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Abstract

Background: China’s terrestrial ecosystems have been receiving increasing amounts of reactive nitrogen (N) over
recent decades. External N inputs profoundly change microbially mediated soil carbon (C) dynamics, but how
elevated N affects the soil organic C that is derived from microbial residues is not fully understood. Here, we
evaluated the changes in soil microbial necromass C under N addition at 11 forest, grassland, and cropland sites
over China’s terrestrial ecosystems through a meta-analysis based on available data from published articles.

Results: Microbial necromass C accounted for an average of 49.5% of the total soil organic C across the studied
sites, with higher values observed in croplands (53.0%) and lower values in forests (38.6%). Microbial necromass C
was significantly increased by 9.5% after N addition, regardless of N forms, with greater stimulation observed for
fungal (+ 11.2%) than bacterial (+ 4.5%) necromass C. This increase in microbial necromass C under elevated N was
greater under longer experimental periods but showed little variation among different N application rates. The
stimulation of soil microbial necromass C under elevated N was proportional to the change in soil organic C.

Conclusions: The stimulation of microbial residues after biomass turnover is an important pathway for the
observed increase in soil organic C under N deposition across China’s terrestrial ecosystems.
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Introduction
Atmospheric nitrogen (N) deposition, primarily originat-
ing from fossil fuel combustions and artificial fertilizer ap-
plications, has increased more than tenfold over the past
century (Fowler et al. 2013) and has currently reached an
average of 20.4 kgN/ha/yr over China’s terrestrial ecosys-
tems (Yu et al. 2019). Soils retain the largest pool of ter-
restrial organic carbon (C), and the soil C budget plays a
prominent role in mitigating global change (Reay et al.
2008). Therefore, understanding the interactions between
atmospheric N deposition and soil C sequestration is be-
coming increasingly important due to the consistent

increase in soil N availability under N deposition over
China’s terrestrial ecosystems (Liu et al. 2013).
Increasing evidence has indicated that atmospheric N

deposition has the potential to increase soil organic C
storage by multiple pathways (Janssens et al. 2010; Liu
and Greaver 2010). On the one hand, N is a limiting nu-
trient for plant growth in most terrestrial ecosystems, so
N addition can profoundly facilitate plant growth and in-
crease plant C input (LeBauer and Treseder 2008; Song
et al. 2019). Moreover, elevated N increases plant lignin
content (Liu et al. 2016), and high lignin content has
been found to reduce litter decomposition under N
addition (Knorr et al. 2005), increasing the amounts of
litter materials on the soil surface without being decom-
posed (Zak et al. 2008). On the other hand, soil fungal
peroxidase gene expression (Eisenlord et al. 2013; Zak
et al. 2019) and associated lignin modifying enzymes
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(Chen et al. 2018) have been found to be greatly reduced
after N addition. A meta-analysis with data compilation
from multiple studies also suggested that the soil lignin
content was increased by an average of 7.3% under N
addition, regardless of the N application rate and experi-
mental duration (Liu et al. 2016), suggesting that the de-
cline in the microbial decomposition of plant-derived soil
organic C is a key process contributing to the increase in
soil C storage under elevated N (Zak et al. 2008).
Recent studies found that microbial residues after bio-

mass turnover account for approximately 30–62% of soil
organic C in the upper 30 cm of soil (Liang et al. 2019;
Ni et al. 2020a), but how elevated N affects microbial-
derived soil organic C is unclear. It is well known that
soil microbial activity is highly sensitive to elevated N
(Ramirez et al. 2012), with marked declines in microbial
biomass and extracellular enzymes after N addition in a
broad suite of ecosystems types (Jian et al. 2016; Liu and
Greaver 2010). The microbial N mining hypothesis sug-
gests that N input alleviates microbial N limitation; thus,
soil microorganisms have lowered N requirements from
recalcitrant compounds under external N input
(Moorhead and Sinsabaugh 2006; Craine et al. 2007).
Moreover, N addition reduces the abundance of oligo-
trophic microbes, which are adept at catabolizing more
recalcitrant C compounds, as they may be outcompeted
by copiotrophic taxa with higher N demands (Ramirez
et al. 2012). The observed decrease in the fungal to bac-
terial ratio across a wide range of ecosystems (Zhang
et al. 2018) confirmed these hypotheses and suggested
that a shift in the microbial community composition to-
wards the bacterial decomposition of soil organic C is
another crucial mechanism explaining the increased soil
C storage under N addition (Freedman et al. 2016; Wang
et al. 2018; Liu et al. 2020).
However, the current synthesis does not distinguish

the soil organic C that originates from microbial resi-
dues, and we do not know if soil microbial necromass C
responds in a similar way to microbial biomass C to N
deposition. Moreover, most of our current understand-
ing of stimulated soil C sequestration under N depos-
ition is derived from the results of decreased
decomposition of soil organic C under elevated N
(Janssens et al. 2010; Liu and Greaver 2010); we still lack
direct evidence of whether the accumulation of soil mi-
crobial necromass C increases under elevated N. Benefit-
ing from amino sugar biomarkers, we can quantify the
microbial-derived C from the total soil organic C
(Joergensen 2018; Liang et al. 2019). Bound amino
sugars that can be hydrolyzed from microbial cell walls
(such as fungal chitin and bacterial peptidoglycans and
glycoproteins) have been extensively used as proxies for
microbial residues in soils (Hu et al. 2020). Glucosamine
primarily originates from fungal chitin, while muramic

