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Editorial

Periodical Progress in Ecophysiology and Ecology of Grassland
Bingcheng Xu 1,* and Zhongming Wen 2,*

1 State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Platea, Northwest A&F University,
Yangling 712100, China

2 College of Grassland Agriculture, Northwest A&F University, Yangling 712100, China
* Correspondence: bcxu@ms.iswc.ac.cn (B.X.); zmwen@ms.iswc.ac.cn (Z.W.)

As one of the most important ecosystems on the planet, grasslands serve a variety of
purposes in ecology, economy, culture and entertainment. Due to overuse, insufficient input,
poor maintenance and climate change, natural grasslands have become one of the most
degraded ecosystems and are experiencing numerous challenges. To better understand
the dynamics of biomass elaboration and the renewal of natural grassland, it is necessary
to conduct a systematical analysis of ecophysiological and ecological traits of grassland
communities and their key species. With this framework, “Ecophysiology and Ecology of
Grassland” focuses on recent advancements concerning integrated research from species to
ecosystem levels in terms of natural grasslands as well as artificial grasslands, in response to
human disturbances, abiotic stresses and climate change. The following is a brief summary
of the topics and applications that comprise this Special Issue.

Fang et al., (2021) [1] studied the spatial patterns and potential drivers of leaf stoi-
chiometry and herb biomass from 15 sites spreading from south to north along a 500 km
latitudinal gradient on the Loess Plateau. The findings demonstrated a strong relationship
between herb biomass and leaf N and P contents and environmental driving factors, in-
cluding slope, soil P content and latitude, altitude, mean annual rainfall and mean annual
temperature, which can be used to inform future ecological restoration efforts and policy
adjustments in the region as well as to offer basic regional data for global-scale research.

Zhang and Wang et al., (2022) [2] investigated the responses of plants, soil bacteria, and
fungal diversity to climate change (especially rainfall patterns and air temperature) in the
desert grassland of the Ningxia Hui Autonomous Region of China. The results indicated
that increased precipitation promoted root biomass growth more than aboveground living
biomass, and changing precipitation and increasing temperature, as well as their interaction,
primarily altered the plant diversity, soil bacteria and fungal diversity but had no significant
impact on plant biomass production, organic carbon, total nitrogen and total phosphorus
contents of plants. The study sheds light on the diversity and variability of desert grassland
plants and soil microorganisms in relation to climate warming and precipitation change.

Zhang and Xie et al., (2022) [3] studied the dynamics of grassland vegetation and
compared the effect of drought in the Mongolian Plateau (MP) from 2000 to 2013 using a
multi-index method that included coverage (Fv), surface bareness (Fb), and net primary
production (NPP). Fv and NPP exhibited an increasing trend (0.18 vs. 0.43), while Fb
showed a decreasing trend, with a value of −0.16. Generally, the grassland in the MP
showed a tendency to recover, and the response is region-specific (positive reaction mainly
distributed in the middle of MP). The results provided a scientific foundation for guiding
ecological, environmental improvement and drought prevention in typical farming and
pastoral areas.

Song et al., (2022) [4] investigated the effect of the water deficit on the eco-adaptation
of common grassland species and conducted a water control experiment to unveil the
ecophysiology of Glycyrrhiza uralensis in response to different water stress gradients. The
species is the dominant species in the natural restoration of the desert steppe. G. uralensis
was shown to maintain water content and turgor pressure under water stress, promote
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root biomass accumulation, and improve water use efficiency, indicating that it possesses
a water-conservation strategy to avoid dehydration and tolerate drought. The study also
investigated the biomass allocation, water use efficiency, and physiological and morpho-
logical characteristics of G. uralensis, which provided scientific support for adopting the
species to restore the grassland.

Guo et al., (2022) [5] investigated the leaf stoichiometry of the widely distributed
species Stellera chamaejasme from the Inner Mongolian Plateau (IM) and Qinghai–Tibet
Plateau (QT) in China and evaluated its relationships with environmental variables. There
was no discernible difference between leaf C, N, and P content in S. chamaejasme from the
QT and IM, but the leaf K concentration was significantly higher in QT than that in IM, and
there was no significant correlation between leaf ecological stoichiometry of S. chamaejasme
and soil physicochemical properties. According to the findings, S. chamaejasme can adapt
to changing environments by adjusting its relationships with climatic or soil factors to
improve its survival in degraded grasslands.

Jin et al., (2022) [6] investigated the photosynthetic characteristics and leaf economic
traits of three dominant species (two grass species: Bothriochloa ischaemum and Stipa bungeana;
one leguminous subshrub: Lespedeza davurica) in a semiarid grassland community on the
Loess Plateau of China. The community was continuously treated with nitrogen (N) and
phosphorus (P) inputs for three years, and the study suggests that N and P addition shifted
leaf economic traits towards a greater light harvesting ability and elevated photosynthesis
in the three dominant species due to evident N and P synergetic effects, and this was
achieved by species-specific responses in leaf functional traits. The results provide insights
into grassland restoration and the assessment of community development in the context of
atmospheric N deposition and intensive agricultural fertilization.

In the same experiment as Jin et al., (2022) [6], Yang et al., (2022) [7] used trait-based
approaches to analyze and compare the relative contributions of plant functional traits to
grassland productivity under N and/or P addition on the semiarid Loess Plateau. The
results showed that the linkages between plant functional traits and the relative biomass
of species differed under different N and P addition levels, and dominant species traits
could predict ecosystem functioning (productivity) on the semiarid grassland. The study
validated the mass ratio hypothesis and highlighted the close linkages between community-
level functional traits and grassland productivity. The study advances our understanding
of the mechanisms underpinning biodiversity–ecosystem functional relationships and has
significant implications for semiarid grassland management.

Zuffo et al., (2022) [8] compared the tolerance of nine cultivars belonging to five
species of perennial tropical forage grasses in Brazil growing in pots with controlled soil
water conditions. After comparing and evaluating of twelve tolerance indices, the mean
production (MP), drought resistance index (DI), stress tolerance index (STI), geometric mean
production (GMP), yield index (YI), modified stress tolerance (k2STI) and harmonic mean
(HM) were selected as the most suitable parameters for identifying forage grass cultivars
with greater water stress tolerance and a high potential for shoot biomass production under
severe water stress condition. The study is significant in terms of selecting metrics for
assessing and identifying water-stress-tolerant genotypes.

Duan et al., (2022) [9] evaluated plant functional traits (PFTs) of 171 herb plots in
57 sites (from varied topography and herb types) using 29 variables categorized into four
types from a typical Soil and Water Conservation Demonstration Park (SWDP) on the Loess
Plateau of China. The study attempted to quantify the effects of topographic conditions,
soil factors and vegetation structure on PFTs. The results showed that the topographic
conditions and soil properties had direct effects on plant functional traits, with slope having
the most weight in topographic conditions and maximum water capacity (MWC) having
the most the highest weight in soil properties, followed by soil water content (SWC). The
study adds to our understanding of the mechanisms of resource utilization, competition
and adaptation of plants in heterogeneous habitats through quantifying the association
between distinct factors.
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Mugloo et al., (2023) [10] reported the yield and nutritional contents of grass and
legume species in Kashmir Valley’s rangelands. The study area included grazed, protected,
and seed-sown sites. The results showed that aboveground biomass (AGB) and total
biomass yield were highest in the protected sites of the central Kashmir region, whereas
belowground biomass (BGB) was highest in the protected sites of the southern Kashmir
region. The study indicated that moderate grazing had moderate effects on biomass
production, and species in different regions responded differently to disturbance, implying
site-specific and species-specific traits in response to disturbance and climate change.

In a one-year plot experiment, Ma et al., (2023) [11] simulated combinations of different
species compositions (1, 2, 4, 6 species and 8 species), and monitored the phenology of
alfalfa and determined the related functional traits such as light acquisition traits (plant
height and relative height, leaf mass and area, leaf length and width, and specific leaf area)
and nutrient acquisition traits (leaf carbon content (LCC), leaf nitrogen content (LNC), leaf
C/N ratio (LCC/LNC), biomass and abundance, relative biomass and abundance) after N
addition. The results showed that the effect of N addition and plant diversity on flowering
phenology was driven by the intraspecific variation in functional traits, and such alteration
would influence the flower numbers and plant reproductive strategy.

He et al., (2023) [12] reviewed the studies on the structure and stability of grassland
ecosystems, summarized the progress and future directions, and suggested ideas for
improving the ecosystem service capacity of grasslands for Karst Desertification Control
(KDC). Based on the background of KDC and its geographical characteristics, they proposed
three insights to optimize the spatial allocation, enhance the grassland stability for rocky
desertification control and coordinate the relation between grassland structure and stability.
This study provided support for grassland managers and relevant policymakers to improve
the structure, stability, and service capacity of grassland ecosystems in the karst region.

As Guest Editors, we sincerely thank all the authors who contributed to our Special
Issue. We appreciate the efforts of all the reviewers and academic editors in evaluating
the selected manuscripts and upholding the high standards of peer review. We antici-
pate that the papers in this Special Issue will serve as a springboard for future work on
the ecophysiology and ecology of grasslands in the face of anthropogenic activities and
climate change.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Understanding the geographic patterns and potential drivers of leaf stoichiometry and
plant biomass is critical for modeling the biogeochemical cycling of ecosystems and to forecast the
responses of ecosystems to global changes. Therefore, we studied the spatial patterns and potential
drivers of leaf stoichiometry and herb biomass from 15 sites spanning from south to north along a
500 km latitudinal gradient of the Loess Plateau. We found that leaf N and P stoichiometry and the
biomass of herb plants varied greatly on the Loess Plateau, showing spatial patterns, and there were
significant differences among the four vegetation zones. With increasing latitude (decreasing mean
annual temperature and decreasing mean precipitation), aboveground and belowground biomass
displayed an opening downward parabolic trend, while the root–shoot ratio gradually decreased.
Furthermore, there were significant linear relationships between the leaf nitrogen (N) and phosphorus
(P) contents and latitude and climate (mean annual rainfall and mean annual temperature). However,
the leaf N/P ratio showed no significant latitudinal or climatic trends. Redundancy analysis and
stepwise regression analysis revealed herb biomass and leaf N and P contents were strongly related
to environmental driving factors (slope, soil P content and latitude, altitude, mean annual rainfall
and mean annual temperature). Compared with global scale results, herb plants on the Loess Plateau
are characterized by relatively lower biomass, higher N content, lower P content and a higher N/P
ratio, and vegetative growth may be more susceptible to P limitation. These findings indicated that
the remarkable spatial distribution patterns of leaf N and P stoichiometry and herb biomass were
jointly regulated by the climate, soil properties and topographic properties, providing new insights
into potential vegetation restoration strategies.

Keywords: leaf nitrogen (N) and phosphorus (P) contents; N:P ratio; biomass; herb community;
driving factor; Loess Plateau

1. Introduction

Aboveground biomass (AGB), belowground biomass (BGB) and the ratio of roots to
shoots (R/S) are regarded as important parameter of vegetation biomass, playing critical
roles in estimating terrestrial ecosystem productivity and in global climate models [1–4].
Because of the influences of intensive anthropogenic activities, the atmospheric CO2 con-
centration has increased over the past 60 years [5]. Studies have shown that grassland
ecosystems account for 1/4 of the Earth’s land surface and 1/10 of global carbon stocks,
which fixed the majority of atmospheric CO2 [6,7]. Thus, a better understanding of plant
biomass is essential for understanding vegetation dynamics, terrestrial ecosystem carbon
(C) stocks and their response to environmental changes [8–11]. Previous studies have
demonstrated that plant biomass has important implications for community structure and
ecosystem function and is affected by environmental factors [12–14]. The varying responses
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of plant biomass on these environmental factors are complex, and less is known about
the interactive effects of potential environmental driving factors (climate, soil properties,
topographic properties, etc.) on the herb plant biomass of the Loess Plateau.

Nitrogen (N) and phosphorus (P) are the basic nutrients that limit plant growth [15],
and they have close interactive relationships in terrestrial ecosystems [16]. N and P cycles
are generally regarded as the main limiting factors for the productivity of an ecosystem,
while the ratio of these two elements in leaf tissue may indicate whether a system is
limited by N, P, or both [17]. Accordingly, the N/P ratio in plant leaves has become a focal
indicator of plant nutrient limitations, adaptation strategies and ecosystem function at the
community level and has been studied intensely. In general, an N/P value < 14 indicates
that plant growth is mainly limited by N; an N/P value > 16 indicates that plant growth
is mainly limited by P, and an N/P value between 14 and 16 indicates that plant growth
is limited by both P and N or is not deficient in either nutrient [18]. So far, the increasing
efforts are devoted to identifying the geographical pattern of leaf N and P stoichiometry
and its relationship with environmental factors at local, regional or global scales [15,19–23].
There are, however, only few studies in Loess Plateau about the geographical pattern of
leaf N and P stoichiometry cited in international scientific literatures [24].

The Loess Plateau in China, with an area of 6.2 × 105 km2, is a unique area due
to its distinctive landscape and deep loess deposits; this area also experiences the most
intense soil erosion in the world [25]. In the last century, due to population increases
and the intensification of human activities, the Loess Plateau has experienced the most
serious vegetation damage and ecological degradation [26]. To improve this dilemma,
the Chinese government launched a series of nationwide conservation projects, such as
the ‘Grain for Green’ project. The Loess Plateau, with diverse vegetation types and the
varying hydrothermal conditions extending from south to north, offers a unique oppor-
tunity for determining the critical factors affecting leaf N, P and plant biomass across
vegetation transect. However, the knowledge gap regarding the relationships among leaf
stoichiometry, plant biomass and vegetation growth in different types of vegetation has
not been filled. Changes in leaf stoichiometry and biomass are affected and restricted
by various environmental factors, and differences along latitudinal gradients often lead
to corresponding changes in environmental factors, such as temperature, light and soil
moisture, etc. It is still necessary to study the effects of potential drivers on leaf N and P
stoichiometry and herb biomass in different vegetation recovery zones.

In this study, we tested the responses of leaf N and P stoichiometry and plant biomass
to latitude and climate in different vegetation zones at fifteen sampling sites spanning from
south to north along a 500 km-long latitudinal gradient on the Loess Plateau. Our objectives
were to understand the effects of potential drivers (climate, soil properties, topographic
properties) on leaf N and P stoichiometry and herb biomass to reveal the limiting conditions
of nutrient restrictions, to provide the basis for future ecological restoration and polices on
the Loess Plateau and to offer basic data for global scale research.

