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Abstract
Changes in soil carbon source availability induced by exogenous carbon input
not only directly influence microbial participation in carbon cycling processes of
terrestrial ecosystems, but also constrain microbial demand for other nutrient
elements. Against the backdrop of global change characterized by continuously
increasing atmospheric nitrogen deposition, significant alterations in ecosystem
nitrogen nutrient conditions have emerged in some regions, even leading to ex-
cessive accumulation of reactive nitrogen in soils, which consequently enhances
microbial demand for carbon sources. Artificial regulation of carbon source
availability to ameliorate microbial carbon limitation holds extremely signifi-
cant implications for scientifically enhancing the carbon sequestration capacity
of terrestrial ecosystems. This review synthesizes relevant research findings from
domestic and international studies concerning the effects of exogenous carbon in-
put on soil carbon emissions, litter decomposition, and soil carbon pools, as well
as the primary microbial mechanisms involved, aiming to provide references for
scientifically and effectively enhancing ecosystem carbon sink potential under
future scenarios of continuously increasing nitrogen deposition.
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Abstract
External carbon input to soil influences the availability of carbon substrates and
microbial carbon cycling, as well as microbial utilization of other nutritional
elements in terrestrial ecosystems. With globally increasing nitrogen deposi-
tion, the nitrogen content of soils in some regions has changed significantly and
now exceeds microbial demand, leading to increased need for available carbon.
Therefore, artificial regulation of available carbon sources might be essential for
relieving microbial carbon limitation and improving carbon sequestration capac-
ity of terrestrial ecosystems. This paper reviews previous studies concerning the
influences of external carbon input on soil carbon emission, litter decomposition,
soil carbon pools, and the functional microbial mechanisms in these processes.
This work will provide a reference for improving the carbon sink capacity of
terrestrial ecosystems under future scenarios of continuous nitrogen deposition
increase.
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1. Effects of External Carbon Input on Terrestrial Ecosys-
tem Carbon Cycle
Soil microorganisms are the drivers and regulators of key soil carbon cycling
processes. In addition to directly causing increases in microbial biomass and
activity, external carbon input can improve soil microenvironments by altering
soil physical and chemical properties such as bulk density and soil texture, en-
hancing water retention, and increasing the supply of other nutrient elements
required by plants. These changes indirectly affect microbial life activities and
their participation in carbon cycling processes such as soil organic matter min-
eralization and litter decomposition.
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1.1 Effects of External Carbon Input on Soil Carbon Emissions

Soil respiration represents the primary pathway for soil carbon loss to the at-
mosphere. Studies have shown that increased carbon input exerts a priming
effect on soil respiration. Reported research results indicate that adding simple
carbon compounds such as glucose, cellulose, and sucrose, as well as complex
compounds including organic manure, straw, and litter, all significantly increase
soil respiration rates. Moreover, soil respiration rates gradually increase with
the amount of carbon input. Compared with complex carbon compounds, sim-
ple carbon compounds are more readily utilized by microorganisms, resulting
in more rapid increases in soil respiration.

Nottingham et al. comprehensively evaluated and compared the differential ef-
fects of sucrose and leaf litter as carbon sources on forest soil respiration, con-
cluding that due to differences in substrate utilization ease, soil respiration rates
in sucrose-amended treatments were significantly higher than those with leaf lit-
ter addition. The duration of effects also varies among different carbon sources:
simple carbon compounds influence soil respiration rates for relatively short pe-
riods (2–70 days), while litter and straw contain not only simple compounds
but also complex carbon compounds that provide sustainable carbon sources
for decomposers, resulting in longer-lasting priming effects on soil respiration.

Chemidlin-Prévost-Bouré et al. found that in a French deciduous forest ecosys-
tem, the priming effect of litter addition on soil respiration could last for an
entire year, with annual average soil respiration rates increasing by 31% com-
pared to the control. Regarding the effects of addition frequency with equal
carbon input amounts, Duong et al. examined the impacts of different wheat
straw addition frequencies on soil respiration in the understory of arid regions
in southern Australia. When equal amounts of straw were added in 2, 4, or
8 applications versus a single addition, cumulative CO2 release increased by
57%, 82%, and 98%, respectively. Some studies have also shown that increased
addition frequency of oxalic acid and catechol as external carbon sources leads
to increased soil CO2 emissions. One explanation suggests that soils contain
considerable amounts of easily mineralizable organic carbon, and multiple or
frequent carbon additions continuously accelerate the consumption of this pool.
Another interpretation holds that because different microorganisms have vary-
ing abilities to decompose soil organic carbon, frequent carbon addition leads to
rapid growth of microorganisms that can decompose these substrates or causes
shifts in soil microbial community structure, thereby increasing soil respiration.