acid mainly exists in peptidoglycans in bacterial cell
walls; these amino sugars are specific biomarkers for
fungal and bacterial necromass C, respectively (Joergen-
sen 2018). To date, how elevated N affects soil microbial
necromass C remains unclear; thus, a comprehensive
picture that incorporates microbial necromass C would
provide new insights into the sophisticated mechanisms
that govern soil organic C in response to N deposition.
Here, we assessed the changes in soil microbial necro-

mass C after N addition at 11 forest, grassland, and
cropland sites across China’s terrestrial ecosystems
through a meta-analysis based on available data from
published articles. We hypothesize that elevated N in-
creases soil microbial necromass C accumulation, and
changes in microbial necromass C are proportional to
changes in microbial biomass C after N addition. Our
objectives of this study are to quantify the proportion of
microbial residues in soil organic C and the change in
microbial necromass C under N addition across China’s
terrestrial ecosystems.

Materials and methods
Data compilation
The experiments to determine the concentrations of soil
microbial necromass C or proxies (i.e., amino sugars)
under N addition were screened by the Web of Science
and China National Knowledge Infrastructure databases.
The search terms were “nitrogen addition” OR “nitrogen
deposition” OR “nitrogen enrichment” OR “nitrogen
fertilization” AND “microbial/fungal/bacterial necro-
mass” OR “microbial/fungal/bacterial residues” OR
“amino sugars” OR “glucosamine” OR “muramic acid.”
All literature data were retrieved from peer-reviewed
journal articles that were published before May 2020,
with N addition experiments conducted in China.
Data compilation was performed based on the follow-

ing criteria to reduce publication bias from different arti-
cles. First, the concentrations of fungal and bacterial
necromass C that were calculated based on glucosamine
and muramic acid were included in our dataset if the
data could be retrieved from the articles directly. How-
ever, the majority of these data were presented as amino
sugars without being converted to microbial necromass
C; in such cases, the concentrations of glucosamine and
muramic acid were retrieved to calculate the concentra-
tions of fungal and bacterial necromass C based on em-
pirical conversion factors (see the “Data calculation for
microbial necromass C” section). The calculated micro-
bial necromass C was significantly correlated with amino
sugars (P < 0.0001; Fig. S1). Moreover, there was no sig-
nificant difference in the concentrations of total micro-
bial (P = 0.513), fungal (P = 0.711), and bacterial (P =
0.390; Fig. S2) necromass C between the dataset includ-
ing only the directly obtained data and the dataset
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including both data sources (those obtained directly
and calculated by amino sugars). Therefore, we
pooled the data that were obtained directly from the
articles and that were calculated by amino sugars in
this study. A total of 16 articles reporting soil micro-
bial necromass C or proxies under N addition at 11
forest, grassland, and cropland sites (Tables S1 and
S2) were included.
Second, the concentration and volume of hydrochloric

acid (HCl) affect the release of amino sugars from soils
(Zelles 1988), and the maximum release of amino sugars
occurs after 6 or 8 h of HCl hydrolysis (Zhang and Ame-
lung 1996). To yield reliable estimates of the microbial
necromass C that were calculated by amino sugars under
N addition from different studies, we included only data
from samples hydrolyzed by 6 mol/L HCl at 105 °C for 6
or 8 h. As all the included studies followed the gas or li-
quid chromatography method with similar procedures
for the separation of amino sugars (Table S3), we ig-
nored the methodological difference for determining the
concentrations of soil amino sugars between studies.
Third, previous studies have found that the concentra-

tions of both soil organic C (Li et al. 2019) and amino
sugars (Ni et al. 2020b) significantly varied at different
depths. To allow valid comparisons to assess the influ-
ence of N addition on soil microbial necromass C from
different studies, only the data from samples that were
collected in the upper 20-cm layer of soils were included
in our dataset.
Fourth, the data collected under different N doses and

experimental periods were included in our dataset to as-
sess the magnitudes and durations of N addition effects
on soil microbial necromass C. However, when the same
results were presented in different publications by the
same research group, these data were only included
once. The N doses presented as g N/kg soil in laboratory
incubations were calculated as kg N/ha/yr according to
the soil bulk density, sampling depths, and experimental
durations.
Fifth, to assess the correlations of microbial necro-

mass C and soil geochemical variables, the latitude,
elevation, mean annual temperature (MAT) and pre-
cipitation (MAP), soil bulk density, clay content, soil
pH, and C and N concentrations at the 11 sites were
included in our dataset (Table S2). Missing elevation
data were obtained by Google Earth (Google Inc.,
Santa Clara, CA, USA) according to the coordinates
provided in the articles.
Sixth, the N addition and control plots were subjected

to the same ambient conditions without other treat-
ments, such as warming, carbon dioxide enrichment, or
other global changes.
Seventh, the mean values, standard deviations, and

sample sizes of both N addition and control plots were

obtained directly from the articles to calculate the
weighted effect sizes (see the “Response metrics” sec-
tion). If only standard errors were presented in the
articles, then they were converted to standard devia-
tions based on the sample sizes. The results without
standard deviations or standard errors were not in-
cluded in our dataset.
Eighth, if the data were presented in figures, they were

retrieved by Engauge Digitizer 4.1 (Free Software Foun-
dation Inc., Boston, MA, USA). Data presented in sup-
plementary materials accompanying an article were also
included in our dataset. Additional detailed information
on the data sources is presented in Supplementary Text
S1 and Dataset S1.
A total of 118 paired observations that reported the

concentrations of microbial necromass C under N
addition were included in our dataset. The latitude
ranged from 18.74 °N to 47.43 °N, elevation from 36 to
3220 m, MAT from − 1.2 to 21.0 °C, and MAP from 460
to 2200 mm.