2. Materials and Methods
2.1. Study Site

From south to north, the following six representative areas in different vegetation
zones on the Loess Plateau were selected as the study areas: Fuxian, Ganquan and Ansai
counties in Yan’an city, Jingbian and Hengshan counties and Yuyang district in Yulin city
in Shaanxi Province. According to previous studies [27], we established fifteen sampling
sites along a 500-km-long latitudinal gradient in the Loess Plateau, which were distributed
in forest zone (FZ), forest–steppe zone (FS), steppe zone (SZ) and steppe–desert zone (SD)
(Figure 1). The study region was in the midlatitude temperate zone (107◦97′–109◦87′ E,
35◦95′–38◦36′ N), with an altitudinal range of about 1015–1600 m above sea level (m.a.s.l), a
mean annual temperature (MAT) of 8.8 ◦C, a mean annual precipitation (MAP) of 505.3 mm,
an annual sunshine time of 2395.6 h (the sunshine percentage is 54%) and an annual frost-
free period of 157 days. Regional climate conditions, in recent years, have exhibited a
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warming and wetting trend, with distinct wet and dry seasons for precipitation. The main
soil types were loess, loess sandy, and aeolian sandy soils according to the Genetic Soil
Classification of China [28]. The land uses include forestland, grassland, and farmland.
In this area, the main herb species are Bothriochloa ischaemum, Stipa bungeana, Cleistogenes
caespitosa, Lespedeza davurica, Astragalus melilotoides, Artemisia sacrorum, Heteropappus altaicus
and Potentilla tanacetifolia; other concrete description of vegetation and soil conditions can
be found in the appendix materials (Table S1).
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Figure 1. Location of the study area and illustration of sampling sites of mean monthly temperature
and precipitation (1990–2010) along a 500-km-long latitudinal gradient on the Loess Plateau. All
climate data (MAT and MAP) was obtained from China Meteorological Data Sharing Service System
(http://data.cma.cn/ (accessed on 10 May 2021)).

2.2. Experimental Design and Soil Sampling

The vegetation measurements and sampling were conducted in late August 2012,
when the vegetation reached maximum biomass and cover. At each site, three sampling
plots (1 m × 1 m) with homogeneous vegetation and landform conditions were established
to identify all species and investigate the vegetation coverage, height and density. We
calculated the community diversity index (included Shannon–Wiener index, Margalef
richness index and Pielou evenness index) according to the method of [29]. The AGB of the
plants was collected by clipping the plants at ground level. Moreover, all target dominant
plant leaves in every quadrat were collected individually to determine the leaf N and
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P contents at the community level. The BGB (roots < 2 mm in diameter) was collected
randomly from the upper 30 cm soil layer with a soil drilling sampling corer (9 cm in
diameter). The litter was cleared before sampling. The roots were rinsed with a large
amount of deionized water, dried at 70 ◦C for 48 h to a constant weight and weighed on
an analytical balance. The dried leaves were ground to pass through a 0.15 mm sieve for
elemental analysis.

Within each quadrat, three soil samples for 0–30 cm were randomly sampled by a soil
auger (diameter of 5 cm) and then thoroughly mixed to form one composite sample, and a
total of 45 soil samples (3 quadrats × 15 sites) were collected. We patiently removed debris
and fine roots by hand when all soil samples were naturally air-dried in the lab, and then
they were sieved through 2-mm and 0.15-mm mesh for different element analysis with a ball
mill. The total N content of the leaves was measured with a CHNS/O Elemental Analyzer
(PekinElmer, Boston, MA, USA), and the total P content was analyzed colorimetrically
after H2SO4-H2O2-HF digestion using the molybdate/stannous chloride method [30]. Soil
organic C and total N and P contents were determined using standard testing methods as
described by Jiao et al. [31]. The contents of nutrient contents were expressed as mg·g−1

on a dry mass basis.

2.3. Data Analysis

Data, including all tables and figures, are presented as mean ± standard deviation
(SD). A linear mixed-effect model (LMM) with Tukey’s multiple comparisons test (p < 0.05)
was conducted to assess the differences of leaf N, P stoichiometry and biomass among four
vegetation zones in SPSS 22.0. The “vegetation zone” was used as the fixed factor and
“sampling site” was used as a random factor. Linear or curvilinear (quadratic) regressions
were adopted to explore the relationships of independent variables (MAT, MAP and
latitude) with the dependent variables (leaf N content, leaf P content, leaf N:P ratio,
AGB, BGB, and R/S ratio). All data were checked for normality and homogeneity of
variance before conducting the parametric tests. Redundancy analysis (RDA) and stepwise
regression analysis (SRA) were performed to identify the critical factors of herb biomass
and leaf N and P stoichiometry. RDA was conducted in Canoco 5.0, and all figures were
created in Origin 2018.

3. Results
3.1. Spatial Variation of Plant Biomass and Leaf N, P Stoichiometry along the Latitude Gradient

Plant biomass of the herb communities on the Loess Plateau across of the sampling
sites ranged from 54.60 to 204.32 g/m2 (CV = 27.8%) for AGB, 78.88 to 829.64 g/m2

(CV = 48.8%) for BGB and 0.93 to 4.50 (CV = 13.5%) for R/S. As shown in Figure 2, with
increasing latitude (decreasing mean annual temperature, MAT and decreasing mean
precipitation, MAP), AGB and BGB displayed an opening downward parabolic trend
(Figure 2A–F). However, the root–shoot ratio (R/S) decreased linearly with increasing
latitude (decreasing MAT and decreasing MAP) (Figure 2G–I). By contrast, leaf N and
P stoichiometry of herbs on the Loess Plateau across the sampling sites ranged from
20.45 to 31.96 mg/g (CV = 17.1%) for leaf N content, 1.22 to 1.62 mg/g (CV = 13.9%) for
leaf P content and 16.90 to 19.94 (CV = 9.94%) for the leaf N/P ratio. The mean leaf N, P
and N/P values were 25.79 mg/g, 1.37 mg/g and 18.71, respectively. Leaf N and P contents
exhibited significant relations to latitude, MAT and MAP, but not N/P ratio. Besides, linear
regression showed that the leaf N and P contents were substantially correlated with the
latitude and increased with increasing latitude (decreasing MAT and decreasing MAP).
However, the leaf N/P ratio was not positively correlated with environmental variables
(latitude, MAT and MAP) (Figure 3).
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Figure 2. Relationships of AGB, BGB and R/S with MAT, MAP and absolute latitude. Note: (A–C),
AGB: above-ground biomass; (D–F), BGB: below-ground biomass; (G–I), R/S: root-to-shoot ratio.
The red lines indicate the fits of the linear model of AGB, BGB and R/S and environmental gradient
(latitude, MAT and MAP). All climate data (MAT and MAP) was obtained from China Meteorological
Data Sharing Service System (http://data.cma.cn/ (accessed on 10 May 2021)).
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Figure 3. Linear regression relationships of Leaf N, P and the leaf N/P ratio with MAT, MAP and
absolute latitude. Note: (A–C), Leaf N: leaf nitrogen content; (D–F), Leaf P: Leaf phosphorus content;
(G–I), N:P ratio: Leaf N/P ratio. The red lines indicate the fits of the linear model of Leaf N, P and
the leaf N/P ratio and environmental gradient (latitude, MAT and MAP). All climate data (MAT and
MAP) was obtained from China Meteorological Data Sharing Service System (http://data.cma.cn/
(accessed on 10 May 2021)).
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3.2. Differences in Herb Biomass and Leaf N, P Stoichiometry among Vegetation Types

To reveal the differences in herb biomass between different vegetation types in the
Loess Plateau, the results of LMM showed that AGB, BGB and R/S of the steppe-desert
zone were significantly lower than those in the other three vegetation zones (Figure 4A–C
and Table S4) (p < 0.05). The biomass order of the herb communities (AGB, BGB) was
FS > SZ > FZ > SD, while the root–shoot ratio (R/S) ranked as FS > FZ > SZ > SD. The
biomass allocation of FZ, FS and SZ was predominantly concentrated in the belowground
part (2 to 4 times), except for SD. Additionally, we compared the differences in the leaf N
and P contents and N/P ratio among the different vegetation zones and found that the
plant leaf N and P contents in the steppe–desert were significantly higher than those in the
other three vegetation zones (Figure 4D,E and Table S4), and the lowest leaf N/P ratio was
found in the forest zone (p < 0.05) (Figure 4F and Table S4).
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Figure 4. Boxplots of leaf N, P stoichiometry and plant biomass in each of vegetation zones
along latitudinal gradients. Note: (A), AGB: above-ground biomass; (B), BGB: below-ground
biomass; (C), R/S: root-to-shoot ratio; (C,F), FZ: forest zone; FS: forest–steppe zone; SZ: steppe
zone; SD: steppe–desert zone. (D), Leaf N: leaf N content; (E), Leaf P: leaf P content. The boundaries
of the box represent the lower (25%) and upper (75%) quartiles of data, respectively, and the median
is represented by the line inside the box. Different lowercase letters above the bars indicate significant
differences (ANOVA, p < 0.05) among different vegetation zones.

3.3. Factors Driving Herb Biomass and Leaf N, P Stoichiometry

RDA analysis showed that plant biomass and leaf N and P stoichiometry of herbs were
determined by topographic properties, soil C:N:P stoichiometry and climatic conditions. A
total of 85.67% and 5.93% were accounted for by the first two axes, respectively (Figure 5).
Topographic properties and species diversity were strongly correlated with AGB, BGB and
R/S. The BGB, R/S, and leaf N and P contents were mainly correlated to the soil C:N:P
stoichiometry and climatic conditions, while the N/P ratio of leaves was less affected by the
above factors. Moreover, we performed a stepwise regression to detect the critical factors
of topographic properties, soil C:N:P stoichiometry and climatic conditions that affected
plant biomass and leaf N and P stoichiometry. Taken together, these results demonstrate
that the slope; soil P content; latitude, altitude and MAT; MAP and latitude were the key
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driving factors of AGB, BGB, R/S, leaf N and P, respectively. However, no critical factor
had a strong effect on leaf N/P (Table 1).

Table 1. Stepwise regression analysis (SRA) used to identify the key factors of plant biomass and leaf
N and P stoichiometry.

Variables Equations R2 Sig.

AGB AGB = −4.929SLO + 243.061 0.764 0.001 **
BGB BGB = 722.128SOP − 107.608 0.740 0.002 **
R/S R/S = −4.025LAT + 0.02ALT − 1.518MAT 0.927 0.000 **

Leaf N Leaf N = − 0.045MAP + 46.653 0.915 0.000 **
Leaf P Leaf P = 0.258LAT − 8.279 0.905 0.000 **

Leaf N/P — — —
AGB, above-ground biomass; BGB, below-ground biomass; R/S, root-to-shoot ratio; SLO, slope; SOP, Soil
P content; LAT, latitude; ALT, altitude; MAT, mean annual temperature; MAP, mean annual precipitation
(** p < 0.01;). All climate data (MAT and MAP) was obtained from China Meteorological Data Sharing Service
System (http://data.cma.cn/ (accessed on 10 May 2021)).

Plants 2021, 10, x  7 of 11 
 

 

tect the critical factors of topographic properties, soil C:N:P stoichiometry and climatic 
conditions that affected plant biomass and leaf N and P stoichiometry. Taken together, 
these results demonstrate that the slope; soil P content; latitude, altitude and MAT; MAP 
and latitude were the key driving factors of AGB, BGB, R/S, leaf N and P, respectively. 
However, no critical factor had a strong effect on leaf N/P (Table 1). 

Table 1. Stepwise regression analysis (SRA) used to identify the key factors of plant biomass and 
leaf N and P stoichiometry. 

Variables Equations R2 Sig. 
AGB AGB = −4.929SLO + 243.061 0.764 0.001 ** 
BGB BGB = 722.128SOP − 107.608 0.740 0.002 ** 
R/S R/S = −4.025LAT + 0.02ALT − 1.518MAT 0.927 0.000 ** 

Leaf N Leaf N = − 0.045MAP + 46.653 0.915 0.000 ** 
Leaf P Leaf P = 0.258LAT − 8.279 0.905 0.000 ** 

Leaf N/P — — — 
AGB, above-ground biomass; BGB, below-ground biomass; R/S, root-to-shoot ratio; SLO, slope; 
SOP, Soil P content; LAT, latitude; ALT, altitude; MAT, mean annual temperature; MAP, mean 
annual precipitation (** p < 0.01;). All climate data (MAT and MAP) was obtained from China Me-
teorological Data Sharing Service System (http://data.cma.cn/, Accessed on 10 May 2021). 

 
Figure 5. Redundancy analysis (RDA) of the relationship between plant biomass, leaf N and P 
stoichiometry and environmental driving factors in different vegetation zones. Note: AGB, 
above-ground biomass; BGB, below-ground biomass; R/S: root-to-shoot ratio; Leaf N: leaf nitrogen 
content; Leaf P: leaf phosphorus content; Leaf N/P: leaf nitrogen/ phosphorus ratios; Soil C: soil 
organic carbon; Soil N: soil total nitrogen; Soil P: soil total phosphorus; Soil C/N: soil car-
bon/nitrogen ratios; Soil C/P: soil carbon/ phosphorus ratios; Soil N/P: soil nitrogen/ phosphorus; 
MAP: mean annual precipitation; MAT: mean annual temperature; SI: Shannon–Wiener diversity 
index; MI: Margalef richness index; PI: Pielou evenness index. All climate data (MAT and MAP) 
was obtained from China Meteorological Data Sharing Service System (http://data.cma.cn/, Ac-
cessed on 10 May 2021). 

4. Discussion 
4.1. The Spatial Patterns of Herb Biomass and Response to Environmental Factors 

On the Loess Plateau, precipitation and temperature decrease toward the northwest 
with increasing latitude (Figure 1), and therefore, the vegetation zones change from for-
est to desert with increasing latitude from southeast to northwest [27]. Differences in en-
vironmental conditions (temperature, precipitation, etc.) are often linked to varying lat-
itudes and, in turn, could be used to explain the distribution of vegetation types across 

Figure 5. Redundancy analysis (RDA) of the relationship between plant biomass, leaf N and P
stoichiometry and environmental driving factors in different vegetation zones. Note: AGB, above-
ground biomass; BGB, below-ground biomass; R/S: root-to-shoot ratio; Leaf N: leaf nitrogen content;
Leaf P: leaf phosphorus content; Leaf N/P: leaf nitrogen/ phosphorus ratios; Soil C: soil organic
carbon; Soil N: soil total nitrogen; Soil P: soil total phosphorus; Soil C/N: soil carbon/nitrogen ratios;
Soil C/P: soil carbon/ phosphorus ratios; Soil N/P: soil nitrogen/ phosphorus; MAP: mean annual
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Meteorological Data Sharing Service System (http://data.cma.cn/ (accessed on 10 May 2021)).

