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• Low N deposition damaged the accumula-
tion of bacterial necromass.

• High N deposition benefitted fungal
necromass accumulation.

• The accumulation of microbial necromass
was primarily governed by soil properties.

• N deposition didn't change the latitudinal
distribution of microbial necromass accu-
mulation.
A B S T R A C T
A R T I C L E I N F O
Editor: Zhaozhong Feng

Keywords:
Microbial necromass
Amino sugars
Soil organic carbon sequestration
Nitrogen deposition
Geographical distribution
Forest ecosystem
Influenced by nitrogen (N) deposition, changes in soil organic carbon (SOC) sequestration in terrestrial ecosystems
could provide strong feedback to climate change. Mounting evidence showed that microbial necromass contributes
substantially to SOC sequestration; however, how N deposition influences microbial necromass accumulation in
soils remains elusive. We investigated the impacts of N deposition on soil microbial necromass, assessed by amino
sugars, at seven forest sites along a north-south transect in eastern China. We found that the responses of fungal and
bacterial necromass accumulation to N deposition depended on the deposition rate, with high N deposition (>50 kg
N ha−1 yr−1) stimulating fungal necromass accumulation from 29.1 % to 35.2 %, while low N deposition damaging
the accumulation of bacterial necromass in soil by 12.1 %. On the whole, N deposition benefitted the dominance of
fungal over bacterial necromass, with their ratio being significantly greater at high-N level. The accumulation of
microbial necromass was primarily governed by soil properties, including nutrients stoichiometry, clay content and
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pH, while the composition ofmicrobial necromass was conjointly affected by soil properties andmicrobial community
structure. The latitudinal distribution of microbial necromass contributions to SOC pool was not altered by N deposi-
tion, and was firmly controlled by the climatic and edaphic factors. Collectively, our results reveal the impacts of N
deposition on microbial necromass accumulation in soil and the geographical pattern across forest ecosystems in
eastern China, providing implications for our accurate predictions of global change impacts on SOC sequestration.
1. Introduction

Soil organic carbon (SOC) is the largest active C pool in terrestrial ecosys-
tems, storing approximately 1500 Pg C in the upper 100 cm layer (Lal,
2008), thus minor changes in SOC sequestration could result in strong feed-
back to climate change (Schmidt et al., 2011; Lehmann andKleber, 2015). In
recent decades, mounting evidence had suggested that microbial necromass
plays a more important role in SOC sequestration than traditionally consid-
ered (Liang and Balser, 2011;Miltner et al., 2012; Ludwig et al., 2015; Liang
et al., 2017). Microbial necromass is produced during microbial biomass
turnover via iterative processes that involve cell generation, population
growth, death, and decay, serving as a time-integrated indicator (Liang
and Balser, 2011; Cotrufo et al., 2015; Ludwig et al., 2015; Liang et al.,
2017; Ni et al., 2021). In contrast to the small proportion of microbial bio-
mass in SOC (< 4 %), microbial necromass accounts for potentially more
than half of the SOC pool (Liang and Balser, 2011; Miltner et al., 2012;
Liang et al., 2017; Ni et al., 2020a). Nitrogen (N) deposition, a global
change-related factor, has beenwidely demonstrated to potentially enhance
SOC sequestration in terrestrial ecosystems through stimulating soil aggre-
gation and acidification (Lu et al., 2021a, 2021b). At individual sites, N de-
position could mediate microbial necromass accumulation in soil through
their influence on microbial processes (Griepentrog et al., 2014; Zhang
et al., 2016; Fan et al., 2020;Ma et al., 2020). However, how increased N de-
position influences the accumulation of microbial necromass in SOC pool
and its geographical pattern at large scales remain elusive.

