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A B S T R A C T   

Organic inputs to soils can accelerate soil organic matter (SOM) decomposition via so-called priming effects, but 
at the same time microbial biomass turnover can be accelerated – that will be termed as apparent priming effect. 
However, only a few studies have been set up to quantify the contribution of extra CO2 production from apparent 
priming. Here, we labeled the microbial biomass by 14C-glucose in pre-incubation and then added labile carbon 
(C; 12C or 14C glucose) and nitrogen (N; NH4

+) in soil and incubated over 120 days to investigate the contribution 
of apparent priming to total SOM priming. After 120 days of pre-incubation, 48 % of added glucose was released 
as CO2, and 34 % of added glucose was recovered in microbial biomass. After glucose addition, microbial 
biomass and salt extractable organic C were similar between glucose and water addition. However, glucose 
addition increased the contribution of 14C-glucose to microbial biomass by 2.5-folds and to CO2 by 10-folds. This 
increased contribution of 14C-glucose indicated accelerated microbial biomass turnover by labile C. Furthermore, 
10 and 47 μg C g− 1 of previously added and incorporated into microbial biomass 14C and 12C were replaced by 
new 14C, which contributed to 10 % and 33 % of primed CO2 emissions, respectively. On the contrary, N addition 
reduced previously added 14C in both microbial biomass pool and released CO2. This may reflect that the faster 
microbial turnover contributes to microbial necromass and further to stable SOM formation. Similar total 
apparent priming (~1.5 μg C g− 1 in 120 days, mainly in the first 20 days) was observed after glucose and N 
addition, which contributed around 1–4 % of total priming. Unlike after glucose and N additions, the 14C released 
as CO2 (8 % of the remaining previously added 14C-glucose) after water addition was mainly derived from 
reutilization of microbial necromass. This was supported by the absence of changes in either the 14C or total C in 
microbial biomass. Overall, the turnover of the microbial biomass pool – the apparent priming – should not be 
ignored, since microbial biomass acts not only as a major determinant of SOM turnover but also as a C pool.   

1. Introduction 

Soil organic matter (SOM) acts as a important role in soil fertility, 
ecosystem function maintenance, and climate regulation (Jackson et al., 
2017; Lehmann et al., 2020; Liu et al., 2023). Changes in SOM decom
position following labile substrates addition (priming effects, PEs) have 
been supposed to be a considerable driver of the ability of soils to 
function as sources or sinks of atmospheric CO2 (Kuzyakov, 2010; 
Guenet et al., 2018). Priming can be separated into three parts: (i) 

apparent priming, which equals to changes in CO2 originating from the 
turnover of microbial biomass (and preferential substrate use can also 
increase the amount of CO2 released from soil without increasing rates 
of SOM-mineralization), (ii) i.e., real positive priming, and include (iii) 
real negative priming, where rates of SOM-mineralization decrease of 
following the addition of labile substrate, as microorganisms switch to 
primary feeding on labile substrate rather than SOM (Blagodatskaya and 
Kuzyakov, 2008; Bastida et al., 2019; Siles et al., 2022; Verbrigghe et al., 
2022). Typically, SOM turnover is not determined directly but as 
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alterations in CO2 efflux. Unfortunately, the original extra CO2 produced 
(primed C) could not be easily assessed, and therefore the relative 
contribution of real and apparent PEs to the overall response is difficult 
to determine. Other processes, such as accelerated microbial turnover 
may also induce alterations in CO2 efflux (Blagodatskaya and Kuzyakov, 
2008; Kuzyakov et al., 2019). Hence, it remains unclear whether 
detected PEs are real or apparent priming, or their combination under 
various conditions. Understanding the mechanistic basis of priming, 
however, is crucial for predicting how SOM stocks will respond to future 
anthropogenic perturbation and the implementation of plant-soil 
mediated climate change mitigation options. Until now, few distinct 
approaches have been proposed to quantify the source of primed CO2 
originating from apparent PEs. 