4. Discussion
4.1. The Spatial Patterns of Herb Biomass and Response to Environmental Factors

On the Loess Plateau, precipitation and temperature decrease toward the northwest
with increasing latitude (Figure 1), and therefore, the vegetation zones change from for-
est to desert with increasing latitude from southeast to northwest [27]. Differences in
environmental conditions (temperature, precipitation, etc.) are often linked to varying
latitudes and, in turn, could be used to explain the distribution of vegetation types across
the Loess Plateau. The results from our study suggest that the biomasses of the herbaceous
communities in the different vegetation zones in the loess hilly region were in the order of
forest–steppe zone > grassland zone > forest zone > steppe–desert zone, and the variations
in AGB and BGB with increasing latitude (decreasing mean annual temperature, MAT
and decreasing mean precipitation, MAP) showed an opening downward parabolic trend
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(Figure 2). Besides, compared with other temperate grasslands in the world [3,32], the
AGB, BGB and R/S ratio of the Loess Plateau were relatively lower but only slightly higher
than China [33] and the Inner Mongolia grassland [34] (Table S2). Hydrothermal factors
are important factors that restrict the biomass of herbaceous communities in semiarid
areas [35,36], which contributed to the lower biomass of herbaceous vegetation on the
Loess Plateau. The most common environmental stressor affecting plant growth in arid
and semiarid regions is an insufficient water supply [37]. To better adapt to arid environ-
ments, the plant might allocate more resources to root growth to obtain more nutrients
and water [12,38]. Changes in precipitation may shape the various physiological traits
of plants by affecting the moisture regimes in arid and semiarid regions [39,40]. Thus,
decreasing precipitation with increasing latitude will change the soil water availability [41]
and indirectly affect the herbaceous biomass. Besides, temperature may influence various
metabolic processes in plants by affecting the activities of enzymes, such as water and
mineral absorption, material synthesis, transformation, transportation, and distribution,
and further affecting the function of cells, thereby affecting the normal metabolic activi-
ties of plants. On the other hand, aggravated local water scarcity after afforestation and
soil evaporation caused by increasing temperatures may be unfavorable for the growth
of herbaceous vegetation in forest zones [42]. The steppe–desert zone and steppe zone
have relatively less rainfall and lower temperatures; herbaceous plant growth is affected
by hydrothermal factors, thus restraining plant growth, resulting in the lower AGB and
BGB of the herbaceous community. However, with increasing latitude, precipitation in-
creases improve soil water availability, and large amounts of litter accumulate in the forest
zone and forest–steppe zone; these two factors jointly regulate soil nutrient dynamics
via decomposition and element release from surface litter. Compared with SZ and SD,
soil nutrients and hydrothermal conditions in FS are more conducive to the growth of
herbaceous vegetation, thus showing the highest AGB and BGB.

RDA and SRA revealed herb biomass were strongly related to environmental driving
factors, among them the slope, soil P content and latitude, altitude, MAT, which were key
factors affecting AGB, BGB and R/S in the Loess Plateau, respectively. It is well known
that the productivity of grasslands is mainly affected by soil water availability rather than
directly by rainfall [37]. The slope is believed to play an important role in the distribution
of soil moisture, which will significantly affect the productivity and vegetation patterns
of grasslands [43,44]. Soil P content, as a key factor affecting belowground biomass, is
related to the obvious P limitation of herbaceous vegetation on the Loess Plateau [45]. The
difference in environmental driving factors of AGB and BGB causes the R/S to be affected
by multiple environmental factors (latitude, altitude, MAT).

4.2. The Spatial Patterns of Leaf N and P Stoichiometry and Response to Environmental Factors

Confirming the results of previous studies [20,22], the leaf N and P contents increased
with increasing latitude (decreasing MAT and decreasing MAP), which is a phenomenon
that can be explained well by the temperature-plant physiological hypothesis [21]. Besides,
our research also reveals that MAP and latitude were the key driving factors of leaf N and
P, respectively. This is mainly because herb plants usually absorb highly mobile available
nitrogen (such as nitrate nitrogen and ammonia nitrogen), but higher rainfall easily causes
these highly mobile nitrogens to be leached, making the available nitrogen that can be
absorbed and utilized decreases and resulting in a decrease in the N content of leaves [46].

With increasing latitude, the hydrothermal conditions change, and low temperatures
affect the RNA efficiency of N- and P-rich enzymes, which reduces the plant biochemical
reaction rate; however, increases in leaf N and P contents can compensate for the loss
caused by the lower biochemical reaction rate [21]. Therefore, plants need to maintain high
leaf N and P levels to offset the low temperature-induced inhibition of metabolic reactions,
thus representing an adaptation of plant tissues to low temperature and environmental
changes [21]. However, the correlation between N:P and latitude was not significant. On
the one hand, our study area represented a relatively small latitude range; on the other
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hand, the focus of our study was limited to herbal communities. Both factors contributed
to the leaf N:P characteristics, and the results were not consistent with those of previous
studies [21,47].

To determine the leaf nutrient levels and leaf N/P characteristics of the herbaceous
vegetation on the Loess Plateau in depth, we compared the results of this study with
other scholars’ findings; we found that the leaf N concentrations of herbaceous plants
on the Loess Plateau were significantly higher than the level at the global scale [20,22,48]
but were also slightly higher than that found on the Loess Plateau [24]. Unlike previous
research [20,22,48], our research object was only limited to herbs and the sample size was
relatively small, which may account for the discrepancy in our study.

Furthermore, the leaf P content on the Loess Plateau was significantly lower than that
at the global scale [20,22,48] but was also slightly lower than on the Loess Plateau [24]
and throughout China [22]. The N/P threshold is often used as an indicator of relative N
and P restriction [17–19,49]. Compared with the results obtained in studies at the global
scale [21], the higher N/P and lower leaf P contents of plants on the Loess Plateau [24]
and throughout China [22,23] further indicate that the growth of plants in China is more
restricted by P (Table S3).

5. Conclusions

In summary, we examined the spatial patterns of herb biomass and leaf N and P
stoichiometry and their influencing factors on the regional scale, providing important
information about better vegetation management and restoration on the Loess Plateau,
and supplementing basic data for global scale research. Our results suggested that the
leaf N and P stoichiometry and herb biomass on the Loess Plateau showed remarkable
spatial distribution patterns and were regulated by the climate, soil properties and topo-
graphic properties. Compared with global scale results, the vegetative growth of the herb
community on the Loess Plateau is more susceptible to P limitation. Further, more future
research should focus on exploring the driving mechanisms of vegetation dynamics under
increasing warming and wetting trend of the Loess Plateau.
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10.3390/plants10112420/s1, Table S1. Basic information of the experimental plots; Table S2. Compar-
isons of AGB, BGB and R/S of Loess Plateau with other temperate grasslands in the world. Table S3.
Comparisons of leaf N and P stoichiometry around the world. Table S4. Linear mixed-effect model
showing the differences in herb biomass and leaf N and P stoichiometry on the Loess Plateau.
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Abstract: This study applied grassland related multi-index and assessed the effects of climate change
by investigating grassland responses to drought. This process was performed to study grassland
vegetation dynamic accurately and evaluate the effect of drought in the Mongolian Plateau (MP). The
spatial–temporal characteristics of grassland dynamic in terms of coverage (Fv), surface bareness
(Fb), and net primary production (NPP) from 2000 to 2013 were explored. We implemented the
maximum Pearson correlation to analyze the grassland vegetation in response to drought by using
self-calibrating Palmer Drought Severity Index (scPDSI). Results show that Fv and NPP present
an increasing trend (0.18 vs. 0.43). Fb showed a decreasing trend with a value of −0.16. The
grassland Fv and NPP positively correlated with scPDSI, with a value of 0.12 and 0.85, respectively,
and Fb was −0.08. The positive correlation between Fv and NPP accounted for 84.08%, and the
positive correlation between Fv and scPDSI accounted for 93.88%. On the contrary, the area with a
negative correlation between Fb and scPDSI was 57.43%. The grassland in the MP showed a recovery
tendency. The increase in grassland caused by positive reaction was mainly distributed in the middle
of Mongolia (MG), whereas that caused by counter response was mainly distributed in the east and
west MG and northeast Inner Mongolia autonomous region of China (IM). The relevant results may
provide useful information for policymakers about mitigation strategies against the inverse effects of
drought on grassland and help to ease the losses caused by drought.

Keywords: the Mongolia Plateau; grassland degradation; vegetation coverage; surface bareness
degree; self-calibrating Palmer Drought Severity Index (scPDSI)

1. Introduction

As the earth’s largest terrestrial ecosystem, grassland plays an important role in ecosys-
tem cycles [1–3]. Evaluating the dynamic change in grassland ecosystem quantitatively is
urgent because grassland provides many economic products and ecological services [4,5].
Previous research investigated the impact of climate change on the grassland vegetation
dynamic by using different indicators. The indicators to evaluate grassland vegetation
dynamic by remote sensing technology mainly include the normalized difference vege-
tation index (NDVI), enhanced vegetation index (EVI), vegetation coverage (Fv), and net
primary productivity (NPP) [6–8]. Some recent studies have proposed ground bareness
(Fb) as another important parameter of global land cover change [9,10]. As an opposite
concept of Fv, Fb contains the attribute of surface reflectivity and temperature information
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of grassland vegetation rather than a complementary set of coverage. In recent years,
research has focused on drought events by using the combination of identified NPP and
NDVI [11]. Compared with single index analysis, the vegetation dynamic inversion based
on multi-index can help to improve the reliability of results due to the diversities of analysis.

Drought is a natural phenomenon where the availability of water is significantly lower
than normal for a long period and the supply cannot meet the existing demand [12]. With
global warming, drought is quickly becoming a devastating environment incident [13].
The International Disaster Database estimated that droughts attributed approximately
5% of the natural disasters over the globe, and the losses caused by drought disasters
accounted for more than 30% of those of the natural hazards [14]. Drought has been a
crucial scientific issue in the domain of climate research due to its negative effects on water
resources, livestock husbandry development, and local economy [15–17]. The influence
of drought on terrestrial ecosystems is becoming increasingly acute [18]. The grassland
dynamics and its response to driving factors are always investigated by researchers because
grassland is more susceptible to droughts than other ecosystems [19]. Previous studies
explored the impact of drought on grassland vegetation dynamic at multiple regions.
Some researchers evaluated the NPP distribution and response to drought in Europe [20].
Their results suggest that rainfall deficit and extreme summer heat reduce the vegetation
productivity in Eastern and Western Europe, respectively. Another study strengthened the
conclusion of drought-induced reduction in NPP over the past decade in central Asia [21].
Therefore, a better understanding in grassland vegetation dynamic and its feedback on
climate change will improve the local economic development, especially for the typical
farming and pastoral areas.

The Mongolian Plateau (MP) is a typical arid and semiarid area, with natural grassland
as the dominant vegetation type. It often suffered from different conditions of drought due
to the decreasing water resource supply and climate change [22,23]. Droughts over the
last century induced a heap of negative effects, such as water resource shortages, threat of
food shortages, and vegetation degradation [24–27]. Therefore, quantitative assessment of
grassland vegetation dynamic and the effect of droughts is urgent. In accordance with the
recent analysis, the summer drought has contributed to the increasing extreme droughts
since the 1990s [28]. Some researchers have proven that the self-calibrating Palmer Drought
Severity Index (scPDSI) is suitable than other drought indexes when considering the impact
of precipitation and temperature on the soil moisture in Inner Asia [29]. Another research
from Wang revealed that the global grassland scPDSI value has a slightly increasing trend
with a rate of 0.0119 per year [30]. However, there is still a lack of research on grassland
vegetation dynamic and its response to droughts of the MP.

There are many related previous studies focused on single or two vegetation indexes
to evaluate the grassland dynamic and its response to climate factors [31–33]. To enrich
vegetation related research indicators, we selected Fv, Fb, and NPP to reflect the grassland
vegetation dynamic for improving the reliability of conclusions. We evaluated the grassland
response to droughts during the study period. A combined analysis of the three indexes in
different drought severity areas was quantitatively assessed to enhance the credibility of
the results. The results may provide a scientific basis for guiding ecological environment
improvement and drought prevention for typical farming and pastoral areas in the world.

2. Results
2.1. Spatial and Temporal Distribution of Fv, Fb, and NPP

The spatial distribution of long-term mean grass Fv, Fb, and NPP in the Mongolia
Plateau is shown in Figure 1. The grass Fv value is relatively higher in northern and
northeastern MP, while lower in southwestern and western MP (Figure 1A). On the contrary,
Fb greater than 60% distributed over the southwestern and western MP, while Fb less than
40% mainly distributed over the northeastern and northern MP (Figure 1B). The mean actual
NPP showed obvious spatial heterogeneity, too (Figure 1C). Areas with mean actual NPP
larger than 200 g C/(m2·yr) were scattered in the northern and northeastern MP with good
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vegetation growth conditions. Areas with mean actual NPP lower than 100 g C/(m2·yr)
were mainly scattered in the regions with relatively scarce water resources and vegetation
in the transition area of grassland and desert such as southwestern and western MP. We
counted the different pixel values of grassland Fv (Figure 1a), Fb (Figure 1b), and NPP
(Figure 1c) in the MP. The average Fv, Fb, and NPP values were 18.42%, 15.53%, and
61.41 g C/(m2·yr), respectively, whereas the corresponding distribution rates of their peak
value were 60–80%, 40–60%, and 150–200 g C/(m2·yr). The Fv, Fb, and NPP of IM were
9.17%, 6.84%, and 24.82 g C/(m2·yr), respectively. MG had higher values of the three
indexes than IM. The corresponding distribution rates of IM and MG peak values were
similar to the MP.
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number during 2000–2013. ((A–C) are the spatial distribution of Fv, Fb and NPP, respectively; (a–c) is
the statistics of the corresponding pixel number).

