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Abstract Shrub encroachment frequently occurs in
arid and semi-arid grasslands worldwide and affects
the regional carbon balance. Many previous studies
have revealed the effects of shrub encroachment on
bulk carbon content of grasslands, but molecular
evidence is surprisingly lacking. In this study, we
examined the chemical composition of plant tissues
and soil organic carbon (SOC), and soil microbial
communities to identify the effects of shrub (Cara-
gana microphylla) encroachment on SOC storage in
the top layer (0—10 cm) along a gradient of natural
shrub cover in the grasslands of Inner Mongolia. We
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found that SOC in the shrub patches was derived
mainly from leaves, whereas SOC in the grassy matrix
was composed of a mixture of fresh root- and leaf-
derived compounds. Compared with pure grassland,
the SOC decreased by 29% in the shrub-encroached
grasslands (SEGs), and this decrease was enhanced by
increasing shrub cover. We also found that free lipids
and lignin-derived phenols increased while the ratios
of w-Cg/> Cig and suberin/cutin decreased with
increasing shrub cover. In addition, the ratios of
fungal to bacterial phospholipid fatty acids (PLFAs)
and gram-negative to gram-positive bacterial PLFAs
decreased with increasing shrub cover. These results
indicate that the encroachment of nitrogen-rich
legume shrubs can lead to carbon loss by altering the
chemical composition of plant inputs as well as the soil
microbial community in grassland ecosystems.
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Introduction

Soil organic carbon (SOC) is the most important
carbon stock in terrestrial ecosystems (Schmidt et al.
2011), and even small changes in soil carbon could
have large effects on the global terrestrial carbon cycle
(Scharlemann et al. 2014). Over the past 150 years,
shrub encroachment resulting from climate change
and land use (e.g., overgrazing and reduced fire
frequency) has become a major issue in arid and
semi-arid ecosystems, which cover approximately
45% of Earth’s land surface (Bailey 1996; Van Auken
2009). Shrub encroachment has substantial effects on
the ecosystem functioning because of changes in
habitat heterogeneity, species composition, above-
ground biomass and SOC, thereby affecting the
regional carbon balance (Eldridge et al. 2011; Suther-
land et al. 2013).

The evaluation of the influence of shrub encroach-
ment on global biogeochemical cycles via effects on
soil carbon storage has been a major topic (Liu et al.
2011). SOC has been reported to increase (Springsteen
et al. 2010; Barger et al. 2011; Zhou et al. 2017),
remain unchanged (Lett et al. 2004) or decrease
(Jackson et al. 2002; Oelofse et al. 2016) after shrub
encroachment. These inconsistencies might be
attributable to differences in climate, vegetation type,
soil properties, historical land use patterns and scales
(Jackson et al. 2002; Barger et al. 2011; Li et al. 2016).
Shrub encroachment usually creates “fertility islands”
in grasslands (Schlesinger et al. 1996), and increases
in SOC with shrub size and decreases along the shrub
core-to-edge line gradient have been observed
(Throop and Archer 2008; Bai et al. 2013). These
studies reveal that shrub encroachment changes the
within-site spatial distribution of soil resources and
alters the resource flow (Li et al. 2008; Eldridge et al.
2011), which makes it difficult to accurately evaluate
the effects of shrub encroachment on SOC due to the
limited micro scale (Zhou et al. 2017). Shrub
encroachment usually results in a landscape where
shrub patches (shrub canopy) are embedded in the
grassy matrix (natural grasslands), which is defined as
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a shrub-encroached grassland (SEG) (Fig. 1a; Chen
et al. 2015). Shrub encroachment usually alters light,
water, nutrient and plant—plant interactions (Asner and
Heidebrecht 2005; Ratajczak et al. 2012; Peng et al.
2013), which makes SEG different from pure grass-
lands (D’Odorico et al. 2012). Many studies have
assessed these effects by comparing SEG and pure
grasslands at the plot level. For example, Eldridge
et al. (2011) concluded that shrub encroachment
increases SOC globally in drylands. Similarly, Li
et al. (2016) observed an increase in SOC content in
wetter regions and a greater rate of increase in
grassland encroached by leguminous shrubs. How-
ever, molecular-level evidence to support these results
is surprisingly lacking.

