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Understanding the response of plant community to degradation is fundamentally
important for grassland conservation and management. The objective of this study is
to examine the changes in soil properties and plant characteristics along a degradation
gradient in alpine steppe, and explore the potential mechanisms that biotic and abiotic
controls regulate plant community variations. We chose seven sequent degrees of
degradation, and conducted a field survey as well as soil and plant samplings in an
alpine steppe in Northern Tibet. The results showed that soil water content (SWC),
soil compaction (SCOM), soil total carbon (STC), and total nitrogen (STN) dramatically
decreased along the degradation gradient. The species richness, overall aboveground
biomass (AGB), and AGB of graminoids were apparently reduced with increasing
degradation, while AGB of forbs slightly increased. The increasing degradation levels
induced a significant increase in the trade-off value of AGB of forbs, which was negatively
associated with SWC, SCOM, STC, STN, and soil available nitrogen. The mean root
length of forbs was significantly longer than that of graminoids (P < 0.05). Moreover,
the mean root diameter of the top 1/3 part of forbs was remarkably thicker than
that of graminoids (P < 0.05). These findings indicate that the degradation-induced
cohesionless soils with insufficient water and nutrients together with the divergent root
morphological traits of graminoids and forbs determine the plant community structure
shift with grassland degradation. This study can improve the understanding of community
succession of grassland degradation, and provide guidance for the management of
degraded alpine steppe on the Tibetan Plateau.

Keywords: forbs, species richness, plant community structure, root morphological trait, degradation, alpine
steppe, Tibetan Plateau

INTRODUCTION

Grasslands, as the world’s most widespread biomes, cover 24% of the total land area (He et al,,
2009), store ~34% of the global terrestrial carbon storage (Cheng et al., 2018), and provide 13.82%
of the organic matter supplied by terrestrial ecosystems every year (Zhou et al., 2014). The Tibetan
Plateau accounts for ~44% of China’s grasslands, equal to 6% of the world’s grasslands (Piao et al.,
2012). It is an ideal indicator of global climate change due to the distinctive alpine climate and
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severe geographic conditions. With 50.90% covered by alpine
grasslands, the Tibetan Plateau not only has important ecosystem
service functions (Sun et al., 2019), but also is a vital rangeland
for Tibetan herdsmen (Feng et al., 2010). However, the Tibetan
Plateau’s grassland is highly susceptible to degradation with
increasing population, overgrazing, mismanaged feeding, and
the effects of natural disaster exacerbated by climate change
(Wang et al,, 2015). Recently, a considerable portion of the
Tibetan Plateau’s alpine grasslands has degraded (Harris, 2010;
Sun et al,, 2019). Particularly, 35% of the alpine grasslands in the
source region of the Yangtze have severely degraded to “Black
Beach” or “Black Soil,” which present land sparsely covered with
weedy forbs, poisonous plants, or eroded revealing bare mineral
soil (Ma et al., 2002).

Grassland degradation has not only threatened on livestock
grazing and limited sustainable development of animal
husbandry (Sun et al,, 2019), but also resulted in a reduction
in ecological functions such as biodiversity provisions, sinks of
atmospheric carbon, water and soil conservation, and cultural
recreation in the Tibetan Plateau, which has become a global
concern in recent years (Harris, 2010; Sun et al,, 2019). It is
recognized that degradation causes a significant decline in
vegetation cover and biodiversity leading to a further decrease in
grazing capacity (Cheng et al., 2007). In addition, soil nutrients
such as soil organic carbon, total nitrogen, and phosphorus are
reduced under the effect of degradation (Wu et al., 2010; Sun
et al.,, 2014; Zhang et al., 2019). Soil water infiltration reduction
and soil erosion are accelerated by alpine grassland degradation
(Zeng et al.,, 2013). Consequently, the assessment of soil quality
is important for monitoring grassland degradation. In fact, the
degradation-induced changes in soils can directly influence the
system-level functions and composition of vegetation species
(Sun and Wang, 2016).