In this study, grassland Fv in the MP exhibited an increasing trend from 2000 to 2013,
with a 14-year cumulative increment of 0.18 (Figure 2). MG had a higher Fv value than
IM (0.21 vs. 0.09). On the contrary, grassland Fb showed an overall decreasing trend in
the MP, with the decreased rate of −0.08. The decrease rates of MG and IM were −0.09
and −0.05, respectively. NPP had the largest change rate compared with the two other
indexes, with a 14-year cumulative increment of 0.43. MG had a higher increase value than
IM (0.63 vs. 0.39).

2.2. Dynamic Analysis of Grassland

The changing trend and significance levels of grassland Fv, Fb, and NPP in the MP
from 2000 to 2013 are shown in Figure 3. The growth rate of Fv occupied 60.51% of the
MP grassland, mainly found in the east and central MG, east Xing’an, south Ordos, and
central IM (Figure 3A). On the contrary, the regions of Fb exhibiting decreasing trends were
extremely larger than that with increasing trends (92.64% vs. 7.36%), with the decreased
rate of −0.0005/14a. The decreased regions were mainly found in the entire MP, typically
occurring in the southwest and middle MP (Figure 3B). The NPP increasing areas occupied
79.54% of the MP grassland, mainly found in Kent Mountains and Hanggai Mountains in
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MG and east Xing’an League in IM (Figure 3C). Fv with clear increases was distributed in
the east Dornod, Hangai Mountains, and Kent Mountains in MG, and east Xing’an and
south Ordos in IM (Figure 3a). Fb exhibited a significant decrease (SD) and an extremely
significant decrease (ESD), accounting for 14.77% and 11.61% of the MP grassland, respec-
tively (Figure 3b). The regions of NPP with a significant increase (SI) accounted for 4.27%
of the MP grassland. The regions with significant increase were mainly distributed in the
east Selenge in MG and east Xing’an in IM (Figure 3c).
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2.3. Correlation Analysis of Grassland Indexes to scPDSI

The correlation coefficient of grassland indexes and scPDSI was analyzed because
grassland dynamic is driven by global climate change (Figure 4). Fv and NPP were pos-
itively correlated with scPDSI, with a value of 0.12 and 0.85, respectively, whereas Fb
accounted for −0.08. The areas with a positive correlation between Fv, NPP, and scPDSI
were approximately 84.08 and 93.88%. On the contrary, a negative correlation between
Fb and scPDSI accounted for 57.43%. The grassland regions (2.02%) showed a significant
positive correlation (p < 0.05) between Fv and PSDI, mainly distributed in Baotou, Hohhot,
and south Ulaan Chab in IM. The grassland areas (8.28%) showed significant negative
correlation (p < 0.05), mainly distributed in the Kent mountain area of MG and Tong Liao,
Chi Feng, and Xilin Gol of IM. In the regions with a positive correlation between NPP and
PSDI, 19.57% of them showed a significant positive correlation (p < 0.05), mainly distributed
over the west, north, and central MG, and central IM.
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2.4. Changes and Trends in Grassland Response to Drought

The area of grassland Fv, Fb, and NPP responding to scPDSI in the control response
for grassland increase accounts for 36.55, 37.99, and 28.23% of the total area, respectively
(Figure 5A–C). The control response to grassland increase from Fv, Fb, and NPP to scPDSI
appear in similar areas, mainly concentrating on central, north, and west MG, and west
IM. On the contrary, the control response to grassland decrease accounts for 10.09, 17.10,
and 14.98% (Figure 5a–c). It is mainly concentrated on the south Sayan Mountains, south
Hangai Mountains, and Dornod in MG, and northeast and south IM. The area of grassland
Fv, Fb, and NPP responding to scPDSI in the counter response for grassland increase
accounts for 44.73, 37.76, and 40.34% of the total area, respectively (Figure 6A–C). The
counter response to grassland increase from Fv, Fb, and NPP to scPDSI appear in similar
areas, mainly concentrating on the northeast and west MG and northeast and south IM.
On the contrary, the counter response to grassland decreases accounts for 8.63, 7.15, and
16.45% (Figure 6a–c). It is mainly concentrated on central MG and west IM.
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3. Discussion
3.1. Methodology

The current study used the slope-combined analysis based on multi-index to simulate
grassland vegetation dynamic and monitor grassland response to droughts. The hypothesis
is that grassland Fv and NPP dynamic are a positive feedback, whereas Fb is on the
contrary. Previous studies applied single index, such as NDVI, Fv, and NPP, to simulate the
grassland dynamic. However, many uncertainties remain due to the inversion model or
the uncertainty of dataset itself [34]. The advantage of the current method is the reference
of Fb index. Our findings show that 12.93% of the grassland in the MP experiences an
increasing trend compared with 0.73% of the grassland that experienced a decreasing trend
during the study period. Several studies about grassland NPP showed that grassland has
an increasing trend in the similar area during the study period [35,36]. Similarly, studies
on vegetation indexes, such as NDVI, Fv, and EVI, show an increasing trend of grassland
vegetation [37–39]. Thus, the present studies confirmed that the grassland shows a recovery
trend in the MP, which agrees with our findings.

3.2. Climate Factors on Grassland Vegetation Dynamic

In this study, we assessed the grassland dynamic on the basis of Fv, Fb, and NPP and
their impact on droughts during 2001 to 2013. The results provided a new understanding
of drought-driven grassland change in the MP. Climate variations, such as temperature
and precipitation, influenced terrestrial vegetation directly. These climate factors regulated
soil respiration, photosynthesis, growth status, and distribution [40]. Here, we calculated
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the temporal trends of temperature, precipitation, and radiation during the study period
(Figure 7). The temperature in this study showed a downward trend (−0.03 ◦C), whereas
precipitation and radiation showed an increasing trend (2.02 mm and 3.39 MJ/m2) due to
the short study period. Evidence shows that global warming is definitely occurring, and
the climate in our study area tended to be wet and warm [41]. Typically, the combination
of warmer temperature and higher precipitation concentration during the early growing
season possibly increased NPP, partly by lengthening the growing season [11]. The related
research shows that the carbon sequestration capacity of grassland ecosystem is enhanced
by increased precipitation, which supports our findings [42,43]. Another study revealed
that global warming helps to increase the productivity and carbon storage of grasslands in
China [34].

Plants 2022, 11, x FOR PEER REVIEW 8 of 17 
 

 

Figure 6. The counter response of Fv, Fb, and NPP to PDSI changes in the Mongolian plateau from 
2000 to 2013. ((A—C) are the correlation coefficient spatial distribution and (a–c) corresponding its 
pixel frequency). 

3. Discussion 
3.1. Methodology 

The current study used the slope-combined analysis based on multi-index to simu-
late grassland vegetation dynamic and monitor grassland response to droughts. The hy-
pothesis is that grassland Fv and NPP dynamic are a positive feedback, whereas Fb is on 
the contrary. Previous studies applied single index, such as NDVI, Fv, and NPP, to simu-
late the grassland dynamic. However, many uncertainties remain due to the inversion 
model or the uncertainty of dataset itself [34]. The advantage of the current method is the 
reference of Fb index. Our findings show that 12.93% of the grassland in the MP experi-
ences an increasing trend compared with 0.73% of the grassland that experienced a de-
creasing trend during the study period. Several studies about grassland NPP showed that 
grassland has an increasing trend in the similar area during the study period [35,36]. Sim-
ilarly, studies on vegetation indexes, such as NDVI, Fv, and EVI, show an increasing trend 
of grassland vegetation [37–39]. Thus, the present studies confirmed that the grassland 
shows a recovery trend in the MP, which agrees with our findings. 

3.2. Climate Factors on Grassland Vegetation Dynamic 
In this study, we assessed the grassland dynamic on the basis of Fv, Fb, and NPP and 

their impact on droughts during 2001 to 2013. The results provided a new understanding 
of drought-driven grassland change in the MP. Climate variations, such as temperature 
and precipitation, influenced terrestrial vegetation directly. These climate factors regu-
lated soil respiration, photosynthesis, growth status, and distribution [40]. Here, we cal-
culated the temporal trends of temperature, precipitation, and radiation during the study 
period (Figure 7). The temperature in this study showed a downward trend (−0.03 °C), 
whereas precipitation and radiation showed an increasing trend (2.02 mm and 3.39 MJ/m2) 
due to the short study period. Evidence shows that global warming is definitely occurring, 
and the climate in our study area tended to be wet and warm [41]. Typically, the combi-
nation of warmer temperature and higher precipitation concentration during the early 
growing season possibly increased NPP, partly by lengthening the growing season [11]. 
The related research shows that the carbon sequestration capacity of grassland ecosystem 
is enhanced by increased precipitation, which supports our findings [42,43]. Another 
study revealed that global warming helps to increase the productivity and carbon storage 
of grasslands in China [34].  

 
Figure 7. Temporal variations of meteorological variables during 2000–2013 ((A–C) are the annual 
mean temperature, annual cumulative precipitation, and annual cumulative solar radiation, respec-
tively).  
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3.3. The Role of Ecological Policies in Grassland Restoration

As a limited resource, water is necessary for plant growth and development, espe-
cially in arid and semi-arid ecosystems [44]. Evidence showed that grasslands experi-
ence different degrees of drought in the MP (Figure 8A-1). Although drought associates
with decreased precipitation, increased precipitation does not necessarily weaken the
drought [45,46]. A slight reduction of drought is observed in the MP (−0.02), mainly
concentrating in the western and eastern MG (Figure 8A-2). This finding is consistent
with other studies that used SPI and SPEI to show drought [47–49]. We fitted the re-
sponse from grassland Fv, Fb, and NPP to scPDSI, and the results showed a recovery
trend (Figure 8B-1,B-2). Grassland increased regions are obviously larger than the decrease
regions (12.93% vs. 0.73%), strongly confirming the recovery of grassland in the MP. The
grassland increase regions with control response to drought mainly distributed in the
central MP. Few human activities were found in these areas, and the vegetation growth was
mainly affected by natural climatic factors [50]. The grassland increase regions with counter
response to drought were in the eastern and western MG and northeast IM. This finding
shows that other factors, such as human activities affecting local grassland restoration,
are greater than the climate factors [51]. The distribution of grassland decrease regions
with control response and counter response is minimal (0.44% vs. 0.29%). The grassland
decrease regions with control response mainly distributed in south central IM and north
MG. This finding reveals the grassland degradation in these areas are under complex
influence factors, such as increase pressures from people and livestock populations [52].
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Figure 8. The spatial distribution (A-1) and changing trend (A-2) of scPDSI and the reaction of Fv, Fb,
and NPP to scPDSI changes (B-1,B-2) in the MP from 2000 to 2013.

4. Materials and Methods
4.1. Study Area

The MP is located in Siberia in the north to the northern Yinshan in the south, from the
Outer Xing’an Mountains in the east, to the Altai Mountains in the west (37◦22′–53◦20′ N
and 87◦43′–126◦04′ E, Figure 9). The Altai Mountains in the southwest, the Kent Mountains
in the north, and the outreach area of the Xing’an Mountains in the east are found in the
study area, with the mean elevation of 1580 m (Figure 9a). The MP mainly includes Mongo-
lia and Inner Mongolia autonomous region of China, with a total area of approximately
1.56 × 106 and 1.18 × 106 km2, respectively. The MP climate is dry and lacks precipitation
due to its long distance from the ocean. The annual average temperature and mean annual
rainfall is 4.12 ◦C and 269 mm, respectively. The MP has a wide variety of regional climates,
and most of them are from arid to humid from west to east. All regions are sensitive and
vulnerable to drought. The grassland types mainly include grasslands, woody savannas,
savannas, and shrub lands in descending order (Figure 9b).
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4.2. Data Source and Processing

We obtained the global land cover maps of 2013 from the MODIS data products
(MCD12Q1, http://modis-land.gsfc.nasa.gov/landcover.html/, accessed on 24 February
2020) with the International Geosphere-biosphere Programme (IGBP) classification system.
The IGBP classification system defines 17 classes of primary land cover types. In this study,
classes 1 to 5 were reclassified as forest, classes 6 to 9 were reclassified as shrubland, classes
12 and 13 were reclassified as farmland, classes 15–16 were reclassified as water, and class
17 was reclassified as city (Table 1).

The 0.05 degree monthly NDVI (normalized difference vegetation index) was of-
fered from the Moderate Resolution Imaging Spectroradiometer (MODIS) data products
MOD13C2 (http://ladsweb.nascom.nasa.gov/data/search.html, accessed on 4 March 2020).
The 0.05 degree monthly NDII (normalized difference impervious index) was calculated by
using a red band 1 from MOD13C2 and thermal infrared band 32 from MOD11C3. Both
MOD13C2 and MOD11C3 image datasets were converted to Albers equal area conical
projection and WGS-84 datum using the ArcGIS V9.3 software (ESRI, San Diego, CA, USA).
To reduce the image noise from the atmospheric clouds, particles, shadows, etc., three-point
smoothing was used to improve data quality.
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Table 1. The reclassification of land use type according to the IGBP classification system.

Original Serial
Number Original Land Use Type Serial Number after

Reclassification
Land Use Type after

Reclassification

1 Evergreen Needleleaf Forest

1 Forest
2 Evergreen Broadleaf Forest
3 Deciduous Needleleaf Forest
4 Deciduous Broadleaf Forest
5 Mixed Forest
6 Closed Shrublands

2 Shrubland
7 Open Shrublands
8 Woody Savannas
9 Savannas

10 Grasslands 3 Grassland
11 Permanent Wetlands 4 Wetland
12 Croplands

5 Farmland
13 Cropland/Natural

Vegetation Mosaic
14 Barren or Sparsely Vegetated 6 Desert
15 Snow and Ice

7 Water16 Water Bodies
17 City and Built-up 8 City

We obtained the monthly meteorological data from the gridded datasets of Cli-
matic Research Unit (CRU) TS 3.22 (http://crudata.uea.ac.uk/cru/data, accessed on
6 January 2019). These gridded datasets cover the global land surface (excluding Antarc-
tica) at a 0.5◦ resolution and provide the best estimates for month-by-month variations
in climate variables [53]. No measurement value is missing in the datasets. The scPDSI
datasets were provided by the CRU. The scPDSI uses −0.99–0.99 as normal, and negative
values indicate drought. Classification relevant to this research mainly includes extreme
moist, heavy moist, moderate moist, slightly moist, slightly normal drought, moderate
drought, heavy drought, and extreme drought (Table 2). In order to facilitate spatial
statistics, meteorological data are resampled by ArcGIS 10.2 software with a resolution of
0.05 degree.

