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Abstract

To investigate the effects of shrubification—the global phenomena of an increase of shrubs in grasslands—on C, N, and P
cycles, the changes in soil organic C, N, and P mineralization in an alpine meadow were compared across five plant com-
munities: grasses and four shrub species—dominated patches. The nutrient content and stoichiometry (C:N:P) of leaves,
litter, microbial biomass, and soil organic matter (SOM) were analyzed during vegetation season. Net rates of N and P
mineralization were measured in situ in the top 20 cm of soil throughout the growing season, and organic C mineralization
was determined under controlled conditions. Microbial C:N, C:P, and N:P ratios in the top 20 cm generally decreased with
increasing plant size (height combined with crown diameter), associated with greater input of litter with lower C:nutrient
ratios under shrubs. The net N and P mineralization rates in soil under shrubs were about 3- to sevenfold and 4- to 15-fold
faster, respectively, compared with those under grasses. The increase in organic C mineralization under shrubs compared with
that under grasses was much smaller than the increase of N or P mineralization under shrubs. This indicates faster turnover
of nutrients than C leading to decoupling of organic C and nutrient mineralization across plant communities by shrubifica-
tion. The C:N, C:P, and N:P ratios of organic pools mineralized in soil decreased with increasing plant size, but increased
with respective microbial C:N, C:P, and N:P ratios across plant communities. This indicates that specific SOM pools were
mineralized depending on plant communities and microbial stoichiometry in soil. Consequently, the decoupling of organic
C and nutrient mineralization across plant communities is driven by microbial stoichiometry and increases by shrubification.

Keywords Ecological stoichiometry - Shrubification - Soil nitrogen mineralization - Soil phosphorus mineralization -
Vegetation patchiness

Introduction

A patchy structure of vegetation is very common globally:
in subtropical savannas; arid, semiarid, and temperate grass-
lands; and tundra (Eldridge et al. 2011; Howison et al. 2017).
This striking convergence in vegetation community structure
can take two forms at least: woody patches interspersed in
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grassland (Eldridge et al. 2011) and a patchy distribution of
herbaceous species (Howison et al. 2017; Zhao et al. 2021).
The vegetation pattern consisting of woody and herbaceous
patches is currently increasing—a phenomenon named
“shrubification”—due to overgrazing, fire, the increase in
CO, concentration in the atmosphere, N deposition, and cli-
mate warming (Eldridge and Ding 2020; Brandt et al. 2013;
Carboni et al. 2017). The patchy distribution of herbaceous
species in grassland is explained by selective grazing by her-
bivores, heterogeneities in hydrothermal conditions, erosion
intensities, and salinity levels caused by microtopography,
and soil disturbance caused by burrowing mammals (Hill-
eRisLambers et al. 2001; Howison et al. 2017). In either
case, vegetation patchiness, in turn, induces heterogeneity in
soil biochemical properties (Ettema and Wardle 2002; Her-
nandez et al. 2015). The availability of nutrients is usually
higher under shrubs than in grassy areas (He and Li 2016;
Baer et al. 2006; Eldridge et al. 2011; Gao et al. 2019). Soil
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organic C mineralization and N cycling vary spatially among
vegetation patches in herbaceous plant-only structured grass-
lands (Zhao et al. 2021). However, how organic C minerali-
zation changes with alterations of nutrient mineralization has
never been investigated across vegetation mosaics in such
spatially heterogeneous ecosystems.

Microorganisms must meet their growth requirements
for energy and nutrients. According to the consumer-driven
nutrient recycling theory, microorganisms mineralize organ-
ically bound N and P when the nutrient content in these
substrates is high compared with the microbial growth
requirements (Sterner and Elser 2002). When a nutrient
is limited in relation to C in the substrate, more organic C
is mineralized by microorganisms for mining the nutrient
(Fang et al. 2020; Ge et al. 2020; Hicks et al. 2021). These
findings suggest that organic C and nutrient mineralization
in soil are regulated by the stoichiometry (elemental ratios)
of both substrates and decomposer communities (Elser and
Urabe 1999).

The control of organic C and nutrient mineralization by
substrate stoichiometry is well known (Enriquez et al. 1993;
Mooshammer et al. 2012; Liu et al. 2021; Schleuss et al.
2021). However, the regulation of consumer stoichiometry
on an element release from soil organic matter (SOM) has
not been proved experimentally. Due to variations in their
physiology and life forms, plants produce litter of differ-
ent qualities. Litter stoichiometry changes the microbial
stoichiometry at organism and community levels (Sistla
and Schimel 2012; Zechmeister-Boltenstern et al. 2015;
Song et al. 2020; Camenzind et al. 2021). The microbial
stoichiometric C:nutrient ratios reflect the nutrient demand
by microorganisms for growth relative to C, or C and energy
demand relative to nutrients (Clayton et al. 2021). Conse-
quently, the microbial C and/or nutrient demand determines
which pools to decompose. As such, changes in the stoichi-
ometry of decomposer communities can affect organic C
and nutrient mineralization across vegetation mosaics (Elser
and Urabe 1999).