Data calculation for microbial necromass C
The microbial necromass C data obtained directly or
calculated by amino sugars were collected from forests,
grasslands, and croplands under N addition. However,
the influence of N addition on total microbial (P =
0.659), fungal (P = 0.615), and bacterial (P = 0.557; Fig.
S3) necromass C was not significant among ecosystems
(Table S4). Therefore, we combined all data collected
from forests, grasslands, and croplands and did not con-
sider the differences among ecosystems.
Some studies reported only the concentrations of soil

amino sugars and not microbial necromass C under N
addition. Here, the fungal and bacterial necromass C
were calculated from glucosamine and muramic acid, re-
spectively, according to empirical conversion factors, as
reviewed by Liang et al. (2019).
Specifically, muramic acid occurs only in bacterial cell

walls and is a specific biomarker for bacterial necromass
C (Eq. 1).

Bacterial necromass C mg=g soilð Þ
¼ Muramic acid mg=g soilð Þ � 45 ð1Þ

where 45 is the conversion factor from muramic acid to
bacterial necromass C.
Glucosamine occurs in both fungal and bacterial

cell walls, so fungal necromass C (Eq. 2) was calcu-
lated by subtracting the bacterial-derived glucosamine
from the total glucosamine, assuming that muramic
acid and glucosamine occur at a 1:2 molar ratio in
bacterial cell walls.
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Fungal necromass C mg=g soilð Þ ¼ ðGlucosamine mg=g soilð Þ=179:17 − 2

�Muramic acid mg=g soilð Þ=251:23Þ � 179:17� 9

ð2Þ

where 9 is the conversion factor from glucosamine to
fungal necromass C, and 179.17 and 251.23 are the mo-
lecular weights of glucosamine and muramic acid, re-
spectively (Liang et al. 2019).
The total microbial necromass C is the sum of fungal

and bacterial necromass C and was calculated as the
proportion of total soil organic C following our previous
procedure (Ni et al. 2020a). The microbial necromass C
to biomass C ratio (based on the chloroform fumigation
extraction method) was calculated at sites where the mi-
crobial biomass C concentrations were determined.
These values were calculated for the N addition and
control plots separately and presented on the basis of
both the soil dry mass (mg/g soil) and soil organic C
concentration (% C).

Response metrics
Weighted effect sizes were used to quantify the overall in-
fluence of N addition on soil microbial necromass C fol-
lowing our previous procedures (Ni et al. 2017). The
mean values (XN for N addition and Xc for control), stand-
ard deviations (SN for N addition and Sc for control), and
sample sizes (nN for N addition and nc for control) at both
the N addition and control plots were employed to calcu-
late the individual effect size (lnE; Eq. 3; Tables S5 and S6;
Dataset S2), variance (v; Eq. 4), and weighting factor (w;
Eq. 5). The frequency of individual effect size was assumed
to follow a normal distribution and to fit a Gaussian func-
tion (all P < 0.0001; Fig. S4).

lnE ¼ ln
XN

Xc

� �
ð3Þ

v ¼ SN2

nNXN
2 þ

Sc2

ncXc
2 ð4Þ

w ¼ 1
v

ð5Þ

Weighted effect size (lnEE; Eq. 6) and its 95% boot-
strap confidence intervals (CI; Eq. 8 based on Eq. 7)
were calculated from individual lnEi (i = 1, 2, 3,…, n) in
a mixed model in MetaWin 2.0 (Rosenberg et al. 2000)
as the average effect size by assigning a greater weight to
the entry with lower variance to improve the precision
of our analysis.

lnEE ¼

Xn
i¼1

wi lnEi

Xn
i¼1

wi

ð6Þ

S lnEE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1Xn
i¼1

wi

vuuut ð7Þ

95%CIs ¼ lnEE � 1:96� S lnEE ð8Þ
Here, n is the number of entries for a variable and i is

the ith entry. Given that the number of paired observa-
tions is limited in this study, a resampling test with 999
interactions was used to assess the 95% bootstrap CI.
The influence of N addition on a variable is identified as
positive if the weighted effect size is greater than zero;
otherwise, it is designated as negative. The influence of
N addition on a variable is considered significant if the
95% bootstrap CI does not overlap with zero.
The percent change (PC; Eq. 9) of a variable in re-

sponse to N addition was calculated based on the
weighted effect size (Table S7).

PC %ð Þ ¼ e lnEE − 1
� �� 100 ð9Þ

All variables for microbial necromass C, amino sugars,
microbial biomass C, and phospholipid fatty acids
(PLFAs) and their variations at different N forms, doses,
and durations were calculated as percent changes under
N addition following the above procedures.