Although microbial biomass C has been proposed to be the signifi
cant origin of extra C mineralized in apparent PEs (Mason-Jones and 
Kuzyakov, 2017; Qiu et al., 2020), direct evidence is still scarce. Further, 
the rapid turnover of microbial biomass caused the accumulation of 
microbial necromass (i.e., after cell death), which is a major origin of 
stable SOM (Miltner et al., 2012; Buckeridge et al., 2020). Because of its 
heterogeneous nature, microbial necromass could serve as an available 
C source for living microorganisms and its reutilization could contribute 
to the priming of SOM decomposition (Shahbaz et al., 2017; Bore et al., 
2019). Hence, the comprehensive research of microbial biomass could 
supply new perceptions into microbial consequences in soil C dynamics. 
The addition of 13/14C-labeled low molecular weight substrate (i.e., 
glucose) or plant residues to SOM is an established method to evaluate 
the turnover of microbial biomass as well as its contribution to respired 
CO2 (Chen et al., 2014; Shahbaz et al., 2018; Zhou et al., 2022a). 
However, the PEs originating from the microbial biomass was evaluated 
as a whole since only one C source is labeled in most previous publi
cations (Mau et al., 2015; Qiu et al., 2020; Zhou et al., 2021). The ma
jority of previous studies have focused on partitioning the contribution 
of the added C from overall CO2 evolution (Shahbaz et al., 2018), but 
have failed to distinguish between CO2 evolved from the turnover of 
microbial C or SOM. This has prevented the contribution of microbial 
biomass turnover to apparent PEs from being determined (Blago
datskaya et al., 2014; Li et al., 2018; Liang et al., 2019). 

Microbial biomass turnover is affected by nitrogen (N) availability, 
since microorganisms need energy and N to balance anabolic and 
catabolic reactions (Sinsabaugh et al., 2016). Theoretically, N limitation 
caused higher C allocation to N acquisition, which subsequently reduced 
microbial turnover and inhibited microbial growth and PEs (Chen et al., 
2014). Accordingly, as N availability increases, soil microbial turnover 
would be stimulated via the reduction in C:N ratio of substrates (Finn 
et al., 2015). Taken together, agroecosystems are experiencing increased 
inputs of anthropogenically derived N, which mainly originates from 
chemical N fertilizers and is about 10-folds >100 years ago (Canfield 
et al., 2010). Therefore, understanding how N fertilization impacts mi
crobial biomass turnover and consequently PEs is becoming increasingly 
important within the context of the C budget in agroecosystems. 

Grasslands are composed of larger soil C per unit area relative to the 
global average and play a major role in the global C dynamics (Riggs and 
Hobbie, 2016). However, the C held in these soils can also turnover 
rapidly and is susceptible to decrease upon climate and management 
changes (Crème et al., 2020; Stoner et al., 2021). Since glucose is not 
sorbed by soil and is very quickly incorporated almost ubiquitously 
across the microbial community, the use of isotopically labeled glucose 
represents a good approach to labeling and tracking the dynamics of the 
microbial biomass (Jones and Edwards, 1998; Gunina and Kuzyakov, 
2015). After uptake into the microbial cell, glucose-derived C is either 
rapidly released as CO2 and becomes immobilized in living biomass 
(short-term), or ultimately enters the necromass pool (long-term) 
(Glanville et al., 2016). Thus, we aimed to quantify the contribution of 
microbial biomass C to the PEs in a grassland soil, and further to eval
uate the influence of N fertilization on apparent priming. To achieve 
this, we first pre-incubated soil with 14C-glucose for 120 days and 

followed the label recovery in the microbial biomass, salt extractable 
organic C, and CO2 efflux pool. After pre-incubation, labile C and N were 
applied to the soil and incubated for a further 120 days (inverse label
ing) to assess the impact of labile C and N addition on the turnover of 14C 
labeled microbial biomass, and consequently quantify the apparent PEs. 

2. Material and methods 

2.1. Site description and soil sampling 

Soil samples were taken from the 0 to 10 cm (Ah horizon) of a 
grassland site located at the University of Hohenheim, Germany 
(48◦43΄N, 39◦13΄E). The soil is classified as a silty loam textured Stagnic 
Cambisol (WRB, 2015). The mean annual temperature and rainfall at the 
site are 10.4 ◦C and 654 mm, respectively. After collection, the soil was 
stored in gas-permeable polyethylene bags at 4 ◦C for a maximum of 4 
weeks after sampling. Before use, the soil was homogenized and sieved 
with 2 mm, to remove fine roots and other plant residues. The soil has a 
pHH2O of 5.1, soil organic carbon of 2.1 ± 0.2 %, total N of 0.21 ± 0.01 
%, and microbial biomass of 584 mg C kg− 1 (Zhou et al., 2022b). 

