
Soil microbial necromass carbon in forests: A global synthesis
of patterns and controlling factors

Shan Xu1,2, Xiaoyu Song3, Hui Zeng3,*, Junjian Wang1,2,*

1 State Environmental Protection Key Laboratory of Integrated Surface Water-Groundwater Pollution Control, School of Environmental Science and Engineering,
Southern University of Science and Technology, Shenzhen 518055, China

2 Guangdong Provincial Key Laboratory of Soil and Groundwater Pollution Control, School of Environmental Science and Engineering,
Southern University of Science and Technology, Shenzhen 518055, China

3 School of Urban Planning and Design, Shenzhen Graduate School, Peking University, Shenzhen 518055, China
* Corresponding authors. E-mail: zengh@pkusz.edu.cn (H. Zeng); wangjj@sustech.edu.cn (J.J. Wang)
Received November 17, 2023; Revised January 5, 2024; Accepted January 16, 2024

© Higher Education Press 2024

ABSTRACT
●   Boreal  and  temperate  forests  had  higher  MNC  and  FNC/BNC
than other forest biomes.
●   Mixed forests had higher MNC and lower FNC/BNC than other
forest types.
●   The  dependence  of  MNC  on  forest  type  varied  among  forest
biomes.
●   MAT  and  soil  total  N  were  the  important  factors  on  MNC  and
MNC/SOC.
●   MAT, soil pH, and clay content were identified as direct factors
on FNC/BNC.
Soil microbial necromass carbon (MNC) is an important contributor to soil organic carbon (SOC) and plays a vital role in carbon sequestration
and climate change mitigation. However, it remains unclear whether the content, contribution to SOC (MNC/SOC), and fungal-to-bacterial necro-
mass carbon ratio (FNC/BNC) of MNC vary across forest biomes and types. By summarizing data from 1 704 points across 93 forest sites, we
explored the spatial patterns of MNC, MNC/SOC, and FNC/BNC in the surface layer of 0–20 cm of forest soils, as well as the controlling factors
involved.  Overall,  boreal  and  temperate  forests  had  higher  MNC and  FNC/BNC values  than  tropical,  subtropical,  and  Mediterranean  forests,
whereas  both  boreal  and  Mediterranean  forests  had  low  MNC/SOC  values.  Mixed  forests  had  higher  MNC  and  lower  FNC/BNC  than
broadleaved  and  coniferous  forests,  whereas  MNC/SOC was  higher  in  broad-leaved  forests  than  that  in  coniferous  forests.  Interestingly,  the
dependence of MNC on forest type also varies among forest biomes. Regression analyses identified soil total N as one of the most important
factors affecting MNC and MNC/SOC; whereas MAT, soil pH, and clay content were identified as the important factors affecting FNC/BNC. This
synthesis is critical for managing soil MNC to mitigate climate change in forests.
Keywords  soil microbial necromass carbon, MNC/SOC, forest biome, forest type, climate, soil properties

 
 1 Introduction

Forest  soil  plays a critical  role in carbon (C) reservoirs and
climate  change  mitigation,  as  it  accounts  for  16%–26%  of
the global soil  C pool (Pan et al.,  2011; IPCC, 2013; Wies-
meier et al., 2019) and supports productive forests (Schoen-
holtz et al., 2000; Deluca and Boisvenue, 2012). Despite the
importance  of  forest  soils,  the  mechanisms  underlying  soil
organic  C  (SOC)  formation  and  stabilization  in  forests  are
still  under  investigation,  which  hinders  the  precise  assess-
ment of the effects of future climate change on Earth (Liang
et  al.,  2020; Anderegg  et  al.,  2020).  Among  SOC  pools,

microbial necromass C (MNC) is a long-lasting SOC compo-
nent  that  surpasses  the  contributions  of  plant  litter  (Lutzow
et  al.,  2006; Liang  et  al.,  2017)  or  living  microbial  biomass
(Anderson,  2003).  The  dominance  of  microbial  necromass
has been attributed to the interaction of microbe cell envelope
fragments (such as lipids, amino sugars, and proteins) with
soil minerals through chemical or physical protection, result-
ing  in  their  persistence  in  soils  for  long  periods  from
decades  to  millennia  (Cotrufo  et  al.,  2013; Achtenhagen
et al., 2015; Kopittke et al., 2018; Olivelli et al., 2020). MNC
has  been  reported  to  comprise  half  or  more  of  the  soil  C
pool  (Liang  et  al.,  2019; Wang  et  al.,  2021a).  Potential
changes  in  SOC  composition  and  stability  can  be  inferred
from alterations in MNC (Buckeridge et al., 2022). Therefore,
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assessing the spatial variations in MNC and their contribution
to SOC in forest soils is critical for improving SOC projections
and  management  under  different  climate  scenarios  (Zhu
et al., 2020).

Amino  sugars  (AS)  in  cell  walls,  including  glucosamine
(GluN)  in  fungal  cell  walls  and  muramic  acid  (MurA)  in
bacterial  cell  walls,  have  been  widely  applied  to  indicate
MNC  because  they  persist  in  soils  after  cell  death,  are
absent  in  plant  litter,  and  contribute  little  to  living  microbial
biomass  (Amelung  et  al.,  2001; Glaser  et  al.,  2004; Joer-
gensen,  2018; Wu  et  al.,  2023).  Several  studies  have
employed  AS  concentrations  to  estimate  MNC  in  soils
(Wang  et  al.,  2021a; Wang  et  al.,  2021b; Li  et  al.,  2022,
2023). MNC is generally composed of a high percentage of
fungal  necromass  C  (FNC),  usually  >  65%,  and  a  low
percentage  of  bacterial  necromass  C  (BNC)  because  fungi
are  the  principal  decomposers  of  complex  substrates  that
are dominant  in  forest  soils  (Wang et  al.,  2021a).  Changes
in  the  FNC/BNC  ratio  can  affect  their  contribution  to  MNC
and further affect SOC sequestration. Several recent studies
have  explored  the  spatial  patterns  of  MNC  content,  its
contribution  to  SOC  storage  (often  indicated  by  the  MNC/
SOC ratio),  its composition (FNC and BNC), and its driving
factors on a global scale (Ni et al., 2020; Wang et al., 2021;
Dai et al., 2022; Cao et al., 2023). For example, Wang et al.
(2021) synthesized a global data set to explore the patterns
of  MNC,  MNC/SOC,  and  FNC/BNC  in  three  ecosystems
(forest, cropland, and grassland) across different soil depths
and found that MNC contributed to 35% of the SOC in forest
soils. Hao  et  al.  (2021) reported  that  climate  governs  the
accumulation  of  AS  based  on  268  data  points  from  five
ecosystem  biomes  (temperate  forest,  subtropical  forest,
tropical  forest,  temperate  grassland,  and  subtropical  grass-
land),  with higher AS concentrations in the temperate zone
than  those  in  the  subtropical  zone. Cao  et  al.  (2023)
analyzed  necromass-derived  soil  organic  carbon  and  its
drivers  on  a  global  scale,  encompassing  various  terrestrial
ecosystems  and  wetlands,  including  forest,  bareland,
wetland,  shrubland,  grassland,  cropland,  and  tundra.  They
explored  differences  in  necromass-derived  SOC  among
different  ecosystems.  However,  relatively  few  studies  have
explored  the  patterns  of  FNC/BNC in  forests,  although it  is
important  to  understand  the  spatial  patterns  of  MNC  (Ni
et  al.,  2020; Wang  et  al.,  2021).  In  addition,  despite  these
advancements,  the  geographical  patterns  of  MNC,  MNC/
SOC, and FNC/BNC and their dependence on forest biomes
and  forest  types  are  still  debated.  For  example, Dai  et  al.
(2022) reported  a  significantly  higher  soil  AS  content  in
mixed forests than that in coniferous forests, whereas Zhu et
al. (2022) reported no significant differences between them.
Therefore,  there  is  an  urgent  need  to  conduct  an  updated
global  synthesis  using  data  from  a  large  number  of  forest

sites  to  examine  the  spatial  patterns  of  MNC,  MNC/SOC,
and FNC/BNC in forest soils, as well as their driving factors.