Statistical analysis
Weighted effect sizes and their 95% bootstrap CIs were
used to quantitatively assess the influence of N addition
on all variables and their significant differences. Total
and between-group heterogeneities (Q) and their prob-
abilities (P) were calculated in MetaWin 2.0 to assess the
total effect of N addition on variables (microbial necro-
mass C, microbial biomass C, and PLFAs) and their vari-
ations among N doses, durations, and forms and
between field and laboratory studies. A Bray-Curtis ana-
lysis was employed to compare the difference in soil mi-
crobial necromass C between the control and N addition
plots. We also calculated the average concentrations of
microbial necromass C and biomass C for the control
and N addition plots, and a paired-samples t test was
used to compare these differences.
We used a stepwise regression in SPSS 20.0 (IBM

SPSS, Chicago, IL, USA) to quantify the relative contri-
butions of geographical (latitude and elevation), climatic
(MAT and MAP), soil physical (bulk density and clay
content), and chemical (pH, C and N concentrations
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and C/N ratio) factors to total microbial, fungal, and
bacterial necromass C. We also used redundancy ana-
lysis (RDA) in Canoco 5 (ter Braak and Šmilauer 2012)
to test the relationships between microbial necromass C
and geochemical variables. These variables were col-
lected at the control plots without N addition at which
the microbial necromass C data were obtained.

Results
Average concentrations of soil microbial necromass C and
biomass C after N addition
The average concentrations of microbial necromass C were
11.0 and 12.0mg/g soil (P < 0.001; Fig. 1a), accounting for
57% and 62% of the soil organic C in the control and N
addition plots, respectively (P < 0.001; Fig. 1b). The absolute
concentrations of microbial biomass C were 0.29 and 0.38
mg/g soil (P = 0.022; Fig. 1c) but only accounted for 2.7%
and 2.6% of the soil organic C in the control and N addition
plots, respectively (P = 0.58; Fig. 1d). In addition, the aver-
age concentration of soil organic C was higher (P = 0.018;
Fig. 1e) in the N addition plots. However, the microbial
necromass C to biomass C ratio did not differ (P = 0.94;
Fig. 1f) between the control and N addition plots.

Changes in soil microbial necromass C and biomass C
after N addition
The concentrations of total microbial, fungal, and bac-
terial PLFAs were increased by 25.7%, 32.2%, and 17.4%,
respectively, after N addition (Fig. 2a). The

concentration of total amino sugars was increased by
8.4%, and the concentrations of glucosamine (biomarker
for fungal residues) and muramic acid (biomarker for
bacterial residues) were significantly increased by 11.2%
and 4.5%, respectively, after N addition (Fig. 2b). Simi-
larly, the concentrations of total microbial, fungal, and
bacterial necromass C significantly differed between con-
trol and N addition plots (all P < 0.05; Fig. S5) and were
significantly increased by 9.5%, 11.2%, and 4.5%, respect-
ively, after N addition (Fig. 2c).
The soil organic C concentration was only increased by

3.6%, although the concentration of microbial biomass C
was dramatically stimulated by 50.4% after N addition at
the studied sites (Fig. 3a). Changes in either microbial bio-
mass C (R2 = 0.42, P = 0.021; Fig. 3b) or soil organic C (R2

= 0.70, P = 0.0014; Fig. 3c) were positively correlated with
the change in microbial necromass C under N addition.
However, both the proportions of microbial necromass C
to soil organic C (R2 = 0.45, P = 0.029; Fig. 3d) and their
concentrations relative to soil dry mass (R2 = 0.64, P =
0.0019; Fig. 3e) were negatively correlated with those of
microbial biomass C. The concentration of microbial
necromass C was positively related to that of soil organic
C (R2 = 0.88, P < 0.0001; Fig. 3f).

Effects of N addition under different application rates and
experimental periods
The influence of N addition on total microbial (P = 0.77;
Fig. 4a), fungal (P = 0.74; Fig. 4b), or bacterial (P = 0.84;

Fig. 1 Average concentrations of a, b microbial necromass C (MNC) and c, d biomass C (MBC) at control and N addition plots. e Average
concentrations of soil organic C (SOC) at control and N addition plots. f Average ratios of microbial necromass C to microbial biomass C at
control and N addition plots. The above panels show the values presented on the basis of soil dry mass (mg/g soil), and the below panels show
the values presented as percentages of soil organic C (% SOC). Error bars represent the standard errors. The MBC values were analyzed by the
chloroform fumigation extraction method. The data in panel f were collected only from cropland sites, at which the MBC concentrations
were determined
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Fig. 4c) necromass C or amino sugars (all P > 0.05; Figs.
S6a–c) did not significantly differ among different N ap-
plication rates. However, the stimulation of N addition
was greater when the experimental period was longer
than 1 year either for microbial necromass C (all P <
0.05; Fig. 4d–f) or for amino sugars (all P < 0.05; Figs.
S6d–f).
Moreover, the influence of N addition on microbial

biomass C and total, fungal and bacterial PLFAs was sig-
nificantly greater when the N dose greater than 200 kg
N/ha/yr (all P < 0.05; Fig. 5a–d) and the experimental
period was longer than 10 years (all P < 0.05; Fig. 5e–h).