Seasonal variation in the effects of external carbon input on soil respiration has
been documented. Studies by Wang Bingwen et al. in winter wheat fields with
corn straw addition, Wang Jinsong et al. in pine plantations, Wang Guangjun
et al. in Chinese fir plantations, and Crow et al. in forests at the Andrews
Experimental Forest in the USA all demonstrated that the influence of increased
carbon input on soil respiration shows obvious seasonal patterns. Differences in
soil respiration rates between treatments with added carbon and controls are
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greater during peak growing seasons than during non-growing seasons. However,
in forest ecosystems, some studies have shown that the significance of differences
in soil respiration flux between double litter addition treatments and controls is
not affected by seasonal changes, likely due to variations in forest plant types
and litter species used in experiments.

Regarding effects on environmental factors related to soil respiration, research
indicates that adding plant stems and leaves as litter to the soil surface blocks
heat exchange between soil and atmosphere, thereby reducing the impact of ex-
ternal environmental changes on soil respiration. Wang Guangjun et al. found
that in Chinese fir plantations, double litter addition treatments lowered soil
temperature in the surface layer and reduced the temperature sensitivity coef-
ficient (Q10) of soil respiration compared to controls, consistent with findings
from studies on pine plantations in China, coniferous forests in the USA, and
deciduous forests in France. Some studies have also found that double litter
addition treatments significantly increased soil moisture compared to controls.
Since soil moisture regulates root and microbial physiological processes as well
as the diffusion of microbial substrates and oxygen, increased carbon input can
directly or indirectly affect soil respiration intensity through its influence on soil
moisture.

In summary, increased carbon input directly and indirectly affects soil respira-
tion, and the duration of priming effects varies depending on carbon source type
and addition method. Although numerous studies have examined the priming ef-
fects of carbon input on soil respiration, controversy remains regarding whether
short-term or long-term carbon addition increases terrestrial ecosystem carbon
emissions. Further exploration of the underlying mechanisms of external carbon
effects on soil respiration is necessary to better support theoretical frameworks
for carbon emission reduction and carbon sequestration in terrestrial ecosystems.

2. Effects of External Carbon Input on Litter Decomposi-
tion
Litter plays a crucial role in maintaining soil nutrient pools, regulating ecosys-
tem energy flow and nutrient cycling, and influencing primary productivity. Its
quantity and decomposition rate also affect soil organic matter formation and
changes in plant nutrient demand and soil carbon emissions. Since litter de-
composition rate is constrained by microbial activity, carbon input regulation
of microbial activity inevitably influences litter decomposition.

Studies have shown that the effects of increased carbon input on litter decompo-
sition rates can be positive, negative, or neutral. These varied responses partly
result from competition for nutrients between microbial groups that primarily
utilize easily decomposable organic carbon (r-strategists) and those that decom-
pose complex structural organic carbon (K-strategists). In boreal coniferous
forests, the mineral soil layer and litter contain large amounts of lignin and
humic acid that are not easily utilized by microorganisms, with K-strategist
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microbial communities dominating. When labile carbon sources are added ex-
ternally, the activity and decomposition capacity of K-strategists for litter can
be suppressed or weakened.

Chigineva et al. studied the response of litter decomposition rate to carbon
addition in a Moscow spruce forest, finding that sugar treatment altered fun-
gal communities and significantly reduced litter decomposition rate. Kuzyskov
et al. also found that in fertilized grasslands with high nutrient content, the
addition of labile carbon sources like glucose promoted rapid increases in mi-
crobial activity and competitive ability for nutrients, thereby accelerating litter
decomposition. The different responses to external carbon input depend on the
availability of the carbon source and the content of other nutrient elements it
contains. Sayer et al. found that double litter treatment increased microbially
available nutrients, thus accelerating decomposition.