A series of driving factors for MNC, MNC/SOC, and FNC/
BNC have been examined by previous studies. These driving
factors  included  climatic  factors,  such  as  mean  annual
temperature (MAT) and precipitation (MAP), and soil proper-
ties,  such  as  soil  pH,  texture,  and  mineralogy  (Amelung  et
al.,  1999; Wang  et  al.,  2021).  Specifically,  MAT  and  MAP
can  indirectly  affect  microbial  necromass  accumulation,
mainly  by  altering  microbial  processes  (i.e.,  microbial
biomass, microbial  C-use efficiency, and turnover rate),  the
quantity  and  quality  of  plant  C  inputs,  and  soil  properties
(Liang  et  al.,  2019).  In  addition,  soil  acidity  is  an  important
driver  of  microbial  community  structure,  with  fungi  being
more acid-tolerant than bacteria, leading to increased fungal
biomass  dominance  in  acidic  soils  (Strickland  and  Rousk,
2010),  which  could  thus  affect  the  accumulation  of  soil
microbial necromass. However, the long-term stabilization of
microbial necromass is strongly regulated by soil texture due
to the physical protection of soil aggregates (Six et al., 2000)
or  chemical  binding  to  organo-mineral  complexes  against
further  degradation  by  microbes  (Singh  et  al.,  2017).
Furthermore,  microbial  necromass  accumulation  is  signifi-
cantly affected by soil nitrogen (N; Ni et al., 2021). Microbial
necromass  comprises  proteins,  nucleic  acids,  fungal  chitin,
glycoproteins,  and  bacterial  peptidoglycans,  which  account
for over 60% of soil N (Schulten and Schnitzer, 1997). In N-
rich  soils,  low “N  starvation  signal” reduces  the  microbial
consumption of soil  stable C (e.g., MNC) and promotes the
preferential  utilization  of  glucose,  which  leads  to  microbial
necromass accumulation in soils (Fang et al., 2018; Perveen
et al.,  2019; Ni et al.,  2021). In contrast, under N limitation,
plants  and  microorganisms  may  send  higher “N  starvation
signal” to stimulate microorganisms to produce more extra-
cellular  enzymes  to  decompose  microbial  necromass  to
obtain  N  sources  (Ni  et  al.,  2021),  which  decreases  soil
microbial  necromass  accumulation.  Microbial  necromass
production is regulated by three physiological traits: microbial
growth  rate,  microbial  C-use  efficiency,  and  microbial
biomass turnover rate (Liang et al., 2019). However, there is
limited understanding of how MNC responds to environmen-
tal  factors,  and  the  empirical  relationships  among  climate,
plants,  soil,  and  microbial  necromass  in  forests  at  wide
geographical  scales  remain  incomplete.  Furthermore,
whether  the  dominant  factors  affecting  MNC,  MNC/SOC,
and  FNC/BNC  differ  across  forest  biomes  or  types  remain
unexplored.

In this study,  we conducted a comprehensive global  data
synthesis to explore the spatial patterns of MNC, MNC/SOC,
and FNC/BNC in the surface soils (0–20 cm) of forests and
their controlling factors based on 1 704 data points (562 for
MNC,  580  for  MNC/SOC,  and  562  for  FNC/BNC)  from  66
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articles across 93 forest sites. We tested how forest biomes,
forest types, microbial biomass C, climate, and soil physico-
chemical properties (mainly soil texture, pH, and N content)
affected the magnitudes of MNC, MNC/SOC, and FNC/BNC
in the surface 0–20 cm soils. We hypothesized that:

1)  MNC,  MNC/SOC,  and  FNC/BNC  values  would  be
higher  in  regions  with  higher  MAT  and  MAP  (e.g.,  tropical
and  subtropical  forests)  than  those  in  regions  with  lower
MAT and MAP (e.g., boreal and temperate forests), because
higher  MAT and MAP can lead to  faster  microbial  turnover
and accumulation of MNC, particularly FNC.

2)  MNC,  MNC/SOC,  and  FNC/BNC  values  would  be
higher in mixed and broadleaved forests than those in conif-
erous forests because mixed species promote litter decom-
position rate, and broadleaved species have higher quantity
and quality of litter inputs as well as faster litter decomposition
rates than coniferous forests.

3) Soil physicochemical properties, such as soil N content,
soil pH, and soil texture, can directly affect MNC, MNC/SOC,
and FNC/BNC in forest  soils.  It  is  because forest  soils  with
different  levels  of  soil  N  content  could  lead  to  variations  in
plant  productivity  and  C  inputs,  and  soils  with  different  soil
clay  content  could  provide  different  levels  of  MNC  storage
potential.

 2 Materials and methods

 2.1 Data collection

The concentrations of  AS and microbial  necromass in soils
were  partially  based  on  the  data  published  by  Ni  et  al.
(2020),  Wang et  al.  (2021),  and Hao et  al.  (2021),  and the
concentration database was updated by incorporating peer-
reviewed journal articles from the Web of Science (available
at  the  website  Web  of  Science)  and  the  China  National
Knowledge Infrastructure (available at  the website cnki.net)
published  before  2023.  We  searched  the  papers  from  the
Web of  Science in  English.  The search  terms were “amino
sugars,” “microbial necromass,” and “microbial residue.” We
also  used  Chinese  keywords,  such  as “微 生 物 残 体 ”
(Chinese of microbial necromass) and “氨基糖” (Chinese of
amino sugars), to search the papers from the China National
Knowledge  Infrastructure.  Raw  data  were  obtained  from
tables  or  extracted  from  published  figures  using  GetData
Graph  Digitizer  software.  Only  data  from ≤ 20  cm  soil
layers  in  forests  were  considered,  whereas  those  from  the
litter  layer,  O  layer,  and  soils  deeper  than  20  cm were  not
included in this study.

We obtained 1 704 data points (562 for MNC, 580 for MNC
/SOC,  and  562  for  FNC/BNC)  from  66  articles  across  93
forest  sites  that  met  the  specified  criteria  (Supplementary
Table  S1).  The latitude ranged from 4.5°S to  52.25°N,  and

the MAT ranged from −5.4  to  26°C.  To explore  the depen-
dence  of  MNC,  MNC/SOC,  and  FNC/BNC  on  climate,  soil
physicochemical  properties,  and  microbial  biomass  C,  we
collected  the  following  information  from  previous  publica-
tions: MAP, MAT, SOC, total nitrogen (N), microbial biomass
C  (MBC),  soil  clay  content,  silt  content,  sand  content,  and
soil  pH. We collected the information of  forest  biomes from
the literature, which were given as “boreal forest,” “temperate
forest,” “subtropical  forest,” “tropical  forest,” and “mediter-
ranean forest.” If the forest biome information were not given,
we extracted the biome information from the biome inventory
website:  DRYAD  (Fischer  et  al.,  2022).  Finally,  the  forest
biomes  were  grouped  as  subtropical  and  tropical,  boreal,
Mediterranean,  and temperate forests.  Owing to the limited
data on subtropical and tropical biomes, the data from these
biomes were merged into a single (sub-)tropical forest cate-
gory  for  our  analysis.  The  forest  types  included  broad-
leaved, coniferous, and mixed forests.

 2.2 Calculations

If the study did not directly provide MNC data, we calculated
it  using the following methods: The BNC was calculated by
directly multiplying the concentration of MurA by a conversion
factor  of  45 (Eq.  (1); Appuhn and Joergensen,  2006).  FNC
was  calculated  by  multiplying  the  concentration  of  fungal
GluN  by  a  conversion  factor  of  nine  (Eq.  (2); Appuhn  and
Joergensen,  2006; Joergensen,  2018).  Fungal  GluN  was
calculated  by  subtracting  bacterial  GluN  from  total  GluN,
and  bacterial  GluN  was  estimated  based  on  the  bacterial
MurA  with  a  molar  GluN  to  MurN  ratio  of  2:1  in  bacteria,
using  molecular  weights  of  179.17  and  251.23  g/mol  for
GluN  and  MurA,  respectively  (Eq.  (3); Engelking  et  al.,
2007). The MNC was estimated as the sum of the FNC and
BNC  (Eq.  (4); Joergensen,  2018).  The  MNC/SOC  ratio
represents  the  contribution  of  microbial  necromass  to  SOC
content  (Liang  et  al.,  2019).  The  FNC/BNC  ratio  was  also
calculated  to  indicate  the  relative  abundance  of  FNC
compared with BNC.
 

BNC =MurA×45 (1)
 

FNC = Fungal GluN×9 (2)
 

Fungal GluN = (total GluN/179.17−2×MurA/251.23)×179.17
(3)

 

Total MNC = BNC+FNC (4)

 2.3 Statistical analysis

The  Wilcoxon  test  was  used  to  assess  the  differences
between  the  two  groups  of  forest  biomes  and  forest  types.
Linear  and  nonlinear  regressions  (exponential  curves  or
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Gaussian curves according to the distributions of data points)
were  conducted  to  analyze  the  relationships  of  MNC  and
MNC/SOC  with  latitude,  MAT,  MAP,  soil  clay  content,  soil
pH, and soil N content. All meta-regressions were performed
using Sigmaplot v15.0 (Systat Software Inc., San Jose, Cali-
fornia, USA).

 3 Results

 3.1 MNC, MNC/SOC, and FNC/BNC in different forest
biomes and forest types

Our  results  showed  that  across  all  sites,  MNC  in  surface
0–20  cm  soils  in  forests  globally  ranged  from  0.22  to
132.95  g  kg−1,  with  average  and  standard  error  of  19.04  ±
0.79  g  kg−1 (n =  562).  Considering  different  forest  biomes,
MNC contents in surface 0–20 cm soils were 59.06 ± 2.59,
24.14 ± 1.37, 13.71 ± 0.46, and 4.03 ± 0.67 g kg−1 for boreal
(n =  8),  temperate  (n =  283),  (sub-)tropical  (n =  238),  and
Mediterranean  (n =  33)  forests,  respectively  (Fig.  1a).  The
MNC  content  followed  the  order  of  boreal  >  temperate  >
(sub-)tropical  >  Mediterranean  forests,  with  significantly
higher  values  in  boreal  forests  than  those  in  other  forests
(Fig. 1a). The contribution of MNC to SOC (i.e., MNC/SOC)
in surface 0–20 cm soils in forests globally ranged from 1.21%
to 100%, with an average and standard error of 42% ± 1%.