2.2. Experiment design and incubation 

2.2.1. 14C-glucose addition (pre-incubation) 
Oven-dried soil (50 g) was weighed and then put into a 100-ml glass 

jar (diameter 5 cm), yielding 32 jars. The soil was maintained at 50 % of 
the water holding capacity (WHC) with distilled water, and pre- 
incubated for 7 days at 20 ◦C. The uniformly labeled 14C-glucose solu
tion was used with a radioactivity of 32 kBq ml− 1. For each jar, 352 μl 
solution was added dropwise to the soil surface using pipette to gain a 
uniform distribution. The total amount of glucose-C added corresponded 
to 20 % of the microbial biomass (120 μg g− 1 glucose-C). This amount of 
glucose is sufficient to stimulate microbial activity but insufficient to 
induce large amounts of microbial growth (Blagodatskaya et al., 2014; 
Zhou et al., 2021). After 14C-glucose addition, the glass jars were sealed 
and incubated at 20 ◦C for 4 months in the dark. The amount and rate of 
14CO2 evolution from the soil was determined by placing vials con
taining NaOH (1.0 M, 2 ml) inside the jars. During this period the jars 
were maintained in an aerated condition and the soil moisture was 
maintained at 70 % WHC throughout. After 120 days pre-incubation, 
half of the jars (16 pots) were destructively harvested to measure mi
crobial biomass C and 14C activity. 

2.2.2. Main incubation and CO2 analyses (inverse labeling) 
Following pre-incubation, a solution of either (i) distilled water 

(Control), (ii) 12C-glucose (20 % of microbial biomass C, 120 μg g− 1 

glucose-C), (iii) 14C-glucose (120 μg g− 1 glucose-C), or (iv) an N solution 
(NH4Cl; 125 μg N g− 1 soil) were added dropwise to the soil surface 
(Fig. 1). Each treatment has four replicates, totally yielding 16 jars. The 
amount of N applied in the incubation was equal to 150 kg N ha− 1, 
which is the amount of mineral N fertilizer applied to local grasslands in 
northern Germany (Zang et al., 2016), given that the bulk density and 
soil depth are 1.2 g cm− 3 and 0.1 m, respectively. Following solution 
addition, the glass jars were incubated in the dark at 20 ◦C for a further 
120 days with the soil moisture maintained at 70 % WHC throughout. 
Subsequently, an alkali traps (2 ml, 1 M NaOH) were used to absorb the 
evolved CO2 at regular intervals during the incubation. Three empty 
bottles (blanks) were used to eliminate the effects of CO2 in the atmo
sphere during incubation. The NaOH was periodically changed after 1, 
5, 9, 16, 25, 39, 55, 68, and 115 days of incubation and the solution was 
transferred to a conical flask with 2–3 washing of the vial with distilled 
water. Four glass jars for each treatment were destructively sampled at 
the beginning and end to measure soil microbial biomass C (MBC) 
concentration. 
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2.3. CO2 emission and microbial biomass 

The concentration of CO2 trapped in the NaOH solution during pre- 
incubation and inverse labeling period was determined by titration. 
Briefly, 0.5 ml NaOH solution was titrated with 0.1 M HCl using 
phenolphthalein following the addition of 0.5 M BaCl2 (Zang et al., 
2020), and the CO2 efflux was expressed as μg C g− 1 soil. Microbial 
biomass during the pre-incubation and inverse labeling period was 
measured by the chloroform fumigation-extraction method. After 
destructive sampling, the soil from the glass jars was carefully homog
enized, then 5 g soil was extracted with 20 ml of 0.05 M K2SO4 directly 
(1:5 w/v) (Vance et al., 1987; Wu et al., 1990). In parallel, chloroform 
was used to fumigate the another 5 g soil for 24 h which was then 
extracted in the same manner. The extracts of K2SO4 and non-fumigated 
samples were analyzed for total C content and salt extractable organic 
carbon (SEOC) using a 2100 TOC/TIC analyzer (Analytik Jena, Ger
many). MBC was calculated by the difference of K2SO4-extractable C 
between fumigated and non-fumigated soil samples using the KEC factor 
of 0.45. 