Due to the tight coupling of C and N cycles in terrestrial ecosystems, N
deposition or fertilization can substantially influence microbial necromass
accumulation by altering the microbial growth and biomass turnover
(Wang et al., 2017; Widdig et al., 2020). For example, as affected by N de-
position, the microbial necromass contents and their proportions to SOC in
surface soil layers were found to increase significantly (Griepentrog et al.,
2014; Chen et al., 2020a; Fan et al., 2020; Ni et al., 2020a). In contrast, in-
hibitory effects of N deposition on the contribution of microbial necromass
to SOC were also detected, especially under high N deposition rates (Liang
and Balser, 2012; Zhang et al., 2016). These observations were not consis-
tent partly because of the variations in N deposition rate in combination
with edaphic and climatic characteristics among investigations. Addition-
ally, compared with bacteria, fungi have been shown to be more sensitive
to changes in soil N availability and thus respond more rapidly to external
N input (Gutknecht et al., 2012; Wang et al., 2017; Widdig et al., 2020).
Empirically, N deposition exerts a greater influence on the accumulation
of fungal necromass than bacterial necromass, mostly enhancing the fungal
necromass accumulation via enhancing physical protection from decompo-
sition aswell as stimulating fungal necromass formation (Griepentrog et al.,
2014; Luo et al., 2020). To date, however, knowledge of the responses of
bacterial and fungal necromass to various levels of N deposition is limited,
constraining an in-depth understanding of the coupling of C and N cycles in
terrestrial ecosystems.

Until now, little information has been available on whether increased N
deposition alters the geographical pattern of microbial necromass accumu-
lation in forest SOC pool at a large scale. Generally, the higher temperature
in subtropical and tropical forests is more suitable for microbial turnover
than in temperate forests. In addition, soil nutrients availability varies
greatly across forest biomes from temperate to tropical zones (Du et al.,
2020), which affects microorganism turnover and subsequent necromass
accumulation at the macroscale (Geyer et al., 2016; Jones et al., 2018).
However, this rule can be restricted by the coupled lower soil pH inwarmer
zones, which restricts enzyme diffusion and limits microbial activity,
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resulting in less microbial necromass C accumulation (Chi et al., 2019;
Wilpiszeski et al., 2019). Therefore, the geographical pattern of the contri-
butions of microbial necromass to SOC was affected by climate and soil
physicochemical properties conjointly, probably showing a nonlinear geo-
graphical pattern (Chen et al., 2020a; Ni et al., 2020a). However, whether
the geographical pattern of microbial necromass accumulation was suscep-
tible to changes in soil physicochemical and microbial traits following
increased N deposition, or firmly governed by climatic factors remains un-
clear (Ma et al., 2020; Widdig et al., 2020).

Here, along the latitudinal gradient in eastern China, we collected soils
samples from seven forest ecosystems where simulated N deposition exper-
iments were conducted. Amino sugars, widely accepted biomarkers, were
used to trace microbial necromass in soils (Ma et al., 2018; Liang et al.,
2019). In this study, our aims were 1) to explore howN deposition at differ-
ent levels influences bacterial and fungal necromass to SOC accumulation;
and 2) to reveal whether the latitudinal distribution of microbial necromass
to SOC accumulation is affected by N deposition in forest ecosystems along
a north-south transect. On the basis of the stronger sensitivity of fungi com-
pared with bacteria to N enrichment, N deposition was expected to induce
different impacts on the accumulations of fungal and bacterial necromass.
We hypothesized a strong enhancement of fungal necromass by N deposi-
tion in particular. Furthermore, previous studies have demonstrated that
the spatial variations in microbial processes and functions at a large scale
are mostly affected by climatic factors, with thermal condition primarily
controlling the decomposition and accumulation of SOC in forest ecosys-
tems along the north-south transect (Luo et al., 2020; Ma et al., 2020; Ni
et al., 2020b). Therefore, it was hypothesized that the latitudinal distribu-
tion of microbial necromass accumulation in forest ecosystems might be
less susceptible to N-induced changes in soil properties.