In addition, MNC/SOC values in surface 0–20 cm soils were
17% ± 0%, 45% ± 1%, 43% ± 1%, and 16% ± 1% in boreal,
temperate, (sub-)tropical, and Mediterranean forests, respec-
tively (Fig. 1b). The MNC/SOC ratio was significantly higher
in  (sub-)tropical  and  temperate  forests  than  that  in  boreal
and Mediterranean forests (Fig. 1b). Our results showed that
across  all  sites,  FNC/BNC  in  surface  0–20  cm  soils  in
forests ranged globally from 0.17 to 14.5, with average and
standard error of 3.23 ± 0.09. For forest biomes, FNC/BNC
in surface 0–20 cm soil was 6.25 ± 0.63, 4.06 ± 0.14, 2.23 ±
0.06,  and  2.52  ±  0.13  for  boreal,  temperate,  (sub-)tropical,
and  Mediterranean  forests,  respectively,  with  significantly
higher  values  in  boreal  forests  than  those  in  other  forests
(Fig. 1c).

Considering different forest types, MNC content in surface
0–20  cm  soils  was  significantly  higher  in  mixed  forests
(23.64 ± 1.25 g kg−1) than those in coniferous forests (22.78 ±
2.4 g kg−1) and in broadleaved forests (15.88 ± 0.69 g kg−1)
(p <  0.01; Fig.  1d).  The MNC/SOC was 45% ± 1%, 42% ±
2%,  and  40% ±  2% in  broadleaved,  coniferous,  and  mixed
forests,  respectively  (Fig.  1e),  with  significantly  higher
values in broadleaved forest than those in coniferous forest
(p =  0.04; Fig.  1e).  In  addition,  the  FNC/BNC  was  3.27  ±
0.11,  3.10 ± 0.20,  and 3.06 ± 0.25 in  broadleaved,  conifer-
ous, and mixed forests, respectively (Fig. 1f). There were no
significant differences among the forest types. Results from
two-way  analysis  of  variance  (ANOVA)  showed  that  the

 

 
Fig. 1    Variations  in  microbial  necromass carbon (MNC),  its  contribution  to  soil  organic  carbon (MNC/SOC),  and the  ratio  of
fungal necromass carbon to bacterial necromass carbon (FNC/BNC) in 0–20 cm surface soils across forest biomes (a–c) and
forest  types (d–f).  The shapes of  the violin  represent  the distribution pattern  of  the corresponding data.  The upper  and lower
ends of boxes denote the 0.25 and 0.75 percentiles, respectively. The solid line and cross in the box mark the median and mean
of each data set, respectively. Solid dots denote outliers. Numbers in the parentheses represent the number of data. The different
lowercase letters indicate significant differences between groups.
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effect  of  forest  biome  (p <  0.001)  and  the  interaction
between forest biome and forest type (p < 0.001) was signif-
icant  for  MNC  (Fig.  2a).  In  the  Mediterranean  forest,  the
MNC in coniferous forests was significantly higher than that
in broad-leaved forests (Fig.  2a, p < 0.01).  In (sub-)tropical
biome,  MNC  in  mixed  forests  was  significantly  higher  than
that in broadleaved forests (p = 0.05), whereas in temperate
biome,  MNC  in  mixed  forests  was  significantly  higher  than
that  in  broadleaved  (p =  0.01)  and  coniferous  forests  (p =
0.02) (Fig.  2a).  Furthermore,  two-way  ANOVA  showed  no
interaction  between  forest  biome  and  forest  type  on  MNC/
SOC  or  FNC/BNC  (Fig.  2b–2c).  The  effect  of  forest  biome
was  significant  for  the  MNC/SOC  ratio  (p <  0.01),  and  the
effect  of  forest  type  was  marginally  significant  for  the
MNC/SOC ratio (p = 0.09, Fig.  2b).  Specifically,  MNC/SOC
in  broadleaved  forests  was  significantly  higher  than  that  in
coniferous and mixed forests  in  temperate  biome (Fig.  2b).
For  FNC/BNC,  the  effects  of  both  forest  biome  (p <  0.01)
and forest type (p < 0.01) were significant (Fig. 2c).

 3.2 Correlations of MNC, MNC/SOC, FNC/BNC with latitude
and climate

Regarding  climate  variables,  MNC  was  significantly  and
positively correlated with latitude across all  sites (r2 = 0.09,
p < 0.01), in (sub-)tropical forests (r2 = 0.08, p < 0.01), and
in Mediterranean forests (r2 = 0.63, p < 0.01) (Fig. 3a). Addi-
tionally, MNC showed a significant negative correlation with
MAT across all sites (r2 = 0.28, p < 0.01), temperate forests
(r2 =  0.14, p <  0.01),  (sub-)tropical  forests  (r2 =  0.34, p <
0.01),  and  Mediterranean  forests  (r2 =  0.59, p <  0.01)
(Fig. 3b). Moreover, MNC was significantly negatively corre-
lated with MAP across all  sites (r2 = 0.03, p < 0.01) and in
(sub-)tropical forests (r2 = 0.15, p < 0.01) but was significantly
positively correlated with MAP in Mediterranean forests (r2 =
0.62, p <  0.01)  (Fig.  3c).  In  terms of  MNC/SOC, there was
no  significant  correlation  with  latitude  across  all  sites  in
temperate, (sub-)tropical, or Mediterranean forests (Fig. 3d).
For  MAT,  it  first  increased  and  then  decreased  across  all
sites (r2 = 0.11, p < 0.01), in temperate (r2 = 0.07, p < 0.01),
and in (sub-)tropical forests (r2 = 0.07, p < 0.01) (Fig. 3e). In

 

 
Fig. 2    Variations in MNC (a), its contribution to SOC (MNC/SOC) (b), the ratio FNC/BNC (c), in 0–20 cm surface soils across
forest types in different forest biomes. The shapes of the violin represent the distribution pattern of the corresponding data. The
upper and lower ends of boxes denote the 0.25 and 0.75 percentiles, respectively. The solid line and cross in the box mark the
median and mean of each data set, respectively. Solid dots denote outliers. Numbers in the parentheses represent the number
of data. The different capital letters indicate the significant differences between the two groups in each forest biome.
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addition, MNC/SOC first increased and then decreased with
MAP  across  all  sites  (r2 =  0.02, p <  0.01)  and  decreased
nonlinearly with MAP in (sub-)tropical forests (r2 = 0.04, p <
0.01)  (Fig.  3f).  FNC/BNC  was  positively  related  to  latitude
across all sites (r2 = 0.14, p < 0.01) but negatively correlated
with latitude in the Mediterranean forests (r2 = 0.31, p < 0.01)
(Fig.  3g).  FNC/BNC  was  negatively  correlated  with  MAT
across all sites (r2 = 0.17, p < 0.01) but was positively corre-
lated  with  MAT  in  (sub-)tropical  (r2 =  0.13, p <  0.01)  and
Mediterranean forests (r2 = 0.11, p = 0.02) (Fig. 3h). In addi-
tion,  FNC/BNC was  negatively  correlated  with  MAP across
all  sites  (r2 =  0.17, p <  0.01)  and  in  Mediterranean  forests
(r2 =  0.11, p =  0.02)  but  positively  correlated  with  MAP  in
temperate (r2 = 0.13, p < 0.01) and (sub-)tropical forests (r2 =
0.11, p = 0.02) (Fig. 3i).

 3.3 Correlations of MNC, MNC/SOC, FNC/BNC with MBC
and soil properties

The MBC data were available only for temperate and (sub-)
tropical  forests in the data set.  MNC was consistently posi-
tively  correlated  with  MBC  across  all  sites  (r2 =  0.67, p <
0.01), temperate forests (r2 = 0.66, p < 0.01), and (sub-)trop-
ical forests (r2 = 0.53, p < 0.01; Fig. 4a). However, no signifi-
cant  correlation  was  found  between  MNC/SOC  and  MBC,
regardless  of  whether  the  forests  were  temperate  or  (sub-)
tropical  (Fig.  4b).  FNC/BNC was  negatively  correlated  with
MBC in (sub-)tropical  forests (r2 = 0.11, p = 0.02) but posi-
tively  correlated  with  MBC  in  temperate  forests  (r2 =  0.13,
p < 0.01) (Fig. 4c).

