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A B S T R A C T

Microbial carbon has recently been highlighted to play a key role in the formation and persistence of soil organic
carbon, bearing significant implications for regulating ecosystem carbon stocks under global changes. However,
microbial carbon distribution and the link between biomass and necromass components are poorly understood in
natural soils, especially at depth. Here, we employ various microbial biomarkers, including phospholipid fatty
acids (PLFAs), amino sugars and glycerol dialkyl glycerol tetraethers (GDGTs), to investigate the spatial dis-
tribution patterns of microbial biomass and necromass components in the top- (0–10 cm) versus subsoils
(30–50 cm) across Chinese temperate grasslands along an aridity gradient. We find that bacterial necromass
components are better preserved relative to bacterial biomass in the sub- than topsoil, possibly due to a stronger
association of microbial necromass with calcium and/or lower nitrogen competition between plants and mi-
crobes at depth in these neutral-to-alkaline soils. As a result, there is a stronger link between bacterial necromass
components (especially for core lipid branched GDGTs and muramic acid) and their producers (reflected by
intact polar lipid-derived branched GDGTs) in the sub- than topsoil, while such a trend is not observed for fungi-
or archaea-derived components. Furthermore, using linear mixed effect model analyses, we find that aridity
index best explains the concentration variance of most microbial biomarkers in the topsoil, whereas edaphic
properties (i.e., pH and macronutrients) also contribute significantly to their variance in the subsoil. These
findings highlight different links between microbial necromass and biomass components and distinct pre-
servation mechanisms for microbial carbon at different soil depths, which is crucial for improved understanding
of microbial carbon sequestration potentials at different depths in a changing environment.

1. Introduction

Microbial-derived carbon components have recently been high-
lighted to play a key role in the formation and persistence of soil or-
ganic carbon (SOC; Miltner et al., 2012; Cotrufo et al., 2013; Liang
et al., 2015; 2017;; Kallenbach et al., 2016; Ma et al., 2018). Soil mi-
crobes, through their catabolic and anabolic activities, convert de-
composable organic matter into microbial biomass and byproducts
(such as polysaccharide extracellular substances), which subsequently

stabilize as microbial-processed compounds and/or necromass in the
soil (Liang et al., 2015). These microbial components (especially ne-
cromass) tend to be closely associated with mineral surfaces (Kögel-
Knabner et al., 2008; Sollins et al., 2009) and are considered to be re-
latively stable, accumulate under repeated community turnover and
contribute to the buildup of persistent SOC (Cotrufo et al., 2013; Ma
et al., 2018). The above processes, recently summarized as soil “mi-
crobial carbon pump” (Liang et al., 2017), have important implications
for understanding and predicting the response of the relatively stable
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soil carbon pools to global changes (Schmidt et al., 2011) and are hence
gaining great research momentum at the moment. However, the spatial
distribution of microbial-derived carbon components and the corre-
sponding driving factors are not well investigated in natural soils,
hindering a clear understanding of mechanisms regulating microbial-
mediated SOC accumulation across natural environmental gradients.

Recently, utilizing a continental-scale grassland transect across
China and Mongolia, we have found increasing SOC-normalized con-
centrations of amino sugars (i.e., biomarkers for microbial necromass in
the soil; Joergensen, 2018) with decreasing aridity and increasing SOC
content, accompanied by decreasing concentrations of plant-derived
lignin phenols in the surface soils (Ma et al., 2018). The contrasting
distribution of microbial- versus plant-derived biomarkers implies an
enrichment of microbial necromass with SOC accrual due to elevated
microbial conversion of plant carbon with increasing soil moisture in
the semi-arid grassland, thereby providing large-scale evidence for the
key role of microbial necromass in SOC accumulation (Ma et al., 2018).
However, as this previous study only examined the topsoil (0–10 cm),
microbial carbon distribution and preservation remain to be in-
vestigated in the subsoil (> 30 cm) across the Chinese temperate
grasslands. The subsoil harbors more than half of global SOC stocks
(Rumpel et al., 2012) and has different organic matter sources, micro-
bial communities and edaphic properties compared to the topsoil
(Rumpel et al., 2012). Given increasing substrate (or nutrient) con-
straints with soil depth, microbial communities are known to be less
active and/or have a lower growth rate in the subsoil (Fierer et al.,
2003a; Liang and Balser, 2008; Sradnick et al, 2014), potentially
leading to lower carbon accumulation efficiency (Jia et al., 2017)
compared to the topsoil. Alternatively, subsoils are carbon-unsaturated
in terms of reactive mineral surfaces and exhibit a higher sequestration
potential for new carbon relative to the topsoil (Schiedung et al., 2019).
Therefore, it is important to investigate whether microbial components
exhibit different spatial distribution patterns and preservation along
soil depths. Such information is important for predicting soil carbon
sequestration potential and its response to global changes.

To explore the preservation of microbial necromass in natural soils,
it is necessary to examine its occurrence and abundance in relation to
the biomass of its microbial producers. Amino sugars, as classic markers
for microbial necromass originating from cell walls (Zhang and
Amelung, 1996; Glaser et al., 2006), are usually compared with phos-
pholipid fatty acids (PLFAs) that serve as biomarkers for living fungal
and bacterial communities (Frostegård and Bååth, 1996; Bardgett and
McAlister, 1999; Zhang et al., 2019). Furthermore, archaea also re-
present an important part of the soil microbial community (Günther
et al., 2014; Maestre et al., 2015). The components of archaeal mem-
branes differ from those of fungi and bacteria (Albers and Meyer, 2011)
and are therefore not represented by PLFA analysis, although archaea
do potentially contribute to microbial necromass (amino sugars) in the
soil (Kandler and König, 1998). Instead, glycerol dialkyl glycerol tet-
raethers (GDGTs) originating from the membranes of archaea and
certain bacteria thriving in soils (Weijers et al., 2006a; 2007) can
provide a complementary tool to assess the distribution of the microbial
groups that are not captured by PLFAs. Specifically, isoprenoid GDGTs
(iGDGTs) are produced by archaea (in particular, Thaumarchaeota; Xie
et al., 2012; Yang et al., 2014) while branched GDGTs (brGDGTs) are
synthesized by certain bacteria (in particular, Acidobacteria; Sinninghe
Damsté et al., 2011). Similar to PLFAs, GDGTs released from intact
polar lipids (IPLs) are markers for living biomass (Logemann et al.,
2011; Sinninghe Damsté et al., 2012;), as their polar headgroup is
considered to be lost within days upon cell death (Harvey et al., 1986;
White et al., 1979). By comparison, GDGT core lipids (CLs) without the
polar headgroup are considered to represent the pool of ‘dead’ com-
ponents (with a turnover time of ~20 years; Weijers et al., 2010;
Sinninghe Damsté et al., 2012). Hence, although originating from dis-
tinct parts of microbial cells and from (partly) different communities,
CL GDGTs and amino sugars can be used to assess the distribution and