SOC is mainly derived from aboveground litter,
root litter and exudates and is metabolized by
microorganisms (Armas-Herrera et al. 2016). The
quality and quantity of plant litter together with soil
microbial biomass are important drivers of SOC
accumulation (Hibbard et al. 2001; Carbone and
Trumbore 2007). Plant litter consists of polysaccha-
rides (such as cellulose), aromatics (such as lignin
and tannic acid) and aliphatics (such as waxes, cutin
and suberin) (Crow et al. 2009), and these molecular
components remain intact in the soil. Fontaine et al.
(2007) and Kuzyakov (2010) reported that recalci-
trant plant inputs led to higher carbon stocks, whereas
labile plant inputs led to lower carbon stocks.
Similarly, carbon stocks are also regulated by the
decomposition and resynthesis of plant inputs by the
microbial community (Kuzyakov 2010; Schmidt
et al. 2011; Tamura and Tharayil 2014). Therefore,
understanding the changes in plant inputs and the
chemical composition of SOC as well as the soil
microbial community after shrub encroachment
should greatly clarify the effects of shrub encroach-
ment on the carbon cycle (DeMarco et al. 2016).
Previous studies have shown that shrub encroach-
ment could alter the quality and quantity of plant
inputs (Filley et al. 2008; Knapp et al. 2008; Throop
and Archer 2008) and microbial communities (Li
et al. 2017). However, how the input chemistry and
microbial community respond to the shrub cover
gradient remain unknown.

Previous studies have hypothesized that the impacts
of encroachment increase with woody cover and
woody biomass (Ratajczak et al. 2012). Many previ-
ous studies have examined SOC changes with the
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Fig. 1 Illustration of sampling location and design. a Sampling
location and photos; b twelve plots that represent a natural shrub
cover gradient and five-pointed stars represent composite soil
samples; ¢ plant samples collected in the study area. Except for

shrub encroachment process using natural shrub cover
gradients. For example, Blaser et al. (2014) found that
total soil carbon stocks increased along a natural cover
gradient from 0% (open grassland) to 100% (shrub-
land) in a vast floodplain ecosystem in central Zambia.
Similarly, Gonzalez-Roglich et al. (2014) found that
SOC stocks increased along a woody plant cover
gradient (0-94%) in savannas of central Argentina.
However, these studies focused on a large grassland-
shrubland transition zone and did not eliminate the
effect of disturbances due to differences in climate and
environment. Therefore, a study focused on the SEG
along a natural shrub cover at the same location could
distinguish plant-microbe interactions from climatic
and soil factors.

Mongolian grassland is the most typical temperate
grassland in the world and has experienced increasing
temperature and livestock densities over the past
several decades (Fang et al. 2015). A previous study
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S. grandis and C. korshinskyi, which were collected in both the
shrub patch and grassy matrix, the other herbs were collected
only in the grassy matrix

showed that the area of SEG has reached 5.1 x 10°
ha in Inner Mongolia (Peng et al. 2013). In this study,
we explored the effects of shrub encroachment on
SOC in the top layer (0—10 cm) and its chemical
composition along a natural shrub cover gradient in
the Xilinhot grassland. The chemical composition of
plant organic carbon (OC) and the soil microbial
community were also examined. Specifically, the
objectives of this study were to (1) investigate the
chemical composition of plant-derived OC in the top
layer of soil of shrub patches and grassy matrix, (2)
demonstrate the contribution of aboveground and
belowground plant inputs to SOC in the shrub patch
and grassy matrix, and (3) reveal the effects of the
chemical composition of plant inputs and the micro-
bial community on the SOC accumulation in the top
layer with increasing shrub cover when treating SEG
as a vegetation type.
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Materials and methods
Study site and sampling

Our study was conducted in a SEG near Xilinhot City
in the Inner Mongolia Autonomous Region (43.93°N,
116.20°E; Fig. l1a). The mean annual temperature is
1.8 °C and ranges from — 20.1 °C in January to
20.2 °C in July. The mean annual precipitation is
293.6 mm, and precipitation is concentrated in the
period from June to August. The natural community is
Leymus chinensis + Stipa grandis, and the common
herbs include Cleistogenes squarrosa, Agropyron
cristatum, Artemisia frigida, Kochia prostrata, Allium
ramosum and Iris tenuifolia. The dominant shrub is a
nitrogen-fixing leguminous shrub, C. microphylla.
The soil is classified as dark chestnut soil with a loamy
clay texture (Chen et al. 2015).