Litter decomposition is an important pathway for carbon exchange between
plant and soil carbon pools and largely determines soil microbial community
composition. Its decomposition rate not only affects carbon transfer from litter
to soil but also influences soil carbon input rates. When increased carbon input
promotes litter decomposition, it inevitably affects soil carbon storage. How-
ever, whether this ultimately increases soil carbon stocks remains uncertain and
requires comprehensive analysis combined with responses of original soil organic
carbon mineralization and decomposition. Strengthening research on these pro-
cesses and their microbial mechanisms is crucial for scientifically evaluating and
predicting changes in terrestrial ecosystem carbon sequestration capacity under
future global change scenarios.

3. Effects of External Carbon Input on Soil Carbon Pools
Soil carbon pools represent the largest carbon storage reservoir in terrestrial
ecosystems but are also a major source of atmospheric CO2. The relationship
between carbon input and soil organic carbon is critical to ecosystem carbon
balance. Regarding the effects of carbon input quality, plant stem and leaf car-
bon sources promote mineralization of soil organic carbon. Under laboratory
incubation conditions, carbon addition increases mineralization rates of origi-
nal soil organic carbon and decreases total organic carbon content. Fontaine
et al. examined the effects of cellulose addition on grassland soil total carbon
content, finding that when 13C-labeled cellulose was added to soil, organic car-
bon decomposition accelerated, releasing large amounts of CO2 derived from
unlabeled carbon sources, and total soil organic carbon content decreased by
1.3%.

Nottingham et al. conducted laboratory simulations using sucrose, corn straw
fragments, and corn leaves as carbon inputs, obtaining consistent results on
the effects of different carbon sources on soil organic carbon. The reductions
in organic carbon following addition of corn straw fragments and corn leaves
accounted for 3.3% and 0.9% of total organic carbon, respectively. However,
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other studies have shown that under field conditions, adding plant stem and leaf
carbon sources such as corn straw and millet straw increases soil organic carbon
content, particularly in the surface layer. Tian Shenzhong et al. examined the
effects of straw return on soil organic carbon in wheat fields, finding that soil
organic carbon content was higher in straw-amended soils than in non-amended
soils during different wheat growth stages, with the most significant increase in
the 0–10 cm layer.

The different effects among experiments are attributed to laboratory incubations
isolating soils from normal external carbon input, causing the carbon source con-
sumed by microbial activity to come entirely from soil organic carbon. Regard-
ing the effects of equal carbon input amounts at different addition frequencies,
Qiao et al. examined how different glucose addition frequencies affect tropical
and subtropical forest soil organic carbon. Under equal glucose input condi-
tions, small frequent additions reduced the priming effect compared to single
large additions while maintaining microbial demand for labile carbon sources,
preventing excessive carbon input from being completely respired by microor-
ganisms and thus facilitating accumulation of added carbon in soil. Tenua et
al. compared the effects of applying organic manure twice annually (spring and
autumn) versus a single spring application. Three years of observations showed
that CO2 emissions from the twice-yearly treatment were significantly lower
than from the single-application treatment. Under conditions of equal carbon
source amounts, small frequent additions not only benefit accumulation of added
carbon in soil but can also compensate for carbon lost through priming effects.

Active organic carbon is extremely sensitive to environmental changes and can
reflect subtle soil changes before total organic carbon shows variation, serving
as an early warning indicator for soil carbon pool dynamics and representing
organic carbon that is more readily utilized by microorganisms. Whether simple
carbon compounds like glucose or complex compounds such as straw and litter,
carbon input directly or indirectly increases soil active organic carbon content.
In agroecosystems, straw return significantly increases active organic carbon in
the 0–20 cm soil layer and increases the proportion of active organic carbon to
total organic carbon. In forest ecosystems, studies by Nadelhoffer et al. and
Hamer et al. found that double litter treatments significantly increased soil
dissolved organic carbon (DOC) content compared to controls.

From existing research, due to differences in experimental environmental con-
ditions and the inherent availability of different carbon sources, the effects of
carbon source availability on soil organic carbon content vary. Under natu-
ral conditions, carbon input from straw and organic manure can increase soil
organic carbon content, but addition amounts should be appropriate to avoid
offsetting carbon sequestration benefits. Small frequent additions represent an
ideal approach for increasing soil organic carbon content.
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4. Effects of External Carbon Input on Soil Microbial Char-
acteristics
Carbon source availability is a primary environmental factor directly limiting
soil microbial activity and biomass changes. External carbon input not only di-
rectly affects soil carbon source availability but also indirectly influences micro-
bial quantity and community structure by altering soil environment and physical
structure.