2. Materials and methods

2.1. Study sites

In this study, soils were collected from seven forest sites across China
with a wide array of climate and soil environment conditions: Heshan
(HS), Qianyanzhou (QYZ), Huitong (HT), Jigongshan (JGS), Hebei (HB),
Xiaoxinganling (XX), and Daxinganling (DX). These sites have distinct soil
properties and climate conditions with a mean annual temperature (MAT)
range of −2.4 °C to 21.7 °C and mean annual precipitation (MAP) range
of 350mm to 1700mm (Table 1). Long-term simulatedN deposition exper-
iments have been established for at least 5 years. Nitrogen fertilizer was
applied as ammonium nitrate (NH4NO3) and was dissolved in water
and sprayed. Due to these N deposition experiments were established by
different research teams, the frequency of fertilizer addition varies from
once a year to once a month. The control plot received the same volume
of water as N-treated plots. The experiments generally included three treat-
ments in triplicates or quadruplicate: control (no fertilization, CT), low N
deposition (≤50 kg N ha−1 yr−1) and high N deposition (>50 kg N ha−1

yr−1). Detailed information about the long-term simulated N deposition
experiment at each site is provided in Table 1.

2.2. Soil collection and chemical analysis

Soil samples were collected from seven forest sites in August 2017. In
each plot, after removing litter layer, 8–10 soil cores were randomly col-
lected from the top 10 cm of mineral soil using a metal corer with a 5 cm
diameter and then mixed into a composite sample. In total, 134 composite



Table 1
Geographical location and environmental conditions of the sites and the corresponding long-term simulated N deposition experiment.

Site Latitude
(N)

Longitude
(E)

MAT
(°C)

MAP
(mm)

Soil type Vegetation type Duration
(yr)

Frequency
(n yr−1)

N level (kg N ha−1

yr−1)

HS 22°40′ 112°54′ 21.7 1700 Laterite Broad-leaved evergreens 9 12 50/100
QYZ 26°41′ 115°04′ 17.9 1360 Red earth Broad-leaved evergreens 9 1 50/100
HT 27°05′ 109°30′ 16.5 1200 Ultisol Chinese fir plantation 7 1 200
JGS 31°52′ 114°5′ 15.3 1108 Yellow brown earth Deciduous broad-leaved forest 5 12 25/50
HB 37°54′ 114°21′ 13.3 520 Cinnamon soil Deciduous broad-leaved forest 7 4 72
XX 48°7′ 129°11′ −0.5 700 Dark brown soil Conifer broadleaf mixed forest 9 6 50/100
DX 51°7′ 125°9′ −2.4 489 Grey forest soil Coniferous forest 7 6 25/50

MAT and MAP denote the mean annual temperature and mean annual precipitation, respectively.
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soil samples were built. All soil samples were transported with a low-
temperature incubator (~4 °C) to the laboratory within 24 h after collection
and then passed through a 2 mm mesh to eliminate residual organic matter
(i.e., decomposed leave litter and roots). The soils used for chemical and mi-
crobial property determinationwere air-dried and freeze-dried, respectively.

Soil organic C and total N were measured using a C/N analyzer
(Elementar, Germany). Soil total phosphorus (P) was measured colori-
metrically. Soil mineral N (sum of ammonium and nitrate N) was ex-
tracted using 2 M KCl solution and determined using colorimetry
(Lu, 2000). Available P was analyzed colorimetrically through the
molybdate blue method after the soil was extracted with 1 M NH4F solu-
tion. Soil pH was determined using a pH meter in a 1:2.5 (weight: vol-
ume) mixture of soil and deionized H2O after shaking for 30 min. The
soil texture (sand, silt, and clay contents) was analyzed according to
the pipette method (Lu, 2000).