Table 2. Classification relevant of self-calibrating Palmer drought severity index (scPDSI).

scPDSI Classification of Dry and Wet scPDSI Classification of Dry and Wet

≥4 Extreme moist −1~−2 Slightly drought
3~4 Heavy moist −2~−3 Moderate drought
2~3 Moderate moist −3~−4 Heavy drought
1~2 Slightly moist ≤−4 Extreme drought
−1~1 Normally - -

4.3. Methods
4.3.1. Estimation of Fv

Fv is an index directly used to determine grassland health condition. We estimated the
grassland coverage by using the NDVI data due to the significant linear correlation rela-
tionship between grassland coverage and NDVI. The calculated model is pixel dichotomy
model. The specific calculation formula is as follows:

Fv =
NDVI − NDVImin

NDVImax − NDVImin
× 100% (1)

where Fv is the grassland coverage (%), NDVI is the NDVI value of a single pixel, NDVImin
is the NDVI value of bare soil or areas without vegetation coverage, and NDVImax is the
NDVI value of pixels completely covered by vegetation. Theoretically, the NDVImin value
should be close to 0, and the NDVImax value represents the maximum value of NDVI per
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unit pixel of total vegetation coverage. However, considering the influence of vegetation
type, noise, terrain, image quality, and other factors, the NDVImin and NDVImax values
will deviate from the actual values, which are generally represented by the maximum and
minimum values within a certain confidence range. In this paper, NDVI values near 2%
and 98% of the cumulative percentage of NDVI values in remote sensing images in the
study area are selected as NDVImin and NDVImax values.

4.3.2. Estimation of Fb

Fb is a concept corresponding to Fv. It includes the reflectance and temperature
characteristics of the object surface and is not a supplement to Fv. Fb enriches the research
index of grassland ecosystem on the basis of remote sensing technology. In this study, we
chose Wang’s estimation formula for Fb [54], which is expressed as follows:

Fb =
NDII − NDIImin

NDIImax − NDIImin
× 100% (2)

NDII =
λR − λT
λR + λT

(3)

where Fb delineates the surface bareness fractions, NDII is the normalized difference
impervious index, NDIImin refers to the minimum value of NDII (high grassland coverage
and low-temperature pixel), and NDIImax represents the maximum value of NDII (high
temperature and reflectivity). λR is red band 1 from MOD13C2, and λT refers to thermal
infrared band 32 from MOD11C3.

4.3.3. Estimation of NPP

NPP was extracted from the dataset at a spatial resolution of 1 km and calculated on
the basis of the BIOME-BGC model [55]. The specific formula is as follows:

NPP =
365

∑
t

PSNet− (Rm + Rg) (4)

PSNet = GPP− Rlr (5)

where NPP represents the actual NPP (g cm−2 year−1), and PSNet refers to the net pho-
tosynthesis. Rm is the annual maintenance respiration of live cells in woody tissue, and
Rg delineates the annual growth respiration. GPP is the gross primary productivity from
MOD17A2 datasets, and Rlr is the daily leaf and fine root maintenance respiration.

4.3.4. Grassland Dynamic Analysis

The grassland vegetation dynamic analysis is a significant ecological process of grass-
land health condition. We can assess grassland degradation or restoration by using Fv, Fb,
and NPP as fundamental indicators. The slope was determined by using ordinary least
squares regression, which is expressed as follows:

SlopeA =
n×∑n

i=1 i× (A)i − (∑n
i=1 i)(∑n

i=1 (A)i)

n×∑n
i=1 i2 − (∑n

i=1 i)2 (6)

where A refers to grassland Fv, Fb, and NPP; i is the sequence number of the year (in this
study, 1 is for the year 2000, 2 is for the year 2001, and so on); n represents the number of
years, which is 14 in this study. A negative slope value shows a degradation trend, whereas
a positive slope value shows a restoration trend. In this study, combined analysis of slopes
(Table 3) was conducted to quantitatively evaluate the grassland response to drought.
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Table 3. Scenarios to assess the role of Fv, Fb and NPP responding to scPDSI in the MP.

Change Direction Grassland Conditions scPDSI Fv Fb NPP

control response

Grassland Restoration
Slope > 0 Slope > 0
Slope > 0 Slope < 0
Slope > 0 Slope > 0

Grassland degradation
Slope < 0 Slope < 0
Slope < 0 Slope > 0
Slope < 0 Slope < 0

counter response

Grassland Restoration
Slope < 0 Slope > 0
Slope < 0 Slope < 0
Slope < 0 Slope > 0

Grassland degradation
Slope > 0 Slope < 0
Slope > 0 Slope > 0
Slope > 0 Slope < 0

The significance of the variation tendency was determined in terms of F-test to repre-
sent the confidence level of variation. The calculation for statistics is expressed as follows:

F = U × n− 2
Q

(7)

U =
n

∑
i=1

(ŷi − y)2 (8)

Q =
n

∑
i=1

(yi − ŷi)
2 (9)

ŷi = Slope× i + b (10)

b = y− Slope× i (11)

where U represents the residual sum of the squares; Q is the regression sum; ŷi refers to the
regression value; yi delineates the average data of year i; y is the mean value of Fv, Fb or
NPP over n years; b refers to the intercept of the regression formula.

We classified the variation tendency into the following six levels on the basis of the
F-test results: extremely significant decrease (ESD, slope < 0, p < 0.01); significant decrease
(SD, slope < 0, 0.01 < p < 0.05); no significant change (NSC, slope = 0, p > 0.05); Significant
Increase (SI, Slope > 0, 0.01 < p < 0.05); extremely significant increase (ESI, slope > 0,
p < 0.01).

4.3.5. Correlation Analysis

The Pearson correlation coefficient was used to reflect the long-term dynamic of two
variables in a given time n. The specific calculation formula is as follows:

r =
n×∑n

i=1 (xi × yi)− (∑n
i=1 xi)(∑n

i=1 yi)√
n× (∑n

i=1 xi
2)− (∑n

i=1 xi)
2
√

n× (∑n
i=1 yi

2)− (∑n
i=1 yi)

2
(12)

where r is the correlation coefficient, n refers to the sequential year, which is 14 in this study;
xi and yi represent Fv, Fb or NPP and climatic factors, respectively. r refers to a description
of linear correlation degrees between the two variables. The value of r ranges from −1 to 1.
−1 and 1 are completely related, whereas 0 indicates irrelevant. The greater the absolute
value of r, the stronger the correlation, but no causal relationship is found.

5. Conclusions

This study investigated the grassland vegetation dynamic on the basis of multi-index
and its response to droughts in the MP during 2000–2013 in terms of the relations between
Fv, Fb, NPP, and scPDSI. The spatial distribution of grassland Fv and NPP decreases from
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northeast to southwest, showing an increasing trend of 0.18 and 0.43, respectively. On the
contrary, Fb increases from northeast to southwest, presenting a decreasing trend, with
the value of −0.16. The grassland degradation condition of the MP shows a restoration
trend during the study period. Fv and NPP shows a positive relationship with scPDSI,
whereas Fb is exactly on the country. The areas with a positive correlation between Fv,
NPP, and scPDSI are 84.08% and 93.88%. The grassland increase regions with control and
counter response to drought account for 6.06% and 6.87%. However, the distribution of
grassland decrease regions with control and counter response (0.44% vs. 0.29%) is minimal.
The regions of grassland increase from control response mainly distribute in central MG,
whereas the grassland increase regions with counter response are in the eastern and western
MG and northeast IM. Such detailed analysis of grassland-related indexes and its responses
to drought are useful to clarify the grassland condition, potential effect of drought, and is
beneficial to help policymakers for develop proper measures for grassland protection.
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Abstract: Our study, which was conducted in the desert grassland of Ningxia in China (E 107.285,
N 37.763), involved an experiment with five levels of annual precipitation 33% (R33), 66% (R66),
100% (CK), 133% (R133), 166% (R166) and two temperature levels (inside Open-Top Chamber (OTC)
and outside OTC). Our objective was to determine how plant, soil bacteria, and fungi diversity
respond to climate change. Our study suggested that plant α-diversity in CK and TCK were signif-
icantly higher than that of other treatments. Increased precipitation promoted root biomass (RB)
growth more than aboveground living biomass (ALB). R166 promoted the biomass of Agropyron
mongolicum the most. In the fungi communities, temperature and precipitation interaction pro-
moted α-diversity. In the fungi communities, the combination of increased temperature and natural
precipitation (TCK) promoted β-diversity the most, whose distance was determined to be 25,124 ac-
cording to PCA. In the bacteria communities, β-diversity in CK was significantly higher than in other
treatments, and the distance was determined to be 3010 according to PCA. Soil bacteria and fungi α-
and β-diversity, and ALB promoted plant diversity the most. The interactive effects of temperature
and precipitation on C, N, and P contents of plants were larger than their independent effects.

Keywords: precipitation changes; increased temperatures; desert grassland; plant diversity; plant
biomass; soil bacteria diversity; soil fungi diversity

1. Introduction

One of the most severe environmental problems facing mankind is undoubtedly
climate change, which is dominated by climate warming [1]. During 1982–2012, high lati-
tudes experienced greater temperature increases than middle latitudes, land temperatures
increased faster than ocean temperatures, and the average global temperature increased
by 0.85 ◦C compared with the same time period (1981–2017). In the context of global
climate change, extreme weather events frequently occur, and precipitation is unevenly
distributed [2].

Vegetation is the link connecting soil, the atmosphere, and water. As an important part
of the terrestrial ecosystem, it plays an “indicator” role in global climate change. The vege-
tation index reflects surface vegetation characteristics and vegetation cover information [3].
Therefore, to a large extent it represents the ecological quality of a certain area [4].

Plant biodiversity includes four components: genetic diversity, species diversity, in-
traspecific genetic diversity, and ecosystem diversity. Species diversity is the manifestation
of biodiversity in species. It is a simple measure of biodiversity [5], counting only the
number of different species in a given area. Plant species diversity is the basic unit that con-
stitutes a plant community and forms the core part of biodiversity. Plant species diversity
mainly includes plant species composition, richness, uniformity, interspecies relationships,
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and their changes in time and space [6]. A sustained high level of plant diversity can
improve ecosystem stability and its resistance to changes in habitat. Plant species diversity
is an important indicator for analyzing the structure, function, succession, and ecological
restoration stages of plant communities [7].

Species alpha (α) diversity refers to the diversity of species in the same location or com-
munity. It is caused by differences in niches among species [8]. Its measurement is divided
into four categories: species richness, relative abundance models of species, the ecological
diversity index, and the evenness index [9]. Biodiversity is reflected by plant diversity and
its functional characteristics, and it can also explain the interaction between vegetation
and the environment [10]. The composition and development of plant communities can
be well understood by studying biodiversity. This work has theoretical and practical
significance for maintaining a greater variety of organisms [11]. Plant community diversity
generally refers to differences in composition, structure, function, and dynamics of plant
communities and is a foundational level of research among all levels of biodiversity [12].
In biodiversity conservation practice, the status of communities or ecosystems is often
evaluated based on the diversity index. The measurement of community alpha diversity
can be divided into four categories: (1) the Shannon–Wiener diversity index reflects the
hierarchical characteristics of a biological community; the higher the value, the higher the
community diversity; (2) the Margalef species richness index reflects the number of plant
species in the community; (3) the Pielou evenness index refers to the distribution ratio of
the number of individuals in the community; (4) the Simpson dominance index reflects
the distribution of numerically abundant species within a community. The four commonly
used α-diversity indexes incorporate two measurements—the number (richness) of species
and the uniformity of species [13].

Soil microbes degrade and detoxify environmental pollutants and play an important
role in maintaining soil quality and ecosystem stability [14]. The diversity and variability
within the soil microorganism community reflects its diverse responses and adaptations to
the environment [15].

As an important part of the soil, soil microorganisms are often hailed as the “converter”
of nutrient cycling, the “regulator” of terrestrial ecosystem stability, and the “purifier” of
environmental pollution [16]. The soil microorganism community can be used to monitor
changes in the structure and function of grassland ecosystems following fluctuations in
water availability. Changing precipitation patterns have been one of the hot issues in global
climate research in recent years, and grassland ecosystems are widely distributed, with
most of them located in ecologically fragile zones [17]. They are susceptible to disturbance
and global climatic imbalances, especially those in areas with restricted water such as arid
and semi-arid grassland ecosystems. Soil microorganisms act as catalysts for soil nutrient
cycling and transformation, which can promote absorption [18].

We conducted a study in the Ningxia Hui Autonomous Region of China. We used an
Open-Top Chamber (OTC) to simulate increased temperature and artificial shelters and
sprinklers to simulate precipitation changes. We systematically studied the changes in
temperature and precipitation and the interaction of the two factors:

(i) Dynamic changes with regards to about the α-diversity, biomass, organic carbon, total
nitrogen, and total phosphorus of plants in the desert steppe ecosystem;

(ii) Dynamic changes with regards to the α- and β-diversity of the soil fungi and soil bacteria;
(iii) The synergistic relationship between the α-diversity, biomass, organic carbon, total

nitrogen, total phosphorus of plants, and the α- and β-diversity of the soil fungi
and soil bacteria. The research results provide a reliable theoretical basis for the
formulation of reasonable response strategies for desert grasslands.
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2. Results
2.1. Plant Importance Value

Under the changing precipitation condition and the interaction of the precipitation
changed and the temperature increased, the main value of the Agropyron mongolicum,
Lespedeza bicolor, and Polygala tenuifolia were all higher than the other plants (Figure 1).
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Figure 1. The main values of plants in the study sites. (a) The main values of plants under precipitation changing treatment
(R); (b) The main values of plants under the interaction of precipitation changing and temperature increasing treatment
(TR). Five levels of rainfall (R) were used: 33% (R33), 66% (R66), 100% (CK), 133% (R133), and 166% (R166) of the annual
average. The first two rainfall conditions were obtained by using two rainout shelters with two manipulated rainfall doses:
97 mm (R33) and 194 mm (R66). For the three other rainfall conditions, we artificially increased rainfall pot in unsheltered
plots using a watering: 295 mm (CK), 392 mm (R133), and 490 mm (R166). The temperature consisted of two levels: the
actual temperature (CK) and the interaction between rainfall and the temperature, which was increased by about 2 ◦C (T)
with the OTC (Open-Top Chamber) in each plot. TR33 was the first site of interaction between 33% precipitation (R33) and
the temperature increase of about 2 ◦C (T); the marks of TR66, TCK, TR133, TR166 were the same. R33 was the first site of
33% precipitation, and the marks of R66, CK, R133, R166 were the same.