Twelve plots with a size of 20 x 20 m were
established along a transect with a natural shrub cover
gradient in August 2015. The long and short crown
diameters of all shrub canopy patches were measured
to calculate the shrub cover at the plot scale. Then, we
set up 5 subplots of 6 x 6 m at the quadrangles and
centre of each plot. In each subplot, we collected soil
samples from the top layer (0—-10 cm) using a stain-
less-steel core from a randomly selected shrub patch
and the neighbouring grassy matrix (Fig. 1b). To
avoid heterogeneity in terms of the canopy size in each
subplot, 1, 3 or 5 core samples under the shrub canopy
were mixed into one sample (Fig. 1b). We sampled
only in the grassy matrix in the plot without shrubs. All
soil samples were kept frozen at — 80 °C until being
freeze dried. The plant roots were carefully removed
from the soil using tweezers, and the soil were ground
thoroughly using a grinder. Then, composite samples
of soil from the same plot and same position (in the
shrub patch or the grassy matrix) (n = 23) were
prepared.

The leaves and roots of the shrub (C. micro-
phylla) and dominant herbs (S. grandis, Carex
korshinskyi, A. frigida, Melilotoides ruthenica and
1. tenuifolia) were collected in July 2016. We
established three 20 x 20 m plots in the soil
sampling location. Three repeats of specific species
samples were collected from each plot, and each
repeat was collected from different individuals.
With the exception of S. grandis and C. korshinskyi,
which were collected in both the shrub patch and

@ Springer

grassy matrix, the other herbs were collected only in
the grassy matrix. Moreover, we established paired
1-m? quadrats in both the shrub patch and the
neighbouring grassy matrix in each plot and then
clipped the roots and leaves of herb plants in
0.25 m? subquadrats to make mixed herb samples
(Fig. 1c). Plant samples were frozen at — 20 °C
until drying at 40 °C. The samples were ground
thoroughly using a grinder. Composite leaves and
roots samples for the specific species (n = 16) and
for mixed herb samples within shrub patches and the
grassy matrix (n = 4) were prepared.

Soil carbon and nitrogen measurements, chemical
extraction and quantification

The soil total carbon and nitrogen content were
measured using an elementary analyser (Vario EL
III, Elementar, Germany), and the inorganic carbon
content was measured by a carbonate content analyser
(Eijkelkamp 08.53, Netherlands). The SOC was
calculated by subtracting the inorganic carbon from
the total carbon content.

The chemical extractions included solvent extrac-
tion (for free lipids), base hydrolysis (for bound lipids)
and copper(Il) oxide (CuO) oxidation (for lignin-
derived phenols) (Feng et al. 2010; Zhao et al. 2014).

Samples (~ 6 g soil or ~ 0.2 g plant) were
extracted with 15 mL (4 mL for plant samples) of
chromatography-grade  dichloromethane (DCM):
methanol (MeOH) (1:1; v:v) by ultrasonication
(15 min) and centrifugation (3000 rpm for 10 min)
three times. The combined solvent extracts were
filtered through glass fibre columns, concentrated by
rotary evaporation and transferred to 2 mL glass vials.

After the solvent extraction, the air-dried residues
were subjected to base hydrolysis and oxidized with
CuO. Approximately 3 g soil residues (~ 0.1 g plant
residues) was sealed in Teflon-lined bombs and heated
at 100 °C for 3 h with 15 mL of 1 mol/L KOH/
MeOH. After cooling, the suspension was transferred
into a 100-mL round-bottom flask and acidified to pH
1 with 6 mol/L HCI. The bound lipids were recovered
by liquid-liquid extraction with 20 mL ethyl acetate
and concentrated by rotary evaporation three times
after removing the remaining water with anhydrous
Na,SOy,. Then, the product was dried under N, gas and
methylated for 90 min at 70 °C with 1 mL of 14%
BF;:MeOH. The bound lipids were obtained by lipid—
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lipid extraction with 2 mL hexane three times and
transferred to 2 mL glass vials.

The air-dried residues (soil and plant) remaining
after solvent extraction were sealed in Teflon-lined
bombs and heated at 170 °C for 2.5 h with 1 g CuO,
100 mg ammonium iron(Il) sulphate hexahydrate
and 15 mL of 2 mol/L NaOH after oxygen exhaus-
tion with N, gas. The mixture was centrifuged at
3000 rpm for 10 min, and the supernatant was then
transferred into another centrifuge tube and acidified
to pH 1 with 6 mol/L HCI. The extracts were kept at
room temperature in the dark for 1 h to prevent the
reaction of cinnamic acids. After centrifugation
(3000 rpm for 10 min), the lignin-derived phenols
were recovered by liquid-liquid extraction with
20 mL ethyl acetate three times, concentrated by
rotary evaporation and transferred to 2 mL glass
vials.