Plant inputs into soil determine the microbial stoichiom-
etry (Binkley et al. 2000; Zhang et al. 2019; Wei et al. 2020).
Shrubs growing in grassland increase the soil C:nutrient
ratios compared with grasses (Zhou et al. 2018). These
imply that the stoichiometric imbalances between micro-
bial nutrient demand and content in SOM under shrubs will
increase during shrubification. With increasing nutrient limi-
tation (i.e., increasing stoichiometric imbalances), microor-
ganisms will selectively decompose pools with high nutrient
content from the bulk SOM to meet their nutrient demand
(Ehtesham and Bengtson 2017; Murphy et al. 2015; Rousk
et al. 2016). This will lead to more nutrients being released
from substrates per unit of C mineralization under shrubs
than under grasses. Consequently, nutrient mineralization
under shrubs can increase greater compared with organic C
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mineralization, and this decoupling raises with SOM accu-
mulation by shrubification.

The Qinghai-Tibet Plateau is a huge C reservoir due to
high SOM content, vast area (Yang et al. 2008), and very
slow mineralization rates. Ecosystems in this region are
extremely sensitive to climate and land use changes as a
result of harsh environmental conditions and very slow veg-
etation recovery. A significant change in grassland ecosys-
tems in the past decades is the expansion of shrubs (Brandt
et al. 2013; Lu et al. 2021). The effects of shrubification on
organic C stocks, pools, accumulation, and decomposition
as well as the C:N:P ratios have not been evaluated. The
change in the organic C mineralization by shrubification is
directly related to C storage, whereas N and P mineraliza-
tion is linked with the availability of nutrients to plants and
thus productivity. Therefore, an integrated investigation of
organic C and nutrient mineralization is important for bet-
ter understanding of the effects of the shrub expansion on C
sequestration in grassland ecosystems.

Our objectives were (i) to investigate the effects of the
shift of plant community composition from grasses to shrubs
(four shrub species—dominated patch types) induced by shru-
bification on organic C, N, and P mineralization and (ii) to
compare the patterns of organic C and nutrient mineraliza-
tion across vegetation mosaics in a grazed alpine meadow
on the Qinghai-Tibet Plateau. We tested following two
hypotheses:

e H1: The stoichiometric C:N, C:P, and N:P ratios of min-
eralized pools increase with respective elemental ratios
of soil microorganisms in response to the chemical char-
acteristics of plant litter inputs;

e H2: Soil organic C, N, and P mineralizations are not
coupled to each other across plant communities, and such
decoupling increases with shrub size.

To test above hypotheses, the nutrient content and stoichi-
ometry (C:N:P) of leaves, litter, microbial biomass, and soil
were analyzed regularly. Net rates of N and P mineralization
were measured in situ in the top 20 cm of soil throughout the
growing season. Organic C mineralization was determined
under controlled conditions.

Materials and methods
Site description

The study site was located in Maqu County, Gannan Tibetan
Autonomous Prefecture, Gansu Province (34° 30’ N, 101°
45" E; 3432 m above sea level) on the eastern Qinghai—Tibet
Plateau. A mean annual temperature of 2.2 °C and a mean
annual rainfall of 672 mm have been recorded at a nearby
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weather station at Lanzhou University Research Station of
Alpine Meadow and Wetland Ecosystems. In June 2019,
we defined a field (100 m X 60 m) with a mosaic distribu-
tion of shrub and herbaceous species (Fig. S1). The terrain
of the field was gently sloping (< 3°). The vegetation in
the field was roughly divided into five areas (labeled Al,
A2, A3, A4, and A5, respectively) (Fig. S1). Grassy veg-
etation (A1) covered about 22% of the field, consisting of
species from the genera Kobresia, Leontopodium, Anem-
one, Melissitus, Elymus, Stipa, Carex, Poa, and Saussurea
(Fig. S1). Shrubby patches included four types: (i) domi-
nated by Caragana brevifolia (a leguminous plant, mainly
distributed in A2), (ii) Potentilla fruticosa (A3), (iii) Spi-
raea alpina (A4), and (iv) Salix oritrepha (AS) (Fig. S1).
The shrub height increased in the following order: P. fru-
ticosa (0.3-0.4 m) < C. brevifolia (0.5-0.6 m) < S. alpina
(0.9-1.2 m) < S. oritrepha (1.2-2.2 m) (Table 1). The crown
diameter was about 0.4-0.6 m for P. fruticosa, 0.3-0.5 m for
C. brevifolia, 0.5-0.8 m for S. alpina, and 1-2 m for S. ori-
trepha. Because C. brevifolia was slimmer than P. fruticosa,
the size (height combined with crown diameter) of shrubs
generally increased according to the following order: C.
brevifolia < P. fruticosa <S. alpina <. oritrepha. The four
shrubby patches of C. brevifolia, P. fruticosa, S. alpina, and
S. oritrepha covered around 20%, 8%, 23%, and 27% of the
field, respectively. Locals informed that all shrub species
in the field were native, but their covers increased over the
past two decades.

The soil is classified as shrubby meadow soil according
to the Chinese soil classification system (similar to Cryaqg-
uolls in the US Soil Taxonomy), having loamy texture (clay:

8—13%; silt: 30-64%; sand: 40-62%) in the top 20 cm across
the field. Soil pH was lower in shrubby (ranging 6.3—6.6)
than in grassy (6.8) areas. Soil organic C, total N, and total
P contents were all higher in shrubby (organic C ranging
from 39.4 to 71.8 g kg™!; total N 3.1-5.6 g kg~ '; total P
679-819 mg kg™!) than in grassy (18.7 g kg™!, 1.6 gkg™!;
474 mg kg~") areas. The field was used for grazing yak (Bos
grunniens) and sheep (Ovis aries) in the winter season (late
October to early June) each year.