2.3. Soil microbial community structure as assessed by PLFA

Phospholipid fatty acid (PLFA) analysis was conducted to reveal
soil microbial community composition (White and Ringelberg, 1998).
Briefly, phospholipids were extracted from 3 g of frozen dry soil using
the chloroform–methanol extraction with a 0.05 M phosphate buffer
and then fractionated and quantified. The resultant fatty acid methyl es-
ters were identified using a gas chromatograph (GC; 6890A, Agilent,
USA) equipped with the MIDI Sherlock Microbial Identification System
(MIDI, Inc., Newark, DE, USA). Total bacterial content was derived as
the sum of i15:0, a15:0, 15:0, i16:0, 16:1ω7c, 16:1ω9c, 16:0, a17:0,
i17:0, cy17:0, 17:0, 18:0, cy19:0, and 20:0 PLFAs. Gram-positive bacte-
ria were identified by the terminal and mid-chain branched fatty acids
(i15:0, a15:0, i16:0, i17:0, a17:0), and cyclopropyl saturated and
monosaturated fatty acids (16:1ω7c, cy-17:0, 18:1ω7c, 8cy-19:0) were
considered indicative of gram-negative bacteria (Rinnan and Bååth,
2009). The fatty acids 18:1ω9(c,t) and 18:2ω9,12c were used as markers
for fungi (Kaiser et al., 2010).

2.4. Soil microbial necromass as assessed by amino sugars

Soil amino sugars were extracted according to Zhang and Amelung
(1996). In brief, weighed soil samples were hydrolyzed with 6 M HCl for
8 h, and the solution was later filtered, pH adjusted (6.6–6.8), centrifuged,
and freeze-dried. Next, the freeze-dried supernatants received methanol
and were subsequently centrifuged to extract amino sugars. The purified
amino sugars were reacted with hydroxylamine hydrochloride and 4-
(dimethylamino) pyridine (in a first step) and acetic anhydride (in a second
step) at 75–80 °C to produce volatile aldononitrile acetates. The amino
sugar derivatives were separated in a GC (6890A, Agilent, USA) equipped
with an HP-5 column (30 m × 0.25 mm × 0.25 μm). Myoinositol was
added prior to purification as internal standard, and N-methylglucamine
were added before derivatization as the standards to measure the recovery
of amino sugars. The ratio of glucosamine (GluN) to muramic acid (MurN)
was used to evaluate the relative retention of fungal and bacterial
necromass. Bacterial and fungal necromass were calculated from the
3

concentrations of MurN and GluN, respectively, based on the empirical
conversion factors.

Bacterial necromass C mg=g soilð Þ ¼ MurN mg=g soilð Þ � 45 (1)

where 45 is the conversion factor from MurN to bacterial necromass C
(Appuhn and Joergensen, 2006).

Fungal necromass C was calculated by subtracting bacterial GluN from
total GluN as an index for fungal necromass, assuming that MurN and
GluN occur at a 1:2 M ratio in bacterial cells:

Fungal necromass C mg=g soilð Þ ¼ GluN mg=g soilð Þ=179:17–2ð
�MurN mg=g soilð Þ=251:23Þ � 179:2� 9

(2)

where 179.2 is the molecular weight of GluN and 9 is the conversion value
of fungal glucosamine to fungal C (Appuhn and Joergensen, 2006). The
total microbial necromass C is the sum of fungal and bacterial necromass C.

2.5. Statistical analyses

Before analysis, the Kolmogorov–Smirnov test was performed to
determine whether all data were normally distributed. If not, log10-
transformation was conducted to meet data normality assumptions. To ana-
lyze the effects of N deposition on PLFAs, microbial necromass and their
contributions to SOC, linear mixed-effects models were performed with
site as random factor. Pairwise comparisons of means were tested by the
least significant difference multiple-comparison post hoc test. Pearson's cor-
relation analysis was conducted to evaluate the relationships between the
contribution of microbial necromass to SOC and soil physicochemical and
microbial properties. Further, variance partitioning and partial least squares
path model (PLS-PM) were performed to unravel out the importance of var-
iables in determining the contribution of microbial necromass to SOC pool
and the ratio of fungal to bacterial necromass. Variation partitioning analy-
sis based on “packfor” and “vegan” packages was performed to assess the
relative importance of two groups: soil physicochemical properties and mi-
crobial characteristics. The “forward.sel” function was used to avoid redun-
dancy and multicollinearity in variation partitioning analysis. PLS-PM is a
data analysis approach for variables that can be summarized by using latent
variables, and the fact that linear relationships exist between latent variables
(Sanchez, 2013). Two latent variables, i.e., soil properties and microbial
characteristics were included in our PLS-PM. Given that soil samples were
collected from different sites, it is important to include “site” as random fac-
tor in PLS-PM in order to reveal the unmixed role of variables. The statistical
analyses were conducted using SPSS and R 4.0.2 (R Development Core
Team, 2020) with packages “nlme”, “lme4”, “vegan”, and “plspm”.