Plant community composition is a dramatic indicator of
environmental change and a key determinant of ecosystem
functions (Wang et al., 2007). To date, numerous experiments
have been conducted to study the series of impacts of natural
and artificial factors on plant community structure on the
Tibetan Plateau (Yang et al, 2013). Ganjurjav et al. (2016)
predicted that the poisonous forbs would increase possibly
covering the entire Tibetan Plateau specially in the alpine steppe
under future climate change, which may lead to grassland
degradation and aggravate the drought conditions in alpine
steppe. It is well-known that soil nutrients are vital abiotic
limitations regulating plant community structure, which is ruled
by various mechanisms according to initial species composition
(Lietal., 2014; Sun et al., 2014). Different plant functional groups
may have different responses to nutrient variations within a
community (Wang et al., 2010). Graminoids responding quickly
to increasing nutrients would exclude other species and dominate
the plant community when fertilized (Liu et al., 2013). Other
studies emphasized that light availability was more important
than nutrient availability in controlling plant community (Liu
et al, 2015). Litter that weakens light penetration to lower
levels exhibits inhibitory effects on seedling establishment for
photophilic plants (Wang et al., 2010). Additionally, water
available content could affect the supply of soil nutrients, seed

germination, and seedling survival, and thereby determine the
plant community structure in the alpine steppe (Yang et al., 2013;
Ma et al., 2017).

Various disturbance also plays an important role in the
community composition, for instance, fire could constrain the
belowground bud density of forbs, while inversely promote
graminoids to produce more buds for survival (Wang et al,
2018). Some surveys proved that under grazing pressure, the
taller and palatable graminoids favored by livestock declined
compared to the lower and unpalatable forbs (Wu et al., 2009; Niu
etal,, 2010). Nevertheless, graminoids exhibit greater competitive
ability than forbs and remarkably increase with grazing exclusion
or artificial grassland establishment (Wu et al., 2010; Jing et al,,
2014). Unlike large grazing herbivores, small and semi-fossorial
herbivores such as plateau pika could raise the proportion of
graminoids by enhancing the bud density of graminoids vs. forbs,
as well as improving the soil physicochemical properties in alpine
meadows (Wang et al., 2018). Thus, they are considered to benefit
the health of grassland ecosystems (Guo et al., 2012), while high
disturbing intensities may lead to alpine meadow deterioration
(Wang et al., 2018).

Obviously, the alpine community structure is
comprehensively regulated by multifactorial controls of
environmental, anthropogenic, and individual biotic effects.
However, it is still unclear how grassland degradation alters
plant community composition and the underlying mechanism
in alpine steppe. Thus, we conducted a field survey in a degraded
alpine steppe in Northern Tibet to explore the changes in
species richness (SR) and aboveground biomass (AGB) of
graminoids and forbs with different degrees of degradation.
We hypothesized that the proportion of forbs would increase
with increasing degradation, which might be dominated by both
degradation-induced changes in soil properties and plant root
morphological traits.

To test this hypothesis, we quantified the divergence of
AGB and root morphological parameters between graminoids
and forbs, and examined the dynamics of soil physicochemical
properties at different soil depths along the degradation gradient.
We aimed to answer the following questions: (i) How does the
plant community structure and SR respond to degradation levels
in alpine steppe? (ii) How do plant root morphological traits
and degradation-induced changes in soil properties determine
the change in plant community composition? The answers can
be not only meaningful in theory to improve our understanding
on the relationship between grassland degradation and plant
community structure, but also valuable in practice to monitor the
potential succession direction of alpine steppe worldwide.

MATERIALS AND METHODS

Study Area

The Tibetan Plateau (80°-105°E, 27°-37°N), which is located in
southwestern China, covers ~2.3 x 10° km? and has a mean
altitude of over 4,000 m, as the highest plateau in the world (Sun
et al,, 2019). All sampled sites belonged to an alpine steppe in
Xainza County (88°42" E, 30°57' N, 4,675 m.a.s.l.) in Northern
Tibet, located in the interior of the Tibetan Plateau, with a
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FIGURE 1 | The location of sampled sites in Xainza County on the Tibetan Plateau (A). (B,C) presented the landscape of sampled site and sampled

semiarid plateau monsoon climate (Figure 1). The mean annual
temperature was 0°C at this location over the past 30 years.
The mean annual precipitation is 300 mm, which mostly falls
from May to September (Zhang et al., 2019). The vegetation
is dominated by grasses from Stipa purpurea, Carex thibetica,
and Leontopodium alpinum. The main soil category is loam
(Zhang et al., 2019).