Regarding effects on microbial biomass, after adding simple carbon compounds
like glucose and cellulose, soil microbial biomass and activity generally increase.
Part of the increased CO2 emissions comes from mineralization of original soil
organic carbon, while another portion derives from decomposition of added car-
bon sources. Fontaine et al. used incubation methods to explore responses of
grassland soil organic matter decomposition to glucose addition in three dif-
ferent management systems, finding that significant increases in soil microbial
biomass caused obvious changes in soil organic matter decomposition rates. Us-
ing substrate-induced respiration methods to measure soil microbial biomass,
Nottingham et al. found that when glucose input amounts were high, glucose-
induced acceleration of soil organic matter decomposition was directly and pos-
itively correlated with changes in soil microbial activity.

Due to differences in the availability of complex carbon sources like plant straw
and organic manure, their effects on soil microbial biomass also differ. Yan
et al. found that long-term straw or manure addition significantly increased
microbial biomass in Jiangsu paddy soils. Li et al. studied the effects of litter
on coniferous and secondary forests in northeastern Puerto Rico, also finding
important influences of litter on soil microbial quantity and activity. Rinnan et
al. examined forest ecosystem litter addition experiments, showing that while
total microbial biomass did not change significantly with litter addition, the
proportion of Gram-positive bacteria increased. Sirra-Pietikäinen et al. studied
responses of Finnish coniferous forest soil microorganisms to organic manure,
finding changes in bacterial community composition but no significant changes
in total microbial biomass or bacterial biomass.

The different responses of soil microbial biomass to external carbon input are
partly due to different microbial communities having different carbon utiliza-
tion capacities, leading to increases or decreases in specific community numbers
after carbon input. Another reason is that the availability of added carbon
sources may be lower than that of original soil organic matter, resulting in no
obvious changes in microbial biomass. Kuzyskov et al. examined the effects
of glucose and plant residues on organic matter mineralization in two grassland
soils in southwestern England, finding that the availability of external carbon to
microorganisms determines microbial responses to carbon input. Under equal
carbon input conditions, glucose decomposition rates were higher than plant
residue decomposition rates.

Besides simple, easily decomposable carbon compounds, litter in the early de-
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composition stage contains high amounts of cellulose and other easily decom-
posable carbon compounds. Small frequent addition methods can continuously
maintain high levels of available carbon sources for soil microorganisms, promot-
ing increases in microbial biomass and activity. Wang Yikun et al. studied agro-
forestry ecosystems, finding that under equal litter addition conditions, small
frequent addition treatments resulted in higher microbial biomass than single
addition treatments, with higher net organic carbon mineralization cumulative
amounts because different microbial communities have different carbon source
metabolic capacities.

Regarding effects on microbial community composition: Kathleen et al. used
carbon labeling techniques to study glucose effects on permanent grassland soil
microorganisms, finding that fungal community numbers differed significantly
between early and late stages after glucose addition, while bacterial community
numbers remained stable. The fungal-to-bacterial ratio increased significantly,
indicating that fungal communities have stronger metabolic capacity for low-
molecular-weight carbon compounds than bacterial communities. Reischke et
al. studied the effects of different glucose addition amounts on soil bacteria
and fungi, finding that when glucose addition was below 4 mg C per gram of
soil, bacterial biomass increased, but when input exceeded 10 mg per gram of
soil, fungal biomass increased at a rate significantly exceeding that of bacterial
biomass. This demonstrates that when external carbon enters soil, the quantity
and activity of microorganisms capable of utilizing that carbon change, poten-
tially altering microbial community structure.

Falchini et al. studied the effects of glucose, oxalic acid, and glutamic acid ad-
dition on Italian grassland microorganisms, finding that bacteria specialized in
decomposing oxalic acid and glutamic acid increased in number and that bacte-
rial community composition changed. Hamer et al. found in forest ecosystems
that double litter treatments altered soil bacterial community structure, and
these changes affected soil respiration. Brant et al. comprehensively analyzed
microbial community changes in the Andrews Experimental Forest, concluding
that different microbial metabolic capacities for glucose, oxalic acid, and phenol
in litter were the main reasons for the significant increase in fungal-to-bacterial
ratios under double litter treatments. Chemidlin-Prévost-Bouré et al. found
that in simulations with equal carbon amounts but different input methods,
small frequent additions promoted increases in specialized decomposer micro-
bial numbers, leading to changes in soil microbial community composition.