Products from the solvent extraction, base hydrol-
ysis and CuO oxidation were dried under N, gas, and
all biomarkers were trimethylsilyl (TMS)-derivatized
by reaction with 100 pL N,O-bis-(trimethylsilyl)tri-
fluoroacetamide (BSTFA) and 100 pL pyridine for 2 h
at 60 °C. Biomarkers from solvent extraction and base
hydrolysis were diluted with DCM, whereas the
biomarkers from CuO oxidation were diluted with
ethyl acetate.

All biomarkers were identified by gas chromatog-
raphy-mass spectrometry (GC-MS) on an Agilent
7890A gas chromatograph (Agilent Technologies,
Palo Alto, CA, USA) coupled to an Agilent 5973 N
quadruple mass selective detector and were quantified
with a flame ionization detector (FID) coupled to the
Agilent 7890A instrument. The biomarkers from the
solvent extraction and base hydrolysis were quantified
by comparing the peak areas of biomarkers to that of
an internal standard (squalane for free lipids and Sa-
cholestane for bound lipids), whereas the amounts of
lignin-derived phenols were quantified using the
calibration curves of eight lignin-phenol standards.
Details of the instrument configuration are provided in
Zhao et al. (2014).

Estimation of soil microbial phospholipid fatty
acid (PLFA)

The microbial communities were evaluated based
on the PLFAs extracted from freeze-dried soil

samples (Bligh and Dyer 1959). Briefly, approxi-
mately 8 g of soil was extracted with a MeOH:chlo-
roform:citric acid solution (2:1:0.8; v:v:v). Then,
the phospholipids were recovered from the glycol-
ipids and neutral lipids using silica columns and
methylated by alkaline methanolysis. The phospho-
lipids were converted into fatty acid methyl esters
via mild acid methanolysis and identified and
quantified using the Agilent 6890 instrument (Agi-
lent Technologies, Palo Alto, CA, USA) and the
MIDI Sherlock Microbial Identification System
(MIDI Inc., Newark, DE, USA). The content of
each PLFA was expressed as PLFA mg g~' OC
against an internal standard (methyl ester C19:0;
Matreya Inc., State College, PA, USA). PLFAs
specific to actinomycetes (10Me 16:0, 10Me 17:0
and 10Me 18:0), gram-positive bacteria (GT; i14:0,
al5:0, i15:0, i16:0, al7:0 and i17:0), gram-negative
bacteria (G™; 16:1 w7c, 16:1 w9c, cy 17:0 w7c, 17:1
w8c, 18:1 wic, ¢y 19:0 wic and ¢y19:0 w9c) and
fungi (F; 18:1 w9c¢ and 18:2 wb6c) were quantified
(Fierer and Jackson 2006; Willers et al. 2015; Chen
et al. 2016).

Statistical analyses

The package “vegan” in the R 3.3.1 platform (R
Foundation for Statistical Computing, Vienna, AT)
was used for the statistical analyses. A paired ¢ test
was conducted to examine differences in the elemen-
tal contents, PLFAs and biomarkers between the
shrub patch and the grassy matrix. In addition,
principal component analyses (PCAs) were used to
assess the contributions of SOC derived from above-
ground and belowground inputs. All analyses were
performed with a significance level of p < 0.05. To
explore the effects of shrub encroachment along the
shrub cover gradient, we calculated the variables at
the plot scale (B),) by the weighted method (Maestre
et al. 2012, 2015). The formula was: Cover = Z
(rabl4)/A’; B, = By x (1 —Cover) + B, x Cover,
where Cover represents the shrub cover at the plot
scale; a and b represent the long and short crown
diameter of the shrub patch, respectively; A’ repre-
sents the plot area; and B; and B, represent the
response values in the shrub patch and grassy matrix,
respectively.
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Results
Chemical composition of plant inputs

Free lipids, which include odd-numbered n-alkanes
(Cy7 to Cs3), even-numbered n-alkanoic acids (C¢ to
C39) and n-alkanols (C,g to C3p), were identified in the
solvent extracts (Fig. 2a—c). The mixed samples
reflected the characteristics of the herb communities.
The maximum abundance (C,,,,) of n-alkanoic acids
was at Cjg and C;g in the leaves and roots, respec-
tively, whereas the long-chain (> C,() alkanoic acids
were detected mainly in the roots (Fig. 2a). The Cy,.«
of n-alkanols was at C,g or Czg, and n-alkanes
displayed a C,.x at Cyg in the shrub leaves, C3; in
the herb leaves and C,5 in the roots (Fig. 2).
Homologous bound aliphatic lipids (alkanoic acids,
alkanedioic acids and hydroxyalkanoic acids) were
detected after base hydrolysis and displayed a strong
even-over-odd predominance. The C,,,x of homolo-
gous alkanoic acids (C4 to C3) was at Cpg or C3p in
the plant tissues (Fig. 2d). Alkanedioic acids (Cy to
C,6) were more abundant in the roots than in the leaves

(Fig. 2e). The hydroxyalkanoic acids displayed a C,;.«
of Cy¢ in leaves and C,5—C,4 in roots (Fig. 2f).