2.4. Analysis of 14C activity in CO2, and microbial biomass 

14C activity of NaOH traps was measured by mixing 0.5 ml of this 
solution with 2 ml of Rotiszint® eco plus scintillation cocktail (CarlRoth 
GmbH + Co. KG, Karlsruhe, Germany) and determined using a Beckman 
LS 6500 Liquid Scintillation Counter (Beckman Coulter Inc., USA). 
Before measurement, the mixture of NaOH traps and scintillation 
cocktail was thoroughly homogenized for 10 s using a Vortex Genie 2 
(Scientific Industries Inc., USA), and kept overnight. The 14C activity in 
fumigated and non-fumigated (14C-SEOC) extracts was analyzed in 5 ml 
aliquots added to 15 ml of scintillation cocktail, and determined as 
mentioned above. The 14C in the microbial biomass(14C-MBC) was 
calculated as the difference in K2SO4-extractable 14C between fumigated 
and non-fumigated soils without a correction factor (Glanville et al., 
2016; Zang et al., 2020). We assumed that newly added 14C incorporated 
into microbial biomass has the same extraction factor as the old unla
beled C in microbial biomass. 

2.5. Calculations 

In soils with water, 12C-glucose, 14C-glucose, and N addition, the CO2 
fluxes determined by titration originated from several C pools. In soil 
with water addition, the CO2 fluxes originated from soil (CO2soil) and 

previously added 14C-glucose during pre-incubation (14CO2preincubation). 
In soil with 12C-glucose addition, the CO2 fluxes included soil-derived 
CO2 (CO2soil), previously added 14C-glucose during pre-incubation 
(14CO2preincubation), and 12C-glucose-derived CO2 (CO2-12C-glucose-derived). 
In soil with 14C-glucose addition, the CO2 fluxes contained soil-derived 
CO2 (CO2soil), previously added 14C-glucose during pre-incubation 
(14CO2preincubation), and 14C-glucose-derived CO2 (CO2-14C-glucose-derived). 
In soil with N addition, the CO2 fluxes originated from soil (CO2soil) and 
previously added 14C-glucose during pre-incubation (14CO2preincubation). 

Firstly, 14CO2preincubation (μg C g− 1 soil) in soils added with water, 
12C-glucose, and N were calculated based on the radioactivity of the 
evolved 14CO2 (14Ccurr, DPM) in the corresponding water, 12C-glucose, 
14C-glucose, as well as N treatments, the amount of added glucose (C14C- 

glucose, μg C g− 1 soil), and the radioactivity of the applied glucose 
(14Cglucose, DPM) in the pre-incubation: 

14CO2preincubation =
14CO2curr × C14C− glucose

/14Cglucose (1) 

Here, we assumed that the 14CO2 was all from microbial biomass 
turnover. Therefore, apparent priming (μg C g− 1 soil) – the CO2 efflux 
originated from the microbial turnover – was calculated as the differ
ence between 14CO2preincubation from 12C-glucose and/or N, and water 
treatments. 

The amount of soil-derived CO2 in soil added with N ((CO2soil)N, μg C 
g− 1 soil) was calculated as: 

(CO2soil)N = CO2total −
( 14CO2preincubation

)

N (2) 

Secondly, the amount of glucose-derived CO2 in soil added with 14C- 
glucose (CO2-14C-glucose) was calculated based on the Eq. (1). Here should 
be noted that, CO2-14C-glucose-derived contained two parts of CO2, one 
originated from the previously added 14C-glucose in the pre-incubation, 
and the other originated from the newly added 14C-glucose in the in
verse labeling period. Since similar cumulative CO2 emission was 
observed after both 12C-glucose and 14C-glucose addition in inverse la
beling period (Fig. 1), we assumed the comparability of 14C and 12C- 
glucose addition and the suitability of our inverse labeling for three- 
source partitioning, representing (i) newly-derived microbial biomass 
pool from 12C-glucose added in inverse labeling, (ii) old-derived mi
crobial biomass pool from 14C-glucose added in pre-incubation, and (iii) 
soil-derived microbial biomass pool. 

