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Microbial carbon use efficiency (CUE), the proportion of sub-
strate carbon that soil microorganisms assimilate for growth out
of total uptake, is an important parameter affecting soil organic
carbon (SOC) (Tao et al. 2023). Although CUE decreases as more
carbon is used for respiration, the relationships between CUE
and SOC are variable. For example, Wang et al. (2021) reported
a positive relationship between CUE and SOC along a forest
transect in eastern China, whereas CUE was negatively related
to SOC across six temperate forests in USA (Craig et al. 2022).
Since CUE can effectively integrate changes in soil microbial
community composition and physiology, this parameter has
been increasingly incorporated into models to represent micro-
bially mediated SOC dynamics (Tao et al. 2023). However, poor
understanding of the relationship between CUE and SOC, as
well as the factors driving this relationship (e.g., temperature),
may result in unrealistic predictions of SOC (Luo et al. 2024).

There are two competing hypotheses regarding how micro-
bial metabolic pathways drive the relationships between CUE
and SOC. First, a higher CUE suggests a stronger ability for
SOC sequestration due to increased microbial biomass forma-
tion and associated necromass accumulation (Liang, Schimel,
and Jastrow 2017; Wang et al. 2021). Second, a higher CUE is
often accompanied with larger microbial metabolic activity,
which will stimulate SOC decomposition due to the enhanced
energy and nutrient requirements (Allison, Wallenstein, and
Bradford 2010). There are increasing debates on these two

competing hypotheses, which have contributed to advancing
the understanding of CUE and its relationship with SOC (Tao
et al. 2023). Here, we provide three emerging issues that can
help understanding the relationships between CUE and SOC
(Figure 1).

First, CUE can be estimated by several methods, including
13/14C labeling, 180-H,0 labeling, stoichiometric models, cal-
orespirometry, and metabolic flux analysis. However, various
methods are usually based on different concepts, assump-
tions, and microbial processes, likely leading to uncertain-
ties on understanding CUE and its relationship with SOC.
For example, Tao et al. (2023) revealed a positive relationship
between CUE and SOC at a global scale without considering
the CUE estimation methods. However, when their results are
categorized by various CUE estimation methods, there was a
negative relationship between CUE and SOC calculated using
the stoichiometry model and a positive relationship for stud-
ies using labeling (He et al. 2024). Based on the assumptions
of the stoichiometric model, soil microorganisms will likely
invest more resources (e.g., the production of extracellular en-
zymes) to acquire nutrients in relatively C-rich environments,
resulting in a negative relationship between CUE and SOC
(He et al. 2024). In contrast, the labeling methods consider
microbial biomass production as a proxy for microbial growth,
likely leading to a positive correlation between CUE and SOC
since a greater microbial biomass typically supports more
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FIGURE1 | Three fundamental uncertainties to explore the relationships between carbon use efficiency and soil organic carbon. In the upper
left section, the red solid line indicates a significant positive relationship, the blue solid line indicates a significant negative relationship, and the gray
dashed line indicates a non-significant relationship. In the remainder of the figure, the red single (or double) arrows indicate positive effects, the
blue single (or double) arrows indicate negative effects, and the gray arrows indicate uncertain effects. CUE, carbon use efficiency; SOC, soil organic

carbon.

microbial residues in SOC (Wang et al. 2021). Furthermore,
a significant positive relationship between CUE and SOC was
observed under '¥14C labeling rather than *0-H,O labeling
methods (Luo et al. 2024). This is because extra 1¥14C sub-
strate addition is more likely to trigger increased microbial
biomass than 130 substrate. Therefore, understanding the lim-
itations of various CUE estimation methods can be beneficial
in examining the relationships between CUE and SOC.

Second, the relationship between CUE and SOC displays diver-
gent patterns and is influenced by different factors across var-
ious temporal, spatial and biological scales, complicating their
relationships.

i. Regarding temporal scales, CUE is a dynamic metric
that responds within days or weeks to rapid changes in
environment (Allison, Wallenstein, and Bradford 2010).
For instance, Ren et al. (2024) showed responses of CUE
to temperature gradients within a one-day incubation.
Conversely, it may take years to document significant
changes in SOC, such as the stabilization of microbial
necromass within soil aggregates or its association with
minerals (Liang, Schimel, and Jastrow 2017). Hence,

short-term variations in CUE may not necessarily reflect
the long-term changes in SOC.

ii. Across spatial scales, the relationships between CUE and
SOC depend on the stabilization of microbial residues with
minerals via adsorption, occlusion, and aggregation (He
et al. 2024). Indeed, soil mineral traits usually define the
upper limit for mineral-associated organic carbon stocks
and play more important roles than CUE in determining
SOC dynamics across spatial scales.