preservation of microbial necromass components relative to biomass
(i.e., PLFAs and IPL-derived GDGTs) throughout the soil. Nevertheless,
few studies have compared the presence of and relations between these
microbial components in soils at large spatial scales and different
depths.

Here, employing the above-mentioned biomarkers (IPL-derived
GDGTs and PLFAs for biomass; CL GDGTs and amino sugars for ne-
cromass; summarized in Table S1), we compare the distribution and
relationships of microbial biomass versus necromass carbon compo-
nents in the temperate grassland soils of Inner Mongolia along an ar-
idity gradient. The overall objective of this study is to examine links
between microbial necromass and biomass components and the pre-
servation mechanisms for microbial carbon at different soil depths in
order to improve our ability to understand, model, and predict soil
carbon sequestration. Soils in this arid and semiarid region are alkaline
(pH of 7.7–10.4) and coarse-textured, covered by three main vegetation
types (desert steppe, typical steppe and meadow steppe with increasing
moisture; Liu et al., 2020). A comprehensive dataset of environmental
variables is compiled to disentangle climatic, edaphic and vegetation
influences on biomarker abundances and composition in the top-
(0–10 cm) versus subsoils (30–50 cm). Based on our previous studies
along this aridity gradient (e.g., Ma et al., 2018; Liu et al., 2020) and
the aforementioned physiochemical contrasts between top- and sub-
soils, we hypothesize that: (1) while climate (aridity) plays a key role in
the abundance of microbial necromass in the topsoil, edaphic properties
are more important in the subsoil; and (2) microbial necromass com-
ponents are better preserved relative to biomass in the sub- than topsoil
due to stronger physical-chemical protection provided by subsoils.

2. Materials and methods

2.1. Study area

This study covers an aridity gradient along a temperate grassland
transect extending>1200 km in the arid and semiarid regions of
northern China (Fig. S1). Mean annual temperature (MAT) is −2.1 to
7.6 °C (Fig. 1a). Mean annual precipitation (MAP) ranges from 173 to
415 mm with the aridity index, i.e., the ratio of MAP to potential
evapotranspiration, being 0.18–0.56 (Fig. 1b-c; WorldClim database;
http://www.worldclim.org). Soils along this transect are classified as
Chernozems, Kastanozems and Calcisols according to IUSS Working
Group WRB (2015). The three dominant vegetation types are meadow
steppe (dominated by Stipa baicalensis and Leymus chinensis), typical
steppe (Stipa grandis and Stipa krylovii) and desert steppe (Stipa klemenzii
and Stipa breviflora). It should be noted that vegetation types largely
coincide with soil types in this study. A more detailed description of the
study area can be found in Chen et al. (2015) and Ma et al. (2018).

2.2. Sampling and bulk measurements

A total of 32 sites along the transect were selected for soil sampling
and biomass survey in the summer (July–August) of 2015.
Aboveground biomass was harvested from five quadrats (1 m × 1 m) at
the center and four corners of each site (10 m × 10 m) and dried at
65 °C before weight measurement. The number of plant species was
counted and species richness is represented by the total number of
species for each quadrat. Site-average values of five quadrants were
used for each site. Top- (0–10 cm) and subsoils (30–50 cm), corre-
sponding to A and B (calcic) horizon, respectively, were retrieved from
three soil cores (diameter of 5 cm) along the diagonal of each quadrat.
Soils from the same depth of each quadrat were mixed thoroughly in
situ. After passing through a 2-mm sieve and removal of visible roots,
soils were divided into two parts: one part was stored at −80 °C for
microbial membrane lipid analysis (including PLFAs and GDGTs) and
the other part was air-dried for the determination of bulk chemical
parameters. In this study, equal proportions of soils from each quadrant
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were homogenized as a composite sample for each site. Although this
approach cannot provide information on the spatial variability within
the sites, it can keep the analytical effort within manageable limits and
provide results which are representative of a larger area at each site
(10 m × 10 m). Total carbon and total nitrogen (N) concentrations of
soil samples were measured by combustion using an elemental analyser
(Vario EL III, Elementar, Hanau, Germany). SOC was calculated as total
carbon subtracted by inorganic carbon, with the latter analyzed volu-
metrically by reaction with hydrochloric acid (HCl) as previously de-
scribed (Dai et al., 2018). Total phosphorus (P) content was determined
by the molybdate colorimetric test after perchloric acid digestion
(Rowland and Haygart, 1997). Soil pH was measured at a soil:water
ratio of 1:2.5 (w:v). Dithionite-extractable iron (Fe), aluminum (Al) and
calcium (Ca) were extracted using the citrate-bicarbonate-dithionite
method (Mehra and Jackson, 1960) and examined on an inductively
coupled plasma emission spectrometer (Thermo ICAP6300, USA). Soil
texture was measured by Malvern Mastersizer 2000 (Malvern Instru-
ments Ltd., UK) after removal of organic matter and carbonates using
hydrogen peroxide and HCl, respectively (Sun et al., 2011).