Afterwards, the amount of soil-derived CO2 in soil added with 14C- 
glucose ((CO2soil)14C-glucose) was calculated as: 

(CO2soil)14C− glucose = CO2total − CO2soil− 14C− glucose− derived (3)  

where CO2total is the total amount of C evolved as CO2. 
The amount of soil-derived CO2 in soil added with water ((CO2soil)

water) was calculated as: 

(CO2soil)water = CO2total −
( 14CO2preincubation

)

water (4) 

The priming effect is expressed as the difference between the soil- 
derived CO2 from soil with glucose and/or N addition and CO2 from 
soil with only water addition. The glucose-induced total priming effect 
(μg C g− 1 soil) in unamended soils was then calculated as follows. 

Total priming effect = (CO2soil)treatment − (CO2soil)water (5)  

where CO2soil-treatment and CO2soil-water indicate the cumulative CO2 
efflux in glucose ((CO2soil)14C-glucose) from Eq. (3) or N-amended 
((CO2soil)N) from Eq. (2) and water-amended (control) soils, 
respectively. 

2.6. Statistical analysis 

The values shown in the figures are given as means ± standard error 
(mean ± SE). Before the analysis of variance (ANOVA), the data was 
checked for normality and homogeneity of variance with Shapiro-Wilk 

Fig. 1. Cumulative CO2 emission after the addition of either water, glucose 
(12C- and 14C-glucose), or nitrogen to a grassland soil and incubation for 120 
days of the experiment. The values represent means ± standard error (n = 4). 
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(p > 0.05) and Levene-test (p > 0.05), respectively. One-way ANOVA 
was carried out to evaluate the effect of glucose and N addition for all 
parameters at the end of inverse labeling. Repeated-measures ANOVA 
was used to assess the cumulative priming effect during incubation in 
soil with glucose and N addition. All statistical analyses were conducted 
using SPSS 22.0 for Windows (SPSS Inc., Chicago), and all the figures 
were made using Sigmaplot (12.5; Systat Software, Inc., San Jose, Ca, 
USA) unless otherwise specified. 

3. Results 

3.1. Cumulative CO2 efflux and priming after glucose and N addition 

The cumulative CO2 effluxes from soil was similar (~500 μg C g− 1) 
when measured following the addition of 12C- or 14C-glucose in inverse 
labeling stage (Fig. 1). Compared with glucose addition, the cumulative 
CO2 loss was 40 % and 54 % lower in soil amended with water (control) 
and inorganic N, respectively (p < 0.05, Fig. 1). In the inverse labeling 
stage, the cumulative CO2 emission from previously added 14C-glucose 
was 7.1 μg C g− 1 after water addition (Fig. 2A). The cumulative 14CO2 
emission was similar between soil added with 12C-glucose and those 
receiving N addition over the 120 days incubation in inverse labeling 
stage (p < 0.05, Fig. 2A), whilst it was larger than after water addition. 

In the inverse labeling stage, the apparent priming after 12C-glucose 
addition was ca.1.8 μg C g− 1 in the first 20 days, which was larger than 
that after N addition. In the later 100 days, the apparent priming was 
similar between 12C-glucose and N addition treatments, which was 
around 1.5 μg C g− 1 (p > 0.05, Fig. 2B). Overall, the priming of SOM in 
response to glucose addition was positive and produced up to 150 μg C 
g− 1 after 120 days incubation (Fig. 2C). In contrast, N addition induced a 
reduction (negative priming) in SOM mineralization over the same 
period (− 68 μg C g− 1). Furthermore, the contribution of apparent to 
total priming was larger after N as compared to glucose addition 
(Fig. 4D). 