iii. Regarding the biological scales, SOC is the balance of
plant-derived carbon inputs and microbially-mediated
decomposition. Plant carbon inputs can directly produce
low molecular weight compounds (e.g., root exudates) or
be indirectly converted into low molecular weight com-
pounds through extracellular enzymes for SOC formation,
which operates independently of microbial transforma-
tion (Liang, Schimel, and Jastrow 2017). For example, ex-
perimental warming and nitrogen addition significantly
changed SOC content by altering net primary productivity,
while CUE remain constant (Knorr et al. 2024). Therefore,
plant productivity has been suggested as a more significant
factor than CUE in explaining SOC dynamics.
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Third, the relationships between CUE and SOC are becoming
more complicated under climate change. Knorr et al. (2024) re-
ported that warming decreased SOC content, but the effect of
warming on CUE was still under debate due to the differing
temperature sensitivities of microbial growth and respiration
(Ren et al. 2024). Moreover, numerical simulations revealed
that the relationships between CUE and SOC were largely de-
pendent on the relationships between CUE and temperature
(Luo et al. 2024). In addition, long-term warming or nitrogen
deposition could suppress CUE by reducing substrate quality, as
the decomposition of low-quality substrates requires more en-
ergy. In return, low-quality substrates may shift microbial com-
munities towards K-strategists, which may increase CUE (Ren
et al. 2024). Altogether, climate change may affect the substrate
quality and microbial communities in unpredicted ways, com-
plicating the relationships between CUE and SOC.

To better understand the relationships between CUE and SOC,
we recommend three potential solutions. (i) CUE estimation
methods, including experimental procedures and relevant termi-
nologies, should be standardized to facilitate the wider compar-
ison across studies. It is essential to understand the advantages
and disadvantages of the various methods before choosing the
appropriate method for individual studies. New techniques for
more accurate CUE estimations are also required. (ii) A better
understanding of specific SOC pools that are more responsive
to environmental changes, such as soil necromass or labeled
SOC compositions, will help reveal the relationships between
CUE and SOC. For example, by using microbial biomarkers and
isotope labeling techniques (Craig et al. 2022), researchers will
likely offer insights into the role of CUE on SOC variations across
temporal scales. (iii) Enhancing the understanding of CUE in
terms of the depth and breadth of temporal resolutions (e.g.,
high-frequency and long-term measurements), various spatial
scales (e.g., various ecosystems, climate zones, and soil depths)
and multi-factor climate change simulation experiments (e.g.,
experimental warming, nitrogen addition and precipitation ma-
nipulation), will help elucidate the relationships between CUE
and SOC across a range of biotic and abiotic variables.

In many current models, higher CUE was hypothesized to cause
SOC accumulation. However, SOC may or may not increase
with increasing CUE, highlighting the large uncertainties in
these models. For example, a negative relationship between CUE
and SOC was found in a microbial-enzyme model, where a de-
crease in CUE was associated with a reduction in microbial bio-
mass and extracellular enzymes, leading to an increase in SOC
(Allison, Wallenstein, and Bradford 2010). Given the complexity
of the various microbial metabolic pathways involved in CUE, it
might be useful to consider the measurable components of CUE
as the core framework in future models, like microbial respira-
tion and growth. In addition, the interaction between various
microbial metabolic processes and environmental variables can
be characterized by kinetics, which can help reveal the changes
in CUE and its relationship with SOC. The huge databases de-
rived from the recent advancements in metagenomics and probe-
based technologies may provide unique opportunities to develop
an alternative parameter for CUE. For example, the temperature
sensitivity of CUE is positively correlated with the abundance of
functional genes associated with labile carbon components de-
composition, while it is negatively correlated with the abundance

of functional genes related to recalcitrant carbon decomposition,
as determined by metagenomic sequencing (Ren et al. 2024). In
addition, to better understand CUE variations and their driving
factors, models can be designed with CUE as an output that is
constrained by the observational data, which may offer another
opportunity to better reveal the relationships between CUE and
SOC (Allison 2025). From this standpoint, more paired observa-
tions on CUE and SOC can help optimize the model parameters,
ultimately enhancing the robustness of the model predictions.

In summary, there are still large uncertainties on the relation-
ships between CUE and SOC across (1) different CUE estimation
methods, (2) various temporal, spatial and biological scales, and
(3) multiple climate change scenarios. These uncertainties call for
further efforts to re-examine the relationships between CUE and
SOC to better represent microbial processes in the current model-
ling frameworks. In particular, developing advanced estimation
methods and model simulations for CUE requires interdisciplin-
ary research that involves extensive collaboration among mathe-
maticians, soil microbiologists, ecologists, and modelers.

Author Contributions

Jiacong Zhou: conceptualization, funding acquisition, visualization,
writing — original draft, writing — review and editing. Yiqi Luo: con-
ceptualization, writing — review and editing. Ji Chen: conceptualiza-
tion, funding acquisition, methodology, project administration, writing
- original draft, writing - review and editing.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data sharing is not applicable to this article as no new data were created
or analyzed in this study.

References

Allison, S. D. 2025. “Rethinking Microbial Carbon Use Efficiency in
Soil Models.” Nature Climate Change 15: 1-3. https://doi.org/10.1038/
$41558-024-02217-6.