2.3. Biomarker analysis

2.3.1. GDGTs
GDGTs were extracted using a modified Bligh-Dyer method (Bligh

and Dyer, 1959; Tierney et al., 2012). Briefly, freeze-dried soils (6–7 g
for topsoil and 12–14 g for subsoil) were extracted three times by ul-
trasonication in a mixture of dichloromethane, methanol, and 0.1 M
phosphate buffer (2:1:0.8, v:v) at pH 7.4 (5 mL g−1 soil). The super-
natant was collected after centrifugation. The phosphate buffer was
then replaced by trichloroacetic acid (50 mM) and the soil was ex-
tracted twice more. All extracts were combined and concentrated using
a rotary evaporator, and separated on a silica gel column (0.5 cm i.d.;
7 cm in length) into CL and IPL fractions eluting with hexane:ethyl
acetate (1:1, v:v; 6 mL) and methanol (10 mL), respectively. The IPL
fraction was split into two parts for GDGT and PLFA analyses (Section
2.3.2). For GDGTs, 50–70% (Fig. S2) of the IPL fraction was hydrolyzed
with a mixture (2 mL) of 6-M HCl, methanol and dichloromethane
(1:9:1, v:v:v) at 70 °C for 24 h to cleave the polar head group. Both CL
and hydrolyzed IPL fractions were dried under nitrogen gas and stored
at −20 °C until further analysis.

After addition of a C46 GDGT internal standard (Huguet et al.,
2006), the GDGTs were re-dissolved in hexane:isopropanol (99:1, v:v),
and filtered through a 0.45-µm PTFE filter. Analysis of GDGTs was
achieved following Hopmans et al. (2016) on an Agilent 1260 Infinity
ultra-high performance liquid chromatography (UPLC) coupled to an
Agilent 6130 single quadrupole mass spectrometer using two silica
Waters Acquity UPLC HEB Hilic columns (1.7 μm, 2.1 mm × 150 mm)
at 30 °C, with a guard column (7.5 × 2.1 mm, 5 μm) of the same

Fig. 1. Environmental properties and soil characteristics for the top- (light color) and subsoils (dark color). MS, meadow steppe (n = 8); TS, typical steppe (n = 16);
DS, desert steppe (n = 8); other abbreviations are defined in Table 1. Solid line and cross in the box mark the median and mean of each dataset, respectively. The
upper and lower ends of boxes denote the 0.25 and 0.75 percentiles, respectively. The upper and lower whisker caps denote the maximum and minimum values,
respectively. Dots denote outliners. Letters indicate different levels among vegetation types (p < 0.05). * indicates difference between depths (p < 0.05).
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material preceding both. An injection volume of 10 μL and a flow rate
of 0.2 mL min−1 were used. Samples were eluted with 82% hexane and
18% hexane:isopropanol (9:1, v:v) for 25 min, followed by a linear
gradient to 70% hexane, 30% hexane:isopropanol (9:1, v:v) for 25 min,
and then to 100% hexane:isopropanol (9:1, v:v) in 30 min. Detection
was achieved in selected ion monitoring (SIM) mode using m/z 1302,
1300, 1298, 1296, and 1292 for iGDGTs (including GDGTs I-Ic, II-IIc
and III-IIIc; Fig. S3), m/z 1050, 1048, 1046, 1036, 1034, 1032, 1022,
1020 and 1018 for brGDGTs (including the 5- and 6-methyl isomers of
GDGT 0–3, crenarchaeol and crenarchaeol’; Fig. S3), and m/z 744 for
the internal standard (Fig. S3). The GDGTs were quantified assuming
similar response factors for all GDGTs and the internal standard.

Total GDGTs are summarized as brGDGTs and iGDGTs. The ratio of
iGDGTs to brGDGTs (i/br) is indicative of the proportion of archaeal-
versus bacterial-derived GDGTs. The ratio of IPL-derived to CL GDGTs
(IPL/CL GDGTs) represents the fraction of (recently) active GDGT
producers as part of the total pool of GDGTs. Alternatively, the per-
centage of IPL-derived GDGTs (%IPL) in the total pool of GDGTs (i.e.,
CL and IPL-derived GDGTs) is calculated for both iGDGTs and brGDGTs
for convenience. The ratio of GDGT-0/crenarchaeol is also calculated to
assess aeration of the soil (Wang et al., 2012), where values> 2 in-
dicate a substantial contribution of GDGT-0, which is produced by
methanogens under anoxic conditions (Blaga et al., 2009).

2.3.2. PLFAs
PLFAs in the topsoil were analyzed in a previous study (Liu et al.,

2020). For the subsoil, 30% of the IPL fraction (Section 2.3.1) was
blown to dryness under nitrogen gas. PLFAs in the IPL fraction were
converted into fatty acid methyl esters (FAMEs) by alkaline methano-
lysis (Guckert et al., 1985) and recovered with a hexane and di-
chloromethane mixture (4:1, v/v) three times, spiked with cholestane
as an internal standard and evaporated to dryness under nitrogen gas.
FAMEs were re-dissolved in 200 μL hexane and analyzed on a Trace
1310 gas chromatograph (GC) coupled to an ISQ mass spectrometer
(MS; Thermo Fisher Scientific, USA) using a DB-5MS column
(30 m × 0.25 mm i.d., film thickness, 0.25 μm) for separation. The
oven temperature was held at 100 °C for 5 min, increased to 240 °C at a
rate of 4 °C min−1 with helium as the carrier gas (1.2 mL min−1).
Spectra were obtained by scanning over the range of 50–650 Daltons in
an electron impact ionization mode at 70 eV. Individual PLFAs were
quantified by comparison with the internal standard in the total ion
current.