Data Collection

One typical degraded alpine steppe was chosen as our sample
area after wide field surveys in Xainza County. Based on the
dividing method by Ma et al. (2002) and Zhang et al. (2019),
we divided the degraded grasslands into seven sequent degrees
degradation according to vegetation coverage and bare land area.
As the seven sites were adjacent, the climatic and topographic
conditions were similar. Each site was about 20 m wide and 50 m
long where the grasslands were relatively homogeneous with a
specific degradation. The transition region between two adjacent
sites was excluded when we identified and classified degraded
extents, and the conditions of alpine steppes were apparently
divergent among different sites. The degraded extents gradually
increased from the 1 to the 7" sites of degraded grasslands, and
the detailed information were displayed in Table 1. The sampling
survey was conducted in July and August 2017 during the peak
growing season. In order to collect plant and soil samples as
well as measure their characteristics, we randomly selected three
pairs of 50 x 50 cm quadrats as pseudo replicates within each

site, which is a common sampling method for this type of study
(Zhang et al., 2019).

The vegetation community characteristics within each
quadrat were identified and recorded, including the plant
coverage, species, and number. Aboveground plant parts were
clipped at the ground level with scissors, while belowground
plant parts were directly excavated. The plant samples were
separated by plant species and transported to the lab, where
they were oven-dried at 65°C for 72h in the laboratory
to determine the plant biomass. Soil water content (SWC)
and compactness (SCOM) were measured with portable
Time Domain Refectometry equipment (TDR 100, Spectrum
Technologies Inc., Chicago, United States) at the soil depth of
0-30 cm with depth intervals of 0-10, 10-20, and 20-30 cm, three
replicate soil samples within each quadrat were obtained via soil
cores 5 cm in diameter for other soil property measurements.

The three replicate soil samples were mixed thoroughly,
air-dried, and sieved through a 2-mm mesh after the visible
roots and other debris were removed. Then, we divided the
mixed samples into three parts as replicates to determine soil
properties. Soil total carbon (STC) and soil total nitrogen (STN)
were determined using a vario MACRO cube elemental analyzer
(Elementar Analysensysteme GmbH, Germany) (Bao, 2000). Soil
total phosphorus content was determined via the NaHCO3 alkali
digestion method and molybdenum antimony colorimetric test
(Bao, 2000). Soil available nitrogen was measured using the
continuous alkali-hydrolyzed reduction-diffusion method (Bao,
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TABLE 1 | The information of the seven sites of degraded alpine steppes in our study.