3. Results

3.1. Responses of microbial necromass accumulation to N deposition

High-N deposition led to a significant increase in total microbial
necromass (p < 0.05), which stemmed from the 31.2 % higher fungal
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necromass in High-N soils relative to the control soils (p < 0.05), whereas
bacterial necromass in the soils was not affected by N deposition (Fig. 1a).
Low-N deposition decreased the contributions of total microbial necromass
to SOC pool by 12.1 % (p < 0.05), with bacterial proportions contributing
to the inhibition effect primarily (p < 0.05; Fig. 1b). In contrast, High-N
deposition increased the fungal necromass contribution to SOC pool from
29.1 % to 35.2 % (p < 0.05). On the whole, larger contents and contribu-
tions of fungal necromass to SOC pool were detected compared with the
bacterial necromass. N deposition further increased the ratio of fungal to
bacterial necromass, with this effect being significant in High-N treatments
(p < 0.05; Fig. 1c).

3.2. Regulators of the microbial necromass response to N deposition

The contribution of microbial necromass to SOC pool were closely asso-
ciated with soil properties and microbial community structure across N
deposition treatments (Fig. 2). Remarkably, soil properties have consis-
tently larger contribution in shaping the variation in microbial necromass
accumulation across N-amended and control soils (Fig. 3a-c). In contrast,
microbial community structure had substantial importance in shaping
Fig. 1. Soil bacterial, fungal and total microbial necromass (a) and their
contributions to SOC pool (b) and the ratios of bacterial to fungal necromass
contents and contribution (c) in forest ecosystems under long-term N deposition.
The asterisks denote significant differences from the control treatment at p <
0.05. CT, LN, and HN indicate control (no fertilization, n = 38), low N deposition
(≤50 kg N ha−1 yr−1, n = 66) and high N deposition (>50 kg N ha−1 yr−1, n =
30) treatments, respectively.
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the variation in ratio of fungal to bacterial necromass in SOC across N-
amended and control soils, despite still weaker than soil properties
(Fig. 3d). Specifically, C/P ratio and total P were determined to impact
the response of bacterial necromass accumulation to N deposition, whereas
C/N ratio and total Nmediated fungal necromass accumulation (Fig. 3e and
f). Two stoichiometric ratios, soil C/N and C/P ratio, primarily influenced
the response of total microbial necromass accumulation to N deposition
(Fig. 3g). In addition, soil pH and clay contents exerted great influence on
the effect of N deposition on the contributions of microbial necromass to
SOC pool. In the case of fungal to bacterial necromass, microbial commu-
nity structure was found to exert substantial effects on the response to N
deposition, accompanying with soil properties (Fig. 3h).

A closer examination showed that both low- and high-N deposition de-
creased the contribution of bacterial necromass to SOC mostly in soils with
lower clay contents and those with less acidity (Fig. 4a and b). High-N
deposition increased the contributions of fungal necromass to SOC pool in
soils with less clay content and in those that were less acidic (Fig. 4c and
d). In contrast, the association between fungal necromass accumulation
and pH value was not strongly affected by low-N deposition.

3.3. N-induced changes in latitude dependence of microbial necromass
accumulation

The contribution of fungal and total microbial necromass to SOC pool
exhibited a hump-shaped pattern with increasing latitude and peaked at ap-
proximately 35°N (Fig. 5b and c). This apparent pattern primarily stemmed
from the hump-shaped distribution of fungal and total microbial necromass
concentrations as the latitude increased (Fig. S1). The maximal contribu-
tions of fungal and total microbial necromass to SOC pool were estimated
to be 40.9 % and 61.5 %, respectively. In contrast, a linear fit was better
than polynomial fit for the bacterial necromass contribution to SOC pool,
which decreasedwith latitude (Fig. 5a). The latitudinal patterns ofmicrobial
necromass contribution to SOC poolwere not changed byN deposition,with
the standardized N-induced changes in microbial necromass contribution to
SOC pool showing little difference across studied sites (Fig. S2).

