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with metabolic quotient. Higher N levels resulted in higher 
microbial biomass and SOC-derived microbial biomass 
than lower N levels. These results suggest that the decline 
in the PE under high N availability was mainly controlled by 
higher microbial metabolic efficiency which allocated more 
C for growth. Structural equation modelling also revealed 
that microbial metabolic efficiency rather than enzyme 
activities was the main factor regulating the PE. The nega-
tive effect of additional N suggests that future N deposition 
could promote soil C sequestration.

Keywords  Deep soil · Priming effect · Community-level 
physiological profiling · Soil enzyme activity · Microbial 
metabolic efficiency

Introduction

Deep soil below 30 cm contributes about half of the total 
carbon (C) stock in soil profiles (Rumpel and Kögel-Knab-
ner 2011). Small changes in deep soil C cycling have sig-
nificant effects on global C budgets. Labile C input could 
accelerate or inhibit the mineralization of SOC, causing 
priming effect (PE) (Kuzyakov et al. 2000). Previous studies 
have confirmed the positive PE, an increase in decomposi-
tion rates of SOC in deep soil, and its magnitude was widely 
found to be larger than that in topsoil (Wang et al. 2014a; 
Zhang et al. 2015; Tian et al. 2016).

Nitrogen (N) is an important biological element and its 
availability can mediate the magnitude and direction of the 
PE (Fierer et al. 2003; Fang et al. 2018; Hicks et al. 2019). 
However, the effects of N availability on SOC mineralization 
have been controversial, with reports of positive (de Graaff 
et al. 2006), negative (Janssens et al. 2010; Blagodatskaya 
et al. 2007) or no effects (Liljeroth et al. 1994). Multiple 
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divergent hypotheses (such as stoichiometric decomposition 
and microbial N mining limitation) have been proposed to 
explain these varied phenomena (Melillo et al. 1982; Hessen 
et al. 2004; Fang et al. 2018; Liu et al. 2020). Enhanced PE 
with the addition of N was explained by the “stoichiometric 
decomposition” theory, which assumes that microbial activ-
ity and SOC mineralization rates are both highest when C 
and N inputs correspond to the cellular and physiological 
demands of the soil microorganisms (Melillo et al. 1982; 
Hessen et al. 2004). In this case, PE is assumed to be greater 
in soils with high N availability, i.e., low C: N. The coupled 
PE and the shift of microbial activities, including enzyme 
activities, support this theory (Fang et al. 2018). In con-
trast, the declined PE with the addition of N usually has 
been explained by the “microbial N mining” theory which 
assumes that an increase in N availability will shift the 
microbial utilization of N source toward the added N, hence 
reducing the microbial activity in mining SOC (N-contain-
ing substrates in soil), and consequently reduce the magni-
tude of PE (Moorhead and Sinsabaugh 2006; Craine et al. 
2007). Changed microbial functional activities and the 
decrease of N-acquiring enzyme activities can verify this 
theory (Chen et al. 2014).

Recently, the declined PE under high N availability 
was found to be controlled by high microbial metabolic 
efficiency, but not microbial activity (Chen et al. 2018). 
Increased N availability may enhance microbial metabolic 
efficiency for energy needs and N to balance anabolic and 
catabolic reactions, and then decrease SOC mineralization 
and the magnitude of PE. Deep soil can acquire labile C 
and N from root systems and flow paths. How extra N input 
might regulate deep soil C mineralization and its potential 
mechanism are unknown. These knowledge gaps would con-
strain the prediction of deep soil C response to future global 
changes.

In order to explore the effects of N availability on the PE 
in forest deep soils, an incubation experiment was designed 
with different C: N levels. Soil microbial biomass C (MBC), 
microbial functional diversity, enzyme activities, and micro-
bial metabolic efficiency were assessed after 7 days on their 
relationships with SOC mineralization and the PE. In this 
study, we hypothesized that: (1) higher N availability could 
significantly reduce the PE; and, (2) N availability mediated 
the PE mainly by altering microbial metabolic efficiency.