Fatty acids are designated according to the standard PLFA nomen-
clature (Guckert et al., 1985). In this study, Gram-positive (G+) bac-
teria are represented by PLFAs a13:0, i13:0, i14:0, a15:0, i15:0, i16:0,
a17:0, i17:0, and Gram-negative (G−) bacteria are represented by
PLFAs 15:1ω6c, 16:1ω7c, 16:1ω9c, cy17:0, 18:1ω7c, cy19:0. Bacteria
are represented by G + and G− bacterial PLFAs and other general
bacterial PLFAs (14:0, 15:0, 16:0, 17:0, 18:0). Fungi are represented by
PLFAs 18:1ω9c, 18:2ω6c, 18:3ω6c and 16:1ω5c. Microbial biomass is
represented by total PLFAs (Feng and Simpson, 2009; Willers et al.,
2015), including bacteria, fungi and actinomycetes (PLFAs 10Me16:0,
10Me17:0, 10Me18:0). The ratios of fungal and bacterial PLFAs (F/B)
and G+/G− bacterial PLFAs are also assessed.

2.3.3. Amino sugars
Amino sugars were analyzed following the classic method of Zhang

and Amelung (1996). Briefly, ~0.5 g of air-dried soil (< 2 mm) was
hydrolyzed with 10 mL of 6 M HCl at 105 °C for 8 h. The cooled sample
was amended with 100 μg of myo-inositol as a surrogate standard, fil-
tered, evaporated to dryness at 50–53 °C under reduced pressure and re-
dissolved in 5 mL of MilliQ water with the pH adjusted to 6.6–6.8 using
1 M potassium hydroxide. Precipitates were discarded after cen-
trifugation (1000×g, 10 min) and the supernatant was freeze-dried.
Amino sugars were re-dissolved in methanol and separated from salts
by centrifugation. After the addition of a quantitative standard (methyl-

glucamine), amino sugars were transformed into aldononitrile deriva-
tives by heating in 0.3 mL of a derivatization reagent containing
32 mg mL−1 of hydroxylamine hydrochloride and 40 mg mL−1 of 4-
(dimethylamino) pyridine in pyridine and methanol mixture (4:1; v:v)
at 75 °C for 30 min (Guerrant and Moss, 1984; Glaser et al., 2004). The
derivatives were further acetylated with 1 mL of acetic anhydride at
75–80 °C for 20 min and mixed with 1.5 mL of dichloromethane after
cooling. Excessive derivatization reagents were removed by extracting
with HCl (1 M) and MilliQ water. The dichloromethane phase con-
taining the amino sugar derivatives were dried under nitrogen. Amino
sugars were analyzed on the same GC–MS using similar conditions as
PLFA analysis. The oven temperature increased from 120 °C (initial
hold time 1 min) to 270 °C at a rate of 10 °C min−1 with final hold at
270 °C for 5.5 min. Quantification was achieved by comparing with
surrogate standards to account for compound loss during extraction
procedures. External quantification standards were used to normalize
the response factor for different amino sugars separately.

Amino sugars include glucosamine, galactosamine, mannosamine,
and muramic acid. Glucosamine is more abundant in fungal than bac-
terial cell walls while muramic acid is considered to be specific to
bacteria (Guggenberger et al., 1999). Galactosamine and mannosamine
are ubiquitous. The ratio of glucosamine to muramic acid (GlcN/MurA)
indicates the ratio of fungi- versus bacteria-derived residues (Liang
et al., 2015). A list of analyzed biomarkers, ratios and their meanings
are given in Table S1.

2.4. Statistical analysis

All statistical analyses were conducted using R 3.4.3 (R
Development Core Team 2009). Biomarker concentrations were nor-
malized to SOC contents. Differences in biomarker concentrations or
soil properties among vegetation types and between soil layers were
analyzed by nonparametric tests (Kruskal-Wallis H and Wilcoxon test,
respectively) due to non-normal distribution of data. As vegetation
types coincide with soil types in this study, differences among vegeta-
tion types may be attributed to influences by vegetation and/or soil
properties. The relationship of biomarker concentrations and ratios
with environmental parameters was analyzed by a two-tailed Spearman
correlation test. Due to the strong correlation between Fe and Al
(p < 0.01), only Al is presented in this work. Differences or correla-
tions were considered to be significant at a level of p < 0.05.

Linear mixed effect models were used to determine the relative
importance of different environmental variables in explaining the
concentration and composition variance of the target microbial com-
ponents in the studied grassland soils (Chen et al., 2015) using the
“nlme” function in the R library. To facilitate interpretation and reduce
collinearity, explanatory variables were classified into five groups: (1)
climate (mainly represented by aridity index); (2) plant (aboveground
biomass and species richness); (3) soil pH; (4) soil macronutrients (SOC,
N and P); and (5) soil minerals (Ca, Al and soil texture). A principal
component analysis (PCA) was performed for the groups containing
more than one variable using the Kaise-Meyer-Olkin (KMO) and Bar-
tlett’s Spherical (BS) tests for feasibility analysis. The KMO results were
≥0.5 except for minerals in the topsoil (KMO = 0.42) and the BS test
results were significant (p < 0.05) except for minerals in the subsoil
(p < 0.1), indicating that the PCA analysis was applicable to our data
(Table S2). Hence, the first principal component (PC 1) was used in the
subsequent linear mixed effect model analysis to represent the corre-
sponding variables (explaining>50% of variance in all cases; Table
S3). In this analysis, aridity index, soil pH, PC 1 of soil macronutrients,
soil minerals and plant properties were treated as fixed factors, and
vegetation type was treated as a random grouping factor. When soil
depth was used as a fixed factor in the model combining both soil
depths, soil depth showed a significant effect on the concentration
variance of most biomarkers, including IPL brGDGTs, CL iGDGTs, CL
brGDGTs, bacterial PLFAs, Fungal PLFAs and muramic acid (Fig. S4).
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This result implied significant differences in the spatial distribution of
these biomarkers in the top- versus subsoils. Therefore, the top- and
subsoils were analyzed separately in our study. Finally, multivariable
linear regression analysis was used to confirm the results of the linear
mixed effect model. Both the model and effects of different variables
were considered to be significant at a level of p < 0.05.