Analysis of soil N and P mineralization

The net N and P mineralization in soil was measured
from 17 May to 18 October 2020 (153 days), by consecu-
tively incubating buried samples, similar to the method
used by Clark (1990) and Gao et al. (2019). Each incu-
bation period lasted for 1 month. Four sampling plots
(each with a diameter of 4-5 m) were defined for each
shrub-dominated (C. brevifolia, P. fruticosa, S. alpina, or
S. oritrepha) or grass patch as four replicates (Fig. S1).
Each plot was situated at a distance of more than 10 m
from the other plots. In total, 20 sampling plots (5 vegeta-
tion patch types X 4 replicates) were established within
the field (Fig. S1). Within each plot, after removal of
herbaceous plants and litter, two PVC tubes (each with
an inner diameter of 4.5 cm and a height of 22 cm) were
driven down to a depth of 20 cm at two randomly selected
points to sample the soil. All tubes were designed with
15 evenly distributed holes (0.1 cm in diameter) on their
walls to drain water if the soil became saturated. Each
tube containing soil was tightly capped at the bottom

Table 1 Aboveground litter

. ° Patch type Grasses C. brevifolia  P. fruticosa S. alpina S. oritrepha
accumulation; litter C, N, and
P contents and C:N, C:P, and Litter (g m~) 6 (1)d 255 (30)c 288 (35)c 436 (44)b 553 (17)a
gtzlrf\‘;‘(";Ns)Oltlofjp‘)(rTg;“Zfd Litter C (g kg™) 438 (S)a 410(1Db 391 @®be 367 (6)c 410 (12)b
organic P (OP) contents; and Litter N (g kg™!) 4.0 (0.4)c 141(1.2b  13.009b  166(04)a  13.9(0.9)b
C:N, C:P, and N:P ratios of soil Litter P (g kg‘l) 0.51(0.04)c 0.85(0.06)b 096 (0.06)b 1.13(0.05)a 1.14 (0.05)a
organic matter (SOM) in the Litter C:N (mol:mol) 134 (10)a 36 (3)b 36 (3)b 26 (1)c 36 (3)b
(V);ggtgg(‘)g‘ify’g;:gf;‘i‘e‘;gaﬁ Litter C:P (mol:mol) 2326 (188)a 1300 (101)b 1082 (79%c 853 (51)d 951 (65)cd
those dominated by Potentilla Litter N:P (mol:mol) 1750.8)d 368 (1.8)a  30.3(1.5bc 33 (2)ab 27.1 (1.6)c
fruticosa, Caragana brevifolia, Soil pH 6.8 (0.1)a 6.3 (0.0)c 6.3 (0.0)c 6.4 (0.0)c 6.6 (0.0)b
Spiraea alpina, and Salix Soil organic C (g kg~ soil)  18.7(1.8)d  39.4 (0.5  43.8(1.9c 547(15b  71.8(2.2)a
oritrepha) TN (g kg™" soil) 1.6 (0.2)e 3.1 (0.0 3.5(0.1)c 4.1 (0.1)b 5.6 (0.1)a
TP (mg kg™" soil) 474 (19)c 679 (9)b 702 (7)b 787 (15)a 819 (6)a
OP (mg kg™" soil) 237 (10)c 340 (4)b 351 (4)b 394 (8)a 410 (3)a
SOM C:N (mol:mol) 140©0.1)d  149(02bc 145(03)d 157(02)a  15.4(0.3)ab
SOM C:P (mol:mol) 203 (12)d 301 (2)c 323 (14)c 359 (4)b 450 (14)a
SOM N:P (mol:mol) 14709d  202(02c  222(02)b  23.004)b 303 (0.9)a

Data are presented as means within standard errors in brackets. Lowercase letters indicate that means are
different at p <0.05 between vegetation types. SOM C:N, C:P, and N:P ratios were calculated with soil

organic C, TN, and OP contents
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and was then placed vertically back in the 0-20-cm layer
at its original location to allow in situ incubation. After
incubation for 1 month, the tubes were taken out. The
soil from the tubes was then pooled to form a composite
sample for each plot. This composite soil sample was used
for extraction of the inorganic N and P content after the
period of incubation. At the beginning of each incubation
period, soils were also sampled at two points (close to the
two tubes, respectively) using an auger (inner diameter
3.8 cm) down to the 20 cm. The two subsamples were
pooled to form a composite soil sample, which was then
used to measure the initial inorganic N and P content
before incubation, as well as the microbial biomass C, N,
and P; urease and acid phosphatase activity; pH; organic
C; total N; and total P.

The non-incubated and incubated soil samples were
transported on ice to the laboratory. In the lab, we imme-
diately passed all the soil samples through a sieve with
the 2-mm aperture. A portion of each non-incubated soil
sample was stored at 4 °C for measurements of inorganic
N and inorganic P content, enzyme activities, and micro-
bial biomass C, N, and P. The remaining portion of each
non-incubated soil sample was air-dried at room tempera-
ture for measurements of pH, organic C, total N, and total
P content. The whole of each incubated soil sample was
stored at 4 °C for measurement of inorganic N and P con-
tent only. Inorganic N and P and microbial C, N, and P
were extracted within 1 day after sampling, and enzyme
activities were determined within 1 week after sampling.