Regarding soil properties, MNC was significantly negatively
correlated  with  soil  clay  content  in  temperate  forests  (r2 =

 

 
Fig. 3    Relationships of MNC (a–c), ratio MNC/SOC (d–f), ratio FNC/BNC (g–i),  in 0–20 cm surface soils in boreal (light green),
temperate (green), (sub-)tropical (orange), and Mediterranean (dark red) forests with latitude, mean annual temperature (MAT),
and mean annual precipitation (MAP). r2 values and linear regression lines are shown for significant relationships at p < 0.05.
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0.03, p =  0.02)  (Fig.  5a).  It  was  also  significantly  positively
correlated with soil pH across all sites (r2 = 0.01, p = 0.01),
in temperate (r2 = 0.03, p < 0.01), and (sub-)tropical forests
(r2 =  0.14, p <  0.01)  (Fig.  5b);  however,  it  was significantly
negatively  correlated  with  soil  pH  in  Mediterranean  forests
(r2 = 0.56, p < 0.01) (Fig. 5b). In addition, MNC was signifi-
cantly  positively  correlated  with  soil  N  content  across  all
sites  (r2 =  0.01, p =  0.01),  in  boreal  (r2 =  0.01, p =  0.01),
temperate (r2 = 0.03, p < 0.01), (sub-)tropical (r2 = 0.14, p <
0.01),  and  Mediterranean  forests  (r2 =  0.56, p <  0.01)
(Fig.  5c).  MNC/SOC  was  significantly  negatively  correlated
with soil clay content in (sub-)tropical forests (r2 = 0.09, p <
0.01)  (Fig.  5d),  with  soil  pH across  all  sites  (r2 =  0.04, p <
0.01)  (Fig.  5e)  and with soil  N content  in  temperate forests
(r2 = 0.10, p < 0.01) and (sub-)tropical forests (r2 = 0.14, p <
0.01) (Fig. 5f). FNC/BNC was negatively correlated with the
soil  clay content  in  the (sub-)tropical  forests (r2 = 0.12, p <
0.01) (Fig. 5g). FNC/BNC was positively correlated with soil
pH  across  all  sites  (r2 =  0.01, p =  0.02),  intemperate  (r2 =
0.02, p =  0.02),  and  Mediterranean  forests  (r2 =  0.33, p <
0.01) (Fig. 5h) but negatively correlated with soil pH in (sub-)
tropical  forests  (r2 =  0.10, p <  0.01).  In  addition,  FNC/BNC
was  positively  correlated  with  the  soil  N  content  across  all
sites (r2 = 0.16, p < 0.01), temperate forests (r2 = 0.09, p <
0.01),  and  Mediterranean  forests  (r2 =  0.16, p =  0.04)
(Fig. 5i).

 4 Discussion

 4.1 Average MNC, MNC/SOC, and FNC/BNC in forest
0-20 cm soils

By comparing our study with the previous studies, we found
the MNC value in our study (19.04 ± 0.79 g kg−1) was higher
than that reported in Wang et al. (2021) (17.16 g kg−1 in top

0–20 cm soils) and Cao et al. (2023) (13.05 g kg−1); and the
MNC/SOC (42% ± 1%) was higher than that in Wang et al.
(2021) (35%) and lower than that in Cao et al. (2023) (49%).
For FNC/BNC, the average value in the present study (3.23 ±
0.09) was higher than those reported in Ni et al. (2020) (2.73
in 0–20 cm soils) and Wang et al.  (2021) (2.83 in 0–20 cm
soils).  In addition,  the average MNC and MNC/SOC values
in temperate and (sub-) tropical forests in the present study
were similar to those reported by Cao et al. (2023). However,
this  study  showed  higher  average  MNC  and  lower  MNC/
SOC  in  boreal  forests  than  those  reported  by Cao  et  al.
(2023).  Although  there  were  no  data  on  MNC  and  MNC/
SOC  for  Mediterranean  forests  in Cao  et  al.  (2023),  our
study  allows  for  a  direct  comparison  of  Mediterranean
forests  with  other  forest  biomes.  Therefore,  compared  to
Cao  et  al.  (2023),  we  gathered  a  more  extensive  data  set
covering  diverse  forest  biomes.  Consequently,  our  study
delves into greater detail regarding the patterns and drivers
of MNC in forest ecosystems.

Recent  research has pointed out  that “the composition of
microbial  necromass  does  not  equal  that  of  microbial
biomass” and “the  quantity  and  persistence  of  microbial
necromass  is  governed  by  microbial  death  pathways,  not
only  the  initial  biomass  composition” (Camenzind  et  al.,
2023).  Nevertheless,  our  results  suggest  that  microbial
necromass and microbial  biomass in  forest  soils  are  highly
correlated  over  a  wide  geographic  scale  (Fig.  4a),  which
suggested  the  quantity  of  microbial  biomass  could  be  an
important  predictor  of  microbial  necromass accumulation in
forest soils.

 4.2 Forest biome-dependent MNC, MNC/SOC, and
FNC/BNC in forest soils

Representing  the  largest  data  set  to  date,  this  synthesis

 

 
Fig. 4    Relationships  of  MNC (a),  ratio  MNC/SOC (b),  ratio  FNC/BNC (c), with  microbial  biomass  carbon  (MBC)  in  0–20  cm
surface  soils  in  temperate  (green)  and  (sub-)tropical  (orange)  forests. r2 values  and  linear  regression  lines  are  shown  for
significant relationships at p < 0.05.
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showed  relatively  higher  MNC  and  FNC/BNC,  and  lower
MNC/SOC ratios in boreal forests than those in other forest
biomes (Fig. 1a, 1b, 1c). Because boreal forests are known
to  have  low  MAT,  and  thus  low  primary  and  secondary
productivity,  this  pattern  could  be  attributed  to  slow  MNC
decomposition and high accumulation of both MNC and non-
microbial-necromass  SOC  (e.g.,  plant-derived  SOC)  in
boreal  forests  in  cold  weather  (Chen  et  al.,  2020).  This
supports  the  idea  that  boreal  forest  soils  function  as  net
terrestrial  C sinks  in  the  global  C cycle. Chen et  al.  (2020)
linked  higher  MNC  and  lower  MNC/SOC  in  boreal  forests
than  those  in  tropical  forests  to  temperature  and  soil  N
factors.  This  synthesis  also  showed  relatively  higher  FNC/
BNC  ratios  in  boreal  forests  than  those  in  other  forest

biomes  (Fig.  1c),  which  is  consistent  with  the  results
reported  by Chen  et  al.  (2020).  Previous  studies  have
reported that FNC plays an important role in the stabilization
and accumulation of SOC because very high fungal biomass
(up  to  600  kg  ha−1)  derived  from  tannin-rich  plant  roots  is
associated with abundant ectomycorrhizae in boreal forests
(Wallander et al., 2004; Adamczyk et al., 2019). The ratio of
fungal to bacterial biomass in boreal forests (5.03) has also
been  reported  to  be  higher  than  that  in  temperate  forests
(4.92)  and  tropical/subtropical  forests  (2.22)  (He  et  al.,
2020a), which could lead to a high FNC/BNC ratio in boreal
forests.  However,  in  this  study,  the  data  points  in  boreal
forests  were  relatively  low,  with  only  eight  for  MNC  and
seven for MNC/SOC, suggesting the need for more compre-

 

 
Fig. 5    Relationships of MNC (a–c), ratio MNC/SOC (d–f), ratio FNC/BNC (g–i), in 0–20 cm surface soils in boreal (light green),
temperate (green), (sub-)tropical (orange), and Mediterranean (dark red) forests with soil  clay content (%), soil  pH, and soil  N
content. r2 values and linear regression lines are shown for significant relationships at p < 0.05.
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hensive  studies  in  boreal  forest  biomes. Hao  et  al.  (2021)
also  found  limited  data  from boreal  regions  and  suggested
that  future  studies  should  focus  on  improvements  in  data
collection and accurate estimation of microbial residue accu-
mulation.

Additionally, the patterns and controlling factors of MNC in
Mediterranean  forests  have  not  been  studied  by  previous
global  data  syntheses  (Chen  et  al.,  2020; Ni  et  al.,  2020;
Wang et  al.,  2021; Dai  et  al.,  2022; Cao et  al.,  2023).  This
study  obtained  33  data  points  for  MNC,  MNC/SOC,  and
FNC/BNC in Mediterranean forests, and the results showed
the lowest MNC and MNC/SOC in the Mediterranean forests
among the forest biomes. Mediterranean forest has a unique
climate  with  marked  seasonality  and  severe  summer
droughts. Under such climatic conditions, plants have devel-
oped  adaptive  mechanisms  to  overcome  Mediterranean
summer drought,  such as long-lived and hard leaves (scle-
rophylly), which cannot only reduce the quantity of litter but
also  produce  low-quality  litter  and  subsequently  decelerate
litter  decomposition  processes  (Rutigliano  et  al.,  2004;
Incerti et al., 2011). In addition, the unique climatic conditions
of Mediterranean forests can stress soil microbial communi-
ties  (Aponte  et  al.,  2010; Grosso  et  al.,  2018),  resulting  in
the  decoupling  of  microbial  biomass,  activity,  and  SOC
(Lucas-Borja et al., 2012). The stressed microbial communi-
ties, together with reduced litter inputs and decelerated litter
decomposition,  could  at  least  partially  explain  the  lower
MNC  and  MNC/SOC  values  in  the  Mediterranean  forests
than those in other forest biomes.