2.2. Plant α-Diversity

The plant α-diversity had no significant differences among the different precipitation
and temperature treatments (Table 1).
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Table 1. Grassland plant α-diversity index under different precipitation and temperature treatments.

Shannon–Wiener Pielou Margalef Simpson

F = 6.12 p > 0.05 F = 4.84 p > 0.05 F = 6.34 p > 0.05 F = 3.71 p > 0.05

R33 1.64 ± 0.15 a 0.80 ± 0.03 a 3.17 ± 0.76 a 0.76 ± 0.05 a
R66 1.65 ± 0.07 a 0.75 ± 0.04 a 3.75 ± 0.39 a 0.75 ± 0.03 a
CK 1.80 ± 0.11 a 0.83 ± 0.04 a 3.30 ± 0.35 a 0.79 ± 0.03 a

R133 1.70 ± 0.07 a 0.85 ± 0.05 a 2.84 ± 0.21 a 0.77 ± 0.04 a
R166 1.68 ± 0.11 a 0.73 ± 0.07 a 3.70 ± 0.39 a 0.76 ± 0.03 a

F = 6.09 p > 0.05 F = 4.79 p > 0.05 F = 5.98 p > 0.05 F = 3.69 p > 0.05

TR33 1.65 ± 0.14 a 0.82 ± 0.04 a 3.18 ± 0.74 a 0.77 ± 0.03 a
TR66 1.67 ± 0.06 a 0.76 ± 0.03 a 3.76 ± 0.38 a 0.76 ± 0.02 a
TCK 1.81 ± 0.10 a 0.84 ± 0.03 a 3.31 ± 0.37 a 0.80 ± 0.02 a

TR133 1.71 ± 0.08 a 0.86 ± 0.06 a 2.85 ± 0.23 a 0.78 ± 0.03 a
TR166 1.69 ± 0.10 a 0.75 ± 0.06 a 3.71 ± 0.40 a 0.77 ± 0.02 a

Mean ± SE followed by lowercase letters in each column indicates significant differences between the variance
percentage of precipitation, according to LSD test (p < 0.05). Five levels of rainfall (R) were used: 33% (R33), 66%
(R66), 100% (CK), 133% (R133), and 166% (R166) of the annual average. The first two rainfall conditions were
obtained by using two rainout shelters with two manipulated rainfall doses: 97 mm (R33) and 194 mm (R66).
For the three other rainfall conditions, we artificially increased rainfall in unsheltered plots using a watering
pots: 295 mm (CK), 392 mm (R133), and 490 mm (R166). The temperature consisted of two levels: the actual
temperature (CK) and the interaction between rainfall and the temperature, which was increased by about 2 ◦C (T)
with the OTC (Open-Top Chamber) in each plot. TR33 was the first site of interaction between 33% precipitation
(R33) and the temperature increase of about 2 ◦C (T), and the marks of TR66, TCK, TR133, TR166 were the same.
R33 was the first site of 33% precipitation, and the marks of R66, CK, R133, R166 were the same.

2.3. The Number of Species

Under the interaction of rising precipitation levels and increasing temperature condi-
tions, the number of species was highest in CK, which was significantly higher than R33
(p < 0.05). With increased precipitation, the number of species was highest under R166,
which was significantly higher than other precipitation treatments (p < 0.05). The difference
between the natural temperature and the temperature increases was obvious (p < 0.05)
(Figure 2).
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Figure 2. The number of species in the study sites. (a) The number of species under precipitation changing treatment (R);
(b) The number of species under interaction of precipitation changing and temperature increasing treatment (TR). (c) The
number of species under temperature increasing treatment (T). Five levels of rainfall (R) were used: 33% (R33), 66% (R66),
100% (CK), 133% (R133), and 166% (R166) of the annual average. The first two rainfall conditions were obtained by using
two rainout shelters with two manipulated rainfall doses: 97 mm (R33) and 194 mm (R66). For the three other rainfall
conditions, we artificially increased rainfall in unsheltered plots using a watering pot: 295 mm (CK), 392 mm (R133), and
490 mm (R166). The temperature consisted of two levels: the actual temperature (CK) and the interaction between rainfall
and the temperature, which was increased by about 2 ◦C (T) with the OTC (Open-Top Chamber) in each plot. TR33 was the
first site of interaction between 33% precipitation (R33) and the temperature increase of about 2 ◦C (T), R33 was the first site
of 33% precipitation, and other marks were the same. Values indicate the mean ± SE; different letters represent a significant
difference according to LSD test (p < 0.05). * represents a significant difference according to t-test (p < 0.05).

2.4. The Biomass of Plants and Dominant Plant Species

The RB was significantly higher than the ALB. The differences of the ALB were not
significant under the interaction of the changed precipitation and increased temperature
conditions (p < 0.05). The root biomass was highest in R166 but lowest in R33, and their
difference were very significant (p < 0.05). The difference of the ALB under the natural
temperature and the increased temperature were not significant, the same as the RB
(p < 0.05) (Figure 3).
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Figure 3. Variations of aboveground plant living biomass (ALB) and plant root biomass (RB) of vegetation in the study
sites. (a) Aboveground plant living biomass (ALB) under precipitation changing (R) and the interaction of the precipitation
changing and temperature increasing (TR). (b) Root biomass (RB) under precipitation changing (R) and the interaction of the
precipitation changing and temperature increasing (TR). (c) Aboveground plant living biomass (ALB) under temperature
increasing (T). (d) Root biomass (RB) under temperature increasing (T). Five levels of rainfall (R) were used: 33% (R33),
66% (R66), 100% (CK), 133% (R133), and 166% (R166) of the annual average. The first two rainfall conditions were obtained
by using two rainout shelters with two manipulated rainfall doses: 97 mm (R33) and 194 mm (R66). For the three other
rainfall conditions, we artificially increased rainfall in unsheltered plots using a watering pot: 295 mm (CK), 392 mm (R133),
and 490 mm (R166). The temperature consisted of two levels: the actual temperature (CK) and the interaction between
rainfall and the temperature increased by about 2 ◦C (T) with the OTC (Open-Top Chamber) in each plot. TR33 was the first
site of interaction between 33% precipitation (R33) and the temperature, which was increased by about 2 ◦C (T), and the
marks of TR66, TCK, TR133, TR166 are the same. R33 was the first site of 33% precipitation, and the marks of R66, CK, R133,
R166 were the same. Values indicate the mean ± SE, and different letters represent a significant difference according to LSD
test (p < 0.05). ns represents a no significant difference according to t-test (p < 0.05).

When precipitation was increased, Agropyron mongolicum had the highest RB under
R166, and had the lowest RB under R33, the RB difference between the precipitation gra-
dients was significant (p < 0.05). The ALB of Agropyron mongolicum was highest under
the R166, which was significantly higher than other precipitation treatments, the same as
the total biomass of Agropyron mongolicum (p < 0.05). The RB, ALB, and total biomass
of Lespedeza bicolor were highest under R33, which were significantly higher than other
precipitation gradients (p < 0.05). The RB, ALB, and total biomass of Polygala tenuifolia
were the highest under natural precipitation, which were significantly higher than other
precipitation treatments (p < 0.05) This phenomenon with regards to the Agropyron mon-
golicum, Lespedeza bicolor, and Polygala tenuifolia under the warming and precipitation
interaction was the same (p < 0.05). With the increases temperature, the differences of
the RB, ALB, and total biomass of Agropyron mongolicum and Lespedeza bicolor were
significant, but the temperature increases had no obvious impact on the Polygala tenuifolia
(p < 0.05) (Figure 4).
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Figure 4. Variations of aboveground plant living biomass (ALB) and plant root biomass (RB) of dominant species in the
study sites. (a) Aboveground plant living biomass (ALB) and plant root biomass (RB) of Agropyron mongolicum under
the precipitation changing and temperature increasing(TR); (b) Aboveground plant living biomass (ALB) and plant root
biomass (RB) of Lespedeza bicolor under the precipitation changing and temperature increasing(TR); (c) Aboveground plant
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living biomass (ALB) and plant root biomass (RB) of Polygala tenuifolia under the precipitation changing and temperature
increasing(TR); (d) Aboveground plant living biomass (ALB) and plant root biomass (RB) of Agropyron mongolicum under
the precipitation changing (R); (e) Aboveground plant living biomass (ALB) and plant root biomass (RB) of Lespedeza
bicolor under the precipitation changing (R); (f) Aboveground plant living biomass (ALB) and plant root biomass (RB)
of Polygala tenuifolia under the precipitation changing (R); (g) Aboveground plant living biomass (ALB) and plant root
biomass (RB) of Agropyron mongolicum under the temperature increasing (T); (h) Aboveground plant living biomass
(ALB) and plant root biomass (RB) of Lespedeza bicolor under the temperature increasing (T); (i) Aboveground plant living
biomass (ALB) and plant root biomass (RB) of Polygala tenuifolia under the temperature increasing (T). Five levels of
rainfall (R) were used: 33% (R33), 66% (R66), 100% (CK), 133% (R133), and 166% (R166) of the annual average. The first two
rainfall conditions were obtained by using two rainout shelters with two manipulated rainfall doses: 97 mm (R33) and
194 mm (R66). For the three other rainfall conditions, we artificially increased rainfall in unsheltered plots using a watering
pot: 295 mm (CK), 392 mm (R133), and 490 mm (R166). The temperature consisted of two levels: the actual temperature (CK)
and the interaction between rainfall and the temperature increased by about 2 ◦C (T) with the OTC (Open-Top Chamber) in
each plot. TR33 was the first site of interaction between 33% precipitation (R33) and the temperature, which was increased
by about 2 ◦C (T), and the marks of TR66, TCK, TR133, TR166 were the same. R33 was the first site of 33% precipitation, and
the marks of R66, CK, R133, R166 were the same. Values indicate the mean ± SE; different letters represent a significant
difference according to LSD test (p < 0.05). ns represents a nonsignificant difference according to t-test (p < 0.05).

2.5. The Organic Carbon, Total Nitrogen, and Total Phosphorus of Plants and Dominant Plant Species

The differences in plant organic carbon, plant nitrogen, and plant phosphorus content
were not significant under the changing precipitation condition and the interaction of the
changing precipitation and increasing temperature conditions (p < 0.05), but the plant
organic carbon, plant nitrogen, and plant phosphorus content under the precipitation
condition changed less than under the interaction of the temperature and precipitation
conditions. With the increases in temperature, the differences of the plant organic carbon,
plant total nitrogen, and plant total phosphorus were also not obvious (p < 0.05) (Figure 5).

For the interaction of the temperature and precipitation conditions, plant organic
carbon was the lowest at R166 for Agropyron mongolicum, which was significantly lower
than other treatments (p < 0.05). Plant organic carbon was the highest at R66 for Lespedeza
bicolor and was highest at R133 for Polygala tenuifolia, which were both significantly
higher than other treatments (p < 0.05). Plant total nitrogen and plant total phosphorus
were not significant among the different treatments (p < 0.05). The plant organic carbon,
total nitrogen, and total phosphorus for Agropyron mongolicum, Lespedeza bicolor, and
Polygala tenuifolia at the precipitation changed was lower. With the increased temperature,
the differences of plant organic carbon, plant total nitrogen, and plant total phosphorus
for Agropyron mongolicum, Lespedeza bicolor, and Polygala tenuifolia were not significant
(p < 0.05) (Figure 6).
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conditions, we artificially increased rainfall in unsheltered plots using a watering pot: 295 mm (CK), 392 mm (R133), and 
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and the temperature, which was increased by about 2 °C (T) with the OTC (Open-Top Chamber) in each plot. TR33 is the 
first site of interaction between 33% precipitation (R33) and the temperature increase of about 2 °C (T), and the marks of 
TR66, TCK, TR133, TR166 were the same. R33 was the first site of 33% precipitation, and the marks of R66, CK, R133, R166 
were the same. Values indicate the mean ± SE, and different letters represent a significant difference according to LSD test 
(p < 0.05). ns represents a nonsignificant difference according to t-test. 
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Figure 5. Percentages of plant organic carbon, plant total nitrogen, and total phosphorus of vegetation in the study sites. (a) Plant
organic carbon under precipitation changing (R) and the interaction of the precipitation changing and temperature increasing (TR);
(b) Plant total nitrogen under precipitation changing (R) and the interaction of the precipitation changing and temperature increasing
(TR); (c) Plant total phosphorus under precipitation changing (R) and the interaction of the precipitation changing and temperature
increasing(TR); (d) Plant organic carbon, plant total nitrogen, plant total phosphorus under temperature increasing (T). Five levels of
rainfall (R) were used: 33% (R33), 66% (R66), 100% (CK), 133% (R133), and 166% (R166) of the annual average. The first two rainfall
conditions were obtained by using two rainout shelters with two manipulated rainfall doses: 97 mm (R33) and 194 mm (R66). For the
three other rainfall conditions, we artificially increased rainfall in unsheltered plots using a watering pot: 295 mm (CK), 392 mm
(R133), and 490 mm (R166). The temperature consisted of two levels: the actual temperature (CK) and the interaction between rainfall
and the temperature, which was increased by about 2 ◦C (T) with the OTC (Open-Top Chamber) in each plot. TR33 is the first site of
interaction between 33% precipitation (R33) and the temperature increase of about 2 ◦C (T), and the marks of TR66, TCK, TR133,
TR166 were the same. R33 was the first site of 33% precipitation, and the marks of R66, CK, R133, R166 were the same. Values indicate
the mean ± SE, and different letters represent a significant difference according to LSD test (p < 0.05). ns represents a nonsignificant
difference according to t-test.
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manipulated rainfall doses: 97 mm (R33) and 194 mm (R66). For the three other rainfall conditions, we artificially increased 
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the increasing temperature and precipitation conditions. However, when only 
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In the bacteria communities, under the control of the increasing temperature and 
precipitation conditions, the α-diversity did not show any obvious patterns. 

In both the fungi and bacteria communities, α-diversity increased with increased 
temperature (Figure 7). 