Inorganic N was extracted by dispersing 20 g of fresh
soil at field moisture in 80 mL of 0.5 M potassium sul-
fate (K,SO,) and then shaking the solution for 1 h at
200 rev min~! with a horizontal shaker. The ammonium
(NH,*) and nitrate (NO;7) content of the filtrates was
determined using a San™* Automated Wet Chemistry
Analyzer (Skalar, Breda, Netherlands). Inorganic P was
extracted by shaking 1 g of fresh soil in 50 mL of 0.5 M
sulfuric acid (H,SO,) for 16 h (Bunemann et al. 2016).
Inorganic P in the filtrates was measured using the ammo-
nium molybdate spectrophotometric method at 700 nm
(UV-1800; Mapada, Shanghai, China). The net amount
of N or P mineralized during the incubation period was
calculated as the difference in inorganic N (the sum of N
in NH,* and NO;") or inorganic P in the soils between
the beginning and the end of the incubation period. Phos-
phorus mineralization is usually difficult to detect owing
to strong sorption of the released inorganic P onto solid
surfaces. In our case, however, measuring in situ soil P
mineralization according to the above protocol was fea-
sible because of the low content of iron and aluminum
oxides, as well as negligible carbonates versus the high
organic P content in soil (Achat et al. 2010; Gao et al.
2019; Mou et al. 2020).
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Analysis of soil microbial C, N, and P content
and enzyme activity

Soil microbial C and N content was measured using a chlo-
roform fumigation extraction method (Brookes et al. 1985;
Vance et al. 1987). Soil microbial P was also determined
using a chloroform fumigation (0.03 M ammonium fluo-
ride (NH,F) +0.025 M hydrogen chloride (HCI)) extraction
method (Morel et al. 1996), with the potential effects of P
adsorption corrected (Khan and Joergensen 2012). Urease
activity was measured by determining the amount of NH,*
released from fresh soil after incubation for 2 h with 0.2 M
urea in Tris-hydroxymethyl-aminomethane buffer at 37 °C
(Tabatabai and Bremner 1972). Acid phosphatase activity
was assayed by colorimetric determination of p-nitrophe-
nol released from fresh soil after incubation for 1 h with
p-nitrophenyl phosphate at a pH value of 6.5 and tempera-
ture of 37 °C (Hopkins et al. 2008). Activities of urease and
acid phosphatase are related to hydrolysis rates of urea and
phosphomonoesters in soil, respectively (Nannipieri et al.
2018). We defined the inorganic P extracted using 0.03 M
NH,F +0.025 M HCI from these soils with pH values <7.0
as available P (Lu 2000).

Analysis of soil organic C, total N, total P content,
and pH

Soil organic C, total N, and total P were analyzed in air-dried
soil samples (ground to pass the 0.15-mm aperture). Soil
organic C was measured by the Walkley and Black dichro-
mate oxidation method (Nelson and Sommers 1982), and
a factor of 1.33 was applied to adjust for the recovery of
organic C (Bao 2000). Total N was measured by the Kjel-
dahl method after soil had been digested in concentrated
H,SO, in the presence of catalysts (Lu 2000). Total P was
determined colorimetrically after digestion in a mixture of
perchloric acid (HCIO,) and H,SO, (Lu 2000). On the basis
of a modified Hedley P fractionation procedure, Mou et al.
(2020) reported that organic P accounts for about 50% of
total soil P in this area. Therefore, in the present study, we
estimated soil organic P content by multiplying the total P by
a factor of 0.5. Soil pH was determined for air-dried samples
using a pH meter (PHS-3C; INESA Scientific Instrument
Co., Ltd., Hangzhou, China) (soil:water =1:2.5).

Analysis of C and nutrients in leaves and litter

In the growing season of 2019, leaves (aboveground biomass
for grasses at community level; leaves and twigs for shrubs
at species level) were sampled four times. Litter was col-
lected from three random 0.25-m? quadrats under each type
of vegetation in late June, early August, and mid August.
After leaf and litter were oven-dried to a constant weight
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at 65 °C, they were weighed and then ground to a powder
with a ball mill. The C and N content of leaves and litter
was measured using an elemental analyzer (vario MACRO
cube; Elementar, Langenselbold, Germany). The total P con-
tent was measured colorimetrically after samples had been
digested in a hydrogen peroxide (H,SO,~H,0,) mixture (Lu
2000).