We found significant differences in the spatial patterns and
controlling  factors  of  MNC  between  (sub-)tropical  and
temperate  forests  (Figs.  1a,  1b,  1c,  3,  4,  5).  Specifically,
MNC and FNC/BNC in  temperate  forests  were  significantly
higher  compared  to  (sub-)tropical  forests  (Fig.  1a,  1c),
suggesting  the  cold  environments  in  temperate  forest
support the accumulation of MNC and FNC. We also found
both MNC in (sub-)tropical and temperate forests nonlinearly
decreased with MAT (Fig. 3b), suggesting temperature plays
an  important  role  in  regulating  the  accumulation  of  forest
MNC in top 20 cm soils. However, MNC in temperate forests
were not related to MAP, contrasting with that in (sub-)tropical
forests (Fig. 3c). In addition, we found total soil N was one of
the  most  important  controlling  factor  affecting  MNC both  in
(sub-)tropical  and  temperate  forests  (Fig.  5c).  Temperate
forests  are  often  N-limited  (Aber  et  al.,  1998,  Brumme and
Khanna, 2008), which could explain the predominant role of
total  soil  N  in  the  MNC.  For  example, Chen  et  al.  (2020b)
found  significant  increases  in  microbial  residues  (AS)  and
mineral  associated organic  C after  6  years  of  N addition in
two  temperate  forests,  suggesting  that  N  is  an  important
factor  affecting  MNC  in  temperate  forests.  This  effect  is
likely  because  a  higher  total  N  content  promotes  MNC
formation by enhancing available nutrients for living microbial

organisms  (Geisseler  and  Scow,  2014).  For  example, Liao
et  al.  (2022) found  that  N  availability  and  mineral  particles
contributed to the formation of fungal necromass in a newly
formed  stable  carbon  pool  in  the  alpine  regions  of  South-
west China. Therefore, the data in our study can be used to
manage soil microbial necromass carbon to mitigate climate
change in forests.

In  addition,  our  results  showed  MNC  in  temperate  forest
decreased  with  soil  clay  content  (Fig.  5a),  which  did  not
support the opinion that soils with higher clay content often
have higher MNC and MNC/SOC because fine soil particles
have  a  smaller  pore  diameter  and  more  surface  sites  that
can stabilize microbial necromass or metabolites by forming
organo-mineral  bonds  (Six  et  al.,  2006).  The  amount  of
MNC in soils  can be controlled by its  production and stabi-
lization (Buckeridge et al., 2022). Our global data synthesis,
for the first time, indicates that the amount of MNC in soils is
controlled by both  the production and retention/stabilization
in  (sub-)tropical  forests  but  is  predominantly  produced  in
temperate  forests.  Although  previous  large-scale  studies
have  identified  temperature  and  soil  N  (or  soil  C/N)  as  the
two  major  factors  affecting  MNC  in  forests  (Chen  et  al.,
2020; Deng  and  Liang,  2022; Zhu  et  al.,  2022),  this  study
provides  a  clear  understanding  of  the  correlations  among
microbial necromass C, MAT, soil  clay content, soil  total N,
soil pH, and MBC, further confirming the critical role of MAT
in regulating MNC in different forest biomes (Doetterl et al.,
2015; Ni  et  al.,  2020).  This  could  be  attributed  to  the  fact
that  soil  microbial  communities  are  the  main  drivers  of  soil
necromass  degradation  (Maillard  et  al.,  2023),  and  MAT
directly  affects  the  communities  and  thus  affects  the  accu-
mulation of MNC.

The ratio of fungal to bacterial biomass was reported to be
strongly  affected  by  climatic  and  edaphic  factors,  and  its
value  in  temperate  forests  (4.92)  was  reported  to  be  two
times  greater  than  that  in  tropical/subtropical  forests  (2.22)
(He et al., 2020a), which led to higher FNC/BNC in temperate
forests  than  that  in  (sub-)tropical  forests.  The  higher  FNC/
BNC  in  temperate  forests  could  also  partially  explain  the
higher  MNC in  temperate  forests  than  that  in  (sub-)tropical
forests. Although temperate forests have a higher MNC than
(sub-)tropical  forests,  MNC  has  not  been  found  to  be  the
primary  driver  of  SOC  persistence  in  temperate  forests
(Craig  et  al.,  2022),  which  may  explain  why  MNC/SOC did
not differ between the two forest biomes.

 4.3 Forest type impacts on soil MNC are biome-dependent

Different  forest  types  (i.e.,  broadleaved,  coniferous,  and
mixed  forests)  exhibit  varying  plant  species  compositions,
which  can  affect  the  quality  of  litter  inputs  (Huang  et  al.,
2011; Zhou et  al.,  2019),  soil  microbial  communities (Hackl
et  al.,  2005; Wang  et  al.,  2016),  litter  decomposition  rates
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(Prescott  et  al.,  2000; Zhang  et  al.,  2008),  and  the  hetero-
geneity  of  SOC  chemical  components  (Wang  et  al.,  2016;
Wang  et  al.,  2023).  Therefore,  variations  in  these  factors
further influence MBC and MNC accumulation in soils (Shao
et al., 2017; Dai et al., 2022). This study revealed a significant
interaction  between  forest  biome  and  forest  type  for  MNC
(p < 0.01), with highest MNC in mixed forest (Figs. 1d, 2a).
Analyses  of  the  differences  in  MNC  among  different  forest
types have also been reported in previous studies (Dai et al.,
2022; Zhu  et  al.,  2022).  For  example, Dai  et  al.  (2022)
reported  significantly  higher  soil  amino  sugar  content  in
mixed forests (n = 3) than that in coniferous forests (n = 4) in
a Chinese forest, which is consistent with the global distribu-
tion  patterns  (n =  38  for  mixed  and n =  64  for  coniferous
forests). Zhu et  al.  (2022) found no significant  difference in
total  AS  content  in  soils  among  the  three  forest  types,  but
did not provide the sampling number for each type of forest.
Our  global  synthesis  supports  the  idea  that  tree  species
mixtures promote microbial necromass accumulation in soils
(Dai  et  al.,  2022; Wang et  al.,  2022).  However,  the ratio  of
MNC/SOC  was  not  found  the  highest  in  mixed  forest
(Figs. 1e, 2b), which suggested that the higher SOC content
in  mixed  forest  is  not  due  to  higher  MNC  accumulation  in
mixed forest compared with monocultures.

Generally,  MNC  is  composed  of  a  high  percentage  of
fungal necromass biomass (> 65%) and a low percentage of
bacterial necromass biomass (32%–36%) because fungi are
the  principal  decomposers  of  complex  substrates  dominant
in  forest  soils  (Wang  et  al.,  2021a).  Recent  research  has
found  that  the  pine-oak  mixed  forest  had  higher  network
topological  features  of  fungi  but  lower  links  and  average
degrees  of  bacteria  than  pure  forests  (Huo  et  al.,  2023).
Therefore, MNC in mixed forests should be higher because
of  more  fungal  biomass  contributions  than  that  in  pure
forests.  However,  this  notion  was  not  supported  by  either
our  results  or  previously  reported  findings  (Ni  et  al.,  2020),
yet  mixed  forests  with  higher  MNC  had  lower  FNC/MNC
than  broadleaved  and  coniferous  forests  (Figs.  S1c,  S1d
and  S2).  Given  that  soil  N  content  was  the  predominant
factor affecting MNC across forest types, the higher MNC in
mixed forests was possibly due to the higher soil N content
than those in broad-leaved and coniferous forests (Fig. S3).
In addition to forest biomes and types, we believe that other
factors, which were not analyzed in this study, play important
roles in MNC production and accumulation, such as the soil
food web (Kou et al., 2023) and the role of soil earthworms
(He et al., 2020b; Angst et al., 2022).

 5 Conclusions

In  summary,  this  study  highlights  the  significant  impacts  of
forest  biome  and  forest  type  on  MNC  content,  MNC/SOC

ratio,  and  FNC/BNC  ratio  in  the  0–20  cm  soils  of  forests.
Specifically,  MNC  was  higher  in  boreal  and  temperate
forests than that in (sub-)tropical and Mediterranean forests
and  higher  in  mixed  forests  than  that  in  broad-leaved  and
coniferous  forests.  Additionally,  MNC/SOC  was  higher  in
temperate and (sub-)tropical forests than that in boreal and
Mediterranean  forests  and  higher  in  broadleaved  forests
than that  in  coniferous  forests.  Based on  regression  analy-
ses,  climate,  MBC,  soil  pH,  and  soil  total  N  were  identified
as the important factors affecting MNC. Notably, our results
suggest that the MNC content in soils was mainly controlled
by both the production and retention/stabilization processes
in (sub-)tropical forests and was predominantly controlled by
production  in  temperate  forests,  which  has  not  been
reported in previous large-scale studies. This global synthe-
sis,  with the largest number of forest sites covered to date,
is  necessary  for  understanding  the  patterns  and controlling
factors  of  soil  MNC  and  its  contribution  to  SOC  in  forests.
Nevertheless,  the  results  presented  in  this  synthesis  are
subject to potential uncertainties stemming from variations in
sampling  times,  analytical  methods,  and  the  potential  influ-
ence  of  site-specific  MNC  and  AS  conversion  factors
observed  in  different  studies.  Future  research  employing
standardized  measurement  methods  to  address  these
potential data gaps will prove valuable in the ongoing moni-
toring  and  management  of  microbial  necromass  carbon  in
forest ecosystems.