Materials and methods

Soil collection

Soil samples were collected from the 30–60 cm layer in 
an evergreen-deciduous broad-leaved mixed forest located 
in the Badagongshan National Research Reserve, Hunan 

Province (29° 46.04′ N, 110° 5.24′ E) in the mid-subtrop-
ical zone. The forest is dominated by species of Fagus 
lucida Rehder & E.H. Wilson, Cyclobalanopsis multin-
ervis W. C. Cheng & T. Hong, Cyclobalanopsis gracilis 
(Rehder & E. H. Wilson) W. C. Cheng & T. Hong, Carpi-
nus viminea Lindley, Schima parviflora Cheng et Chang 
ex Chang, Sassafras tzumu (Hemsl.) Hemsl, and Castanea 
seguinii Dode. (Wang et al. 2014b). The climate is a sub-
tropical mountain humid monsoon with annual average 
precipitation of 2105 mm. Temperatures range from 0.1 °C 
in January to 22.8 °C in July, with an annual mean of 
11.5 °C. The soil is classified as a well-drained, fine-tex-
tured Hapludalf (US Soil Taxonomy Series).

The samples were homogenized, taken to the labora-
tory and passed through a 2- mm sieve. Roots and visible 
residues were removed manually and samples were stored 
in at < 4 °C until incubation. Total C and N contents were 
35.7 mg g−1 and 2.67, respectively. Soil pH was 5.0. The 
δ13C was − 25.6‰.

Experimental design and soil incubation

The incubation experiment included six treatments with 
six replicates: soil with no addition (Control), soil with 
glucose addition (C-only), soil with glucose and four N 
levels with C: N ratios of 40, 20, 10 and 2.5 (Table 1). The 
added glucose-C corresponded to 100% of soil microbial 
biomass C (MBC) based on results from soils after 5 days 
of pre-incubation. Fresh soil samples, 20 g dry weight, 
were incubated into a 250 mL triangular flask following 
adjustment of moisture to 65% water-holding capacity by 
adding deionized H2O. All samples were pre-incubated at 
20 °C for 5 days. After pre-incubation, 3 mL of the appro-
priate glucose solution (uniformly labeled, δ13C = 2000‰) 
with or without an N source (NH4NO3) was added to each 
sample. For the control, 3  mL of deionized H2O was 
added.

Table 1   Total labile C and N 
addition to the soil in the six 
treatments

Treatment Applied 
C
(mg C 
g−1 dry 
soil)

Applied 
N
(μg 
g−1dry 
soil)

Control 0 0
C-only 160 0
C:N = 40 160 4
C:N = 20 160 8
C:N = 10 160 16
C:N = 2.5 160 64
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Measurement of CO2 fluxes

Soil respiration was measured on days 0, 1, 4, 7, 13 and 
20. At each time, a 10  mL sample of headspace was 
extracted from the flask and injected into an infrared gas 
analyzer (IRGA; EGM-4, PP Systems, Amesbury, MA, 
USA) to determine initial CO2 concentration. The repli-
cates were then returned to the 20 °C incubator for several 
hours. A 10 mL sample of headspace was again extracted 
from each flask to determine the final CO2 concentra-
tion in order to calculate the respiration flux rate. When 
measuring 13C of CO2, another three replicates of each 
treatment were flushed with CO2-free air for 5–10 min 
(air through a soda-lime column) to remove CO2 in the 
flasks. The ports were then closed and flasks returned 
to the 20 °C incubator for several hours according to the 
CO2 release rate to ensure CO2 concentration reaches at 
least 400 μmol mol−1. Gas samples were collected in an 
evacuated gas vial to determine the δ13C of CO2 (Car-
bon Isotope Analyzer 912-0003, LGR, USA) to calculate 
proportionate contributions of respiration sources. At the 
end of 7 days of incubation, destructive samplings with 
three replicates were performed to determine the MBC, 
community-level physiological profiles, and soil enzyme 
activities.

