need to synthesise
new reverse transport proteins or alter their metabolism to adapt
to the increased production of organic acids, which results in

greater consumption of organic C allocated for energy production
(Barberan et al. 2017). Additionally, alkaline soil can adversely af-
fect microbial diversity and bacterial populations, thereby reduc-
ing the utilisation of exogenous C (Wang et al. 2018) (Figure 3).
While soil cation exchange is crucial for nutrient cycling and
plant growth, high levels can increase harmful metal ions, such
as AI3*, which are toxic to microbial cell structures and enzymes,
thereby reducing microbial CUE , (He et al. 2021).

Unlike microbial CUE,,, CUE, was dominated by microbial prop-
erties (Figures 4b and 5). It is directly controlled by intrinsic micro-
bial characteristics, particularly their growth rate, respiration rate
and microbial biomass C (Hu et al. 2022). The effect sizes of global
changes on microbial CUE_ increased with the microbial growth
rate and decreased with the microbial respiration rate (Supporting
Information Figure S3). Microbial DNA synthesis is a critical pro-
cess underpinning cell division and growth and thus plays a piv-
otal role in determining CUE_ (He et al. 2024). DNA replication
requires significant energy and resources, including nucleotides
and associated enzymes, which are derived from carbon sources
within microbial cells (Qu et al. 2020). This process represents a
substantial portion of carbon allocated towards biomass synthe-
sis, directly influencing CUE,, (Cavicchioli et al. 2019). Another
important aspect is the role of microbial diversity and functional
traits in determining CUE, (Anthony et al. 2020). High microbial
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ribonucleic acid. Soil CEC represents soil cation exchange capacity. Respiration means microbial respiration rate. Growth means microbial growth

rate. MBC represents microbial biomass carbon. The grey horizontal arrow represents absolute latitude. Red and blue long triangles at the bottom

illustrate the changes in microbial CUE,, and microbial CUE_ with absolute latitudes, respectively.
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diversity can buffer environmental stress by promoting functional
redundancy, ensuring that essential processes such as DNA synthe-
sis and respiration are maintained (He et al. 2024). Environmental
factors, while important, exerted their effects on CUE, primarily
through indirect pathways. For example, drought or temperature
stress can alter microbial activity and community composition,
reducing growth rates or shifting metabolic strategies (Tian
et al. 2024; Zheng et al. 2019). However, these changes are ulti-
mately mediated by the biological responses of microorganisms.
Overall, understanding the respective major controls of microbial
CUE,, and CUE_, is essential for comprehensively understanding
CUE and predicting C cycling.

4.4 | Potential Uncertainties and Future Research
Directions

The present study underscored the significance of global
changes in the regulation of microbial CUE_ and CUE_.
However, the methods and environmental variables employed
in this research were not devoid of uncertainties. One major
issue was that the 13C-labelled substrate and '80-labelled water
techniques captured different aspects of microbial metabolism,
which led to significant differences in microbial growth and
CUE. While dual labeling (*3C and '®0) methods have been used
to study the priming effects of soil C, there remains a need to ex-
plore the relationships between microbial CUE_, and microbial
CUE,, using dual labeling methods. Furthermore, the complex-
ity of microbial CUE responses to global changes poses another
challenge, which varies depending on substrate concentrations,
types, incubation times and other factors. The standardisation
of substrates used in microbial uptake studies could help to re-
duce the variability of microbial CUE measurements. Future
research should focus on elucidating the responses of microbial
CUE to interactions between different global change factors.

5 | Conclusions

This study found contrasting spatial patterns in microbial
CUE,, and CUE_: microbial CUE,, decreases and microbial
CUE,, increases with absolute latitude. Therefore, biogeochem-
ical models should consider these opposite spatial patterns to
precisely represent the responses of microorganisms to various
carbon sources. Additionally, decreased precipitation led to
greater microbial CUE,, and reduced microbial CUE_ , while
nutrient inputs decreased microbial CUE,, and N and NPK
inputs increased microbial CUE_ . The aridity index, soil pH
and soil cation exchange capacity regulate microbial CUE_,,
whereas the microbial respiration rate, growth rate and biomass
carbon regulated microbial CUE, . These findings may assist in
identifying optimal scenarios and driving factors for improving
microbial CUE, while providing new insights into enhancing
biogeochemical models to more accurately predict soil carbon
cycling under global changes.
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