 Abbreviations

MNC,  microbial  necromass  carbon;  SOC,  soil  organic  carbon;
FNC/BNC,  fungal-to-bacterial  necromass  carbon  ratio;  AS,
amino sugars; GluN, glucosamine; MurA, muramic acid.

 Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to
influence the work reported in this paper.

 Data availability

The data set used will be made available after acceptance.

 Acknowledgments

This  study  was  financially  supported  by  the  National  Natural
Science  Foundation  of  China  (42122054,  42192513,  and
42321004),  Guangdong  Basic  and  Applied  Basic  Research
Foundation  (2021B1515020082),  Key  Platform  and  Scientific
Research  Projects  of  the  Guangdong  Provincial  Education
Department  (2020KCXTD006),  and Guangdong Provincial  Key
Laboratory  of  Soil  and  Groundwater  Pollution  Control  (No.
2023B1212060002).

10 Soil microbial necromass carbon in forests



 Author contributions

SX  and  JJW  designed  this  study.  SX  and  XYS  searched  the
papers  and  collected  the  data,  and  SX  analyzed  the  data.  SX
and JJW prepared the manuscript. HZ revised and commented
on the initial draft and final manuscript.

 Electronic supplementary material

Supplementary material is available in the online version of this
article  at  https://doi.org/10.1007/s42832-024-0237-3  and  is
accessible for authorized users.

References

 Aber,  J.,  Mcdowell,  W.,  Nadelhoffer,  K.,  Magill,  A.,  Berntson,  G.,
Kamakea, M., McNulty, S., Currie, W., Rustad, L., Fernandez, I.,
1998.  Nitrogen  saturation  in  temperate  forest  ecosystems-
Hypotheses revisited. Bioscience 48, 921–934.

 Achtenhagen,  J.,  Goebel,  M.O.,  Miltner,  A.,  Woche,  S.K.,  Kästner,
M., 2015. Bacterial impact on the wetting properties of soil  min-
erals. Biogeochemistry 122, 269–280.

 Adamczyk, B., Sietiö, O.M., Biasi, C., Heinonsalo, J., 2019. Interac-
tion  between  tannins  and  fungal  necromass  stabilizes  fungal
residues in boreal forest soils. New Phytologist 223, 16–21.

 Amelung, W., Miltner, A., Zhang, X., Zech, W., 2001. Fate of microbial
residues during litter decomposition as affected by minerals. Soil
Science 166, 598–606.

 Amelung, W., Zhang, X., Flach, K.W., Zech, W., 1999. Amino sugars
in native grassland soils along a climosequence in north America.
Soil Science Society of America Journal 63, 86–92.

 Anderegg,  W.R.L.,  Trugman,  A.T.,  Badgley,  G.,  Anderson,  C.M.,
Bartuska, A., Ciais, P., Cullenward, D., Field, C.B., Freeman, J.,
Goetz,  S.J.,  Hicke,  J.A.,  Huntzinger,  D.,  Jackson,  R.B.,  Nicker-
son,  J.,  Pacala,  S.,  Randerson,  J.T.,  2020.  Climate-driven risks
to the climate mitigation potential of forests. Science 368, 1327.

 Anderson,  T.H.,  2003.  Microbial  eco-physiological  indicators  to
assess  soil  quality.  Agriculture,  Ecosystems  &  Environment  98,
285–293.

 Angst, G., Frouz, J., van Groenigen, J.W., Scheu, S., Kögel‐Knab-
ner, I., Eisenhauer, N., 2022. Earthworms as catalysts in the for-
mation  and  stabilization  of  soil  microbial  necromass.  Global
Change Biology 28, 4775–4782.

 Aponte, C., Marañón, T., García, L.V., 2010. Microbial C, N and P in
soils of  Mediterranean oak forests:  influence of  season, canopy
cover and soil depth. Biogeochemistry 101, 77–92.

 Appuhn, A., Joergensen, R., 2006. Microbial colonisation of roots as
a  function  of  plant  species.  Soil  Biology  &  Biochemistry  38,
1040–1051.

 Averill,  C.,  Waring,  B.,  2018.  Nitrogen  limitation  of  decomposition
and  decay:  how  can  it  occur?  Global  Change  Biology  24,
1417–1427 .

 Brumme,  R.,  Khanna,  P.K.,  2008.  Ecological  and  site  historical
aspects of N dynamics and current N status in temperate forests.
Global Change Biology 14, 125–141.

 Buckeridge,  K.M.,  Creamer,  C.,  Whitaker,  J.,  2022. Deconstructing

the  microbial  necromass  continuum  to  inform  soil  carbon
sequestration. Functional Ecology 36, 1396–1410.

 Cai, Y., Ma, T., Wang, Y., Jia, J., Jia, Y., Liang, C., Feng, X., 2022.
Assessing the accumulation efficiency of various microbial carbon
components  in  soils  of  different  minerals.  Geoderma  407,
115562.

 Cao,  Y.,  Ding,  J.,  Li,  J.,  Xin,  Z.,  Ren,  S.,  Wang,  T.,  2023.  Necro-
mass-derived  soil  organic  carbon  and  its  drivers  at  the  global
scale. Soil Biology & Biochemistry 181, 109025.

 Chen,  G.,  Ma,  S.,  Tian,  D.,  Xiao,  W.,  Jiang,  L.,  Xing,  A.,  Zou,  A.,
Zhou,  L.,  Shen,  H.,  Zheng,  C.,  Ji,  C.,  He,  H.,  Zhu,  B.,  Liu,  L.,
Fang, J.,  2020. Patterns and controlling factors of soil  microbial
residues from tropical to boreal forests. Soil Biology & Biochem-
istry 151, 108059.

 Chen,  J.,  Ji,  C.,  Fang,  J.,  He,  H.,  Zhu,  B.,  2020b.  Dynamics  of
microbial  residues  control  the  responses  of  mineral-associated
soil organic carbon to N addition in two temperate forests. Science
of the Total Environment 748, 141318.

 Chen, Y., Du, Z., Weng, Z., Sun, K., Zhang, Y., Liu, Q., Yang, Y., Li,
Y., Wang, Z., Luo, Y., Gao, B., Chen, B., Pan, Z., Van Zwieten,
L.,  2023.  Formation  of  soil  organic  carbon  pool  is  regulated  by
the  structure  of  dissolved  organic  matter  and  microbial  carbon
pump efficacy: A decadal study comparing different carbon man-
agement strategies. Global Change Biology 29, 5445–5459.

 Clemmensen, K.E., Bahr, A., Ovaskainen, O., Dahlberg, A., Ekblad,
A., Wallander, H., Stenlid, J., Finlay, R.D., Wardle, D.A., Lindahl,
B.D.,  2013.  Roots  and  associated  fungi  drive  long-term  carbon
sequestration in boreal forest. Science 339, 1615–1618.

 Cotrufo,  M.F.,  Wallenstein,  M.D.,  Boot,  C.M.,  Denef,  K.,  Paul,  E.,
2013.  The  Microbial  Efficiency-Matrix  Stabilization  (MEMS)
framework integrates plant litter  decomposition with soil  organic
matter stabilization: Do labile plant inputs form stable soil organic
matter? Global Change Biology 19, 988–995.

 Craig,  M.E.,  Geyer,  K.M.,  Beidler,  K.V.,  Brzostek,  E.R.,  Frey,  S.D.,
Stuart Grandy, A., Liang, C., Phillips, R.P., 2022. Fast-decaying
plant  litter  enhances  soil  carbon  in  temperate  forests  but  not
through  microbial  physiological  traits.  Nature  Communications
13, 1229.

 Dai, G., Zhu, S., Cai, Y., Zhu, E., Jia, Y., Ji, C., Tang, Z., Fang, J.,
Feng,  X.,  2022.  Plant-derived  lipids  play  a  crucial  role  in  forest
soil  carbon  accumulation.  Soil  Biology  &  Biochemistry  168,
108645.

 Deluca, T.H., Boisvenue, C., 2012. Boreal forest soil carbon: distri-
bution, function and modelling. Forestry 85, 161–184.

 Deng, F., Liang, C., 2022. Revisiting the quantitative contribution of
microbial  necromass  to  soil  carbon  pool:  Stoichiometric  control
by microbes and soil. Soil Biology & Biochemistry 165, 108486.