3. Results

3.1. Plant and soil bulk properties

In the studied grasslands, plant aboveground biomass and species
richness did not differ between the meadow and typical steppes
(p > 0.05) and were on average ~70% and 50% lower in the desert
steppe than the other two vegetation types, respectively (p < 0.05;
Fig. 1d–e). The topsoil showed an increasing pH and decreasing con-
tents of SOC, N and reactive Al with increasing aridity in the order of
meadow steppe-typical steppe-desert steppe (p < 0.05) while contents
of P, Ca and clay + silt did not vary (Fig. 1f–l). By comparison, the
subsoil had similar chemical properties under all vegetation types ex-
cept for a lower pH under meadow steppes (8.8 ± 0.2) than desert
steppes (9.4 ± 0.1; p < 0.05; Fig. 1f). Compared with the topsoil,
subsoils showed variable pH and SOC, N and P contents under different
vegetation types but had higher Ca (0.7 ± 0.2% in topsoil and
2.5 ± 0.3% in subsoil) and clay + silt contents (20.8 ± 2.0% in
topsoil and 39.0 ± 2.2% in subsoil) under all vegetation types
(p < 0.05).

3.2. Composition and abundance of biomarkers

IPL-derived GDGTs (including iGDGTs and brGDGTs) had compar-
able SOC-normalized concentrations (22.1 ± 2.0 µg g−1 SOC for IPL
GDGTs, 18.7 ± 1.8 µg g−1 SOC for IPL iGDGTs and 3.4 ± 0.4 µg g−1

SOC for IPL brGDGTs) in the top- and subsoil among all vegetation
types (p > 0.05; Fig. 2a–c). Compared with subsoils, the topsoil had
higher concentrations of IPL-derived GDGTs under meadow steppes and
typical steppes (p < 0.05). Similar to previous studies (Xie et al., 2012;
Yang et al., 2014), IPL-iGDGTs (18.7 ± 1.8 µg g−1 SOC) dominated
over IPL-brGDGTs (3.4 ± 0.4 µg g−1 SOC), resulting in high i/br ratios
(up to 20; Fig. 2c) in alkaline and dry soil environments. The IPL i/br
ratio was comparable between the top- and subsoils (p > 0.05) and
lowest under meadow steppes at both depths (p < 0.05). By com-
parison, CL-derived iGDGTs (21.4 ± 1.7 µg g−1 SOC) and brGDGTs
(45.8 ± 2.6 µg g−1 SOC) had variable concentrations among vegeta-
tion types (Fig. 2d-e), resulting in similar concentrations of total CL
GDGTs among vegetation types and between soil depths (p > 0.05;
Fig. 2f). The i/br ratios of CL were higher in the top- (0.81 ± 0.10)
than subsoils (0.30 ± 0.04) and lowest under meadow steppes
(0.51 ± 0.12 in topsoil and 0.16 ± 0.03 in subsoil) at both depths
(p < 0.05). The GDGT-0/crenarchaeol ratio was well below 2 for both
CL and IPL in our study and was lower in the sub- (0.07 ± 0.01 for CL
and 0.06 ± 0.05 for IPL) than topsoil (0.47 ± 0.05 for CL and
0.11 ± 0.01 for IPL; Fig. S5), consistent with the fact that anoxic
conditions are not prevalent in arid and semiarid regions.

Soil PLFAs had comparable SOC-normalized concentrations
(0.10 ± 0.01 mg g−1 SOC for fungal PLFAs, 0.49 ± 0.03 mg g−1 SOC
for bacterial PLFAs and 0.78 ± 0.05 mg g−1 SOC for PLFAs; Fig. 2g–i)
in the topsoil among vegetation types (p > 0.05; Liu et al., 2020). In
the subsoil, fungal and total PLFAs were most abundant and variant
under meadow steppes (p < 0.05). Compared with the topsoil, subsoils
had higher concentrations of fungal PLFAs under meadow steppes and
typical steppes but lower concentrations of total PLFAs under desert
steppes (p < 0.05). The F/B and G+/G- ratios were lower in the top-
than subsoils of meadow steppes and typical steppes (p < 0.05; Fig. 2i
and S5). The F/B ratios were comparable among vegetation types
(p > 0.05) and G+/G− ratios were higher in the topsoil of typical

steppes than desert steppes (p < 0.05; Fig. S6).
Glucosamine and total amino sugars had similar concentrations

(28.1 ± 1.0 mg g−1 SOC for glucosamine; 55.1 ± 1.6 mg g−1 SOC for
amino sugars) among vegetation types and between soil depths
(p > 0.05), while muramic acid showed variable concentrations
(6.5 ± 0.3 mg g−1 SOC; Fig. 2j–l). The GlcN/MurA ratio was higher in
the topsoil of meadow steppe (6.2 ± 0.3) than other vegetation types
(4.5 ± 0.3; p < 0.05) and in the top- (6.2 ± 0.3) than subsoils
(3.7 ± 0.6) of meadow steppes (p < 0.05; Fig. 2l).

PLFAs (including fungal and bacterial subgroups) were not corre-
lated with any other biomarkers in terms of SOC-normalized con-
centration at either depth (p > 0.05; |r|< 0.3; Fig. S7a-b). IPL-derived
iGDGTs (accounting for > 79% of total IPL-derived GDGTs) and total
GDGTs were positively correlated with CL iGDGTs in the topsoil
(p < 0.05; r = 0.49 and 0.38, respectively) and with all CL GDGT
components in the subsoil (p < 0.05; r > 0.37; Fig. S7b). CL brGDGTs
had a strong positive correlation with glucosamine and total amino
sugars in the topsoil (p < 0.05; r = 0.59 and 0.43, respectively), while
CL and IPL-derived iGDGTs had negative correlations with glucosamine
(p < 0.05; |r|< 0.38). IPL-derived brGDGTs and muramic acid were
also positively correlated in the subsoil (p < 0.05; r = 0.38). The
ratios of CL and IPL i/br and F/B were positively correlated with each
other in the topsoil (p < 0.05; r > 0.57; Fig. S7c) but not in the
subsoil (p > 0.05; r: −0.29 ~ 0.45). The IPL/CL ratios for brGDGTs,
iGDGTs and total GDGTs were positively correlated with each other
(p < 0.05; r > 0.47) and positively correlated with ratios of IPL-
derived GDGTs/amino sugars in both top- and subsoils (p < 0.05;
r = 0.35 ~ 0.83; Fig. S7c-d), indicating similar variation patterns for
the biomass-to-necromass ratios of GDGT-producing microbes in the
soil.