Microbial biomass as well as the isotope signature 
analysis in MBC

Soil samples were divided into two 10-g fresh samples; 
one was fumigated with ethanol-free chloroform for 24 h 
followed by extraction with 0.05 mol L−1 K2SO4 after 
shaking for 30 min and the other was extracted immedi-
ately with 0.05 mol L−1 K2SO4, also shaking for 30 min. 
The extraction was then determined by TOC (Vario TOC 
Elemental, Germany).

The δ13C of the K2SO4 extract solution was deter-
mined by sodium persulfate oxidation to transform the 
liquid into gas as modified by Midwood et al. (2006) and 
Garcia-Pausas and Paterson (2011). A 10- mL water solu-
tion (fumigated and unfumigated) was added to a 250 mL 
reaction bottle and 100 μL of 1.3 mol L−1 phosphoric acid 
solution was then added to remove inorganic C. A 200 
μL of 1.05 mol L−1 sodium persulfate was then added. 
For the blank control, 10 mL ultrapure water was added, 
and the other steps were the same. The reaction bottle 
was capped, flushed with CO2-free air, heated in a 90 °C 
water bath for 30 min to promote oxidation. The gas in the 
bottle was transferred into an airbag to determine the CO2 
isotope value by the Carbon Isotope Analyzer 912–0003.

Measurement of soil enzyme activity

The activities of five enzymes, β-glucosidase (BG), 
N-acetylglucosaminidase (NAG), xylanase (XYL), cellobio-
hydrolase (CBH), and leucine aminopeptidase (LAP) were 
measured using 96-well microtiter plates (Table S1). Eight 
replicate wells per sample per assay were treated follow-
ing a modified method from Saiya-Cork et al. (2002). 1 g 
sample of fresh soil was suspended in 100 mL of a 50 mmol 
sodium acetate buffer (pH = 5), homogenized and stirred 
with a magnetic stirrer. The activities of BG, NAG, CBH, 
XYL and LAP were analyzed fluorometrically by adding 50 
μL 4-methylumbelliferyl-β-D-glucopyranoside (200 μmol 
L−1), 4-methylumbelliferyl-N-acetyl-β-D-glucosaminide 
dehydrate (200  μmol L−1), 4-methylumbelliferyl-β-D-
cellobioside (200 μmol L−1), 4-methylumbelliferyl-β-D-
xylopyranoside (200 μmol L−1) and L-leucine-7-amino-
4-methylcoumarin (200  μmol L−1) plus 200 μL of soil 
suspension, respectively. Blank wells were added 50 μL of 
acetate buffer plus 200 μL of soil suspension; negative con-
trol wells were added 50 μL of substrate solutions plus 200 
μL of acetate buffer. The quench standard wells were added 
50 μL of standard solution (10 μmol L−1 4-methylumbellif-
erone for BG, NAG, CBH and XYL or 7-amino-4- methyl-
coumarin for LAP) plus 200 μL of soil suspension. The 
black microplates were incubated in the dark at 20 °C for 
4 h. Fluorescence was measured using the microplate reader 
(M200 PRO, Tecan, Austria) with excitation at 365 nm and 
emission at 450 nm.