Eight lignin-derived phenols were identified in the
CuO oxidation extracts, including the prevalent
vanillyls (V; vanillin, acetovanillone and vanillic
acid), syringyls (S; originating from angiosperms;
syringaldehyde, acetosyringone and syringic acid) and
cinnamyls (C; in the non-woody plant tissues; p-
coumaric acid and ferulic acid).

Compared with the leaves and roots of the herbs, the
leaves of C. microphylla had lower ratios of C/N, S/V
and C/V and higher ratios of vanillic acid/vanillin ((Ad/
Al),) and syringic acid/syringaldehyde ((Ad/Al)),
which consisted of higher abundant free lipids (labile
compounds) and lower abundant cutin and lignin
(recalcitrant compounds), suggesting that C. micro-
phylla produces more labile litter (Online Resource 1).

SOC content, microbial community and chemical
composition of SOC

The SOC concentration of the shrub patches was
significantly higher than that of the grassy matrix (0.74
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Fig. 2 Carbon number distribution of major biomarkers of
plant leaves and roots. a, b, and ¢ show the products of the total
solvent extraction, and d, e, and f show the products of the base
hydrolysis. SI and Gl represent the mixed leaf samples of the
shrub patches and grassy matrix, respectively; Sr and Gr
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vs. 0.59%, p = 0.03). The total, bacterial and fungal
PLFAs and F/B ratio were slightly higher (p > 0.05)
in the shrub patches, and the ratio of G7/G" was
significantly higher in the shrub patches (p < 0.01;
Table 1). The concentrations of extractable long-chain
lipids, bound lipids and lignin-derived phenols in the
shrub patches were more abundant than those in the
grassy matrix (p = 0.05; p < 0.01; p = 0.49;
Table 1).

The major compounds of the solvent extraction
were n-alkanoic acids (C¢ to Czg), n-alkanols (C;g to
Cs,), n-alkanes (Cp3 to Ciz3) and some sugars. The
Chax of n-alkanoic acids was at C;g in both the shrub
patches and grassy matrix (Fig. 3a). In addition, the
Cax of n-alkanols and n-alkanes was at C,g and C3; in
the shrub patches and C;g and C5; or Cs; in the grassy
matrix, respectively (Fig. 3b, c).

Homologous aliphatic lipids, including alkanoic
acids (Cy, to Cs,), alkanedioic acids (C;4 to Csg) and
hydroxyalkanoic acids (C¢ to Cyg), dominated in the
base hydrolysis products (Fig. 3d—f). Among these
lipids, the alkanoic acids were the most abundant
component and ®-hydroxyalkanoic acids were the
dominant hydroxyalkanoic acids, representing
7.14 ~ 27.53% of the base hydrolysis product. These
two types of biomarkers showed a C,,,,, of C;¢ in both
the shrub patches and the grassy matrix (Fig. 3d, f).
Moreover, alkanedioic acids with a C,,, of Ci¢ in the
shrub patches and C,,4 in the grassy matrix represented
12.7 ~ 17.7% of the bound lipids (Fig. 3e).

PCA of the SOC chemical composition

PCA was performed to assess the correlations between
the SOC and the biomarkers as well as the microbial
PLFAs (Fig. 4). The first two principal components
(PCs) together could explain 72.9% of the variation of
the grassy matrix (Fig. 4a). PC1 was most positively
influenced by SOC, cutin and suberin, and PC2 was
most negatively correlated with the PLFAs and
cutinVsuberin (the compounds in both cutin and
suberin; Fig. 4a). SOC was strongly positively influ-
enced by suberin and cutin but negatively correlated
with PLFAs (Fig. 4a). Similarly, the first two PCs
together could explain 60.7% of the variation in the
shrub patches (Fig. 4b). PC1 was negatively influ-
enced by cutinVsuberin as well as PLFAs and cutin,
and PC2 was strongly correlated with suberin and
lignin. SOC was strongly positively influenced by

cutin, lignin and cutinVsuberin but weakly correlated
with PLFAs (Fig. 4b).