After 120 days pre-incubation, the 12C and 14C incorporated into 

microbial biomass were 551 and 41 μg C g− 1 (Fig. 3B). Although the size 
of the microbial biomass did not change markedly between the water 
and glucose addition (p > 0.05, Fig. 3B), the proportion of previously 
added 14C to MBC decreased by 3.4 %. And 38 μg C g− 1 of new 14C was 
incorporated into the microbial biomass under glucose addition in the 
inverse labeling stage (Fig. 3B). Similarly, N addition also did not change 
the size of the microbial biomass (p > 0.05). However, N decreased the 
amount of previously added 14C in MBC pool by 22.6 % as compared to 
water addition in the inverse labeling stage (p < 0.05, Fig. 3B). 
Furthermore, the 12C incorporated into microbial biomass under glucose 
addition was 6.2 % and 9.6 % lower as compared with water and N 
additions, respectively. 

3.2. Fate of previously added 14C before and after incubation 

After the initial 120 days incubation phase in pre-incubation, 48 % of 
the added glucose-C was released as CO2, 34 % was incorporated into 
MBC, 2 % entered the SEOC pool, and the remaining 16 % was assumed 
to be immobilized in the soil or microbial necromass (Fig. 4). After 
adding water in inverse labeling stage, 4.2 % of the previously added 14C 
was respired as CO2, and the 14C in the soil pool decreased by 0.9 % 
compared with pre-incubation. After glucose addition, the previously 
added 14C immobilized in the MBC pool decreased by 2.3 % compared to 
water addition, whilst the soil pool increased by 4.1 %. Similarly, N 
fertilization decreased the previously added 14C in the MBC pool but 
increased in the SOM pool relative to water addition (p < 0.05, Fig. 4). 

4. Discussion 

After the input of easily metabolizable C, primed CO2 can originate 
from SOM mineralization and/or from the stimulated turnover of mi
crobial biomass, i.e., real and apparent priming effects (Kuzyakov, 
2010). In our case, the apparent priming (1.8 μg C g− 1) was found within 
20 days after glucose addition (Fig. 2B), which contributed to around 
4.0 % of total priming (45 μg C g− 1). This was consistent with 

Fig. 2. Cumulative CO2 emission from previous 14C-glucose (A), apparent priming (B), and soil organic matter (SOM) priming (C), as well as the contribution of 
apparent to total priming (D) after glucose and nitrogen addition in grassland over 120 days incubation. The values represent means ± standard error (n = 4). Since 
similar cumulative CO2 emission was observed after both 12C-glucose and 14C-glucose addition in the inverse labeling period (Fig. 1), we therefore confirmed the 
comparability of 14C and 12C-glucose addition and the suitability of our inverse labeling. Here should be noted that the glucose addition in the figure indicated the 
14C-glucose treatment. 
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Blagodatsky et al. (2010) who suggested that apparent priming 
increased much faster - within days to few weeks. This was because 
microorganisms accelerated their biomass turnover when a large 
amount of labile substrates passed through their biomass in a short time 
(Liang et al., 2015; Sun et al., 2022). The greater mineralization of 
previously added 14C from soil microbial biomass or necromass, as well 
as increased incorporation of new 14C into microbial biomass while 
microbial biomass C did not change between 14C-glucose and water 
added soils in inverse labeling stage (Fig. 2B) confirmed the fast turn
over of microbial biomass (Liang et al., 2019; Zhou et al., 2021). The 
input of labile C favored the maintenance of the activated microorgan
isms and consequently resulted in the prolonged turnover of microbial 
biomass (Wang et al., 2021). Remarkably, the larger amount of newly 
14C incorporated into microbial biomass after glucose addition relative 
to water, which could also be due to the increased dominance of fast- 
growing microorganisms benefiting from the addition of labile C 