Determination of soil organic C mineralization
potential

It is difficult to accurately measure soil organic C minerali-
zation in situ. As an alternative, we measured soil organic C
mineralization in the laboratory under controlled conditions.
Replicate composite soil samples were taken in late summer
from the top 20-cm layer of soil under each of the five veg-
etation types. Each 30 g air-dried soil sample (passing the
2-mm aperture) was incubated for 76 days at 15 °C (equiva-
lent to the mean daily soil temperature in the field in the
growing season), after the water content had been adjusted
to 70% of the water-holding capacity. The CO, released dur-
ing incubation was trapped in sodium hydroxide (NaOH)
solution and quantified by titrating the surplus NaOH using
standard H,SO, solution in the presence of excess BaCl,
(barium chloride). On days 1, 3, 6, 13, 22, 28, 42, and 60,
the traps were replaced with new ones. Due to the spatial
variation in organic C content within each vegetation type,
the measured organic C mineralization data were normalized
by the soil organic C content at specific locations, where N
and P mineralizations were concurrently measured during
the growing season. This was achieved by multiplying the
measured mean C mineralization per mass of soil organic C
of replicate samples under a vegetation type (C mineraliza-
tion in lab) by the organic C content of a specific location
(plot) where N and P mineralizations were measured (in situ
soil organic C content, the average over sampling dates in
the season). That is, the in situ C mineralization was calcu-

lated as.
In situ C mineralization = In situ soil organic C content (g kg™! soil)

x C mineralization in lab (mg C g~ soil organic C)

Despite differences in incubation conditions between
nutrient and organic C mineralization, the results of N and
P or organic C mineralization were comparable among veg-
etation types.

Statistical analysis

The elemental content in soil was based on the dry mass at
105 °C, and in leaves or litter on the dry mass at 65 °C. The
elemental ratios in all data pools were expressed as molar
ratios. Ratios of SOM C:N, C:P, and N:P were calculated
using soil organic C, total N, and organic P content. We

used two sets of analysis of variance (ANOVA) to assess
the experimental data:

1. ANOVA 1: Repeated measures ANOVA with sam-
pling dates as repeated measures and vegetation
type as a fixed factor was performed on all regularly
measured parameters, including elemental contents
and ratios in leaves, microbial elemental contents and
ratios in soil, mineralization rates of soil N and P,
soil enzyme activity, and soil inorganic N and avail-
able P content. Prior to statistical analysis, all data
pools were checked for normality by the Kolmogo-
rov—Smirnov test. Leaf P content and N:P ratio, soil
microbial C:P and N:P, and urease and acid phos-
phatase activity did not follow the normal distribu-
tion. Therefore, a logarithmic transformation was
made for leaf P content and N:P ratio, and reciprocal
transformation for soil microbial C:P and N:P ratio
and urease and acid phosphatase activity. The least
significance difference was used to identify differ-
ences between means at p < 0.05.

2. ANOVA 2: We did not expect that the effects of vegeta-
tion type on regularly determined litter accumulation,
elemental contents of litter, soil pH, organic C, total N,
and total P content to change with sampling date. There-
fore, regularly measured values of these variables in a
sampling plot under each vegetation type were averaged
across sampling dates, and one-way ANOVA was then
conducted to assess the effects of vegetation on these
variables (including elemental ratios) at p <0.05. In
ANOVA 2, all data pools followed the normal distribu-
tion.

The organic C mineralization rate was calculated by
dividing the total cumulative C released as CO, in days
29-76 by the total number of 48 days (Fig. S2). In the
two-way ANOVA, we found the effects of vegetation type
on microbial C:N, C:P, and N:P ratios and mineraliza-
tion rates of soil N and P did not change with sampling
date or duration. For this reason, as well as for match-
ing the structure of organic C mineralization data, we
recalculated the mineralization rates of soil N and P by
dividing the total cumulative N or P released over five
in situ incubation periods by the total number of days
(153) of the five periods. Based on the C mineralization
rate and recalculated mineralization rates of soil N and
P, we then computed the mineralization ratios of C:N,
C:P, and N:P. We also recalculated the elemental ratios of
soil microbial biomass by averaging these ratios over five
sampling dates within each of the replicate plots under
every vegetation type. Afterwards, one-way ANOVA was
used to assess the effects of vegetation on mineralization
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rates and ratios of soil C, N, and P, and elemental ratios
of soil microbial biomass.

All ANOVAs were performed using SPSS version 19.0
(SPSS Inc., Chicago, IL, USA). Regression relationships
between parameters were plotted using Origin 2018 (Origin
Lab, USA).

Results

Carbon and nutrient content and their
stoichiometric ratios in leaves and litter

The effects of vegetation on leaf C and N content changed
with sampling time (significant interactions at p =0.005
and p=0.002, respectively; Fig. la, b), but vegetation
independently affected the leaf P content (main effect
p <0.001; Fig. 1c) (Table S1). On every sampling date,
the leaf C content in all shrubs was generally higher than

in grasses (Fig. 1a). Averaged over dates, the leaf N con-
tent in non-leguminous shrubs was higher by 18-36% and
that in leguminous shrubs by 71%, compared with that
in grasses (Fig. 1b). The leaf P content in all shrubs was
15-33% higher than in grasses (Fig. 1c).

The effects of vegetation on leaf C:N and N:P ratios
changed with sampling date (both with significant interac-
tion effect at p <0.001; Fig. 1d, f), but vegetation indepen-
dently affected the leaf C:P ratio (main effect p <0.001;
Fig. 1e) (Table S1). On each sampling date, the C:N and
C:P ratios of leaves of all shrubs were lower than those
of grasses (Fig. 1d, e). The leaf N:P ratio throughout the
growing season was higher in leguminous C. brevifolia
than in grasses and non-leguminous shrubs (Fig. 1f).