Some studies have found that straw addition significantly altered microbial com-
munity composition, with different addition frequencies (2 times vs. 4 times) pro-
ducing different community structures. Hamer et al.’s simulation of different
oxalic acid and catechol inputs on forest microbial communities also supported
this conclusion. However, other research found that double litter addition had
no effect on forest soil microbial community structure, possibly because the
availability of added carbon was lower than that of native carbon sources, re-
sulting in slow microbial metabolism and relatively slow growth of microbial
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communities that decompose recalcitrant carbon, making community changes
less obvious.

Changes in microbial community composition induced by external carbon input
inevitably affect microbial participation in soil respiration, litter decomposition,
and other carbon cycling processes. Creamer et al. concluded from incubation
studies of Australian woodland soils that increased soil respiration from litter
addition was mainly caused by changes in microbial community composition
with different carbon decomposition capacities. Based on the above research,
the availability of input carbon sources and microbial selectivity in carbon uti-
lization affect the direction and magnitude of microbial quantity and community
composition responses to changes in carbon availability. The effects of different
carbon source types at the same research site, and the same carbon source in dif-
ferent regions or ecosystems with different background microbial compositions,
show considerable variation, adding complexity to research in this area.

Outlook
Carbon source availability is not only crucial for microbial life activities and
key terrestrial ecosystem carbon cycling processes but also plays an important
regulatory role in ecosystem nutrient element cycles like nitrogen. Changes
in soil carbon availability induced by external carbon input inevitably affect
these ecosystem processes. Although some reports exist on external carbon
effects on terrestrial ecosystem carbon cycling, the mechanisms of action on soil
respiration priming, litter decomposition, and other carbon cycling processes
remain unclear. The residence time of carbon sources in soil and their effects
on microbially available substrates and other nutrient cycling processes require
further exploration. Under global multi-factor coupled change scenarios, how
carbon availability changes affect ecosystem carbon cycling processes represents
an urgent scientific question.

Given current research status, future studies should focus on:

1. In-depth exploration of mechanisms: Investigate the primary mech-
anisms of external carbon input in microbially mediated ecosystem car-
bon cycling processes, and examine contributions to ecosystem net pri-
mary productivity and responses of microbial community structure and
functional characteristics. Although some studies exist on soil respira-
tion priming effects, uncertainty remains regarding whether increased CO2
emissions mainly come from added carbon or native soil organic carbon
decomposition, creating a bottleneck for understanding how microorgan-
isms utilize and allocate input carbon and its mechanisms in ecosystem
carbon cycling. Meanwhile, research on external carbon effects on net
primary productivity is relatively scarce, preventing scientific assessment
of contributions to ecosystem carbon source-sink dynamics.

2. Long-term studies under global change: Conduct long-term exper-
iments on how carbon availability regulates ecosystem nutrient element
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dynamic cycling balance under global change scenarios. Carbon availabil-
ity changes affect microbial carbon demand balance, thereby regulating
other nutrient cycling processes. Continuous global nitrogen deposition
increases have led to accumulation of reactive nitrogen in soils and changes
in microbial substrate quality, inevitably disrupting microbial carbon de-
mand balance. Future research should combine ecological stoichiometry
and microbiology theory with field control experiments and laboratory
incubations to systematically monitor microbial dynamic responses to car-
bon availability changes. This will provide theoretical references and data
support for scientifically reasonable artificial regulation of carbon avail-
ability under global change scenarios.

3. Optimization of carbon input strategies: Explore appropriate car-
bon source types and input thresholds. When input carbon meets mi-
crobial carbon demand, excess external carbon will be consumed through
microbial heterotrophic respiration. Excessive carbon input not only in-
creases soil carbon emissions but also fails to achieve long-term improve-
ment of soil carbon availability. Exploring scientifically sound input meth-
ods and quantities for different carbon sources, especially highly labile
carbon sources, is scientifically and practically important for effectively
avoiding increased greenhouse gas emissions that offset positive carbon
sequestration effects.
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