Changes in the SOC chemical composition
and microbial community with shrub cover

The SOC concentration in the top layer was highest in
the pure grassland and decreased with increasing shrub
cover in the SEG at the plot scale (R = 0.87) because
the concentration decreased sharply in the grassy
matrix (R = 0.92; Fig. 5a). From the perspective of
chemical composition, the contents of free lipids and
lignin-derived phenols as well as the ratios of S/V,
(Ad/Al), and w-C 4> /C ¢ increased while cutin, the
ratios of suberin/cutin and w-C;g) /Cg decreased
with increasing shrub cover (Fig. 5). Moreover, the
suberin contents showed a unimodal trend with
increasing shrub cover (Fig. 5d). Alternatively,
decreasing suberin but increasing cutin and (Ad/Al)
trends were observed in the shrub patches, whereas a
consistent trend was observed for the biomarkers of
the grassy matrix (Fig. 5). Microbial PLFAs increased
while the ratios of G/G* and F/B decreased with
increasing shrub cover (Fig. 5).

Discussion
Influences of plant chemistry on SOC composition

Plant-derived molecular compounds are valuable
biomarkers of SOC sources and degradation processes
(Otto and Simpson 2006; Andreetta et al. 2013). An
advantage of this study is that the biomarkers from the
leaf and root tissues of the dominant plant species in
the study area were measured simultaneously, rather
than citing plant characteristics from studies of
different plant species or different areas (Paul et al.
2003; Pisani et al. 2013). Consistent with previous
studies, the distribution of the carbon numbers of
biomarkers indicated the different plant origins (Feng
et al. 2010, 2015). The dominant C,g alkanoic acid,
C¢ w-hydroxyalkanoic acid and C,4 alkanedioic acid
indicated leaf inputs, whereas the C,, alkanedioic acid
indicated root inputs (Fig. 2; Otto and Simpson 2006).
The bimodal dominant C3; and Cs; n-alkanes in the
grassy matrix are likely attributable to the higher herb
richness (Chen et al. 2015), whereas the abundant C,g
n-alkanes suggested an important contribution of
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Table 1 Microbial composition and chemical composition of SOC in the top layer of the grassy matrix and shrub patches in the

shrub-encroached grasslands

Grassy matrix

Shrub patch

p values from paired #-test

Carbon and nitrogen contents (%)
Soil total nitrogen
Soil total carbon
Soil organic carbon

Microbial PLFAs (mg/g OC)
Total PLFAs
Actinomycetal PLFAs
Bacterial PLFAs
Fungal PLFAs
Gram-negative bacterial PLFAs
Gram-positive bacterial PLFAs

Solvent-extractable compounds (mg/g OC)

Total solvent-extractable compounds
Extractable long-chain fatty acids
Extractable short-chain fatty acids
Carbohydrates
Extractable long-chain lipids
Extractable short-chain lipids
n-Alkanes
n-Alkanols
n-Fatty acids

Hydrolysable lipids (mg/g OC)
Cutin-derived compounds
Suberin-derived compounds
Compounds in both cutin and suberin
Long-chain fatty acids
Short-chain fatty acids
n-Fatty acids
o, w-n-di acids
®-OH-FAs

Lignin-derived phenols (mg/g OC)
Total lignin-derived phenols
Vanillyls
Cinnamyls
Syringyls

Parameters
Fungal PLFAs/Bacterial PLFAs
Gram-negative/Gram-positive
o-Cy¢/ chs
o-Cyg/ chs
Suberin/Cutin
Vanillic acid/Vanillin

Syringic acid/Syringaldehyde

0.06 £ 0.00
0.60 £ 0.04
0.59 £ 0.04

0.55 + 0.03
0.12 £ 0.01
0.36 £ 0.02
0.07 £ 0.00
0.17 £ 0.01
0.19 £ 0.01

3.88 £ 0.56
0.66 &+ 0.09
092 £0.13
0.78 £ 0.17
2.02 £0.27
1.09 £ 0.14
0.90 £ 0.16
0.62 £ 0.05
1.58 £ 0.21

0.54 £ 0.07
1.12 £ 0.17
0.69 £ 0.05
1.57 £ 0.13
1.80 £ 0.08
337 £0.14
0.92 £ 0.06
0.96 £ 0.16

14.39 £+ 1.05
7.57 £ 0.54
2.15+£0.14
4.68 + 0.4

0.17 £ 0.00
0.83 £ 0.02
0.38 £ 0.01
0.30 £ 0.06
1.49 £ 0.09
0.93 &+ 0.04
0.33 £ 0.01