The aboveground litter accumulation was negligible in
grassy areas and increased with the size of shrubs (Table 1).
The litter N and P content under all shrub species were
225-315% and 67-124% higher than those under grasses,
respectively (Table 1). As a result, litter under all shrub

Fig. 1 Dynamics of C, N, and --#- Grasses C. brevifolia P. fruticosa --w- S. alpina S. oritrepha
P content (g C, N, or P kg™!) 510 50
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species had lower C:N and C:P ratios but a higher N:P ratio
than litter under grasses (Table 1).

Contents of soil organic C and nutrients
and stoichiometric ratios of soil organic matter

The soil pH under all shrubs was lower by at least 0.2 unit
than in grassy areas (Table 1). The soil organic C content
under shrubs was higher by 111-284%, total N by 94-250%,
and total and organic P by 43-73%, than under grasses, all
increasing with plant size (Table 1). The C:N ratio of SOM
under shrubs generally increased, and both the C:P and N:P
ratios rose markedly in the following order: grasses < C.
brevifolia < P. fruticosa < S. alpina < S. oritrepha (Table 1).

Microbial C, N, and P content and their
stoichiometric ratios

The effects of vegetation on the microbial C, N, and P
content in soil depended on the sampling time (interac-
tions at p=0.018,<0.001, and <0.001, respectively;
Fig. 2a-c) (Table S1). The microbial C, N, and P con-
tents in soil on each sampling date were always highest
under S. oritrepha (607-1086 mg kg™!, 157-251 mg kg~!,
and 44-85 mg kg, respectively, across dates); inter-
mediate under C. brevifolia, P. fruticosa, and S. alpina
(339-697 mg kg~!, 87-152 mg kg~!, and 27-56 mg kg™,
respectively, across dates and plant communities); and low-
est under grasses (194-395, 50-75, and 12-19 mg kg‘l,
respectively, across dates) (Fig. 2a, c). Averaged across
dates and compared with grasses, the microbial biomass
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Fig.2 Dynamics of microbial C, N, and P content expressed as per
unit of soil (a—c) or as per unit of soil organic C (SOC), total N (TN),
and organic P (OP) (d-f), respectively, and molar ratios of elements
in microbial biomass (g—i) in the top 20 cm of soil depending on five
vegetation types, namely the grasses and four shrubberies dominated
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by Caragana brevifolia, Potentilla fruticosa, Spiraea alpina, and
Salix oritrepha, respectively. Bars represent+ 1 standard error (n=4).
The time scale shows the sampling dates during the growing season
in 2020. Results of repeated measures analysis of variance are shown
in Table S1
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C, N, and P contents were 59-160%, 80-225%, and
106-331% higher, respectively, under the four types of
shrub patches (Fig. 2a-c). Across sampling dates, smaller
proportions of soil organic C existed as soil microbial C
under shrubs compared with grasses (Fig. 2d, Table S1).
The proportion of total N existing as microbial N was not
different between shrubs and grasses (Fig. 2e, Table S1).
However, more organic P was present as microbial P under
shrubs than under grasses (Fig. 2f, Table S1).
Vegetation independently affected the microbial
C:N (main effect, p=0.011), C:P (»p <0.001), and N:P
(p <0.001) ratios (Fig. 2g-i, Table S1). Averaged over
sampling dates, the microbial C:N ratio was lower under
all shrubs than that under grasses (Fig. 3a). The microbial

C:P and N:P ratios were generally lowest under S. oritre-
pha; intermediate under C. brevifolia, P. fruticosa, and
S. alpina; and highest under grasses (Fig. 3b, c). Soil
microbial C:N and C:P ratios were generally correlated
with respective C:N and C:P ratios of plant leaves or
aboveground litter (Fig. 4a-d).

Mineralization rates and ratios of C and nutrients

The soil organic C mineralization rate under the four shrub
species was 62-95% faster compared with that under grasses
(Fig. 3d). Vegetation independently affected the mineralization
rates of soil N (main effect, p<0.001) and P (p <0.001) (Fig. 5a,
b; Table S1). The N and P mineralization rates in soil under
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Fig.3 Effects of five vegetation types, namely grasses and shrubby
patches dominated by Caragana brevifolia, Potentilla fruticosa, Spi-
raea alpina, and Salix oritrepha, on molar ratios of soil microbial
C:N (a), C:P (b), and N:P (c); mineralization rates (mg C, N, or P
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kg_1 soil day‘l) of soil organic C (d), N (e), and P (f); and minerali-
zation molar ratios of C:N (g), C:P (h), and N:P (i), in the top 20 cm.
Bars represent+ 1 standard error (n=4). Lowercase letters indicate
that means are different between vegetation types at p <0.05
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shrubs over the season were about 3- to sevenfold and 4- to
15-fold greater, respectively, compared with those under grasses
(Fig. 3e, f). Soil urease and acid phosphatase activities on every
sampling date were greater under all shrubs than under grasses
(Fig. 5¢c, d; Table S1). Responding to rapid nutrient mineraliza-
tion under shrubs, soil N availability was higher under all shrubs
and P availability was higher under shrubs with the exception
of C. brevifolia, compared with grasses (Fig. Se, f; Table S1).
The C:N, C:P, and N:P ratios of mineralized pools over
the season all decreased with increasing plant size (Fig. 3g-
i). Across vegetation types, the C:N, C:P, and N:P ratios of
mineralized pools increased with the C:N, C:P, and N:P ratios
of soil microorganisms, respectively, but decreased with the
C:N, C:P, and N:P ratios of SOM, respectively (Fig. 6a-f).