Effects of N addition under different N forms and
experimental conditions
Although the accumulation of total microbial, fungal,
and bacterial necromass C was significantly stimulated
under different forms of N addition, the magnitude of
the stimulation was greater after urea addition than in-
organic N (nitrate and ammonium) inputs (Fig. 6a–c).
Moreover, the influence of N addition on total microbial
(P = 0.002; Fig. 6d), fungal (P = 0.001; Fig. 6e), and bac-
terial (P = 0.001; Fig. 6f) necromass C was greater under
the field conditions than under the laboratory incubation
condition.

Proportions of microbial necromass C in soil organic C
without N addition
The concentration of amino sugars ranged from 0.16 to
5.30 mg/g soil, and the proportions of microbial necro-
mass C in soil organic C ranged from 11.07 to 91.20%
across the study sites (Table 1). The total microbial, fun-
gal, and bacterial necromass C accounted for averages of
49.5%, 35.2%, and 14.5%, respectively, of soil organic C
without N addition across the 11 sites, with higher
values observed in croplands than in forests (Table 2).

Biogeochemical controls over soil microbial necromass C
without N addition
The RDA analysis results showed that soil N concentra-
tion was the main determinant for both total microbial
and fungal necromass C (Fig. 7a). The PLS analysis re-
sults indicated that fungal necromass C was also strongly
determined by elevation, whereas bacterial necromass C
varied significantly along with latitude (Fig. 7b). Never-
theless, the soil pH and C/N ratio had negative effects
on both fungal and bacterial necromass C (Table S8).

Discussion
Previous meta-analysis studies have shown that N
addition increases C input to soils (LeBauer and Trese-
der 2008) but decreases C loss from soils due to lowered
microbial activity (Liu and Greaver 2010), resulting in a
potential increase in soil C sequestration after N
addition (Table S9; Cusack et al. 2010; Lu et al. 2011).
However, this increase in soil organic C that originates
from microbial residues has not been differentiated with-
out identifying the prominent role of microbial biomass
turnover. Our synthesis showed that the stimulated ac-
cumulation of microbial necromass C may be one of the
pathways for the observed increase in soil organic C
under N addition across China’s terrestrial ecosystems.
Inconsistent with the prevailing synthesis of decreased

soil microbial biomass under N addition in terrestrial
ecosystems worldwide (Table S9; Zhang et al. 2018), we
found that the averaged microbial biomass was consider-
ably increased after N addition at the studied sites and
that both chloroform fumigation and PLFA analyses
yielded consistent results, regardless of the N dose and
duration (Fig. 5). This inconsistency could be attributed
to several reasons. First, the data included in this study
was limited, and most of the data were collected from
croplands (Table S6), which may show divergent pat-
terns in microbial biomass C in response to N addition

Fig. 2 Percent changes in a phospholipid fatty acids (PLFAs), b amino sugars, and c microbial necromass carbon (C) after nitrogen (N) addition.
The upper values show the total PLFAs, amino sugars, and microbial necromass C, and the middle and lower values show the fungal and
bacterial values separately. Glucosamine and muramic acid are biomarkers for fungal and bacterial necromass C, respectively. Error bars represent
the 95% bootstrap confidence intervals that were calculated by weighted effect sizes. The responses of these variables to N addition are
considered significant (P < 0.05) if the 95% bootstrap confidence intervals do not overlap with zero. All these variables were collected at the
control and N addition plots at the 11 sites at which microbial necromass C data were obtained
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compared with other ecosystems (i.e., grassland; Geisse-
ler et al. 2016). Moreover, the influence of N addition
may vary between regions and ecosystems. Deng et al.
(2018) collected data from 127 sites and found that soil
microbial biomass C was increased by an average of
8.8% across China’ terrestrial ecosystems, regardless of
the N form and application rate. In addition, the evi-
dence from 454 N addition experiments found that ele-
vated N had positive effects on the soil microbial
biomass when the N application rate was lower than
100 kg N/ha/yr, while this effect became negative under

high N input (Zhou et al. 2017). It is noteworthy that
the proportions of microbial biomass C in soil organic C
did not differ (P = 0.58; Fig. 1d) after N addition, which
significantly increased the soil organic C concentration
(P = 0.018; Fig. 1e) and diluted the increase in microbial
biomass C.
Although the stimulation of soil microbial biomass

under elevated N occurred in parallel with the increase
in microbial necromass C after N addition (R2 = 0.42, P
= 0.021; Fig. 3b), higher accumulation of microbial
necromass C was not found at sites with higher

Fig. 3 a Average concentrations of microbial biomass C, microbial necromass C, and soil organic C at control (red) and N addition (blue) plots
across the studied sites. The box plots show the median and 25th and 75th percentiles. The values show percent changes in microbial biomass
C, microbial necromass C, and soil organic C under N addition. All these variables were collected at the control and N addition plots at the 11
sites at which microbial necromass C data were obtained. Microbial biomass C values are presented on the basis of chloroform fumigation
extraction analysis. b, c The effect sizes of N addition on microbial necromass C plotted against the effect sizes on microbial biomass C and soil
organic C, respectively. d Proportions of microbial necromass C in soil organic C versus those of microbial biomass C in soil organic C. e, f The
concentrations of microbial necromass C versus those of microbial biomass C and soil organic C, respectively. All data shown in panels d–f were
collected at control plots, and error bars represent the standard errors. The dotted lines show the 95% confidence intervals, and the adjusted R2

and P values are shown in all panels except panel a
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Fig. 4 Percent changes in microbial necromass C under different magnitudes (upper) and durations (lower) of N addition. a, d Total microbial
necromass C, b, e fungal necromass C, and c, f bacterial necromass C. Error bars represent the 95% bootstrap confidence intervals that were
calculated by weighted effect sizes. The responses of these variables to different magnitudes and durations of N addition are considered
significant (P < 0.05) if the 95% bootstrap confidence intervals do not overlap with zero. The between-group heterogeneities (Qb) and the
probabilities (P) of the effects of N addition on microbial necromass C across different magnitudes and durations are shown in each panel