4. Discussion

4.1. Effects of N deposition on soil microbial necromass accumulation

The contribution of microbial necromass to SOC pool in this study fell
within the ranges of previous observations at the equilibrium stage, ranging
from 47 % to 80 % depending on the plant litter quality and the amount of
remaining plant-derived biomass (Liang et al., 2017; Kästner and Miltner,
2018). Numerous studies have clarified that part of SOC is directly gener-
ated from plant residues via ex vivo modification pathways, and the rest
is derived from microbial necromass (Liang et al., 2017). Given the stable
total microbial necromass contents in the low-N treatment and greater con-
tents in the high-N treatment (Fig. 1a), notably, the decreased contributions
of microbial necromass to SOC pool in the low-N treatment and stable con-
tributions in the high-N treatment (Fig. 1b) indicated that SOC storage was
enhanced by N deposition. Our results of increased SOC content under N
deposition also supported this explanationfirmly (Fig. S3). Previous studies
have pointed that N enrichment benefits the accumulation of plant-derived
C via inhibiting the decomposition of litter (Janssens et al., 2010; Chen
et al., 2020b; Eastman et al., 2022). Furthermore, an general increase in
the accumulation of plant-derived C with N addition could also be due to
increased aboveground biomass and thus the production of litter (Thomas
et al., 2010; Schulte-Uebbing and de Vries, 2018).

Different responses toN deposition were detected between the contribu-
tions of bacterial and fungal necromass to SOC pool (Fig. 1b), demonstrat-
ing the variations in bacterial and fungal processing under N enrichment
(Wang et al., 2017; Widdig et al., 2020). On the whole, N deposition bene-
fits the accumulation of fungal-derived C at the expense of bacterial
necromass in forest ecosystems, verifying our hypothesis and previous
site-specific observations (e.g., Griepentrog et al., 2014; Fan et al., 2020).



Fig. 2. Pearson's correlation coefficient matrix of the contributions of microbial necromass to SOC and the climatic, edaphic andmicrobial variables is displayed via a colour
gradient. BR/SOC, FR/SOC, andMR/SOC denote the contributions of bacterial, fungal, and totalmicrobial necromass to SOCpool, respectively; TPLFAs denote the total PLFA
biomass. AP indicates available phosphorus (P). The asterisk denotes statistical significance: *, p < 0.05; **, p < 0.01; and ***, p < 0.001.
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Soil nutrients were suggested to impact the N-induced changes in the
accumulation of microbial necromass to SOC (Griepentrog et al., 2014;
Ma et al., 2018). Specifically, stoichiometry of soil P and N primarily govern
the accumulation of soil bacterial and fungal necromass to SOC in our study,
respectively (Fig. 3). Generally, deficiency in soil P availability would lead
to increased abundance of EMF and fungi that have high P acquisition
ability, ultimately resulting in the decreased contribution of bacterial
necromass to SOC accumulation (Fan et al., 2020). As a result, the variations
in soil P availability among N deposition treatments or among forest sites
with distinct parentmaterials correlated positivelywith bacterial necromass
contribution (Fig. 3).While the increase in fungal necromass contribution to
SOC under high N deposition was likely due to the stimulatedmicrobial de-
rived SOC formation, as indicated by the larger amount of fungal biomass
(Fig. S4). Furthermore, decreased decomposition rate of necromass might
also attribute to this phenomenon (Griepentrog et al., 2014; Luo et al.,
2020). Previous studies have shown that the decomposition of microbial
necromass is strongly correlated with soil C/N, which is attributed to the
variation in microbial C use efficiency (CUE) (Geyer et al., 2016; Jones
et al., 2018). A low C/N ratio in the substrate benefits microbial necromass
accumulation by increasing microbial CUE (Cyle et al., 2016; Ni et al.,
2020a, 2020b). This suggestion coincides well with our results that the ac-
cumulation of fungal necromass was stimulated in soils that received high
N deposition (Fig. 1b), where fungal CUE might be stimulated due to the
high sensitivity of fungi to changes in soil stoichiometry (Luo et al., 2020;
5

Widdig et al., 2020). Given the role of soil C/N in mediating fungal
necromass decomposition (Fan et al., 2020; Luo et al., 2020), fungal
necromass more easily accumulates rather than decays under increased N
deposition, benefitting the contribution of fungal necromass to SOC pool.