Sites Coordinate Altitude (m) Main species Coverage (%)
1 30°52'12.78" N 4,812 Stipa capillata, Kobresia myosuroides, Koeleria cristata, Elymus sibiricus, 86.22
88°41'25.89" E Oxytropis platysema, lllicium verum, Poa annua, Carex spp.
2 30°562'18.67" N 4,784 Stipa capillata, Kobresia myosuroides, Oxytropis platysema, lllicium verum, 71.35
88°41'34.85" E Carex spp.
3 30°52'22.53" N 4,753 Stipa capillata, Kobresia myosuroides, lllicium verum, Anaphalis sinica, 59.43
88°41'15.34" E Carex spp.
4 30°52'07.64" N 4,722 Stipa capillata, Kobresia myosuroides, Oxytropis platysema 4711
88°41'11.59"” E
5 30°52'29.36” N 4,705 Kobresia myosuroides, Oxytropis platysema;, Kobresia setchwanensis, 38.84
88°41'33.55" E Potentilla anserine,
6 30°52'45.56" N 4,681 Oxytropis kansuensis, Stipa capillata, Artemisia desertorum, Cyperus 29.58
88°41'36.18" E rotundus
7 30°52'59.11” N 4,697 Carex tristachya, Artemisia desertorum, Cyperus rotundus, Stellera 14.18
88°41'44.50" E chamaejasme
TABLE 2 | Soil properties along the degraded gradient of alpine steppe (mean + s.e.).
Soil Depths(cm) Gradient STC(g/kg) STN(g/kg) SAN(mg/kg) SAP(mg/kg) STP(g/kg) SCOM(Pa) SWC(%)
0-10 1 80.82 + 64.373° 7.03 £+ 2.682 9.32 + 1228 399 +2.87%® 0.18 + 0.022 18.56 + 4.75% 7.02 +£ 0.302
2 46.13 + 1.822 4.28 + 0.49° 13.16 £ 2.308 3.87 £ 4.43%  0.21 £ 0.03% 16.19 & 3.222° 6.45 4 0.68"4
3 42.55 + 2.622 4.33 + 0.39° 10.26 £ 1.728  6.24 £2.06%°  0.20 + 0.05%°  14.00 & 1.012 5.82 4 2.68%°
4 41.72 + 8.83% 552 £ 1.49%® 102542122 814 +2.16%°  0.28 + 0.04° 15.65 +£ 1.732 6.13 + 0.40%
5 30.13 + 2.95° 3.52 + 0.65° 7.93 +£1.07% 7.41+0.702 0.22 +£0.04%® 13,77 + 1.18° 4.92 + 0.90°°°
6 20.37 4+ 2.76° 5.08 + 1.20° 8.40 £ 2.522  7.42 + 0.942 0.22 + 0.06%° 14.75 £ 0.512 4.42 4+ 0.26°
7 18.73 £+ 0.98° 3.81 4+ 0.87¢ 9.08 &+ 4252 4,58 + 1.23° 0.21 +£ 0.06%° 11.43 £ 0.65° 3.82 4+ 0.26%
10-20 1 58.57 + 2523 4.36 + 0.192 8.562 +£ 2.05% 6.48 + 1.092 0.16 + 0.012 35.99 + 7.84%9 914 £ 0.222
2 36.70 + 4.78% 3.78 £0.34%® 12,004 2.71% 6.13 £2.62% 0.14 + 0.01° 33.83 + 7.5280 7,94 4 1.43%
3 41.35 + 4.81%¢ 4.63 + 0.972 8.72 +£ 2718 3.04 £262® 019 +0.03° 3506 + 7.522d 7.56 4+ 1.43%
4 46.67 + 9.06% 4.97 + 0.552 9.56 4 3.84%  6.83 + 0.90° 0.21 + 0.04%¢  28.35 £+ 0.54% 9.08 &+ 0.412
5 32.94 + 2,02° 4.90 + 1.042 9.44 + 298 565 + 0.36° 0.22 + 0.02° 21.62 + 0.83° 8.00 + 0.57%
6 32.75 + 2.71%° 3.51 £ 0.37° 7.58 + 1.65° 471 +£1.75° 0.22 £ 0.05%¢ 20.43 £+ 1.01° 8.43 + 1.17%
7 20.29 + 4.25° 2.67 + 0.11° 6.18 + 0.73% 3.87 £ 1.77%®  0.25 + 0.03° 23.38 + 3.68¢ 6.57 + 1.08°
20-30 1 43.58 + 8.592 5.28 + 0.672 8.53 4+ 2.83% 3.40 +1.68%° 0.14 £ 0.012 39.25 £ 2.232 9.05 £ 1.14%
2 25.75 + 4,30 4.47 +1.38° 8.86 + 1.76%  4.20 + 1.402 0.18 £ 0.04%®  38.28 + 3.75%° 8,14 £ 1.913>°
3 39.59 + 3.20% 4.89 + 0.56%° 8.86 + 1.76° 518 £ 4.04®® 0.20 &+ 0.06%° 33.01 + 3.60%°°® 7.05 + 0.26°
4 54.16 + 12.532 3.58 + 0.45° 921 +£1.76% 4.81 £268% 019+ 005 3282+ 1.19° 9.73 £ 0.94°
5 20.66 4 2.129 3.56 + 0.66° 6.77 &£ 2.14% 505 £ 2.56%®  0.24 + 0.05° 28.31 £ 2.16° 9.85 4 3.27%¢
6 30.99 + 4.640% 4.30 + 1.31% 6.53 + 2.84 6.94 + 3.21° 0.22 + 0.05° 22.32 + 1,319 8.99 + 2.1280¢
7 24.63 + 2,24 3.36 + 0.74° 10.13 £ 2.96%  5.54 + 1.59° 0.26 + 0.03° 35.02 + 0.47° 6.75 + 0.86°

STC, STN, SAN, SAR STR, SCOM, and SWC represent soil total carbon, soil total nitrogen, soil available nitrogen, soil available phosphorus, soil total phosphorus, soil compactness,

and soil water content, respectively. The different letters “a—e” represent significant difference at 0.05 level.

2000). Soil available phosphorus was determined via the Olsen
method (Olsen et al., 1954; Bao, 2000). The soil physicochemical
properties at 0-30 cm depth were shown in Table 2.

Statistical Analyses
The Margalef Index was used to determine SR which was
calculated by the following formula (Margalef, 1957):

D=(S—1)/InN

where D is the Margalef Index, S and N represent the number
of objective species and the total number of plant individuals in
the ecosystem.