Discussion

Stoichiometry of soil organic matter and microbial
biomass

There were contrasting changes in the stoichiometry
between microbial biomass and SOM across vegetation

types (Fig. 3a-c, Table 1). This indicates increasing stoi-
chiometric imbalances between nutrient demand by micro-
organisms and content in SOM with plant size. The higher
organic C, total N, and organic P in soil under shrubs
compared with those under grasses were attributed to the
greater input of shrub litter (Table 1). Shrubs also have
much larger root systems compared with grasses (He and
Li 2016; Gao et al. 2019), resulting in a larger and longer-
lasting belowground C input through root turnover and
rhizodeposition (Hicks et al. 2020; Stock et al. 2019).
In shrubby patches, however, the increases in N and P
in SOM were smaller than that in C, and the increase in
organic P was, in turn, smaller than that in N, resulting in
increased SOM C:N, C:P, and N:P ratios with increasing
shrub size (Table 1).

The higher levels of plant litter input under shrubs also
fed larger sizes of soil microbial biomass in shrubby relative
to grassy areas. However, the increase in the microbial C
under shrubs was smaller than that in the organic C, micro-
bial N under shrubs increased as a similar magnitude as the
total N, but microbial P in shrubby patches increased more
than the organic P. This is indicated by the decreased soil
organic C—normalized microbial C under shrubs, unchanged
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Fig.5 Dynamics of soil N and P mineralization rates (a, b), urease
and acid phosphatase activities (c, d), and mineral N and available P
contents (e, f) in the top 20 cm of soil depending on five vegetation
patch types, namely the grasses and four shrubberies dominated by
Caragana brevifolia, Potentilla fruticosa, Spiraea alpina, and Salix

total N—normalized microbial N under shrubs, but increased
organic P-normalized microbial P under shrubs compared
with grasses (Fig. 2d-f). Differential accruals of microbial
C, N, and P relative to respective C, N, and P in SOM under
shrubs implied that the microbial turnover played a more
important role in the cycling or accumulation of nutrients
than C by shrubification.

Changes in the microbial stoichiometry depend on the
stoichiometry of substrates derived from plant inputs (Bin-
kley et al. 2000; Zhang et al. 2019; Wei et al. 2020). The
lower microbial C:N and C:P ratios under shrubs (Fig. 2g,
h and Fig. 3a, b) were consistent with the lower C:N and
C:P ratios of the leaves (Fig. 1d, e) or litter (Table 1) under
all shrubs compared with those under grasses. Regression
analysis indicated that microbial C:N and C:P ratios gener-
ally increased with respective leaf or litter stoichiometric
C:N and C:P ratios across plant communities (Fig. 4a-d).
The withered leaves accumulated on the soil surface undergo
physical fragmentation and leaching by rain. Recurrent input
of leachates from litter with nutrients (Berg and McClaugh-
erty 2008; Wang et al. 2021a) leads to changes in micro-
bial community composition (Chandregowda et al. 2018;
Schroeder et al. 2020; Wei et al. 2020; Liu et al. 2021).
The nutrient content of microbial groups depends on their

@ Springer

oritrepha, respectively. Bars represent + 1 standard error (n=4). The
time scale shows the sampling dates or incubation period during the
growing season in 2020. Results of repeated measures analysis of var-
iance are shown in Table S1

taxonomy and life strategies (Elser et al. 2003; Fierer et al.
2007; Ren et al. 2017). In addition, microorganisms can
adjust their stoichiometry by altering the allometric patterns
and protoplasm chemistry at the individual cell level (Sistla
and Schimel 2012; Chen et al. 2019; Camenzind et al. 2021).

Microbial stoichiometric regulation of soil organic C
and nutrient mineralization

The C:N and C:P ratios of mineralized pools were clearly
lower under shrubs than those under grasses (Fig. 3g, h),
indicating that elemental composition of decomposing
substrates differs between grasses and shrubs. Concur-
rently, soil microbial stoichiometric C:N and C:P ratios
were lower in shrub communities (Fig. 3a, b). The C:N,
C:P, and N:P ratios of mineralized pools increased with
increasing respective C:N, C:P, and N:P ratios of microbial
biomass across plant communities (Fig. 6a-c). Therefore,
our first hypothesis (H1) that the stoichiometric C:N, C:P,
and N:P ratios of mineralized pools increase with respec-
tive elemental ratios of soil microorganisms in response
to the chemical characteristics of plant litter inputs was
confirmed. As such, decomposing pools were defined by
microbial stoichiometry. We calculated the stoichiometric
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Increasing plant size

elemental ratios of the mineralized soil pools using net N
and P mineralization. In future studies, the gross N and
P mineralization should be measured and the conditions
should be the same as for C mineralization to further con-
firm the microbial stoichiometric regulation of C, N, and
P mineralization across plant communities.

The smaller microbial C:nutrient ratios in soil under
shrubs relative to those under grasses implied an increase
in the nutrient demand by microorganisms relative to C (or
a decrease in the C demand relative to nutrients) in shrubby
areas. To meet their stoichiometric demand for growth,
microbial communities under shrubs mobilized certain spe-
cific SOM pools having low C:nutrient ratios (Ehtesham and
Bengtson 2017; Murphy et al. 2015; Rousk et al. 2016).
Due to selective mineralization of high-nutrient-content
compounds, more nutrients relative to C under shrubs were
continuously removed from SOM, or more C relative to
nutrients was preserved. This increased SOM C:N and C:P

Increasing plant size

ratios with the plant size (Table 1). Consequently, the stoi-
chiometric ratios of mineralized pools were negatively cor-
related with respective C:N, C:P, and N:P ratios of the bulk
SOM (Fig. 6d-f).