The impacts of N deposition on the accumulation of microbial necromass
were also closely associated with soil environment. Clay content has been
found to be negatively associated with microbial turnover rates, which was
attributed to the limitation of movement and accessibility to resources
(Dungait et al., 2012; Wang et al., 2021). Admittedly, a large body of re-
searches has illustrated that microbial necromass forms stable associations
with clay minerals, retarding microbial decomposition on necromass
(e.g., Miltner et al., 2012; Kallenbach et al., 2016; Liang et al., 2019). How-
ever, the enrichment of clay in the soil could also constrain the accessibility
of microbial extracellular enzyme to substrate and subsequent microbial
growth, limiting the production of microbial necromass (Yang et al.,
2020). As a result, microbial necromass contributions to SOC pool was de-
tected to negatively associate with soil clay contents (Fig. 2). In soils with
low clay contents, the physical restriction of soil clay particles on microbial
growth and metabolism is weak. Accordingly, the inhibition of bacterial
necromass accumulation and stimulation of fungal necromass formation
under high level of N deposition (Fig. 4a and c) is probably resulted from
the susceptible N-induced dominance of fungi in microbial communities
(Liang et al., 2016; Shao et al., 2019). Furthermore, soil pH was also an
important regulator of microbial turnover (Wang et al., 2021). In general,
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Fig. 3. Variance partitioning for predictors (a-d) and partial least squares (PLS) standardized coefficients of variables (e-h) in determining the contribution of bacterial (a, e),
fungal (b, f), the total microbial necromass (c, g) to SOC pool and the ratio of fungal to bacterial necromass (d, h), respectively. Values<0 in variance partitioning analysis are
not shown. The PLS coefficient values show the direction andmagnitude of the effect of each variable. Variable shown are all significant (p< 0.05).MAT andMAP denote the
mean annual temperature and the mean annual precipitation, respectively, and GP and GN denote gram-positive and gram-negative bacterial biomass, respectively.
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compared to bacteria, fungi predominate in soils with high pH (Thoms and
Gleixner, 2013; Zhang et al., 2013). The gradual increase in the dominance
of fungi inmicrobial communities could contribute to the enhanced accumu-
lation of fungal over bacterial residues with increasing pH. Supporting this
suggestion, we found that pH correlated negativelywith bacterial necromass
accumulation whereas positively with fungal necromass accumulation
6

(Fig. 3e and f). Noteworthily, the accumulation of microbial necromass
was fiercely differentiated by N deposition in less acidic soils that were gen-
erally ascribed to high-latitude forests with N deficiency (Fig. 4b and d). This
is probablymediated by themore susceptible responses of bacteria and fungi
in N-limited soils following N enrichment (Gutknecht et al., 2012; Wang
et al., 2017; Widdig et al., 2020; Moore et al., 2021).



Fig. 4.Relationships between contributions of bacterial (a, b) and fungal necromass
to SOC (c-d) and edaphic variables in soils subjected to various N-addition regimes.
CT, Low-N, and High-N indicate control (no fertilization, n= 38), lowN deposition
(≤50 kg N ha−1 yr−1, n = 66) and high N deposition (>50 kg N ha−1 yr−1, n =
30) treatments, respectively.
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Soil properties and microbial community structure conjointly impacted
the composition of microbial derived SOC, i.e., the ratio of fungal to bacte-
rial necromass (Fig. 3d). Microbial necromass represent a time-integrated
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indicator of microbial community growth and biomass turnover, thus the
change in the composition of microbial necromass is significantly influ-
enced by the changes in microbial community structure (Liang et al.,
2016; Shao et al., 2019). In our study, it can be argued that the changes
in the ratio of fungal to bacterial necromass under N deposition might de-
pend on the changes in community structure of soil microorganisms (ratios
of bacteria/fungi and gram-positive/gram-negative bacteria) as a result of
changes in soil stoichiometric ratio and environmental condition (Ding
et al., 2020; Luo et al., 2020).