3.3. Microbial biomass versus necromass components in soils

GDGTs derived from living bacteria and archaea (i.e., IPL-derived)
represented a different fraction of total GDGTs derived from both bio-
mass and necromass (i.e., CL), indicated by a significantly lower %IPL
for brGDGTs (7.2 ± 0.8%) than iGDGTs (46.0 ± 1.9%; p < 0.05;
Fig. 3a-b). Both brGDGTs and iGDGTs showed similar %IPL values
among different vegetation types (p > 0.05) but the values were lower
in the sub- than topsoil of meadow steppes and typical steppes for
brGDGTs and higher in the sub- than topsoil of meadow steppes and
desert steppes for iGDGTs (p < 0.05). Consequently, the IPL/CL ratios
(and similarly %IPL) were higher in the top- than subsoils of the studied
grasslands (particularly in the meadow and typical steppes) for
brGDGTs but lower in the top- than subsoil of desert steppes for iGDGTs
(p < 0.05; Fig. 3c-d). By comparison, the ratios of PLFAs/amino sugars
and IPL-derived GDGTs/amino sugars showed no significant difference
between soil depths or among vegetation types (p > 0.05; Fig. 3e–f),
indicating relatively constant ratios of vast microbial biomass to ne-
cromass among vegetation types in the studied grasslands.

3.4. Relationships between environmental parameters and biomarker
concentrations

The relationship between the abundance of microbial components
and various environmental parameters was assessed for the top- and
subsoils separately (Table 1). Based on linear mixed effect models, only
concentrations of IPL-derived brGDGTs, CL iGDGTs, muramic acid and
glucosamine were significantly related to the selected environmental
variables in the topsoil (p < 0.05; confirmed by multivariable linear
regression), which totally explained 38%–46% of the concentration
variance for the respective biomarkers (Fig. 4a). Climate (i.e., aridity
index) showed a significant relation to the concentration of IPL-derived
brGDGTs, CL iGDGTs and glucosamine (p < 0.05), and also best ex-
plained the concentration variance of most biomarkers (except CL
GDGTs, bacterial PLFAs and muramic acid) in the topsoil albeit with
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non-significant effect (p > 0.05). By comparison, soil macronutrients
had a significant and strongest influence on muramic acid concentra-
tions in the topsoil (p < 0.05). In the subsoil, most of microbial
components (except IPL-derived and CL brGDGTs, CL GDGTs and
muramic acid) were significantly affected by the selected environ-
mental variables (p < 0.05), which explained 34%−46% of the con-
centration variance of the respective biomarkers (Fig. 4b). Other than
climate, soil pH, macronutrients and minerals also had a significant
effect on the concentration of most biomarkers (p < 0.05). Similar to
the topsoil, only soil macronutrients explained the concentration var-
iance of muramic acid distribution in the subsoil (p < 0.05; Table 1).

4. Discussion

4.1. Amino sugar distribution in the Mongolian soils

Amino sugars have a lower concentration in this study (which is
based on the Inner Mongolian grasslands, sampled in 2015;
55.1 ± 1.6 mg g−1 SOC; n = 32), compared with our previous study
on a wider span of Chinese-Mongolian transects (sampled in
2011–2012; 77.7 ± 2.7 mg g−1 SOC for grassland sites; n = 80;
p < 0.05; Ma et al., 2018). Given the much lower aboveground bio-
mass (98.6 ± 10.5 g m−2) and SOC contents for sites in this study
(1.49 ± 0.18%; n = 32) relative to the previous ones
(165.4 ± 9.8 g m−2 and 2.00 ± 0.13%, respectively; n = 80;

p < 0.05; Ma et al., 2018), we deduce that the sampling sites in this
study, although selected to avoid human disturbances, could be affected
by grazing. It is also reported that the average grazing capacity (3.95
sheep ha−1) and overgrazing rate (275.8%) are significantly higher on
Inner Mongolian than on Mongolian grasslands (2.92 sheep ha−1 and
180.5%; Wu, 2017). Grazing not only reduces plant biomass and hence
inputs into the soil but is also reported to decrease soil permeability and
microbial activity (Xiong et al., 2016; Kusakabe et al., 2018; Zhang
et al., 2020). Grazing may also negatively affect the presence of soil
fungi (especially mycorrhizal fungi; Olsson et al., 2010). Hence, sites
influenced by grazing may inhibit the accumulation of microbial ne-
cromass (especially glucosamine; Fig. 2l). Differences in amino sugar
concentrations between these two studies are hence most likely ex-
plained by the different influences of grazing on the sampling sites. This
result implies that improved grazing management (e.g., rotational
grazing) may increase soil microbial carbon sequestration in the tem-
perate grasslands. It is therefore critical to consider grazing effect in
studies or models of carbon sequestration.

Despite a lower abundance, amino sugars show similar spatial dis-
tribution patterns in the Inner Mongolian grasslands of this study as
across the Chinese-Mongolian transect (Fig. S8; including desert sites)
in Ma et al. (2018). In particular, aridity index rather than soil texture
(clay + silt content) exhibits a positive correlation with amino sugar
concentrations in the coarse-textured grassland topsoil, confirming that
microbial necromass accumulation is enhanced with increasing

Fig. 2. Concentrations and ratios of intact polar lipid (IPL)-derived glycerol dialkyl glycerol tetraethers (GDGTs), core lipid (CL) GDGTs, phospholipid fatty acids
(PLFAs) and amino sugars in the grassland soils (light color for topsoil, dark color for subsoil). MS, meadow steppe (n = 8); TS, typical steppe (n = 16); DS, desert
steppe (n = 8); other abbreviations are defined in Table 1. Symbols of the box plot are defined in Fig. 1. Error bars of ratios represent standard error of mean (n = 8,
except for typical steppe, n = 16). Letters indicate different levels among vegetation types (p < 0.05). * indicates difference between depths (p < 0.05). Topsoil
PLFAs are reported in Liu et al. (2020).
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humidity in the semiarid grasslands (Ma et al., 2018). In the Mongolian
grasslands, precipitation is the primary factor limiting plant primary
productivity and soil microbial activity (Bai et al., 2004; Chen et al.,
2015). Generally, as MAP increases, microbial growth (Chen et al.,
2015; Lange et al., 2015) and necromass accumulation (Ma et al., 2018)
increase together with plant biomass and diversity. Cao et al. (2019)
also reported that energy and nutrients from soil organic matter de-
composition are preferentially allocated to the soil microbial catabolism
in the desert steppe of Inner Mongolia versus microbial anabolism (i.e.,
growth and reproduction) in humid meadow steppe.