(Fontaine et al., 2003; Zhou et al., 2022b). Microorganisms increased 
the mineralization of recalcitrant C since their N requirements were not 
met. Therefore, exo-enzymes were stimulated to mine N from SOM 
(Chen et al., 2014; Zhou et al., 2022c), thus causing depolymerization of 
SOM and the subsequent increase of decomposition to CO2 (Sawada 
et al., 2021), i.e., a positive PEs (Figs. 2C, 5). Here, 10 and 47 μg C g− 1 of 
previously added glucose in pre-incubation and 12C-SOM in CO2 efflux 
were replaced by new 14C incorporation after 14C-glucose addition 
(Fig. 3B), which contributed to 10 % and 33 % of primed CO2 emission, 
respectively (Fig. 2B). Therefore, the stronger positive PEs was the result 
of the SOM decomposition and the faster turnover of the microbial 
biomass (Chen et al., 2014). However, the magnitude of apparent PEs 
was lower (Fig. 2B) than that from previous studies (220 % of CO2 efflux 
in the control), while real PE reached 50 % (Blagodatskaya and 
Kuzyakov, 2008; Blagodatsky et al., 2010). This may be explained by the 
applied amount of labile C and the initial soil C levels. Therefore, more 
studies are required to evaluate the contribution of apparent to total PEs 
depending on incubation conditions and basic properties of soils. 

N fertilization decreased the cumulative CO2 emissions by 19 % and 
induced a pronounced suppression in SOM turnover (negative PEs; 
Fig. 2C). This finding is in agreement with previous short-term studies 
that found inorganic N fertilization reduced CO2 by 8–42 % relative to 
soil not receiving N (Zang et al., 2016). Although previous research 
suggested that mineral N additions can reduce microbial biomass by 
15–20 % (Li et al., 2018; Chen et al., 2022), we did not observe any 
changes in this study (p > 0.05; Fig. 3B). This might reflect sufficient 
labile C added in pre-incubation that was readily available for micro
organisms (Kuzyakov, 2010). However, the previously added 14C 
incorporation into microbial biomass was decreased by 33 % after N 
addition (Fig. 3B), which can be explained by accelerated microbial 
turnover of the available C when N is not restricted (preferential sub
strate use) (Zhou et al., 2022b). This has been proposed as the expla
nation for the reduced SOM decomposition under N fertilization (Zhou 
et al., 2020). As microbial biomass pool did not alter after N addition 
(Fig. 3B), the lower catabolic CO2 release in the N fertilized soils led to 
lower qCO2 (the ratio of CO2 and MBC), which indicated a higher mi
crobial C use efficiency (Spohn et al., 2016). In other words, less C was 
used to invest in enzyme production for SOM mineralization (Malik 
et al., 2020), and consequently induced lower priming under N fertil
ization. Taken together, only 10 % of 14C-MBC under N fertilization was 
released as primed CO2 (Fig. 4), which reflected the faster microbial 
turnover may contribute to microbial necromass and furthermore stable 

Fig. 3. Cumulative CO2 emission (A) and soil microbial biomass C (MBC, B) derived from three sources (i.e., soil, previously added glucose, and newly added 
glucose) after the addition of either water, glucose, or nitrogen addition in a grassland soil after 120 days incubation (pre-incubation), and after 120 days incubation 
with water, glucose, or nitrogen addition in grassland in inverse labeling stage. The values represent means ± standard error (n = 4). Since similar cumulative CO2 
emission was observed after both 12C-glucose and 14C-glucose addition in inverse labeling period (Fig. 1), we therefore confirmed the comparability of 14C and 12C- 
glucose addition and the suitability of our inverse labeling. Here should be noted that the glucose addition during pre-incubation indicated the 12C-glucose treatment, 
whilst the glucose addition during inverse labeling stage indicated 14C-glucose treatment. 

Fig. 4. Fate of previously added 14C-glucose either lost as CO2, or incorporated 
into the microbial biomass, salt extractable organic C pool, soil, and CO2 in
verse pool after 120 days incubation (pre-incubation), and after 120 days in
cubation with water, glucose, or nitrogen addition in grassland (inverse 
labeling stage). Since similar cumulative CO2 emission was observed after both 
12C-glucose and 14C-glucose addition in inverse labeling period (Fig. 1), we 
therefore confirmed the comparability of 14C and 12C-glucose addition and the 
suitability of our inverse labeling. Here should be noted that the glucose 
addition during pre-incubation indicated the 12C-glucose treatment, whilst the 
glucose addition during inverse labeling stage indicated 14C-glucose treatment. 
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SOM formation (Liang et al., 2019). 
Unlike glucose and N treatments, water addition in inverse labeling 

stage only caused around 5 μg C g− 1 14CO2 release (Fig. 1), which 
accounted for 8 % of the remaining previously added 14C-glucose 
(Fig. 3A). Since there were no changes in either the 14C part or total C in 
microbial biomass (p > 0.05; Fig. 3B), the 14C released as CO2 after water 
addition was mainly derived from reutilization of microbial necromass 
rather than from microbial biomass turnover (Chen et al., 2019; Cui 
et al., 2020). 