Community‑level physiological profiles (CLPPs) 
of microbial communities

BIOLOG Eco-Plates TM system (Biolog, Hayward, CA, 
USA) containing 31 carbon sources were used to meas-
ure the CLPPs of microbial communities to represent the 
microbial functional community. The Biolog technique is 
widely used to evaluate the functional diversity of soil 
microbial communities and is based on the principle 
that the color developments of tetrazolium dye reduction 
after the substrate utilization]. 5 g sample of fresh soil 
was added to a 50 mL 0.85% sterilized NaCl solution and 
shaken for 30 min. 1 mL suspension was taken out into 
a 1.5 mL centrifuge tube immediately. The soil solution 
was centrifuged at 10,000 rpm for 20 min, then discarded 
the supernatant. 1 mL 0.85% sterilized NaCl solution was 
added into the centrifuge tube, the solution mixed well by 
shaking on a vortex oscillator for 5 min, and then centri-
fuged at 10,000 rpm for 20 min. The process was repeated 
twice to remove the carbon source and then the superna-
tant was discarded. 1 mL 0.85% sterilized NaCl solution 
was added again, shaken on the vortex oscillator for 5 min 
and centrifuged at 2000 rpm for 1 min. 1 mL supernatant 
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was taken out and diluted 10 times with 0.85% sterile NaCl 
solution. The diluent was inoculated into each well of the 
ECO plate with 150 μL, and the inoculated ECO-plates 
was incubated at 20  °C. Absorbance was measured at 
590 nm and 750 nm with a microplate reader (Multilabel 
Plate Readers, M200 PRO, Tecan, Austria) at 12 h inter-
vals for 136 h.

Calculations

Soil CO2 efflux rates derived from native SOC during the 
incubation were calculated as:

where Ctreat(SOC) and Ctreat are the soil CO2 efflux rate derived 
from SOC (μg CO2-C g−1 soil C h−1) and total soil CO2 
efflux rate (μg CO2-C g−1 soil C h−1) in treatments with 
glucose, δ13Ctreat and δ13Ccontrol are the isotopic signature 
of the released CO2 in treatments with glucose and control 
without glucose, δ13 Cglucose is the isotopic signature of the 
glucose C added to the samples. An underlying assumption 
of this equation is that the isotopic signatures of the glucose 
and SOC are homogeneous.

During incubation, the priming effect induced by glu-
cose was calculated by comparing the SOC mineralization 
in glucose- amended samples with control samples:

where Ccontrol is CO2 emission in control without glucose 
addition.

The SOC-derived MBC was calculated according to a 
simple isotopic mixing model:

where MBCtreat(SOC) and MBCtreat are the microbial biomass 
C derived from SOC (μg g−1) and total microbial biomass 
C (μg g−1) in treatments with glucose, the δ13MBCtreat and 
δ13MBCcontrol are the δ13C value of MBC in the treatments 
with glucose and the control, respectively.

The two common parameters of microbial metabolic 
efficiency, carbon use efficiency (CUE), and metabolic 
quotient (qCO2) were calculated. CUE was estimated 
based on C: N stoichiometry (Sinsabaugh et al. 2016) fol-
lowing Eqs. (4) and (5):

(1)Ctreat(soc) = Ctreat ×

(

�
13Ctreat − �

13Cglucose

�13Ccontrol − �13Cglucose

)

(2)PE(%) =
Ctreat(soc) − Ccontrol

Ccontrol

× 100

(3)

MBCtreat(soc) = MBCtreat ×

(

�
13Cglucose − �

13MBCtreat

�13Cglucose − �13MBCcontrol

)

where SC: N is an index that represents the degree of the allo-
cation of exoenzyme activity offsets, the imbalance between 
the C and N composition of labile resources, and the compo-
sition of microbial biomass. On the basis, The KN, the half-
saturation constant was assumed to 0.5. The CUEmax was 
the maximum value of microbial growth efficiency based on 
thermodynamic constraints and was assumed to 0.6. EEAC: N 
is the ratio of exoenzyme activities that acquired C and N 
sources directly from the soils and is calculated as BG/
(NAG + LAP). BC: N is the molar ratios of MBC and MBN 
and the LC: N is the ratio of labile C and N. The qCO2 was 
estimated as the total soil CO2 efflux rate per unit of MBC.