 Doetterl, S., Stevens, A., Six, J., Merckx, R., van Oost, K., Pinto, M.
C., Casanova-Katny, A., Muñoz, C., Boudin, M., Venegas, E.Z.,
Boeckx, P., 2015. Soil  carbon storage controlled by interactions
between  geochemistry  and  climate.  Nature  Geoscience  8,
780–783.

 Engelking,  B.,  Flessa,  H.,  Joergensen,  R.G.,  2007.  Shifts  in  amino
sugar and ergosterol contents after addition of sucrose and cel-
lulose to soil. Soil Biology & Biochemistry 39, 2111–2118.

 Fang,  Y.,  Nazaries,  L.,  Singh,  B.K.,  Singh,  B.P.,  2018.  Microbial

Shan Xu et al. 11



mechanisms of carbon priming effects revealed during the inter-
action  of  crop  residue  and  nutrient  inputs  in  contrasting  soils.
Global Change Biology 24, 2775–2790.

 Fischer,  J.C.,  Walentowitz,  A.,  Beierkuhnlein,  C.,  2022.  The biome
inventory–Standardizing  global  biogeographical  land  units.
Global Ecology and Biogeography 31, 2172–2183.

 Geisseler, D., Scow, K.M., 2014. Long-term effects of mineral fertil-
izers on soil microorganisms a review. Soil Biology & Biochemistry
75, 54–63.

 Glaser,  B.,  Turrión,  M.A.B.,  Alef,  K.,  2004.  Amino  sugars  and
muramic acid – Biomarkers for soil microbial community structure
analysis. Soil Biology & Biochemistry 36, 399–407.

 Grosso, F., Iovieno, P., Alfani, A., De Nicola, F., 2018. Structure and
activity  of  soil  microbial  communities  in  three  Mediterranean
forests. Applied Soil Ecology 130, 280–287.

 Hackl,  E.,  Pfeffer,  M.,  Donat,  C.,  Bachmann,  G.,  Zechmeister-
Boltenstern, S., 2005. Composition of the microbial communities
in  the  mineral  soil  under  different  types  of  natural  forest.  Soil
Biology & Biochemistry 37, 661–671.

 Hao,  Z.,  Zhao,  Y.,  Wang,  X.,  Wu,  J.,  Sun,  Y.,  2021.  Thresholds in
aridity and soil carbon-to-nitrogen ratio govern the accumulation
of soil microbial residues. Communications Earth & Environment
2, 236.

 He, L., Rodrigues, J.L.M., Soudzilovskaia, N.A., Barceló, M., Olsson,
P.A.,  Song,  C.,  Tedersoo,  L.,  Yuan,  F.,  Yuan,  F.,  Lipson,  D.A.,
Xu,  X.,  2020a.  Global  biogeography  of  fungal  and  bacterial
biomass  carbon  in  topsoil.  Soil  Biology  &  Biochemistry  151,
108024.

 He, X., Li, X., Liu, T., Yang, X., Cao, J., Tao, L., Wang, X., Liu, Z.,
Yao, Q., Li, Y., Zou, X., Shao, Y., Li, J., Zhang, W., Fu, S., 2020b.
Earthworms negate the adverse effect of arbuscular mycorrhizae
on living bacterial biomass and bacterial necromass accumulation
in a subtropical soil. Soil Biology & Biochemistry 151, 108052.

 Huang,  Y.H.,  Li,  Y.L.,  Xiao,  Y.,  Wenigmann,  K.O.,  Zhou,  G.Y.,
Zhang, D.Q., Wenigmann, M., Tang, X.L., Liu, J.X., 2011. Controls
of litter quality on the carbon sink in soils through partitioning the
products  of  decomposing  litter  in  a  forest  succession  series  in
South China. Forest Ecology and Management 261, 1170–1177.

 Huo, X., Ren, C., Wang, D., Wu, R., Wang, Y., Li, Z., Huang, D., Qi,
H., 2023. Microbial community assembly and its influencing fac-
tors  of  secondary  forests  in  Qinling  Mountains.  Soil  Biology  &
Biochemistry 184, 109075.

 Incerti, G., Bonanomi, G., Giannino, F., Rutigliano, F.A., Piermatteo,
D., Castaldi, S., De Marco, A., Fierro, A., Fioretto, A., Maggi, O.,
Papa, S., Persiani, A.M., Feoli, E., De Santo, A.V., Mazzoleni, S.,
2011.  Litter  decomposition  in  Mediterranean  ecosystems:  Mod-
elling the controlling role of  climatic conditions and litter  quality.
Applied Soil Ecology 49, 148–157.

 Joergensen, R.G., 2018. Amino sugars as specific indices for fungal
and  bacterial  residues  in  soil.  Biology  and  Fertility  of  Soils  54,
559–568.

 Kopittke,  P.M.,  Hernandez‐ Soriano,  M.C.,  Dalal,  R.C.,  Finn,  D.,
Menzies,  N.W.,  Hoeschen,  C.,  Mueller,  C.W.,  2018.  Nitrogen‐
rich microbial products provide new organo‐mineral associations
for the stabilization of soil organic matter. Global Change Biology
24, 1762–1770.

 Kou, X., Morriën, E., Tian, Y., Zhang, X., Lu, C., Xie, H., Liang, W.,
Li,  Q.,  Liang,  C.,  2023.  Exogenous  carbon  turnover  within  the
soil  food  web  strengthens  soil  carbon  sequestration  through
microbial  necromass  accumulation.  Global  Change  Biology  29,
4069–4080.

 Li, T., Cheng, H., Li, Y., Mou, Z., Zhu, X., Wu, W., Zhang, J., Kuang,
L.,  Wang,  J.,  Hui,  D.,  Lambers,  H.,  Sardans,  J.,  Peñuelas,  J.,
Ren, H., Mohti, A.B., Liang, N., Liu, Z., 2023. Divergent accumu-
lation  of  amino  sugars  and  lignins  mediated  by  soil  functional
carbon  pools  under  tropical  forest  conversion.  Science  of  the
Total Environment 881, 163204.

 Li, T., Yuan, Y., Mou, Z., Li, Y., Kuang, L., Zhang, J., Wu, W., Wang,
F.,  Wang,  J.,  Lambers,  H.,  Sardans,  J.,  Peñuelas,  J.,  Ren,  H.,
Liu,  Z.,  2022.  Faster  accumulation  and  greater  contribution  of
glomalin  to  the  soil  organic  carbon  pool  than  amino  sugars  do
under tropical  coastal  forest  restoration.  Global  Change Biology
00, 1–14.

 Liang, C., Amelung, W., Lehmann, J., Kastner, M., 2019. Quantitative
assessment  of  microbial  necromass  contribution  to  soil  organic
matter. Global Change Biology 25, 3578–3590.

 Liang, C., Kästner, M., Joergensen, R.G., 2020. Microbial necromass
on the rise:  The growing focus on its  role in soil  organic matter
development. Soil Biology & Biochemistry 150, 108000.

 Liang,  C.,  Schimel,  J.,  Jastrow,  J.,  2017.  The  importance  of
anabolism  in  microbial  control  over  soil  carbon  storage.  Nature
Microbiology 2, 17105.

 Liao,  C.,  Men,  X.,  Wang,  C.,  Chen,  R.,  Cheng,  X.,  2022.  Nitrogen
availability and mineral particles contributed fungal necromass to
the  newly  formed  stable  carbon  pool  in  the  alpine  areas  of
Southwest China. Soil Biology & Biochemistry 173, 108788.

 Lucas-Borja, M.E., Candel, D., Jindo, K., Moreno, J.L., Andrés, M.,
Bastida, F., 2012. Soil microbial community structure and activity
in  monospecific  and  mixed  forest  stands,  under  Mediterranean
humid conditions. Plant and Soil 354, 359–370.

 Lutzow,  M.V.,  Kogel-Knabner,  I.,  Ekschmitt,  K.,  Matzner,  E.,
Guggenberger, G., Marschner, B., Flessa, H., 2006. Stabilization
of organic matter in temperate soils: Mechanisms and their rele-
vance under different soil conditions – A review. European Journal
of Soil Science 57, 426–445.

 Maillard, F., Beatty, B., Park, M., Adamczyk, S., Adamczyk, B., See,
C.R.,  Cavender-Bares,  J.,  Hobbie,  S.E.,  Kennedy,  P.G.,  2023.
Microbial community attributes supersede plant and soil parame-
ters in predicting fungal necromass decomposition rates in a 12-
tree  species  common  garden  experiment.  Soil  Biology  &  Bio-
chemistry 184, 109124.

 Ni,  H.,  Jing,  X.,  Xiao,  X.,  Zhang,  N.,  Wang,  X.,  Sui,  Y.,  Sun,  B.,
Liang, Y., 2021. Microbial metabolism and necromass mediated
fertilization effect on soil organic carbon after long-term commu-
nity  incubation  in  different  climates.  ISME  Journal  15,
2561–2573.

 Ni,  X.,  Liao,  S.,  Tan,  S.,  Wang,  D.,  Yang,  Y.,  2020.  A  quantitative
assessment of amino sugars in soil  profiles. Soil  Biology & Bio-
chemistry 143, 107762.