Fig. 5 Percent changes in microbial biomass under different magnitudes (upper) and durations (lower) of N addition. a, e Microbial biomass C
based on chloroform fumigation extraction analysis, b, f total phospholipid fatty acids (PLFAs), c, g fungal PLFAs, and d, h bacterial PLFAs. Error
bars represent the 95% bootstrap confidence intervals that were calculated by weighted effect sizes. The responses of these variables to different
magnitudes and durations of N addition are considered significant (P < 0.05) if the 95% bootstrap confidence intervals do not overlap with zero.
The between-group heterogeneities (Qb) and the probabilities (P) of the effects of N addition on microbial biomass across different magnitudes
and durations are shown in each panel
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microbial biomass (Fig. 3d, e). Alternatively, the accumu-
lation of microbial residues was strongly related to the
soil N concentration under natural conditions without N
addition (Fig. 7), suggesting that soil nutrients exert sig-
nificant control over microbial necromass accumulation
in these ecosystems. An important reason is that labile
substrates with more intrinsic N are assimilated easily by
microorganisms with high C use efficiency, resulting in
more microbial residues contributing to soil organic C
after biomass turnover (Cotrufo et al. 2013; Liang et al.
2017). Moreover, elevated N availability after external N
input further alleviated microbial N limitation in most
terrestrial ecosystems (Cheng et al. 2020). Studies have
found that the activities of N-acquisition enzymes (such
as β-1,4-N-acetyl-glucosaminidase) are increased dra-
matically after external N input in forests and grasslands
(Gutknecht et al. 2010; Dong et al. 2015), suggesting that
the N mining is still stimulated under N addition in
many terrestrial ecosystems (Jian et al. 2016). Therefore,
the accumulation of microbial necromass C is strongly
controlled by soil N availability under increasing N ap-
plication rates and experimental periods.
The long-term persistence of microbial necromass C

in soils depends on the occlusion of microbial residues
in aggregates and on adsorption on mineral surfaces in
many undisturbed ecosystems (Dungait et al. 2012;
Hemingway et al. 2019). A previous study conducted in
a temperate forest found that the increased soil organic
C under elevated N was occluded in mineral soil

particles after 20 years of N addition (Zak et al. 2017),
while another recent study suggested that the increased
soil C was preferentially sequestered in particulate frac-
tions in a subtropical forest (Chen et al. 2020). More-
over, studies conducted at croplands with different soil
texture also found that both particulate and mineral-
associated soil organic C were increased profoundly after
long-term (17 years) N addition (He et al. 2015). These
results suggest that elevated N not only increases
mineral-associated soil organic C but also stimulates the
formation of occluded organic C for long-term persist-
ence, with a potential to foster greater soil C storage
under N deposition in many terrestrial ecosystems.
Compared with plant-derived detritus, microbial resi-
dues have fewer molecular sizes and can be occluded in
microaggregates and adsorbed on mineral particles more
efficiently against enzyme attack (van Lützow et al.
2006). Therefore, the stimulated accumulation of micro-
bial necromass C may be an important pathway for the
observed increase in soil organic C under elevated N in
previous studies (Liu and Greaver 2010; Lu et al. 2011).
Recent conceptual frameworks have proposed that mi-

crobial residues after biomass turnover are a significant
source of soil organic C (Cotrufo et al. 2013; Liang et al.
2017). These organic compounds in cell walls after mi-
crobial cell death, including fragments of cell envelopes
and other cytosolic materials (such as proteins, lipids,
and nucleic acids), are maintained in soils over long
term (Bradford et al. 2013). However, more evidence is

Fig. 6 Percent changes in microbial necromass C under different N forms (upper) and experimental conditions (lower). a, d Total microbial
necromass C, b, e fungal necromass C, and c, f bacterial necromass C. Error bars represent the 95% bootstrap confidence intervals that were
calculated by weighted effect sizes. The responses of these variables to different N forms and experimental conditions are considered significant
(P < 0.05) if the 95% bootstrap confidence intervals do not overlap with zero. The between-group heterogeneities (Qb) and the probabilities (P) of
the effects of N addition on microbial necromass C across different N forms and experimental conditions are shown in each panel
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needed to elucidate the importance of microbial necromass
C in soil C sequestration, particularly in global change sce-
narios. A recent synthesis suggested that 30%, 61.8%, and
55.6% of soil organic C in the upper 30 cm of soil layers
were originated from microbial residues in forests, grass-
lands, and croplands, respectively, in temperate regions
(Liang et al. 2019). Similarly, our previous study has indi-
cated that microbial necromass C accounts for averages of
30% and 33% in O horizon and 0–20 cm mineral soils, re-
spectively, across global forests (Ni et al. 2020a). In this
study, we found that total microbial necromass C was an
average of 18 times higher than microbial biomass C, ac-
counting for 49.5% of soil organic C in the upper 20-cm soil
layers across the studied sites in China’s terrestrial ecosys-
tems, with higher values observed in croplands (53.0%) and
lower values in forests (38.6%, Table 2), similar to previous

estimations. Although this study only assessed the changes
in microbial necromass C under N addition across China’s
terrestrial ecosystems, all these theoretical frameworks and
quantitative estimations highlight the importance of micro-
bial residues in maintaining the long-term persistence of
soil organic C under global change worldwide.