Statistical analyses

Data are the means of three replicates with standard errors 
(SE). Duncan test was used to identify statistical differences 
among each treatment at p < 0.05. Repeated ANOVA was 
used to determine the significant difference in PE and cumu-
lative primed C along the incubation time. The effects of N 
availability on soil enzyme activities, MBC as well as PE 
were analyzed by a one-way ANOVA analysis of variance. 
The color development readings of the wells at 136 h were 
chosen to reveal the overall microbial utilization of each 
substrate. The 31 C sources were divided into six groups 
by their chemical structures: amines, amino acids, carbo-
hydrates, carboxylic acids, polymers and miscellaneous 
(Derrien et al. 2014). Principal component analysis (PCA) 
analyzed the effect of N availability on the relative substrate 
utilization patterns of soil microbial communities. Correla-
tion analysis quantified the relationships between PE and 
enzyme activities, qCO2, and CUE to reveal the underlying 
mechanisms in mediating PE. Mantel test at 999 permu-
tations was used to determine the impact of the microbial 
functional community (the relative substrate utilization of 
carbohydrates, carboxylic acids, amino acids, polymers, 
amines and miscellaneous) on PE based on Euclidean dis-
tance. ANOVA and correlation analyses were performed 
using SPSS version 21.0 for Windows. The PCA and Mantel 
tests used the “vegan” package in R version 3.5.1.

Structure equation modelling was further used to assess 
the direct and indirect effects of N availability on enzyme 
activities, microbial functional communities, microbial met-
abolic efficiency and PE. The fitness of the final model was 
evaluated using the goodness of fit. The structural equation 

(4)CUEC∶N = CUEmax ×
SC∶N

SC∶N + KN

(5)SC∶N =
1

EEAC∶N

×
BC∶N

LC∶N
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modelling analyses were conducted using the “plspm” pack-
age in R version 3.5.1.

Results

Effect of glucose and N addition on PE

Glucose addition increased SOC mineralization, leading to 
a positive PE (Fig. 1a, b). The magnitude of PE was signifi-
cantly affected by the level of N addition and by the incu-
bation time. The PE peaked once glucose was added and 
then decreased gradually with time. The magnitude of PE 
decreased significantly with increasing levels of N except 
at day 20 where the PE was similar among treatments. The 
cumulative primed C during the first 7 days accounted for 
64–82% of the primed C during the 20-day incubation 
(Fig. 1b).

Effects of glucose and N addition on soil microbial 
processes

Glucose and the addition of N significantly increased MBC 
and the SOC-derived MBC. With increasing levels of N, 
total MBC and SOC-derived MBC increased significantly 
(Fig. 2a, b).

C-only addition increased soil microbial qCO2 but had 
no effect on CUE. When N was added in combination with 
glucose, microbial qCO2 decreased. Conversely, the CUE 
increased with the level of N addition (Fig. 2c, d). C-only 
addition had no significant effect on soil enzyme activi-
ties. When N was added with glucose, the activities of the 
enzymes BG, CBH, NAG, LAP and XYL increased gradu-
ally with increasing N (Fig. 3).

PCA analysis revealed that the pattern of substrate uti-
lization by soil microorganisms was affected by the addi-
tion of glucose and N. Glucose and N addition increased the 
relative utilization of carbohydrates, carboxylic acids and 
amines. The microbial community under lower N levels 
(C-only and C: N ratio = 40) had greater relative utilization 

of carbohydrates, carboxylic acids and amino acids than 
under higher N levels. Higher N availability might improve 
the relative utilization of polymers (Fig. 4).

Effect of enzyme activities, CUE, qCO2, the microbial 
functional community on PE

There were significantly negative relationships between PE 
and enzyme activities (Table S2). The PE was negatively 
correlated with CUE and positively with qCO2 (Fig. 5a, b). 
Mantel tests showed that the PE was closely related to the 
microbial functional community (R = 0.35, p < 0.01).

Indirect and direct effects of N addition on PE

Structural equation modelling analysis was carried out to 
evaluate the mechanisms of the effects of N availability 
on PE and the main factors regulating PE. The modelling 
explained 83% of the variation in the PE (Fig. 6). Among 
the factors, only microbial metabolic efficiency showed the 
highest and most significant direct effects on PE. The soil 
microbial functional community slightly affected the PE 
through its indirect effect on microbial metabolic efficiency. 
N availability directly affected extracellular enzyme activi-
ties, the microbial functional community and its metabolic 
efficiency significantly. N availability significantly affected 
the PE through its indirect effect on microbial metabolic 
efficiency and the microbial functional community. Extra-
cellular enzyme activities had minor effects on the PE and 
microbial metabolic efficiency.