Allison, S. D., M. D. Wallenstein, and M. A. Bradford. 2010. “Soil-
Carbon Response to Warming Dependent on Microbial Physiology.”
Nature Geoscience 3, no. 5: 336-340. https://doi.org/10.1038/ngeo846.

Craig, M. E., K. M. Geyer, K. V. Beidler, et al. 2022. “Fast-Decaying Plant
Litter Enhances Soil Carbon in Temperate Forests but Not Through
Microbial Physiological Traits.” Nature Communications 13, no. 1: 1229.
https://doi.org/10.1038/s41467-022-28715-9.

He, X.J.,E. Abs, S. D. Allison, et al. 2024. “Emerging Multiscale Insights
on Microbial Carbon Use Efficiency in the Land Carbon Cycle.” Nature
Communications 15, no. 1: 8010. https://doi.org/10.1038/s41467-024-
52160-5.

Knorr, M. A., A. R. Contosta, E. W. Morrison, et al. 2024. “Unexpected
Sustained Soil Carbon Flux in Response to Simultaneous Warming and
Nitrogen Enrichment Compared With Single Factors Alone.” Nature
Ecology & Evolution 8: 2277-2285. https://doi.org/10.1038/s41559-024-
02546-x.

Liang, C., J. P. Schimel, and J. D. Jastrow. 2017. “The Importance of
Anabolism in Microbial Control Over Soil Carbon Storage.” Nature
Microbiology 2: 17105. https://doi.org/10.1038/nmicrobiol.2017.105.

30f4

85US017 SUOWIWIOD BA RSO 3(deal|dde 3y} Aq peusenob a/e 9 VO ‘SN 0 S9IN1 10} A%eIqIT BUIUO /B UO (SUOPUOD-PLIE-SWBHALID A8 | WA I 1 [BUUO//StIY) SUORIPUOD PUe W 1 38U 89S *[5202/20/80] U0 ARiqITauluo AB|im ‘AiseAun [puod Aq L4002 GoB/TTTT OT/I0p/w00 A3 1M Afeiq1Bul|Uo//SANY WOy papeojumoq ‘g ‘G202 ‘9872S9ET


https://doi.org/10.1038/s41558-024-02217-6
https://doi.org/10.1038/s41558-024-02217-6
https://doi.org/10.1038/ngeo846
https://doi.org/10.1038/s41467-022-28715-9
https://doi.org/10.1038/s41467-024-52160-5
https://doi.org/10.1038/s41467-024-52160-5
https://doi.org/10.1038/s41559-024-02546-x
https://doi.org/10.1038/s41559-024-02546-x
https://doi.org/10.1038/nmicrobiol.2017.105

Luo, Z. Y., J. N. Ren, S. Manzoni, and S. Fatichi. 2024. “Temperature
Controls the Relation Between Soil Organic Carbon and Microbial
Carbon Use Efficiency.” Global Change Biology 30, no. 9: e17492. https://
doi.org/10.1111/gcb.17492.

Ren, C. J., Z. H. Zhou, M. Delgado-Baquerizo, et al. 2024. “Thermal
Sensitivity of Soil Microbial Carbon Use Efficiency Across Forest
Biomes.” Nature Communications 15, no. 1: 6269. https://doi.org/10.
1038/s41467-024-50593-6.

Tao, F., Y. Y. Huang, B. A. Hungate, et al. 2023. “Microbial Carbon Use
Efficiency Promotes Global Soil Carbon Storage.” Nature 618: 981-985.
https://doi.org/10.1038/s41586-023-06042-3.

Wang, C., L. R. Qu, L. M. Yang, et al. 2021. “Large-Scale Importance
of Microbial Carbon Use Efficiency and Necromass to Soil Organic
Carbon.” Global Change Biology 27, no. 10: 2039-2048. https://doi.org/
10.1111/gcb.15550.

4 0f 4

Global Change Biology, 2025

85US017 SUOWIWIOD BA RSO 3(deal|dde 3y} Aq peusenob a/e 9 VO ‘SN 0 S9IN1 10} A%eIqIT BUIUO /B UO (SUOPUOD-PLIE-SWBHALID A8 | WA I 1 [BUUO//StIY) SUORIPUOD PUe W 1 38U 89S *[5202/20/80] U0 ARiqITauluo AB|im ‘AiseAun [puod Aq L4002 GoB/TTTT OT/I0p/w00 A3 1M Afeiq1Bul|Uo//SANY WOy papeojumoq ‘g ‘G202 ‘9872S9ET


https://doi.org/10.1111/gcb.17492
https://doi.org/10.1111/gcb.17492
https://doi.org/10.1038/s41467-024-50593-6
https://doi.org/10.1038/s41467-024-50593-6
https://doi.org/10.1038/s41586-023-06042-3
https://doi.org/10.1111/gcb.15550
https://doi.org/10.1111/gcb.15550

	Dilemmas in Linking Microbial Carbon Use Efficiency With Soil Organic Carbon Dynamics
	Author Contributions
	Conflicts of Interest
	Data Availability Statement
	References