Figure 6. Percentage of plant organic carbon, plant total nitrogen, and total phosphorus of dominant species in the study sites.
(a) The organic carbon, total nitrogen, total phosphorus of Agropyron mongolicum under the interaction of the precipitation
changing and temperature increasing (TR); (b) The organic carbon, total nitrogen, total phosphorus of Lespedeza bicolor
under the interaction of the precipitation changing and temperature increasing(TR); (c) The organic carbon, total nitrogen,
total phosphorus of Polygala tenuifolia under the interaction of the precipitation changing and temperature increasing(TR);
(d) The organic carbon, total nitrogen, total phosphorus of Agropyron mongolicum under the precipitation changing (R);
(e) The organic carbon, total nitrogen, total phosphorus of Lespedeza bicolor under the precipitation changing (R); (f) The
organic carbon, total nitrogen, total phosphorus of Polygala tenuifolia under the precipitation changing (R); (g) The organic
carbon, total nitrogen, total phosphorus of Agropyron mongolicum under the temperature increasing (T); (h) The organic
carbon, total nitrogen, total phosphorus of Lespedeza bicolor under the temperature increasing (T); (i) The organic carbon,
total nitrogen, total phosphorus of Polygala tenuifolia under the temperature increasing (T). Five levels of rainfall (R)
were used: 33% (R33), 66% (R66), 100% (CK), 133% (R133), and 166% (R166) of the annual average. The first two rainfall
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conditions were obtained by using two rainout shelters with two manipulated rainfall doses: 97 mm (R33) and 194 mm
(R66). For the three other rainfall conditions, we artificially increased rainfall in unsheltered plots using a watering pot:
295 mm (CK), 392 mm (R133), and 490 mm (R166). The temperature consisted of two levels: the actual temperature (CK)
and the interaction between rainfall and the temperature, which was increased by about 2 ◦C (T) with the OTC (Open-Top
Chamber) in each plot. TR33 was the first site of interaction between 33% precipitation (R33) and the temperature increase
of about 2 ◦C (T), and the marks of TR66, TCK, TR133, TR166 are the same. R33 was the first site of 33% precipitation, and
the marks of R66, CK, R133, R166 are the same. Values indicate the mean ± SE, and different letters represent a significant
difference according to LSD test (p < 0.05).

2.6. Soil Microorganism α-Diversity

In the fungi communities, α-diversity gradually decreased under the interaction of the
increasing temperature and precipitation conditions. However, when only precipitation
increased, α-diversity first decreased and then increased.

In the bacteria communities, under the control of the increasing temperature and
precipitation conditions, the α-diversity did not show any obvious patterns.

In both the fungi and bacteria communities, α-diversity increased with increased
temperature (Figure 7).
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Figure 7. Soil microbial α-diversity of (a) fungi and (b) bacteria in the study sites by principal component analysis (PCA). Sobs index
was the observed richness. Five levels of rainfall (R) were used: 33% (R33), 66% (R66), 100% (CK), 133% (R133), and 166% (R166) of the
annual average. The first two rainfall conditions were obtained by using two rainout shelters with two manipulated rainfall doses:
97 mm (R33) and 194 mm (R66). For the three other rainfall conditions, we artificially increased rainfall in unsheltered plots using a
watering pot: 295 mm (CK), 392 mm (R133), and 490 mm (R166). The temperature consisted of two levels: the actual temperature (CK)
and the interaction between rainfall and the temperature, which was increased by about 2 ◦C (T) with the OTC (Open-Top Chamber)
in each plot. TR33 was the first site of interaction between 33% precipitation (R33) and the temperature increase of about 2 ◦C (T), and
the marks of TR66, TCK, TR133, TR166 were the same. R33 was the first site of 33% precipitation, and the marks of R66, CK, R133,
R166 were the same.

2.7. Soil Bacteria and Fungi β-Diversity

In the fungi communities, the distance between each sample point was the farthest
under TCK, and the distance was 25124 according to PCA; therefore, the corresponding
β-diversity was the highest under TCK. In the bacteria communities, the distance between
each sample point was the farthest under CK; therefore, the corresponding β-diversity was
the highest under CK, and the distance was 3010 according to PCA (Figure 8).
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97 mm (R33) and 194 mm (R66). For the three other rainfall conditions, we artificially increased rainfall in unsheltered 
plots using a watering pot: 295 mm (CK), 392 mm (R133), and 490 mm (R166). The temperature consisted of two levels: 
the actual temperature (CK) and the interaction between rainfall and the temperature, which was increased by about 2 °C 
(T) with the OTC (Open-Top Chamber) in each plot. TR33 was the first site of interaction between 33% precipitation (R33) 
and the temperature increase of about 2 °C (T), and the marks of TR66, TCK, TR133, TR166 were the same. R33 was the 
first site of 33% precipitation, and the marks of R66, CK, R133, R166 were the same. 

2.8. The Relationship between Grassland Plant Diversity, Biomass, Soil Bacteria, and Fungi α- 
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The Shannon–Wiener diversity index was positively correlated with the ALB, α-
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with the ALB and RB. The Margalef species richness index was positively correlated with 
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and β-diversity but negatively correlated with the RB and ALB. The RB was greatly 
negatively correlated with β-diversity (Figure 9). 

Figure 8. Soil microorganism β-diversity of (a) fungi and (b) bacteria in the study sites by principal component analysis
(PCA). Five levels of rainfall (R) were used: 33% (R33), 66% (R66), 100% (CK), 133% (R133), and 166% (R166) of the annual
average. The first two rainfall conditions were obtained by using two rainout shelters with two manipulated rainfall doses:
97 mm (R33) and 194 mm (R66). For the three other rainfall conditions, we artificially increased rainfall in unsheltered plots
using a watering pot: 295 mm (CK), 392 mm (R133), and 490 mm (R166). The temperature consisted of two levels: the actual
temperature (CK) and the interaction between rainfall and the temperature, which was increased by about 2 ◦C (T) with
the OTC (Open-Top Chamber) in each plot. TR33 was the first site of interaction between 33% precipitation (R33) and the
temperature increase of about 2 ◦C (T), and the marks of TR66, TCK, TR133, TR166 were the same. R33 was the first site of
33% precipitation, and the marks of R66, CK, R133, R166 were the same.

2.8. The Relationship between Grassland Plant Diversity, Biomass, Soil Bacteria, and Fungi α- and
β-Diversity

The Shannon–Wiener diversity index was positively correlated with the ALB, α-
diversity, and β-diversity but negatively correlated with the RB. The Pielou evenness index
was positively correlated with α-diversity and β-diversity but negatively correlated with
the ALB and RB. The Margalef species richness index was positively correlated with the RB
and ALB. The Simpson dominance index was positively correlated with α-diversity and
β-diversity but negatively correlated with the RB and ALB. The RB was greatly negatively
correlated with β-diversity (Figure 9).
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Figure 9. Principal components analysis (PCA) plots showing the influence of the Shannon–Wiener,
Pielou, Margalef, and Simpson indexes, and the above-living biomass (ALB), root biomass (RB),
α-diversity, and β-diversity, which represented effects of different temperature (recorded as CK and
T) and variation in precipitation (recorded as R33, R66, CK, R133, R166).

3. Discussion
3.1. Effects of Precipitation Changes and Temperature on Plant Main Value

Under the changing precipitation condition and the interaction of the changing precip-
itation and the increasing temperature conditions, the main values of Agropyron mongolicum,
Lespedeza bicolor, and Polygala tenuifolia were all higher than the other plants, so we made
sure that the three plants were dominant plants; the reason might have been because the
root system of Lespedeza bicolor forms vertical and horizontal networks in the soil layer,
helping it to make full use of the water and nutrients therein. Furthermore, the proportion
of woody and sclerenchyma cell tissue in Mongolia wheatgrass is large, and the roots of
Polygala tenuifolia are strong and can absorb water better. Thus, these characteristics of the
three plants give them better drought resistance than other species.

3.2. Effects of Precipitation Changes and Temperature on Plant α-Diversity

Species diversity directly affects ecosystem function and stability, which is the founda-
tion of human survival and development [19]. The distribution pattern of species diversity
and its influencing factors have become the core problem of ecology and biogeography
research [20].

The Shannon–Wiener and Simpson in CK and TCK are significantly higher than
other treatments. This might have been because the sparse surface vegetation, loose soil
structure, and low water-holding capacity of desert steppe. Precipitation directly affects
the soil moisture content. The decrease of precipitation leads to the drought of topsoil and
thus directly reduces the effective moisture content in soil. The change of soil moisture
content indirectly affects soil nutrients and indirectly affects the absorption, transportation,
and utilization of nutrients by plants by limiting the normal activities of rhizosphere
microorganisms, resulting in the reduction of plant species. When precipitation increases,
soil erosion occurs, and the reduction of carbon, nitrogen, and other nutrients in soil limits
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the growth of plants. The distribution pattern of species diversity and its influencing
factors have become the core problem of ecology and biogeography research.

3.3. Effects of Changing Precipitation and Increasing Temperature on the Number of Species

With increased precipitation, the number of species was highest under R166, possibly
because plant roots need to absorb more water to grow in desert grasslands. This finding
agrees with a previous study that found fine roots may have complex responses to the
higher amount of precipitation predicted for the future [21].

3.4. Effects of Changing Precipitation and Increasing Temperature on Plants and Dominant Species Biomass

This study found that increased precipitation promoted the growth of RB more than
ALB, but the effect of rising temperature on RB was not clear. When a plant is subjected
to drought stress, it will reduce ALB and increase underground RB. Some studies have
found that reducing drought stress caused by a lack of precipitation will prompt plant to
allocate more biomass to the underground RB, so that the root system can better absorb
water and nutrients in deep soil [22]. Plant biomass increases with rising precipitation,
probably because increased precipitation can effectively supplement soil moisture and
promote plant growth and development.

With increasing precipitation, R166 was found to promote the ALB and total biomass
of Agropyron mongolicum the most, and R33 promoted the ALB, RB, and total biomass of
Lespedeza bicolor the most. The ALB, RB, and total biomass of Polygala tenuifolia was highest
under natural precipitation. Under rising temperatures, with increased precipitation,
R166 was found to promote the total biomass of Agropyron mongolicum the most, and R33
promoted the total biomass of Lespedeza bicolor the most. Polygala tenuifolia had the highest
biomass under natural precipitation, possibly because Agropyron mongolicum is a graminoid
plant and needs to absorb more water than Polygala tenuifolia (Leguminosae plant) and
Lespedeza bicolor (Lespedeza bicolor plant).

3.5. Effects of Changing Precipitation and Increasing Temperature on Plant and Dominant Species
Organic Carbon, Total Nitrogen, and Total Phosphorus

Under rising temperature with increasing precipitation, the differences in plant nu-
trients were not obvious. TR promoted plant organic carbon, nitrogen, and phosphorus
content more than R, possibly because higher temperatures promote root respiration, and
the root absorbs more elements from soil through active transpiration. This accords with a
previous study that indicated that roots were the main source of SR, which contributed
>70% of CO2 emissions [23].

3.6. Effects of Changing Precipitation and Increasing Temperature on Soil Bacteria and Fungi Diversity

According to a recent study, compared with soil bacteria and fungi biomass and
activity, community structure is more sensitive to warming, with seasonal changes in
temperature found to have a significant impact on soil bacteria and fungi communities [24].
Our research found that changes in precipitation and increased temperature promoted
fungi communities but did not have a significant effect on the bacteria communities. In
fungi communities, TCK promoted the most β-diversity, but in the bacteria communities,
CK promoted the most β-diversity. Increasing temperatures may provide a more suitable
growth environment for fungi by affecting the availability of plant litter components and
nutrients. Therefore, increasing temperature may be beneficial to the growth of fungi and
may inhibit bacteria growth, thereby changing bacteria and fungi community structure. For
desert grassland, an increase in temperature will also change soil temperature and moisture
levels, which may further change the diversity of soil bacteria and fungi communities.

3.7. Effects of Precipitation Changes and Temperature on the Relationship between Grassland
Vegetation Diversity, Biomass, and Soil Bacteria and Fungi Diversity

Soil bacteria and fungi α- and β-diversity and ALB all promoted plant diversity, but RB
had a limited function. The soil bacteria and fungi communities were able to promote the
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decomposition of soil nutrients, offering more nutrients for plant to absorb and allowing
more different kinds of plants to grow. This is consistent with previous research [25].

4. Materials and Methods
4.1. Study Site

The study area was located in the desert steppe of the Sidunzi ecological field station
of Ningxia in China (37◦47′ N 107◦25′ E), which is on the southern edge of the Mu Us Sandy
land and the yellow transition zone from the soil plateau to the Ordos platform (Figure 10).
The natural conditions are relatively poor, characterized by drought, low rainfall, and
strong winds and storms, and the region has typical temperate continental monsoon
climate. Its annual average temperature is 8.1 ◦C, its monthly average temperature is
−13.0–22.7 ◦C, its extreme maximum temperature was 34.9 ◦C, its extreme minimum
temperature was −24.2 ◦C, its annual average frost-free period is 162 days, and its annual
average precipitation is less than 300 mm. Its zonal soil structure is loose, and its soil
fertility is low. Its zonal vegetation is typical of a desert steppe, and its dominant plants are
Agropyron mogolicum Keng, Lespedeza potaninii Vass, and Polygala tenuifolia Willd. Due
to the influence of climatic conditions and human activities, the grassland in the region has
been degraded in large areas for a long time.
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4.2. Experimental Design

We completed all control experiment devices from June 2018 to March 2019. We started
our experiment in May 2019 and collected soil and plant samples from July 2019.

According to meteorological monitoring of the study site from 1981 to 2017, its annual
average precipitation, ground temperature, and air temperature all showed rising trends
(Figure 11). Artificial rain-collecting greenhouses and sprinkler irrigation techniques were
used to achieve 66% and 133% precipitation gradients and to ensure the precipitation
treatment was kept within the 37-year average precipitation and fluctuation extremes. We
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established two temperature increase gradients to reflect the steady increases in ground
temperature and air temperature recorded by meteorological monitoring.
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Figure 11. The (a) Rainfall, (b) Ground temperature, and (c) Air temperature from 1981 to 2017.

The designed rainout shelter was completed in November 2018, and these shelters
were randomly built (Figure 12). The rainfall gradient was constructed with artificial
shelters and sprinklers, and the rainout shelters were made of polycarbonate material,
which can allow 90% of photosynthetic effective radiation to pass through it. A two-factor
completely randomized experimental design was used based on rainfall and temperature
factors. Five levels of rainfall were used: 33% (R33), 66% (R66), 100% (CK), 133% (R133),
and 166% (R166) of the annual average. The first two rainfall conditions were obtained
by using two rainout shelters with two manipulated rainfall doses: 97 mm (R33) and
194 mm (R66). For the three other rainfall conditions, we artificially increased rainfall
in unsheltered plots using a watering pot: 295 mm (CK), 392 mm (R133), and 490 mm
(R166). The temperature consisted of two levels: the actual temperature and the interaction
between the rainfall and the temperature, which was increased by about 1.5 ◦C with the
OTC (Open-Top Chamber) in each plot [26]. The OTC was made of acrylic transparent
board material, which can allow 90% of photosynthetic effective radiation to pass through
it. The area of each plot was 6 × 6 m, and each treatment (n = 5) was repeated three
times, for a total of 15 plots (temperature treatments are included in the precipitation
treatments) (Figure 3). On the 15th and 30th of each month, R33 and R66 of the natural
rainfall during the 1st–15th and the 16th–30th of the month, respectively, were collected
from the actual rainfall and then evenly replenished to the plots containing R133 and R166
by a watering pot.
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OTC (Open-Top Chamber) in each plot.