Discussion

Glucose addition increased SOC mineralization in deep soil, 
resulting in positive PE. This result is consistent with Wang 
et al. (2014a) and Naisse et al. (2015). The positive PE may 
be a result of microbial “co-metabolism” where microor-
ganisms utilize labile C as a source of energy to degrade 
SOC (Blagodatskaya and Kuzyakov 2008). Their theory 

Fig. 1   Effects of glucose and N 
addition on a priming effect and 
b cumulative primed C during 
20 days incubation. Results are 
means ± SE (n = 3). ** p < 0.01; 
* p < 0.05
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is supported in this study by the increased total MBC and 
SOC-derived MBC after glucose addition (Fig. 2a, b). Simi-
lar to previous reports (Chen et al. 2014; Zhang et al. 2019), 
PE was detected immediately following the addition of 
labile C and most occurred in the early stage of incubation. 
Once the external substrates exhausted, the magnitude of PE 
decreased. The increase of MBC after labile C addition sug-
gests that microorganisms utilize the labile C as an energy 
source to synthesize biomass (Morrissey et al. 2017). The 
results indicate that the labile C substituted for a part of the 
microbial constituents, which was regarded as apparent PE. 
This was mainly due to the accelerated microbial turnover or 
pool substitution (Blagodatskaya and Kuzyakov 2008; Bla-
godatsky et al. 2010). However, we observed the increased 
SOC-derived MBC with the addition of N, suggesting that 
the apparent PE was not the main source of PE in our study.

As expected, the addition of N decreased the magnitude 
of the PE, confirming previous findings (Wang et al. 2014a; 
Fang et al. 2018). A common explanation for the negative 
effect of N availability on PE is the “microbial N mining” 

theory which considers that microorganisms degrade SOC 
to gain N (Craine et al. 2007). Accordingly, an increase in 
N availability will reduce microbial activity in mining SOC 
(N-containing substrates in the soil) and consequently reduce 
the magnitude of PE (Chen et al. 2014). However, enzyme 
activities did not decrease at higher N levels (Fig. 3), and 
the relative utilization of N-containing substrates by micro-
organisms was similar among treatments. These results sug-
gested that the “microbial N mining” theory and the varia-
tion of microbial activities do not explain lower PE with the 
addition of N. Other mechanisms appear to be responsible 
for this phenomenon.

Interestingly, the PE was positively correlated with qCO2 
and negatively correlated with CUE. The CUE and qCO2 
were two common parameters of microbial metabolic effi-
ciency (Pinzari et al. 2017; Chen et al. 2018). Higher CUE 
and lower qCO2 values suggest that microbes allocate more 
C and energy for their growth rather than for respiration, 
then reducing CO2 efflux and PE. However, the CUE was 
difficult to measure directly. It could be estimated indirectly 

Fig. 2   Effects of glucose and N addition on a total MBC, b SOC-derived MBC, c carbon use efficiency and d qCO2 after 7 days incubation. 
Significant differences between treatments are marked by lowercase letters. Results are means ± SE (n = 3)
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Fig. 3   Effect of glucose and N addition on extracellular enzyme 
activities: a β-glucosidase (BG), b cellobiohydrolase (CBH), c xyla-
nase (XYL), d leucine aminopeptidase (LAP), e N-acetylglucosami-

nidase (NAG) after 7 days incubation. Significant differences between 
treatments are marked by lowercase letters. Results are means ± SE 
(n = 3)
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according to C and N stoichiometry of the SOC and the 
microbial biomass C and N, as well as the stoichiometry of 
extracellular enzymes (Sinsabaugh et al. 2016). Therefore, 
we used the methods to estimate the microbial CUE on the 
7th day under different N availabilities.