We used a simple approach proposed by previous studies to
explore the trade-off between two objectives (graminoids and
forbs) by computing the root mean square error of the individual
benefits (Bradford and Damato, 2012; Sun et al., 2018). Based
on the root mean square error, the distance from the objective
point to the zero trade-off line can be quantified, which can
represent the extent of overall benefits for graminoids and forbs.
The trade-off was decomposed into one of two dimensions
tracing the proportion shift of graminoids and forbs in response
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to grassland degradation. The benefit for biomass of a single
objective plant community defined as the relative deviation
from the mean of a given observation is calculated as follows
(Bradford and Damato, 2012):

Xi — Xmin
B, =

Xmax — Xmin

where B; represents the magnitude of benefit for objective 3 x;,
Xmin> and Xay stand for the observed, minimum, and maximum
values for objective i. The individual benefits range from 0 to 1
and can be conceptualized as the proportion of possible benefits
in objective i (AGB of graminoids or forbs) realized in response
to a given degradation. The root mean square error approximates
the distance from the “1:1 line” of the zero trade-off and stands for
the extent of overall benefits for AGB of graminoids or forbs.

One-way analysis of variance was performed to determine
the differences in soil properties along degradation gradient
and the differences in root parameters between graminoids and
forbs. The least significant difference was used to determine
which ingredients differed at the 0.05 significant level. The
redundancy analysis was applied based on the data of soil
and plant characteristics to detect their cumulative contribution
rates on degradation gradient after separately logarithmical and
hellinger standardizing treatment, and the packages of “vegan,”
“ggrepel,” and “ggplot2” in software R (R Core Team., 2016) were
used for the redundancy analysis. Linear regression analysis was
used to reveal the tendency of trade-off value of AGB of forbs
along the degradation gradient. Correlation analysis and heatmap
were carried out the packages of “corrplot” in software R (R
Core Team., 2016) to explore the relationships among trade-off
value of AGB of forbs, SR, and soil physicochemical properties.
These analyses were performed by using SigmaPlot for Windows
version 14.0 (Systat Software, Inc., Chicago, IL, United States),
SPSS 19.0 software (SPSS Inc., Chicago, IL, United States),
ArcGIS 10.1 (ESRI, Inc., Redlands, CA, United States), and R
software (R Core Team., 2016).

RESULTS

Variations in Soil Physicochemical
Properties Along the Degradation Gradient

The redundancy analysis results revealed that the first two axes
explained 86.91% of the total variance within the relationship
between soil properties and plant characteristics at all seven
degraded grasslands (Figure 2), of which the eigenvalue of the
first and second axis accounted for 68.66% and 18.25% in
sequence. For the distribution patterns of soil properties and sites
of degraded grasslands, there were stronger relevancies between
SCOM with the 7% site, also between STC with the 1 and 34
sites, while the other sites were more associated with STN, soil
available phosphorus, and SWC (Figure 2).

The concentrations of STC, STN, SCOM, and SWC
consistently decreased with increasing degraded degress, while
there was no significant difference in soil available nitrogen,
and slight increases in soil available phosphorus and total
phosphorus (Table 2). The variations occurred most distinctly

in the surface soil layer (0-10cm), and gradually weakened
with increasing soil depth. Compared to the potential degraded
grassland, the topsoil STC, STN, SCOM, and SWC in the
most severe degradation were reduced by 76.8, 45.7, 38.4, and
45.6%, respectively. All the soil elements showed a strong depth
dependence except for soil total phosphorus. The amounts of
STC, STN, and soil available nitrogen were higher in surface
layers (0-10cm) than these in subsurface layers (10-30cm),
while SCOM and SWC gradually increased with increasing soil
depth (Table 2).

Variations in Plant Characteristics Along
the Degradation Gradient

A comparatively good ranking result was obtained via the
redundancy analysis with ranking values of —0.87 for overall
AGB, —0.83 for SR of graminoids, —0.76 for AGB of graminoids,
—0.38 for overall SR, —0.35 for SR of forbs, and 0.29 for
AGB of forbs along the first axis. For the distribution patterns
of plant characteristics and sites of degraded grasslands, the
1%, 2", and 3" sites were more correlated to overall AGB
and SR, AGB, and SR of graminoids, and SR of forbs.
However, the other sites were more relevant to AGB of
forbs (Figure 2).

The overall and gramineous AGB distinctly decreased with
increasing degradation, while a slight increase in the AGB
of forbs was observed (Figure3). The overall and forb SR
exhibited dramatic declines along the degradation gradient, by
contrast, the SR of graminoids slightly decreased (Figure 3). As
the degradation increased, the trade-off value of AGB of forbs
apparently rose turning to positive with R square value of 0.64
(P < 0.05; Figure 4).