Conclusion
Microbial necromass C was a significant source of soil or-
ganic C formation, accounting for an average of 49.5% of
total soil organic C at the studied sites across China’s ter-
restrial ecosystems. Therefore, it is important to distin-
guish the soil organic C that is originated from microbial
residues under N deposition. This microbial pathway of
soil C sequestration was significantly increased by 9.5%
under N addition, with higher stimulation observed for

Table 1 Concentrations of amino sugars and microbial necromass C at the study sites

Citation Site Ecosystem SOC (mg/
g soil)

Amino sugars
(mg/g soil)

Microbial necromass C
(mg/g soil)

Microbial necromass C
(% SOC)

Total Glu Mur Total Fungal Bacterial Total Fungal Bacterial

Ding et al. (2009) Gongzhuling, Jilin Cropland 15.60 1.98 1.06 0.104 14.23 9.56 4.67 91.20 61.27 29.93

Ding et al. (2010) Gongzhuling, Jilin Cropland 15.60 1.98 1.06 0.104 12.88 8.21 4.66 82.54 52.67 29.88

Ding et al. (2011a) Shenyang Agricultural
University, Liaoning

Cropland 10.50 1.05 0.69 0.073 8.53 5.26 3.27 81.25 50.06 31.19

Li et al. (2012) Gongzhuling, Jilin Cropland 17.40 1.01 0.71 0.045 8.43 6.40 2.03 48.46 36.77 11.68

Ding et al. (2013a) Hailun, Heilongjiang Cropland 27.10 1.73 1.08 0.056 12.28 9.76 2.52 45.32 36.02 9.30

Ding et al. (2013c) Hailun, Heilongjiang Cropland 27.10 1.71 1.06 0.062 12.33 9.55 2.78 45.50 35.26 10.24

Li et al. (2015) Hailun, Heilongjiang Cropland 6.99 0.18 0.11 0.010 1.46 1.01 0.45 20.88 14.42 6.46

Chen et al. (2018) Taoyuan, Hunan Cropland 17.00 1.30 0.79 0.062 9.89 7.09 2.80 58.19 41.72 16.46

Zhang et al. (2018) Qianyanzhou, Jiangxi Cropland 9.70 0.19 0.100 0.023 1.65 0.89 1.05 17.01 9.18 10.82

Li et al. (2019) Luancheng, Hebei Cropland 8.76 0.49 0.31 0.014 3.46 2.81 0.65 39.48 32.09 7.38

Ning et al. (2019) Ningxiang, Hunan Cropland 17.05 1.22 0.73 0.056 9.07 6.55 2.51 53.18 38.43 14.75

Luo et al. (2020) Haibei, Qinghai Grassland 66.70 5.30 3.36 0.186 36.24 27.90 8.33 54.34 41.83 12.49

Ma et al. (2020) Jianfengling, Hainan Forest 25.90 2.01 1.47 0.079 16.82 13.26 3.57 64.96 51.18 13.77

Cui et al. (2016) Dinghushan, Guangdong Forest 42.50 1.88 1.40 0.079 15.15 11.61 3.54 35.64 27.31 8.32

Zhang et al. (2016) Dinghushan, Guangdong Forest 37.77 1.97 1.37 0.119 16.19 10.84 5.35 42.87 28.69 14.16

Ma et al. (2018) Shixi, Jiangxi Forest 17.16 0.16 0.14 0.020 1.90 1.01 0.89 11.07 5.89 5.18

The values are the means of all measurements determined at the study sites. All data were collected at the control plots without N addition. The citations are
available in Supplementary Text S1
C carbon, SOC soil organic carbon, Glu glucosamine, Mur muramic acid

Table 2 Percentages of microbial necromass C in soil organic C in different ecosystems

Ecosystem Soil organic C Microbial necromass C Fungal necromass C Bacterial necromass C

(mg/g soil) (% SOC) (% SOC) (% SOC)

All 22.68 ± 3.87 49.49 ± 5.74 35.17 ± 3.90 14.50 ± 2.11

Cropland 15.71 ± 2.03 53.00 ± 7.26 37.08 ± 4.61 16.19 ± 2.87

Forest 30.83 ± 5.74 38.63 ± 11.10 28.27 ± 9.25 10.36 ± 2.18

Grassland 66.70 36.24 27.90 8.33

Error bars are standard errors of the mean (except in grassland). All data were collected at the control plots without N addition and were the average values at each site
C carbon, SOC soil organic carbon
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fungal than bacterial necromass C. This increase in micro-
bial necromass C was highly proportional to the increase
in soil organic C under N addition, suggesting that the

stimulation of microbial necromass C is one of the path-
ways for the observed increase in soil organic C under N
addition in previous studies.