In this study, higher levels of N resulted in significantly 
higher CUE and lower qCO2 (Fig. 2c, d), suggesting that the 
addition of N regulated the PE by changing microbial meta-
bolic efficiencies. Recent research has demonstrated that N 
availability regulates microbial metabolic efficiency and then 

soil C cycling (Chen et al. 2018; Liu et al. 2018). Under 
N-deficient conditions, i.e., a high C: N disparity between 
the substrate and microbial biomass, microorganisms may 
reduce their CUE to maintain a balanced biomass C:N (Man-
zoni et al. 2012; Mooshammer et al. 2014; Sinsabaugh et al. 
2016). Conversely, CUE will increase under conditions of 
high N availability. The increase in MBC and SOC-derived 
MBC at higher N levels confirms that more C was allocated 
for microbial growth. Additionally, our results show that 
higher N availability promoted microbial relative utilization 
of complex C substrates towards polymers and suppressed 
the microbial relative utilization of simple C substrates 
towards carbohydrates and carboxylic acids (Fig. 6). Previ-
ous studies also demonstrate that the addition of N improves 
the microbial ability to breakdown complex C forms (Cur-
rey et al. 2010; Jiang et al. 2016). Since the use efficiencies 
of complex substrates were higher than simple substrates 
((Bölscher et al. 2016), the variation in microbial functional 
communities also possibly accounted for the variation in 
microbial metabolic efficiency with the addition of N.

Structural equation modelling further demonstrated that 
microbial metabolic efficiency was the main factor that 
regulated the PE, and enzyme activities had no effect. The 
direct effect of the microbial functional community on its 
metabolic efficiency indicates that the microbial functional 
community could indirectly affect the PE by altering its 
metabolic efficiency.

Conclusions

The results indicate that labile C input serves as an energy 
source to stimulate microbial growth and activities, which 

Fig. 4   Principal Component Analysis (PCA) of microbial substrate 
utilization pattern for glucose and N addition after 7 days incubation. 
Thirty-one substrates were separated into six groups: CH carbohy-
drates, CA carboxylic acids, AA amino acids, P polymers, AM amines, 
M miscellaneous

Fig. 5   Relationship between a priming effect and carbon use efficiency and b qCO2 after 7 days incubation
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resulted in a positive priming effect. The increased microbial 
biomass carbon (MBC) and the soil organic carbon-derived 
MBC suggest that the positive priming effect was caused by 
“co-metabolism”. Higher nitrogen availability suppressed 
the priming effect, which was positively correlated with the 
metabolic quotient (qCO2) and negatively with the carbon 
use efficiency, suggesting that the decreased priming effect 
with higher nitrogen levels was due to increased microbial 
metabolic efficiency (Fig. 7). Higher nitrogen availability 
shifted the microbial relative substrate utilization towards 

polymers. Hence, higher nitrogen availability combined with 
changes in microbial functional community structure led to 
higher microbial metabolic efficiency and consequently 
lower priming effect (Figs. 6, 7). These results emphasize 
the importance of microbial metabolic efficiency in regulat-
ing carbon dynamics and to better understanding subsoil 
carbon dynamics in the context of future nitrogen deposition 
intensification. The addition of nitrogen favors subsoil car-
bon sequestration by reducing the priming effect. However, 
further research is needed for other forest ecosystems since 
this study focused only on a subtropical mixed forest.
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Fig. 6   Structural equation modeling assessing direct and indirect 
effects of N availability on PE. Numbers adjacent to arrows indicate 
the effect size of the path coefficient; arrow width is proportional 
to the magnitude of the relationship. Black solid and dashed arrows 
indicate positive and negative relationships, respectively. Grey arrows 
indicate insignificant relationships. Significance levels are:**p < 0.01; 
*p < 0.05; ·p < 0.07. The goodness of fit was 0.61

Fig. 7   The concept showing 
the labile C addition regulating 
the PE by altering microbial 
metabolic efficiency. Blue line 
indicates altered microbial rela-
tive substrate efficiency under 
lower N availability; the red line 
indicates the same under higher 
N availability
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