4.2. Links between microbial biomass and necromass components in the
Mongolian soils

Microbial biomass and necromass components show weak re-
lationships in the topsoil such that only the concentration of CL iGDGTs
(necromass biomarker) shows positive correlations with IPL iGDGTs
(biomass biomarker; Fig. S7a). This weak correlation, along with the
high abundance of bacterial biomass relative to necromass in the topsoil
(indicated by higher ratios of IPL/CL brGDGT; Fig. 3c), suggests that
bacterial necromass preservation or turnover plays a more important

Fig. 3. Ratios of microbial biomass versus necro-
mass components in the soil (light color for topsoil,
dark color for subsoil). MS, meadow steppe
(n = 8); TS, typical steppe (n = 16); DS, desert
steppe (n = 8); %IPL, percentage of IPL-derived
GDGTs in total GDGTs (CL and IPL-derived); other
abbreviations are defined in Table 1. Symbols of the
box plot are defined in Fig. 1. Letters indicate dif-
ferent levels among vegetation types (p < 0.05). *
indicates difference between depths (p < 0.05).

Table 1
Spearman correlation coefficients (r) of soil organic carbon (SOC)-normalized concentrations of biomarkers with environmental variables in the grassland soils
(n = 32; p < 0.05). Color shade corresponds to the value of r (red for negative and blue for positive correlations).

PLFAs, phospholipid fatty acids; GDGTs, glycerol dialkyl glycerol tetraethers; IPL, intact polar lipid; CL, core lipid; brGDGTs, branched GDGTs; iGDGTs, isoprenoid
GDGTs; MAP, mean annual precipitation; MAT, mean annual temperature; AGB, aboveground biomass; SR, plant species richness; SOC, soil organic carbon; N, soil
nitrogen; P, soil phosphorus; Ca, dithionite-extractable calcium; Al, dithionite-extractable aluminum; ns, not significant.
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role in regulating its abundance in the topsoil (Liang and Balser, 2011).
Somewhat in line with this postulation, microbial necromass compo-
nents, including total amino sugars, glucosamine and CL brGDGTs, are
positively correlated with each other in the topsoil (Fig. S7a) and have
similar relationships with environmental factors (Table 1). These re-
lationships further indicate that these microbial necromass components
share similar preservation mechanisms rather than common producers
(since fungi and bacteria are considered to be the main contributor of
glucosamine and brGDGTs, respectively; Amelung et al., 2001; Weijers
et al., 2006a) in the topsoil.

In the subsoil, the concentration of CL iGDGTs also shows positive
correlations with IPL iGDGTs, suggesting strong links between micro-
bial biomass and necromass carbon components derived from archaea
at both soil depths. Besides, muramic acid is also positively correlated
with IPL-derived brGDGTs in the subsoil (Fig. S7b). As brGDGTs and
muramic acid are derived from bacterial membranes and cell walls,
respectively (Zhang and Amelung, 1996; Weijers et al., 2006b), their
correlations indicate a close link between bacterial necromass and
biomass in the subsoil (Gocke et al., 2017). Together with the high
abundance of bacterial necromass relative to biomass in the subsoil
(indicated by low fraction of IPL relative to CL brGDGTs; Fig. 3a), these
results indicate that bacterial necromass is well preserved in the subsoil
(further discussed in Section 4.4). Hence, it is predicted that an increase
in microbial biomass input (e.g., via increased rhizodeposition) may
enhance bacterial carbon sequestration in the subsoil of these grass-
lands.

4.3. Contrasting drivers for microbial component distribution in the top-
versus subsoils

The distribution of microbial components is affected by different
environmental factors in the top- versus subsoils. Aridity index best
explains the concentration variance of most biomarkers (except CL
GDGTs, bacterial PLFAs and muramic acid) in the topsoil (Fig. 4a). This
result is consistent with previous reports that climate (i.e., aridity) is
the primary predictor for the abundance of microbial-derived carbon
component in arid and semiarid grasslands (Bardgett et al., 2001; Chen
et al., 2015; Ma et al., 2018) because primary productivity and mi-
crobial activity are both controlled by water availability in this region
(Bai et al., 2004; Chen et al., 2015). In contrast, in Californian semiarid
grasslands, soil microbial communities are generally highly tolerant to
desiccation (Barnard et al. 2013). The discrepancy may be associated

with microbial adaptation to different climates in these two regions,
where California grasslands have hot, dry summers and higher MAP
(310–950 mm) as opposed to hot, wet summers and lower MAP
(173–415 mm) in the Inner Mongolian grasslands. On the other hand,
edaphic properties (i.e., pH and macronutrients) explain a significant
fraction of the abundance variance of most biomarkers (except
muramic acid) in the subsoil (Fig. 4b). As subsoils of the studied
grasslands have lower contents of SOC, N and P than the topsoil
(Fig. 1g-i), the substrate-deprived microbes in the subsoil are likely
more sensitive to the variation of macronutrients in terms of both
biomass production and residue preservation (Baisden et al., 2002;
Fierer et al., 2003b). Soil pH is also higher in the sub- than topsoil
(Fig. 1f) and microbial components seem to be more sensitive to pH
variations in the more alkaline soils (Beman et al., 2011). This effect is
particularly obvious for iGDGTs in the subsoil (Table 1), potentially
linked to archaea-mediated ammonium oxidation process that is pH-
sensitive in alkaline soils (Weijers et al., 2006a; Beman et al., 2011).
The above findings fall in line with our first hypothesis that edaphic
properties have a stronger influence on the abundance of microbial
carbon components in subsoil and are also consistent with previous
reports that resource (i.e., carbon, N and P) availability is the primary
control on microbial biomass and metabolic diversity in temperate
grassland subsoils (Fierer et al., 2003b; Liang et al., 2019).