0.07 £ 0.01
0.75 £ 0.06
0.74 £ 0.06

0.60 £ 0.05
0.12 £ 0.01
0.40 £ 0.03
0.08 £ 0.01
0.20 £ 0.02
0.20 £ 0.01

449 £+ 0.24
1.14 £ 0.08
091 £ 0.07
0.70 £ 0.11
272 £0.14
1.07 £ 0.07
0.85 £ 0.08
0.89 £+ 0.03
2.06 £ 0.10

0.95 + 0.06
1.37 £ 0.10
1.07 £ 0.07
2.08 £ 0.14
2.19 £ 0.11
4.27 £ 0.19
1.10 £ 0.05
1.43 £ 0.09

15.59 £ 0.82
7.79 £ 0.41
224 £0.10
5.56 £ 0.34

0.18 + 0.00
0.89 £ 0.03
0.34 £ 0.01
0.45 £ 0.06
1.26 £ 0.09
0.97 &+ 0.06
0.34 £ 0.01

0.05%
0.02%*
0.03%*

0.37
0.75
0.28
0.15
0.14
0.51

0.35

< 0.01%*
0.95
0.74
0.05%
0.89
0.77
0.01%*
0.09

< 0.01%*
0.09
< 0.01%*
< 0.01%*
< 0.01%*
< 0.01%%*
< 0.01%*
< 0.01%*

0.49
0.79
0.70
0.21

0.35
< 0.01%*
< 0.01%*
0.06
0.01%*
0.55
0.38
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Table 1 continued

Grassy matrix Shrub patch p values from paired 7-test
Syringyls/Vanillyls 0.66 £ 0.02 0.67 £ 0.03 0.81
Cinnamyls/Vanillyls 0.28 £ 0.01 0.29 £ 0.01 0.56
#All values are the mean = standard error (n = 11)
®Level of statistical significance is p < 0.05; *p < 0.05; **p < 0.01
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Fig. 3 Carbon number distribution of the major biomarkers of the OC in the top layer. a, b, and ¢ show the products of the total solvent

extraction, and d, e, and f show the products of the base hydrolysis. G, Grassy matrix; S, Shrub patch
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Fig. 4 PCA of the SOC of the grassy matrix and shrub patches. Sample number = 11, variable number = 8. a PCA for the grassy
matrix, and b PCA for the shrub patches. CutinVSuberin represents compounds in both the cutin and suberin
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Fig. 5 Changes in the biomarker-based OC components,
parameters and microbial community of the SOC in the top
layer with increasing shrub cover. Shrub cover represents the
shrub cover at plot scale. SOC was standardized to %. Free lipid,

shrub leaves in the shrub patches (Fig. 2c). However,
the C,g n-alkanols and C;¢ hydroxyalkanoic acids may
be derived from microbes because of low concentra-
tions in the plant (Fig. 2b, f; Zhao et al. 2014).

Contributions of aboveground and belowground
inputs to SOC

The PCA results indicated that the aboveground and
belowground inputs to SOC were considerably differ-
ent in the shrub patches and the grassy matrix (Fig. 4).
The SOC in the shrub patches was derived mainly
from leaves, as evidenced by a close positive

@ Springer

Cover (%)

cutin, suberin, lignin and PLFAs were standardized to mg/g OC.
The remaining ratios are unitless. Lines are cubic splines with
associated Pearson correlation coefficients (R)

correlation between SOC and cutin (Fig. 4b; Angst
et al. 2016). However, the SOC in the grassy matrix
was composed of a mixture of fresh root-derived
(more important) and leaf-derived compounds, which
was confirmed by the closer correlation between the
SOC and suberin compared to that between the SOC
and cutin (Fig. 4a; Kogel-Knabner 2002). This differ-
ence is likely because of the high density of herb roots
in the shallow layer and a greater contribution of shrub
leaves (Tamura and Tharayil 2014). The significantly
higher »-C4/>_Cjg ratio in the grassy matrix than in
shrub patch might be attributed to the larger number of
root inputs in the grassy matrix because a significant
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difference was not observed in the w-Cyg/> Cg ratio
with enhanced cutin oxidation (Gofii and Hedges
1990; Feng et al. 2010). Similarly, the suberin/cutin
ratio, which is an indicator of the relative input of root
(bark)/leaf (Goiii and Hedges 1990; Feng et al. 2010),
was significantly higher in the grassy matrix
(»p = 0.01; Table 1). In addition, previous studies
have demonstrated that the chemistry and input of the
biopolymers incorporated into soil are controlled by
soil animals and microbial communities (Filley et al.
2008; Dempsey et al. 2011). We observed a greater
microbial contribution in the grassy matrix, which was
supported by the close negative relationship between
the microbial PLFAs and SOC. By contrast, the
microbial PLFAs were weakly related to the SOC in
the shrub patches, which might be attributed to the
dilution of the fresh OC input (Tamura and Tharayil
2014).