The mean root length of forbs was 16.28 + 1.18cm,
significantly longer than that of graminoids (13.20 =+
0.78cm) (P<0.05, Figure 5A). The root diameter presented
no significant difference between graminoids and forbs at
the middle and terminal parts, while significantly diverged
at the top 1/3 (P < 0.05, Figure5B). Specially, the mean
root diameter of forbs at the top 1/3 part was 2.82 £ 1.2cm
apparently larger than 0.63 % 0.34 cm of graminoids (P<0.05,
Figure 5B).

Relationships of Trade-Off Value of AGB of
Forbs With Soil Properties and Species

Richness

Figure 6 indicates that the trade-off value of AGB of forbs
was significantly correlated with most soil factors at the 95%
confidence interval level. Specially, the trade-off value of AGB
of forbs presented significantly negative associations with SWC,
SCOM, STC, STN, and soil available nitrogen in the 0-30 cm soil
layer, while positively correlated to soil total phosphorus with
R? =0.65,0.92, 0.84, 0.74, 0.71, and 0.69, respectively (Figure 6).
Additionally, there was a negative relationship between the
trade-off value of AGB of forbs with SR (R? = 0.61).
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forbs, respectively.

FIGURE 2 | The redundancy analysis of soil variables and vegetation characteristics with different degrees of degradation. The red and blue arrows represent soil
variables and vegetation characteristics, respectively. STC, STN, SAN, SAP, STP, SCOM, SWC, AGB, AGB.G, AGB.F, SR, SR.G, SR.F represent soil total carbon,
soil total nitrogen, soil available nitrogen, soil available phosphorus, soil total phosphorus, soil compactness, soil water content, overall aboveground biomass,
aboveground biomass of graminoids, aboveground biomass of forbs, overall species richness, species richness of graminoids, and species richness of

RDA1

DISCUSSION

Variations of Soil Properties Along the

Degradation Gradient

Grassland degradation can affect soil physical properties and
nutrition ingredients and thereby result in soil degradation
(Zhang et al., 2019). In this study, we found a gradual reduction
in SCOM with increasing degradation (Table 2), suggesting that
degradation contributes to less cohesive soil in alpine steppe.
This is consistent with previous studies that degradation leads to
decrease in clay but increase in silt content for soil composition,
which has a negative impact on SCOM (Yi et al., 2012). Hence, the
decline in SCOM may be a powerful indicator of soil degradation
in alpine steppe (Feng et al., 2010).

SWC could influence the retention and transfer of available
nutrients (Swift et al., 2004). In the present study, we observed
a sharp decrease in SWC with enhanced degradation (Table 1),
which is another major negative influence of degradation on soils,

consistent with previous findings (Wang et al., 2009; Yi et al.,
2012). It may be because retrogression induces decreases in field
capacity and saturated hydraulic conductivity (Pan et al., 2017),
which play important positive roles in key hydraulic courses and
functions, such as water holding capacity, soil water retention,
and infiltration (Fu et al., 2015). Additionally, due to the decline
in plant cover, more soil areas are exposed to stronger radiation,
which induces an increase in evaporation-reducing SWC (Wang
et al., 2009). Meanwhile, due to enhanced soil evaporation and
intensified root uptake, SWC in the surface (0-10 cm) layer is
lower than that in the subsurface layer (10-30 cm) (Table 1). This
phenomenon is in accordance with other observations (Wang
et al., 2009; Pan et al., 2017).

As expected, STC and STN consistently decreased with
increasing degradation in our study (Table 1). Similar results
were also found by numerous prior studies (Wang et al., 2009;
Peng et al,, 2018; Zhang et al., 2019). These findings suggested
that reduced soil C and N storage are the primary consequence
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of degradation in alpine steppe, which can cause poor soil quality
and further accelerate degradation (Dong et al., 2012; Peng et al.,
2018). There are a series of reasons for the decreases in STC and
STN with the enhanced degradation: First, the distinct reductions
in litter input and root activities with increasing degradation
level hinder organic matter accumulation (Wang et al., 2010).
Second, degradation leads to decrease in vegetation coverage and
thereby accelerates water and soil erosion causing nutrient loss
(Zhu et al., 2011; Dlamini et al., 2014). Third, degradation causes
an increase in bare land area exposed to radiative heating and
thus increases soil temperature, which promotes soil respiration
leading to rapid consumption of soil organic matters (Wanget al.,
2009). Fourth, changes in plant species composition can cause
a range of changes in soil biochemical processes. As previous
studies have revealed that litter decomposition and nutrient
release relatively slowly occur in forbs than graminoids (Li et al.,
2014). Finally, degradation worsen the soil microenvironment
and induced the reductions of soil microorganisms and enzyme
activities (Cai et al., 2014; Zhou et al., 2018) which desirable
for the decomposition of organic matter (Zhao et al., 2014). By
contrast, there was a slight increase in soil total phosphorus
along the degradation gradient (Table 1). It can be explained as
that soil P with lower diffusivity is primarily derived from rock
weathering, which is relatively responsive to climate and parent
materials in alpine steppe (Chen et al., 2013).