The ratio range of N:P mineralization was similar to that
of microbial N:P (Fig. 6¢), suggesting that specific (high-
nutrient-content) pools for decomposition included also
microbial biomass (Diaz-Ravifia et al. 1995; Blagodatsky
and Richter 1998; Cui et al. 2020). The smaller microbial
C:nutrient ratios in soils in shrubby areas could reflect an
increasing abundance of fast-growing populations of micro-
organisms compared with grassy areas. Microbial popula-
tions with faster growth rates also generally have higher
death rates (Blagodatsky and Richter 1998; Kuzyakov and
Mason-Jones 2018; Chen et al. 2019), and thus more rapid
turnover of nutrients within their biomass. In addition,
microorganisms produce extracellular enzymes to hydrolyze
high-nutrient-content polymers (e.g., proteins, chitin, nucleic
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acids) with small C:N and C:P ratios to meet their stoichio-
metric requirements for N and P (Mooshammer et al. 2014).
The activities of urease and acid phosphatase were higher
under shrubs than under grasses (Fig. 5c, d), and the ratio of
urease to acid phosphatase activity was correlated with the
N:P ratio in the microbial biomass or in the mineralized pool
(Fig. S3a-b). Soil enzyme stoichiometry is tightly linked to
microbial community composition and is nutrient-dependent
across plant communities (Zhang et al. 2019; Wang et al.
2021b, ¢). The C:N and C:P mineralization ratios showed an
approximately tenfold wider range than the microbial C:N
and C:P ratios, respectively (Fig. 6a, b). This is because the
released N and P were partly reutilized by microorganisms
(Chen et al. 2019; Cui et al. 2020).

Decoupling of soil organic C, N, and P mineralization

The rates of net soil N and P mineralization increased under
shrubs relative to grasses much more than that of organic C
mineralization (Fig. 3d-f). Phosphorus mineralization increased
more than N mineralization under shrubs (Fig. 3e, f). Because
microbial decomposers specifically target nutrient-rich pools, the
decoupling of C and nutrient mineralization can occur (Ehtesham
and Bengtson 2017; Murphy et al. 2015; Rousk et al. 2016; Cui
et al. 2020). Therefore, our second hypothesis (H2) that soil C, N,
and P mineralizations are not coupled to each other across vegeta-
tion patches and such decoupling increases with plant size was
also confirmed. The more rapid nutrient mineralization in relation
to C mineralization from the bulk SOM having high C:nutrient
ratios under shrubs (Fig. 7) demonstrates that microorganisms
can efficiently (re)cycle N and P in nutrient-limited ecosystems.
This mechanism might have facilitated the expansion of shrubs
in grasslands, helping overcome their nutrient constraints. The
slower organic C mineralization compared with that of N and P
under shrubs indicates great potential for C sequestration by shru-
bification, against increasing stoichiometric imbalance between
nutrient demand by microorganisms and content in SOM.

Conclusions

We demonstrated that the patchy distribution of vegeta-
tion in shrubby grasslands changes the litter inputs and dif-
ferentially affects C and nutrient cycling associated with
changed microbial stoichiometry in the soil (Fig. 7). The
greater input of litter with high nutrient content under shrubs
induced a larger microbial biomass with lower stoichiomet-
ric C:nutrient ratios in the soil as compared with grasses.
To meet their greater nutrient requirements under shrubs,
microorganisms under shrubs accelerated nutrient cycling
by efficient selection of specific SOM pools with higher
nutrient content in shrubby compared with grassy areas.
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Fig.7 Decoupling of organic C, N, and P mineralizations in soil by
microbial stoichiometry in shrubby grasslands. Shrubs growing in
grasslands increase C and nutrient inputs to soil and maintain larger
and faster-growing microbial communities (i.e., low C:nutrient
ratios) compared to grasses. To meet their high nutrient demands,
microbial decomposers under shrubs increase the nutrient minerali-
zation from specific pools (with high nutrient content) of the bulk
soil organic matter to a greater extent compared to C mineralization.
Consequently, N, P, and C mineralizations are decoupled by succes-
sion from grasses to big shrubs, and C, N, and P are mineralized pro-
portionately to their ratios in the microbial biomass. Note that the C,
N, and P mineralization rates (y-axis) are presented as ratios under
shrubs relative to those under grasses

Additionally, P mineralization under shrubs was stimulated
by the greater microbial requirement for P compared with N.
The increase in soil organic C mineralization under shrubs
compared with that under grasses was much smaller than
that of N or P mineralization (Fig. 7). These results indicate
decoupling of C, N, and P mineralization from each other
across the plant communities. We suggest that the decou-
pling of C, N, and P mineralization across plant communities
in shrubby grasslands is associated with changed microbial
stoichiometry. Shrubification benefits from soil N and P
mineralization to overcome nutrient limitations, and less-
stimulated mineralization of C than N and P constitutes a
great potential for C sequestration under shrubs.
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