Effects of input chemistry and microbial
community on SOC along shrub cover

Consistent with previous studies, the SOC of the shrub
patch was, on average, 28% higher (— 9 ~ 114%j;
p = 0.03) than that of the grassy matrix, indicating
that fertile islands were prevalent in the SEG and
increased the soil resource heterogeneity (Schlesinger
et al. 1996; Archer et al. 2001). Compared with the
pure grassland, the SOC decreased by 29%
(4 ~ 48%) in the SEG with increasing shrub cover
(R = 0.92; Fig. 5), consistent with the notion that
“fertile islands” can create feedback that results in the
degeneration of the ecosystem (Schlesinger et al.
1990). Maestre et al. (2009) observed interesting
impacts of shrub patches on the grassy matrix in semi-
arid Mediterranean grasslands and presumed that these
impacts were likely attributable to biotic mechanisms,
including altered litter inputs, microbial activity and
microclimate. Similar to the shrubs in Mediterranean
grasslands, C. microphylla, which is known as a
rhizomatous clonal plant, in our studied grasslands can
form a more horizontal, close-to-surface zone of plant
inputs compared to the shrubs with elevated canopies
and lower basal stems found in the Chihuahuan Desert
(Xiong and Han 2005; Maestre et al. 2009). The
decreased SOC observed in the grassy matrix might be
affected by the discrete shrubs with sprawling
canopies and root systems that had strong ability to

extend several metres horizontally (Maestre et al.
2009).

Consistent with a study in kudzu-invaded soils, the
distribution of the plant and microbial biomarkers
reflected the effects of the dominant plant inputs on the
composition of SOC in the top layer (Tamura and
Tharayil 2014). In the pure grassland, a higher
abundance of cutin and suberin and a lower concen-
tration of free lipids were detected, suggesting the
preservation of recalcitrant polymers derived from
herb inputs (Fig. 5). In addition, this result was further
supported by the low w-C¢/> Cy¢ ratio and PLFA
concentration, which indicates a low degradation rate
(Feng et al. 2010).

Compared with the leaves and roots of dominant
herb species, the leaves of the legume shrub C. micro-
phylla were labile plant inputs, as evidenced by the
lower C:N ratio and chemical composition (Online
Resource 1). Increased microbial activities were
observed in the SEG, as supported by the increasing
PLFAs in the grassy matrix, suggesting increased
decomposition as a likely mechanism driving the
carbon loss observed in the grassy matrix (Fig. 5;
Nottingham et al. 2009). More recalcitrant substrates
would increase the fungal community because of the
high efficiency at which fungi use plant heteropoly-
mers (Chigineva et al. 2009). The decreased F/B ratio
with increasing shrub cover suggests a negative
response of fungi, which was likely associated with
less recalcitrant carbon allocation in the SEG (Feng
et al. 2010).

Soil carbon loss because of co-metabolism of the
recalcitrant substrates after the incorporation of fresh
labile inputs has been reported (Fontaine et al. 2007;
Kuzyakov 2010). Similarly, Whittinghill et al. (2012)
found that carbon losses under nitrogen deposition
might be caused by enhanced decomposition, which
indicates that carbon loss may be induced by the
encroachment of N-rich shrubs. The SOC remained
unchanged in the shrub patches with the increasing
shrub cover, which might have been caused by the
replacement of prior carbon decompositions with the
fresh input of shrub leaves (Fig. 5c; Fontaine et al.
2007; Filley et al. 2008). Similarly, the SOC decreased
significantly with increasing shrub cover in the grassy
matrix, which likely resulted from insufficient fresh
plant inputs compared with the prior carbon decom-
positions (Fig. 5c, d; Knapp et al. 2008; Montané et al.
2010). Previous studies have shown that shrubs led to
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root litter decay by providing shadows and competi-
tion for moisture and nutrients (Casper and Jackson
1997; Alvarez et al. 2011). The decreased ratios of G~/
G*, suberin/cutin and ®-Cg/> C1g indicated
decreased root inputs as the shrub cover increased
(Feng et al. 2010, 2015).

Conclusions

Shrub encroachment is expected to affect regional soil
carbon dynamics. Previous studies have focused on
changes in the bulk carbon contents. In this study, we
demonstrated that the altered plant input chemistry
and microbial community caused by shrub encroach-
ment significantly affect SOC storage using a multiple
biomarker approach. Our results provide molecular
evidence for the biotic mechanisms by which SOC
changes after shrub encroachment.
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