<10 % of total 14C-glucose added during pre-incubation was released 
as CO2 after water, glucose, or N addition in inverse labeling stage 
(Fig. 4). This reflected the formation of relatively stable C pools from 
glucose after long time incubation, which may store in microbial 
biomass or SOM, and not intensively involved in the C turnover (Mor
eno-Cornejo et al., 2015). Under such circumstances, microorganisms 
relying on available C would stimulate their growth rate and shorten 
their life span (Reischke et al., 2014; Cui et al., 2020), consequently 
boosting necromass production. However, labile C induced stronger 
apparent priming relative to labile N addition, especially in the first 20 
days (Fig. 2B). This may be explained by that labile glucose requires low 
activation energy as compared with microbial residues for decomposi
tion. On the other hand, glucose can also be easily undertaken by mi
croorganisms without much relying on enzymatic activities to 
decompose them (Spohn et al., 2016). Furthermore, it is likely that 
microorganisms sustained their metabolic ability by feeding on dead 
microbial biomass (Kindler et al., 2006; Chen et al., 2018), as a conse
quence causing stronger apparent PEs after glucose addition. This was 
also supported by Gunina et al. (2014) who indicated that glucose 
entering glycolysis is preferentially incorporated into microbial 
biomass, i.e., recycled. 

We acknowledge that 16 % of added glucose-C in the pre-incubation 
remained may incorporated into soil or microbial necromass, which was 
not tested in the current study. Further researches needs to consider C 
incorporation in microbial necromass and soil for quantifying the 
apparent priming effect. We assumed that the 14CO2 was mainly from 
microbial biomass turnover rather than soil organic matter or microbial 
residue mineralization after 120-day incubations. However, microbial 
necromass would gradually accumulate in soils over time, and 14C 
would be redistributed among living microbial groups (Cui et al., 2020). 
Due to the lack of isotopic data on the added glucose-derived C into soil 

and microbial necromass, we could not get the knowledge on the 
contribution of microbial biomass turnover on soil C sequestration and 
subsequent recycled by microorganisms, and further would over
estimate the apparent priming effect induced by labile C and N. Despite 
these limitations, our study constitutes the biggest effort to understand 
the contribution of apparent to total priming under labile C and N input 
based on the case study. 

5. Conclusions 

We used an inverse labeling approach to quantify the relative 
contribution of real and apparent priming in grassland soil. We labeled 
the microbial biomass using 14C-glucose in pre-incubation and then 
added 12C or 14C (glucose) and N and incubated the soil for 120 days. 
The retention of microbial biomass C in soil and its loss via minerali
zation were influenced by both labile C and N addition. A positive 
priming effect was observed after glucose addition, which was caused by 
the faster turnover of microbial biomass, leading to accelerated miner
alization of microbial necromass and SOM. This in turn resulted in 
overall less glucose-derived C being recovered in soil C pools compared 
with the soil with water addition. N fertilization did not affect the size of 
the microbial biomass but decreased CO2 emissions and caused negative 
priming effect. We therefore conclude that N fertilization resulted in a 
larger retention of added 14C from glucose in soil than in the soil without 
N. We attributed the larger 14C retention to the intensive microbial re- 
utilization and thus microbial necromass formation, as a consequence 
facilitating soil C sequestration. Apparent priming happened within 20 
days after glucose (1.8 μg C g− 1) and N (0.55 μg C g− 1) addition, which 
contributes to around 4 % and 1 % of total priming over 120 days, 
respectively. Although >95 % of the observed priming effect after both C 
and N addition originated from SOM mineralization (real priming), the 
microbial biomass turnover (apparent priming) should not be ignored 
(especially over a short period as a few days to weeks), since microor
ganisms act not only as a major determinant of SOM turnover but also as 
a microbial C pool. 
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