Our results showed that SCOM, SWC, STC, and STN more
strongly responded to degradation in the upper layer (0-10 cm),
whereas were less sensitive in the deeper layers (10-30cm)
(Table 1). This finding is in agreement with previous studies

that the effects of degradation on soil properties are primarily
manifested in the top soil (Zeng et al., 2013; Fu et al., 2015; Pan
etal,, 2017). It is likely due, for the most part, to the degradation-
induced declines in plant cover and root grasp. As a result, the
topsoil becomes more susceptible to environmental drivers such
as wind, raindrops, and surface flow, which directly causes soil
erosion, degradation, and even sandification in the alpine steppe
(Pan et al., 2017).

Habitat Conditions and Root
Morphological Traits Determine Plant
Community Shift

Consistent with numerous other reports (Gao et al., 2011; Yang
etal,, 2013), our results showed that the SR consistently decreased
from potentially to severely degraded grassland (Figure 3). This
result can be explained by a basic ecological theory that the
number of plant species is constrained by nutrient availability
(Wang et al,, 2014). The composition of plant community has
important effect on nutrient cycling at ecosystem levels (Epstein
etal,, 2001; Olofsson et al., 2001). As SR increases, the capacity of
a plant community to utilize natural resources improves (Wang
et al., 2016). Previous studies have revealed that SR is highest
under moderate, rather than high or low nutrient status (Wang
etal., 2010). Because a medium disadvantaged condition appears
to balance plant abundance for limited resource utilization
(Wang et al., 2009). Therefore, the decrease in SR with increasing
degradation is expected to occur in nutrient-deficient sites,
where degradation decreases fertility falling below the level with
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potential SR peak. This suggests that grassland degradation might
increase the risk of species extinction on the Tibetan Plateau
(Lambers, 2015; Urban, 2015).

Community differences in species composition along
gradation levels was evident in the varied components of AGB.
We found that the trade-off value of AGB of forbs significantly
with enhanced degradation (Figure4). Similar observations
were obtained by other researchers (Wang et al,, 2009; Wu
et al., 2009) who reported a shift from palatable grasses to weeds
along degradation gradient in alpine grasslands, indicating that
degradation is a process of reversed vegetation succession with
deterioration of plant community structure. Variations of plant
functional groups are closely linked to ecological status shifting
toward dominance by competitive exclusion (Wang et al,
2010). Forbs are proved to have higher adaptation to the hostile
environmental conditions caused by degradation (Wang et al.,
2009). The following several mechanisms maybe contribute to
the increase in trade-off value of AGB of forbs with increasing
degraded extents observed here.

For habitat conditions, plant growth highly depends on soil
nutrients in the infertile alpine steppe (Ganjurjav et al., 2016).
In particular, graminoids were more susceptible to soil nutrients
due to weak leaf interior self-regulation (Geng et al., 2012). For
example, graminoids have relatively high nitrogen requirements,
so that their biomass is strongly constrained by nitrogen
limitation (Wang et al., 2010). By contrast, forbs exhibit more
competitive advantages in soils with limited nutrients, reflected
by the negative relationships between trade-off value of AGB of
forbs with STC, STN, and soil available nitrogen in this study
(Figure 6). In addition to the higher requirement of graminoid
physiological activities for soil nutrients, it is also because
lower nutrients directly hinder the growth of microorganisms
and alter their community structure (Breulmann et al., 2012),
which is greatly associated with the populations of graminoids
(Zhou et al.,, 2018). Hence, degradation-induced limited soil
nutrient availability is a main driver of the increase in
forb proportion of the degraded alpine steppe ecosystems
(Wang et al., 2010; Wu et al., 2010).
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Soil water is another important environmental condition
in altering plant colonization and distribution specially in the
arid alpine steppe (Sun et al, 2013; Ma et al., 2017). Soil
water conditions can affect soil nutrient supply ability and
drive plant succession in alpine steppe (Yang et al., 2013; Hou
et al., 2018). For example, low SWC is inhospitable to nitrogen
uptake for graminoids which is more nitrophilous (Hou et al.,
2018). Additionally, even a small variation in SWC may cause
a remarkable difference in both seed germination and seedling
survival, which consequently affects the individual amount and
composition of plant community (Ma et al., 2017). As grassland
degradation lead to a dramatic decrease in SWC (Table 2), by
which graminoids are largely constrained, while forbs inversely
dominate the degraded alpine steppe, indicated by the negative
correlation between trade-off value of AGB of forbs with SWC
(Figure 6). This result highlights the vital role of SWC in
regulating community composition responding to degradation
(Fan et al., 2010; Yang et al., 2013).