4.2. N-induced changes in geographical pattern of microbial necromass
accumulation

Although apparent impacts of N deposition on the contributions of mi-
crobial necromass to SOC were detected, the geographical patterns of the
contributions of microbial necromass to SOC pool in control soils without
N deposition, as well as their absolute contents, were highly consistent
with those in N-treated soils (Fig. 5, S1). This finding confirmed our second
hypothesis, and indicated that the geographical patterns might be closely
governed by other inherent factors such as climatic factors that derived
stronger regulation than N deposition. Climatic factors (i.e., temperature
and precipitation) are influential as they are widely demonstrated to regu-
late microbial processes and function at a large scale (Jing et al., 2020).
Furthermore, as affected by the climatic variation along latitudinal gradi-
ents, hump-shaped distributions of the contributions of fungal and total
microbial necromass to SOC as well as their absolute concentrations
with latitude were shaped (Chi et al., 2019; Chen et al., 2020a; Ni et al.,
2020a). Low soil temperature in high-latitude biomes restricts microbial
activity, allowing the MAT to be a key influencing factor of microbial
necromass accumulation (Chen et al., 2020a). In low-latitude acidic forests,
however, the high-proton soil shortens the activity period of extracellular
enzymes (Rousk et al., 2009; Khan et al., 2016). Therefore, the highest
contributions of fungal and total microbial necromass to SOC pool were
recorded inmid-latitude regions with favourable soil environments and cli-
matic conditions. In contrast, the linear decrease in the contribution of bac-
terial necromass to SOC with increasing latitude might be closely governed
byMAT andMAP, as both of which positively correlated with the contribu-
tion of bacterial necromass to SOC (Fig. 2). In low-latitude forest soils with
warmer and wetter environment, the decomposition of plant residues
was accelerated to convert by microorganisms, and the turnover of fast-
growing bacteria resulted in a relative greater accumulation of bacterial
necromass in soils (Chen et al., 2020a; Zhu et al., 2021). Furthermore, the
titude (° )
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climatic conditions in low-latitude forests determine that soil parent mate-
rial is subjected to greater weathering and thus benefit the accumulation of
soil P, which is evidenced to positively correlate with the accumulation of
soil bacterial necromass (Fan et al., 2020).

4.3. Limitations and implications for future study

Like most current studies that concerned N deposition influence, this
study preferentially tested the effect of N amount, but ignored the influence
of application frequency. Several studies have shown that the frequency of
application can strongly affect soil microbial communities and soil proper-
ties (Ning et al., 2015;Wang et al., 2018). Thus, N addition frequency effect
might also potentially confound the results. In this study, the 7 different
sites suffered N in different amounts and frequencies. However, the limited
amount of data in our studymight hamper revealing the N frequency effect,
increasing the margin of error. Therefore, further studies with abundant
samples are called for considering the effect of N addition frequency on
soil C dynamics.

5. Conclusion

Overall, we provide evidence for the disproportionate impacts of N de-
position on bacterial and fungal necromass accumulation in forest soils in
eastern China. The accumulation of fungal necromass got benefited at the
expense of bacterial necromass under increased N deposition. Furthermore,
distinct geographical patterns of bacterial and fungal necromass contribu-
tions to SOC were revealed. Relative to N deposition, the climatic variation
along latitudinal gradients exerted much stronger controls on the contribu-
tions of bacterial and fungal necromass to SOC at a large scale, leaving the
geographical pattern of microbial necromass stable under N deposition.
These findings could provide implications for the prediction of the natural
distribution of microbial necromass accumulation, in order to enhance the
microbial-derived C sequestration in terrestrial ecosystems under global
climate change.
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