Fig. 7 a Ordination biplot of the redundancy analysis (RDA) on microbial necromass C and geochemical variables. The variances explained by
geochemical variables are shown on axes 1 (87.45%) and 2 (1.48%), respectively. The explanatory variables are indicated by different arrows:
microbial necromass C by blue arrows and geochemical variables by red arrows. Arrows with narrow angles (< 90°) are positive correlations, and
arrows in opposite directions (> 90°) show negative correlations. b The relative importance of geochemical variables to microbial necromass C. All
variables were collected at the control plots (without N addition) at the 11 sites at which the microbial necromass C data were obtained. The
circle size is proportional to the variable importance values (the importance of variance explained) based on partial least square regressions
within each row. The most important variable has the largest circle, but the circle size is comparable only within a row. The adjusted R2 values
are 0.882, 0.848, and 0.746 for total microbial, fungal, and bacterial necromass C, respectively (all n = 118). MAT, mean annual temperature; MAP,
mean annual precipitation; C, carbon; N, nitrogen; C/N, soil carbon to nitrogen ratio
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Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13717-020-00260-7.

Additional file 1. Supplementary Dataset S1. Current measurements of
microbial necromass C under N addition. Supplementary Dataset S2.
Effect sizes for microbial necromass C in response to N addition.

Additional file 2. Text S1. Supplementary notes for data compilation. Figure
S1 Concentrations of amino sugar biomarkers plotted against microbial
necromass C. (a) Total amino sugars versus total microbial necromass C, (b)
glucosamine versus fungal necromass C, (c) muramic acid versus bacterial
necromass C. All data were collected at the control plots without N addition.
Pearson’s r and P values from linear regressions are shown in each panel. Figure
S2 Differences in the effect sizes of N addition on (a) total microbial, (b) fungal,
and (c) bacterial necromass C before and after the data that were calculated by
amino sugar biomarkers were included in our dataset. The red boxes show the
data that were obtained directly from the articles (n=13, 8, and 8 for panels a, b
and c, respectively). The blue boxes show the data that were obtained directly
from the articles plus the data that were calculated by corresponding amino
sugar biomarkers (all n=118). Fungal and bacterial necromass C were calculated
by glucosamine and muramic acid biomarkers, respectively. The individual effect
sizes were used for comparison in this analysis. The significant differences were
tested by Wilcoxon rank-sum test due to the unequal sample sizes. Figure S3 Dif-
ferences in the influence of N addition on (a, d) total microbial, (b, e) fungal, and
(c, f) bacterial necromass C between forest (red; n=14) and cropland (blue; n=
103). The individual effect sizes (above) and percent changes (below) were used
for comparison in this analysis. The sample size was only 1 for grassland, which
was not included in this analysis. The significant differences were tested by Wil-
coxon rank-sum test due to the unequal sample sizes. Given that percent
changes were calculated by individual effect sizes (see Response Metrics), the P
values were the same for the differences in individual effect sizes and percent
changes. Figure S4 Frequency distribution of the effect sizes for (a–c) amino
sugars and (d–f) microbial necromass C in response to N addition. The solid
curves are Gaussian distributions fitted to the frequency data, and the vertical
dotted lines are drawn at effect sizes of zero. Sample sizes and P values of the
normal distribution test are shown in each panel. Figure S5 Concentrations of
(a–c) amino sugars and (d–f) microbial necromass C at control versus N addition
plots. Error bars represent the variances of individual effect sizes calculated by
means, standard deviations, and sample sizes for controls and N addition on
both the X- and Y-axes. The dotted blue lines show 1:1 lines. Adjusted R2 and P
values from linear regressions for testing the relationships between the control
and N addition plots are shown at the top of each panel, and sample sizes and
p values from Bray-Curtis analyses for comparing the differences between the
control and N addition plots are shown at the bottom of each panel. Figure S6
Percent changes in amino sugars under different magnitudes (upper) and dura-
tions (lower) of N addition. (a, d) Total amino sugars, (b, e) glucosamine, (c, f)
muramic acid. Error bars represent the 95% bootstrap confidence intervals that
were calculated by weighted effect sizes. The between-group heterogene-
ities (Qb) and the probabilities (P) of the effects of N addition on amino sugars
across different magnitudes and durations are shown in each panel. The vertical
dotted lines are drawn at percent changes of zero. The responses of these vari-
ables to different magnitudes and durations of N addition are considered signifi-
cant (P<0.05) if the 95% bootstrap confidence intervals do not overlap with zero.
Table S1 The study sites at which microbial necromass C was measured under N
addition. Table S2 Soil biogeochemical properties at the study sites at which mi-
crobial necromass C was measured under N addition. Table S3 The hydrolysis
conditions used to determine the concentrations of amino sugars in soils. Table
S4 Total and between-group heterogeneities (Q) and probabilities (P) of the ef-
fects of N addition on amino sugar biomarkers and microbial necromass C. Table
S5 Individual effect sizes for soil microbial necromass C in response to N addition.
Table S6 Individual effect sizes for soil microbial biomass C in response to N
addition. Table S7 Weighted effect sizes and percent changes in microbial necro-
mass C and biomass C under N addition. Table S8 Standardized coefficients of
partial least square (PLS) regressions. Table S9 Estimates of changes in soil bio-
geochemical variables under N addition in meta-analyses.
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