For root morphological traits, forbs were found to have
remarkably longer roots than graminoids (Figure5). What’s
more, previous studies have revealed that plant rooting depths
varied with different species, which influences the uptake of soil
water and the ability to exploit high-nutrient patches (Farley
and Fitter, 1999). Specially, forbs root relatively deeper to utilize
resources in subsoil when water and nutrients in topsoil sharply
decreased, indicated by the slight increase in AGB of forbs with
increasing degradation levels (Figure 3). However, graminoids
produce crowd-short rhizomatous tissues that are shallowly
rooted and extends horizontally in the surface soil (Wang et al.,
2009). As a result, degradation, which induced sharp declines of
topsoil SWC and nutrients (Table 2), increases the proportion
of deep-rooted and drought resistant forbs, whereas conversely
decreases the shallow-rooted graminoids in the alpine steppe
(Klein et al., 2008).

In the present study, the trade-off value of AGB of forbs
was significantly negatively correlated to SCOM (Figure 6),
establishing forbs as more plastic in cohesionless soil than
graminoids. This result is consistent with previous findings
that forbs have greater competitive ability than grasses in
severely degraded alpine grassland which leads to less cohesive
soil (Gao et al., 2011). It is largely due to that the mean
root diameter of forbs is significantly thicker than that
of graminoids (Figure5B). Thicker roots provide a better
structure to fix the plant against large gale-force winds,
increase water storage capacity under arid conditions, and
reduce mechanical damage caused by freeze-thaw cycles
(Korner, 1999).

However, thick roots help forbs adapt to the harsh
environment (e.g., droughts and freeze-thaw cycles) at the cost
of efficiency loss in nutrients acquisition (Korner, 1999). As we
know, thick roots serve as an excellent way of storage and carriage
in alpine grassland, whereas, fine roots are the primary absorptive
roots for nutrients (Hong et al., 2018). Alpine plant species
thus face a trade-off between tolerance and nutrient absorption.
Forbs have fewer fine roots and are mostly axial root species,
while graminoids have higher root densities and higher root

areas with clustered roots improving the nutritive acquisition
rates (Li et al., 2011). Previous studies have demonstrated that
graminoids which respond quickly to nutrient increase tend to
dominate the plant community and exclude other species when
fertilized (Wang et al., 2010). This can explain the low trade-off
of forbs in potentially degraded grassland (Figure 4), suggesting
that graminoids have greater competitive ability than forbs in
soils with rich water and nutrients which can satisfy plant growth
requirements (Gao et al., 2011).

CONCLUSION

Our results provide strong evidence that grassland degradation
results in soil water and nutrient losses, decreasing species
richness, and increasing proportion of forbs. The ever-changing
habitat condition caused by grassland degradation, together
with plant root morphological traits determine the shifting
composition of plant community, by which the ecosystem makes
full use of limited resources such as water and nutrients to
maintain stability and functions. Our findings are of important
implications for the conservation and management of alpine
grassland ecosystems. The composition of species and their
functional traits must be considered to ensure healthy ecosystem
function in the process of managing and restoring the degraded
grasslands. Intensive management interventions such as weeding
may be needed to promote the sustainable development of
grasslands in long term. In this study, we only demonstrated the
variations of plant community structure along the degradation
gradient in alpine steppe from soil and plant morphological
traits sides. However, more comprehensive investigation of
the potential mechanisms is needed in the future. Hence,
plant physiological and genetic methods will be studied in
subsequent research.
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