 Olivelli, M.S., Fugariu, I., Sanchez, R., Curutchet, G., Simpson, A.J.,
2020. Unraveling mechanisms behind biomass–clay interactions
using  comprehensive  multiphase  nuclear  magnetic  resonance

12 Soil microbial necromass carbon in forests



(NMR)  Spectroscopy.  ACS  Earth  &  Space  Chemistry  4,
2061–2072.

 Pan, Y., Birdsey, R.A., Fang, J.,  Houghton, R., Kauppi, P.E., Kurz,
W.A.,  Phillips,  O.L.,  Shvidenko,  A.,  Lewis,  S.L.,  Canadell,  J.G.,
Ciais, P.,  Jackson, R.B., Pacala, S.W., McGuire, A.D., Piao, S.,
Rautiainen, A., Sitch, S., Hayes, D., 2011. A large and persistent
carbon sink in the world’s forests. Science 333, 988–993.

 Perveen, N., Barot, S., Maire, V., Cotrufo, M.F., Shahzad, T., Blago-
datskaya,  E.,  Fontaine,  S.,  2019.  Universality  of  priming  effect:
an analysis using thirty-five soils with contrasted properties sam-
pled  from  five  continents.  Soil  Biology  &  Biochemistry  134,
162–171.

 Prescott,  C.E.,  Zabek,  L.M.,  Staley,  C.L.,  Kabzems,  R.,  2000.
Decomposition of broadleaf and needle litter in forests of British
Columbia: influences of litter type, forest type, and litter mixtures.
Canadian Journal of Forest Research 30, 1742–1750.

 Rutigliano,  F.A.,  D’Ascoli,  R.,  De  Santo,  A.V.,  2004.  Soil  microbial
metabolism  and  nutrient  status  in  a  Mediterranean  area  as
affected  by  plant  cover.  Soil  Biology  &  Biochemistry  36,
1719–1729.

 Scharlemann, J.P.W., Tanner, E.V.J., Hiederer, R., Kapos, V., 2014.
Global soil carbon: understanding and managing the largest ter-
restrial carbon pool. Carbon Management 5, 81–91.

 Schoenholtz,  S.H.,  Van  Miegroet,  H.,  Burger,  J.A.,  2000.  A  review
of  chemical  and  physical  properties  as  indicators  of  forest  soil
quality:  challenges  and  opportunities.  Forest  Ecology  and  Man-
agement 138, 335–356.

 Schulten,  H.R.,  Schnitzer,  M.,  1997.  The  chemistry  of  soil  organic
nitrogen: a review. Biology and Fertility of Soils 26, 1–15.

 Shao, S., Zhao, Y., Zhang, W., Hu, G., Xie, H., Yan, J., Han, S., He,
H., Zhang, X., 2017. Linkage of microbial residue dynamics with
soil  organic  carbon  accumulation  during  subtropical  forest  suc-
cession. Soil Biology & Biochemistry 114, 114–120.

 Singh, M., Sarkar, B., Sarkar, S., Churchman, J., Bolan, N., Mandal,
S.,  Menon,  M.,  Purakayastha,  T.,  Beerling,  D.,  2017.  Chapter
two – Stabilization of Soil Organic Carbon as Influenced by Clay
Mineralogy. Advances in Agronomy 148, 33–84.

 Six,  J.,  Elliott,  E.T.,  Paustian,  K.,  2000.  Soil  macroaggregate
turnover  and  microaggregate  formation:  a  mechanism  for  C
sequestration  under  no-tillage  agriculture.  Soil  Biology  &  Bio-
chemistry 32, 2099–2103.

 Six,  J.,  Frey,  S.D.,  Thiet,  R.K.,  Batten,  K.M.,  2006.  Bacterial  and
fungal contributions to carbon sequestration in agroecosystems.
Soil Science Society of America Journal 70, 555–569.

 Strickland, M.S., Rousk, J., 2010. Considering fungal:bacterial dom-
inance  in  soils  methods,  controls,  and  ecosystem  implications.
Soil Biology & Biochemistry 42, 1385–1395.

 Wallander,  H.,  Göransson,  H.,  Rosengren,  U.,  2004.  Production,
standing biomass and natural abundance of 15N and 13C in ecto-

mycorrhizal mycelia collected at different soil depths in two forest
types. Oecologia 139, 89–97.

 Wang, B., An, S., Liang, C., Liu, Y., Kuzyakov, Y., 2021a. Microbial
necromass as the source of soil organic carbon in global ecosys-
tems. Soil Biology & Biochemistry 162, 108422.

 Wang, B., Liang, C., Yao, H., Yang, E., An, S., 2021b. The accumu-
lation  of  microbial  necromass  carbon  from  litter  to  mineral  soil
and its contribution to soil organic carbon sequestration. Catena
207, 105622.

 Wang, H., Liu, S.R., Wang, J.X., Shi, Z.M., Xu, J., Hong, P.Z., Ming,
A.G.,  Yu,  H.L.,  Chen,  L.,  Lu,  L.H.,  Cai,  D.X.,  2016.  Differential
effects of conifer and broadleaf litter inputs on soil organic carbon
chemical  composition  through  altered  soil  microbial  community
composition. Scientific Reports 6, 27097.

 Wang, J., Wang, H., Li, X., Nie, X., Liu, S., 2022. Effects of environ-
mental  factors  and  tree  species  mixtures  on  the  functional
groups  of  soil  organic  carbon  across  subtropical  plantations  in
southern China. Plant and Soil 480, 265–281.

 Wiesmeier, M., Urbanski, L.,  Hobley, E., Lang, B., von Lützow, M.,
Marin-Spiotta, E., van Wesemael, B., Rabot, E., Ließ, M., Garcia-
Franco,  N.,  Wollschläger,  U.,  Vogel,  H.J.,  Kögel-Knabner,  I.,
2019. Soil  organic carbon storage as a key function of  soils -  a
review of drivers and indicators at various scales. Geoderma 333,
149–162.

 Wu,  H.,  Wan,  S.,  Ruan,  C.,  Wan,  W.,  Han,  M.,  Chen,  G.,  Liu,  Y.,
Zhu,  K.,  Liang,  C.,  Wang,  G.,  2023.  Soil  microbial  necromass:
The  state-of-the-art,  knowledge  gaps,  and  future  perspectives.
European Journal of Soil Biology 115, 103472.

 Zhang, H., Yang, T., Wu, X., Zhang, J., Yu, X., Zhou, J., Herath, S.,
Peng, X., 2023. Phosphorus addition increases microbial necro-
mass  by  increasing  N  availability  in  China:  A  meta-analysis.
Applied Soil Ecology 190, 105009.

 Zhang, P., Tian, X., He, X., Song, F., Ren, L., Jiang, P., 2008. Effect
of litter quality on its decomposition in broadleaf and coniferous
forest. European Journal of Soil Biology 44, 392–399.

 Zhou, G., Xu, S., Ciais, P., Manzoni, S., Fang, J., Yu, G., Tang, X.,
Zhou,  P.,  Wang,  W.,  Yan,  J.,  Wang,  G.,  Ma,  K.,  Li,  S.,  Du,  S.,
Han, S., Ma, Y., Zhang, D., Liu, J., Liu, S., Chu, G., Zhang, Q., Li,
Y., Huang, W., Ren, H., Lu, X., Chen, X., 2019. Climate and litter
C/N  ratio  constrain  soil  organic  carbon  accumulation.  National
Science Review 6, 746–757.

 Zhu, X., Jackson, R.D., DeLucia, E.H., Tiedje, J.M., Liang, C., 2020.
The  soil  microbial  carbon  pump:  From  conceptual  insights  to
empirical assessments. Global Change Biology 26, 6032–6039.

 Zhu,  Y.,  Hui,  D.,  Wang,  Y.P.,  Liu,  F.,  Huang,  S.,  Li,  J.,  Zhang,  L.,
Chen, G.,  Chen, J.,  Hu, Y.,  Deng, Q.,  2022. Linking plant lignin
components or microbial necromass to soil organic carbon accu-
mulation  across  different  forest  types.  doi:10.21203/rs.3.rs-
2353062/v1.

Shan Xu et al. 13


	1 Introduction
	2 Materials and methods
	2.1 Data collection
	2.2 Calculations
	2.3 Statistical analysis

	3 Results
	3.1 MNC, MNC/SOC, and FNC/BNC in different forest biomes and forest types
	3.2 Correlations of MNC, MNC/SOC, FNC/BNC with latitude and climate
	3.3 Correlations of MNC, MNC/SOC, FNC/BNC with MBC and soil properties

	4 Discussion
	4.1 Average MNC, MNC/SOC, and FNC/BNC in forest 0-20 cm soils
	4.2 Forest biome-dependent MNC, MNC/SOC, and FNC/BNC in forest soils
	4.3 Forest type impacts on soil MNC are biome-dependent

	5 Conclusions
	Abbreviations
	Declaration of competing interest
	Data availability
	Acknowledgments
	Author contributions
	Electronic supplementary material