4.4. Elevated preservation of bacterial necromass in the subsoil

Interestingly, the IPL/CL ratio (and similarly %IPL) for brGDGTs is
lower in the sub- than topsoil of the studied grasslands (Fig. 3a and 3c).
As IPL is only found in living microbes, including viable-but-non-
culturable dwarf cells (Harvey et al., 1986; White et al., 1979), the
above result indicates a higher abundance of bacterial necromass re-
lative to biomass in the subsoil. As microbial activity and community
turnover are known to decrease with soil depth due to substrate con-
straints (Fierer et al., 2003a; Liang et al., 2019), increased preservation
of bacterial residues likely explains the higher abundance of bacterial
necromass relative to biomass in the subsoil, partly consistent with our
second hypothesis.

At least two factors may contribute to the enhanced preservation of
bacterial necromass in the subsoil. First, fine-sized particles
(clay + silt) are more abundant in the sub- than topsoil (Fig. 1l), which
potentially provide physical protection for microbial necromass (Six
et al., 2006; Ma et al., 2018) that tends to accumulate in mineral-

Fig. 4. Variations explained by different groups of environmental variables for the concentrations of microbial biomarkers (determined by linear mixed effect model).
The following groups are represented by the first principal component (PC 1) generated by principal component analysis of the corresponding variables: plant (plant
species richness and aboveground biomass), soil macronutrients (soil organic carbon, nitrogen and phosphorus contents), and soil minerals (dithionite-extractable
calcium, aluminum and clay + silt content). *indicates significant influence (p < 0.05). Abbreviations are defined in Fig. 2.
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associated soil fractions (Kögel-Knabner et al., 2008; Sollins et al.,
2009). However, as the Mongolian soils are coarse-textured in general
(Demoux et al., 2009), the effect of mineral protection is not obvious for
our samples (Table 1). Alternatively, Ca is known to play a vital role in
stabilizing SOC in alkaline soils via Ca bridging (Rowley et al., 2018).
Ca is positively correlated with the concentration of CL brGDGTs when
both soil layers are considered (r = 0.30, p = 0.02, n = 64). Given the
higher abundance of Ca in the subsoil (Fig. 1j), Ca seems to play a key
role in preserving bacterial necromass in the subsoil. Second, as men-
tioned previously, surface soils (< 20 cm) harbouring more than 70%
of plant roots of the studied grasslands (Ma et al., 2008) may be under
higher N limitation due to limited supply of inorganic N via miner-
alization and elevated plant-microbe competition for N at high-pro-
ductivity sites (Zhang et al., 2016). Severe N competition may induce
elevated decomposition or recycling of microbial residues (such as
amino sugars) that contain a relatively high level of N compared to
plant-derived organic matter (Jia et al., 2017; Cui et al., 2020).
Therefore, we speculated that the lower N limitation in the sub- than
topsoil resulted in the better preservation of bacterial necromass in the
subsoil of typical and desert steppes.

In contrast to bacterial components, the IPL/CL ratio (and %IPL) for
iGDGTs is higher in the sub- than topsoil of the meadow steppes and
desert steppes (Fig. 3b and d), indicating a lower abundance of archaeal
necromass relative to biomass in the subsoil. In addition, the i/br ratio
is comparable between depths for IPL (Fig. 2c) but higher in the top-
than subsoils for CL (Fig. 2f). This implies that compared to bacterial
residues (i.e., brGDGTs), archaeal residues (i.e., iGDGTs) have a lower
relative abundance or accumulation efficiency per unit of biomass in
the subsoil. This contrast may be linked to the different ecological niche
or growth strategies for bacteria and archaea in the grasslands
(Schouten et al., 2013). Future increases in the precipitation of this
region (Ni and Zhang, 2000) may increase the role of bacteria in mi-
crobial carbon sequestration in the subsoil.

5. Conclusions

In summary, employing different biomarkers derived from fungi,
bacteria and archaea, this study presents the first large-scale in-
vestigation on the links between microbial biomass and necromass
components in the top- versus subsoils across the temperate grasslands
of China along an aridity gradient. The majority of microbial necromass
components (except CL iGDGTs) show little correlation with the mar-
kers of their corresponding living producers in the topsoil, suggesting
that microbial necromass abundance is more related to its preservation
rather than community production in the topsoil. By comparison, bac-
terial necromass components are better preserved relative to biomass in
the subsoil, possibly due to stronger association of microbial necromass
with Ca and/or reduced N competition with plants at depth. As a result,
there is a closer link between the abundance of bacterial necromass
(including CL brGDGTs and muramic acid) and biomass in the subsoil.
Furthermore, using linear mixed effect model analyses, we find that
while aridity index best explains the concentration variance of most
biomarkers in the topsoil, edaphic properties (i.e., pH and macro-
nutrients) also contribute significantly to the concentration variance for
most biomarkers in the subsoil. These results collectively suggest that
microbial carbon displays distinct preservation and distribution pat-
terns at different depths of the studied grasslands, providing new in-
formation to understand microbial-mediated SOC accumulation and
stability mechanisms in a changing environment. Given the better
preservation of bacterial necromass carbon at depth and its strong link
to biomass in terms of spatial distributions, potential increases in mi-
crobial (in particular, bacterial) biomass production under future cli-
mate and environmental changes (such as precipitation increases) may
enhance microbial carbon sequestration in the deep soil in the
Mongolian grasslands.
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