4.3. Collection of Soil Microorganism Samples

In each plot, including the inner OTC, we collected 0–10 cm of soil from each sample
plot. We removed the impurities in the soil, including plants, moss, visible roots, litter, and
visible soil animals, and then wiped the sampler with alcohol-soaked cotton. After the
alcohol had completely evaporated, we used the soil in the sample to soak the sampler.
This step needed to be repeated each time the sample changed. Three points sampled from
the same quadrant were mixed as one soil sample. We placed mixed soil into a 10 mL
centrifuge tube and then transferred it to a −80 ◦C refrigerator for determination of soil
microbes. We used the Operational Taxonomic Units (OTU) lever to determine the soil
microorganism taxonomic group. The Operational Taxonomic Unit (OTU) is an operational
definition used to classify groups of closely related individuals. In the context of numerical
taxonomy, the most abundant sequence type was selected to represent each OUT [27]. In our
research, OTUs are in the absence of traditional systems of biological classification (which
are available for macroscopic organisms), pragmatic proxies for “species” (microbial). For
several years, OTUs have been the most commonly used units of diversity, especially when
analyzing small subunit 16S for prokaryotes (as is the case of this work bacteria) or 18S
(fungi) marker gene sequence datasets [28].

4.4. Collection of Plant Samples

The measurement of community α-diversity can be divided into the Shannon–Wiener
diversity index, Margalef species richness index, Pielou evenness index, and Simpson
dominance index. These four commonly used α-diversity indexes incorporate two mea-
surements, the number (richness) of species, and the uniformity of species.
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The richness index mainly measures the number of species within a certain spatial
range to express the richness of organisms; the evenness index is a single statistic that
combines the richness index and the evenness index; and the diversity index is based on the
number of species to reflect a community’s diversity, which can describe the disorder and
uncertainty of an individual species. An increase in the number of species in the community
represents an increase in the community’s complexity. The greater the index value, the
greater the amount of information contained in the community [9]. The importance value
(IV) is calculated using the relative density, relative frequency, relative coverage, relative
height, and relative biomass, according to the following formula:

Importance value (IV) = (Relative density + relative coverage + relative frequency + relative height + relative biomass)/5

We calculated plant diversity in terms of the number of species in each plot(s), the
relative importance of the species in the plot (Pi), and the number of individuals in all
species (N), according to the following formula:

Shannon–Wiener diversity index: H = −∑s
i=1 PilnPi

Margalef species richness index: R = (S − 1)/log10 N
Pielou evenness index: E = H/lnS
Simpson dominance index: C = 1 − ∑(Pi)2

Dominant plant species: We measured the plant relative biomass, relative height,
relative cover, relative frequency, and relative density to determine the importance values,
and then used importance values to determine the dominant species.

Plant carbon, nitrogen, and phosphorus: Plant organic carbon and total carbon were
measured with a total organic carbon (TOC) analyzer (CS Analysis Instrument, Naples,
FL, USA), and total nitrogen and total phosphorus were measured with a HCLO4-H2SO4
digestion-flow injection instrument (model Skalar-SAN++, Delft, The Netherlands).

Litter: We picked up the litter on the ground by hand in the sample squares that cut
off the ground plants and carefully removed the fine soil particles attached to the litter and
put them in the envelopes according to the sample squares. We dried samples at 65 ◦C to
constant weight, weighed them, and recorded the dry weight data.

Plant height: The natural height of different plants in each sample box was measured
5 times, respectively. If there were not 5 plants, the plants outside the sample box were
selected for measurement.

Plant coverage: The acupuncture method was used. A 1 m2 square sample rope was
placed on the ground and divided into an average of 100 grids. Plants were acupunctured
in order every 10 cm from top to bottom and from left to right with a 2 mm needle. If the
needle contacted with the plant, it was counted as 1, and it was not counted if there was
no contact. The coverage of each plant in the sample was not more than 100. If two plants
occurred simultaneously during acupuncture, the total coverage was reduced by 1, and if
three plants occurred simultaneously, the total coverage was reduced by 2. (Note: Total
coverage is the sum of coverage of each plant.)

Plant frequency: Rounds were thrown 10–15 times in the plot, and the total number
of times that each plant appeared was the frequency of the plant. (Note: In each round
thrown, as long as the plant appeared, regardless of the number of plants, the frequency
was 1). The total frequency was the sum of the frequency of each plant.

Plant density: The kinds of plants and the number of times each plant appeared in the
sample box were recorded.

Plant biomass: We measured plant biomass in a 1 m2 quadrat that was randomly
selected in each plot at the end of July 2019. We dug all plants in each plot out from the
soil. We then cut the aboveground living plant and plant roots separately while sorting
them according to species and placed them into respective envelopes. These species were
then taken into the laboratory and dried at 65 ◦C in the oven for 48 h; the aboveground
living plant biomass (ALB) and plant root biomass (RB) were then calculated.

50



Plants 2021, 10, 2580

4.5. Statistical Analysis

We used repeated-measures ANOVA to examine the differences in the plant α-diversity
index, the number of species and plants and the dominant species of the biomass, the
organic carbon, total nitrogen, and total phosphorus of the plants and the dominant plant
species under different precipitation levels and the interaction between precipitation and
temperature by SPSS 21.0. t-tests were used to examine the differences in the plant α-
diversity index, the number of species and plants and the dominant species of biomass,
and the organic carbon, total nitrogen, and total phosphorus of plants and dominant plant
species under different temperatures by SPSS 21.0. The soil microorganism β-diversity was
analyzed by principal component analysis (PCA) using R. We used principal components
analysis (PCA) to examine the relationships between the grassland plant diversity, biomass,
and soil bacteria and fungi α- and β-diversity by Origin 2021.

5. Conclusions

In this study, plant α-diversity in CK and TCK under the altered precipitation were
significantly higher than other treatments. Under the interaction of the increasing precipi-
tation and the rising temperature conditions, R166 promoted the number of species the
most. Increasing precipitation was found to promote the growth of RB more than ALB,
but the effect of rising temperatures on RB was not clear. The changing precipitation and
increasing temperature factors, and the interaction of the two factors, all had no significant
impact on the biomass, organic carbon, total nitrogen, and total phosphorus of plants. R166
promoted the ALB, RB, and total biomass of Agropyron mongolicum the most. The TR
treatment promoted plant organic carbon, nitrogen, and phosphorus content more than
R. In the fungi communities, under rising temperature, increasing precipitation promoted
α-diversity, but α-diversity did not obviously vary in the bacteria communities. In the
fungi communities, TCK promoted the most β-diversity, but in the bacteria communities,
CK promoted the most β-diversity. Soil bacteria and fungi α- and β-diversity, and ALB
promoted plant diversity the most.
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Abstract: We aimed to investigate the water use strategies and the responses to water shortages in
Glycyrrhiza uralensis, which is a dominant species in the desert steppe. Water stress gradients included
control, mild, moderate, and severe. The time intervals were 15, 30, 45, and 60 d. Our study suggested
that with the aggravation of water stress intensity, the total biomass of Glycyrrhiza uralensis gradually
decreased and allometric growth was preferred to underground biomass accumulation. From 30 d and
mild to moderate water stress, the water potential (WP) of leaves decreased considerably compared
to the CK. The relative water content (EWC) decreased over time and had a narrow range of variation.
Proline (PR) was continuously increased, then declined at 45–60 d under severe and more severe
water stress. The δ13C values increased in all organs, showed roots > stems > leaves. The net
photosynthetic rate (Pn) and transpiration rate (Tr) decreased to varying degrees. The instantaneous
water use efficiency (WUEi) and limiting value of stomata (Ls) increased continuously at first and
decreased under severe water stress. Meanwhile, severe water stress triggered the most significant
changes in chloroplast and guard cell morphology. In summary, Glycyrrhiza uralensis could maintain
water content and turgor pressure under water stress, promote root biomass accumulation, and
improve water use efficiency, a water-conservation strategy indicating a mechanism both avoidable
dehydration and tolerable drought.

Keywords: water stress; Glycyrrhiza uralensis; biomass allocation; water use efficiency; drought resistance

1. Introduction

In the desert steppe, water is the most important factor limiting plant growth. Dif-
ferent plants adopt water use strategies to adapt to changes of water conditions [1]. A
plant’s drought adaptability is closely related to their water use strategies [2,3]. Zhang et al.
believes that drought resistance and the ability to use water effectively are essential mecha-
nisms for revealing a plant’s drought resistance under long-term water stress conditions [4].
Therefore, the adaptation of plants to arid habitats requires the evolution of their water
use strategies.

A previous study reported that plants could adjust the distribution of biomass among
different organs to adapt to water stress, showing that the biomass of various organs of
plants decreases due to water stress, while the root to shoot ratio (R/S) increases [5]. The
biomass allocation strategy is also directly influenced by the ability of plants to adapt to
their environment. Plants allocate resources to the most needed organs after environmental
changes to effectively obtain scarce resources [6,7]. Plants obtain water by increasing root
biomass when water is deficient. When soil moisture is sufficient, plants promote photo-
synthetic capacity by increasing the distribution ratio of above-ground biomass. However,
above-ground biomass and underground biomass accumulation are not synchronized [8].
Therefore, plant organ biomass allocation results from a balance between reproduction and
survival and a trade-off strategy for plants to adapt to their environment.

55



Plants 2022, 11, 1464

Precipitation can change Ci/Ca (intercellular CO2 concentration/atmospheric CO2
concentration) by changing the stomatal conductance of leaves, which then affects the δ13C
value of plants [9]. The δ13C values of C3 plants in arid and desert areas ranged from−20‰
to −35‰ with decreasing precipitation. In extreme arid areas, the δ13C values ranged from
−20‰ to −26‰, and precipitation has a significant negative correlation with the δ13C
values [10]. It has been suggested that C3 plant tissues under water stress generally have
higher δ13C values, while those under non-water stress have lower δ13C values [11], but
most of the previous results were from field experiments. Liu Ying et al. studied the effects
of different drought stress conditions on δ13C values of the C4 plant Leymus chinensis and
found that the δ13C values were significantly positively correlated with water use efficiency
(WUE) [12]. It is feasible to determine water use efficiency of L. chinensis by the δ13C value.
However, some earlier studies suggested that δ13C values have growth stages and organ
specificity when used to study WUE and biomass in plants [13].

Glycyrrhiza uralensis is the dominant species in the natural restoration of the desert
steppe. It is not only a high-quality pasture and a Chinese herbal medicine, but it also has
a higher ability to survive and compete, making it important in the study of grassland
restoration. Hu found that Glycyrrhiza uralensis has the highest δ13C value and photosyn-
thetic rate among four dominant species of the desert steppe, including Glycyrrhiza uralensis,
Lespedeza potaninii, Stipa breviflora, and Agropyron mongolicum, under various precipitation
conditions [14,15]. This research focuses on Glycyrrhiza uralensis. It uses a water control
experiment to investigate the responses of biomass allocation, water use efficiency, and
physiological and morphological characteristics to water stress to uncover the water use
strategies and drought resistance mechanisms in Glycyrrhiza uralensis. It gives a scientific
basis for choosing species to restore the grassland to its natural state.

2. Results
2.1. Biomass Allocation and the Root–Shoot Ratio of Glycyrrhiza uralensis under Water Stress

Under the same level of water stress, the total biomass of Glycyrrhiza uralensis increased
first, then decreased; the highest biomass was obtained after 45 d of treatment. The root
and leaf biomass accumulated quickly within 30–45 d, with root biomass at 45 d and 60 d
significantly higher than at 15 and 30 d (p < 0.01). The root–shoot ratio (R/S) of Glycyrrhiza
uralensis gradually increased over time, the R/S values under different water stress all
showed 60 d > 45 d > 30 d > 15 d.

Under the same time, the total biomass of Glycyrrhiza uralensis decreased gradually as
the degree of water stress increased, but the stem biomass remained unchanged. The R/S
increased significantly (p < 0.05). The total biomass of the T4 treatment was the lowest, and
the R/S of the T4 treatment was the highest at 15, 30, 45 and 60 d. These results indicated
that drought stress resulted in more allocation of biomass to the roots and less allocation to
the stems and leaves (Figure 1).

2.2. Growth Relationship between Above-Ground and Underground Biomass of Glycyrrhiza
uralensis under Water Stress

Under different water stress treatments, there was an extremely significant correla-
tion between the below-ground biomass (BGB) and the above-ground biomass (AGB) of
Glycyrrhiza uralensis (p < 0.01), and the allometric growth relationship was biased toward
under-ground biomass accumulation (Figure 2). Each treatment had a correlation growth
index α greater than one. T2 had the highest α index (α = 1.9), the CK had the lowest, and
T3 had the best fitting effect (R2 = 0.8592).
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Figure 1. The biomass distribution in organs of Glycyrrhiza uralensis under different water stress
treatments. Different lowercase letters indicate significant differences among treatments at 5% level.

Plants 2022, 11, x FOR PEER REVIEW 3 of 16 
 

 

 

Figure 1. The biomass distribution in organs of Glycyrrhiza uralensis under different water stress 
treatments. Different lowercase letters indicate significant differences among treatments at 5% level. 

2.2. Growth Relationship between Above-Ground and Underground Biomass of Glycyrrhiza 

uralensis under Water Stress 

Under different water stress treatments, there was an extremely significant correla-
tion between the below-ground biomass (BGB) and the above-ground biomass (AGB) of 
Glycyrrhiza uralensis (p < 0.01), and the allometric growth relationship was biased toward 

under-ground biomass accumulation (Figure 2). Each treatment had a correlation growth 
index α greater than one. T2 had the highest α index (α = 1.9), the CK had the lowest, and 

T3 had the best fitting effect (R2 = 0.8592). 

 

CK T1 T2 T3 T4
0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2

o
rg

an
 b

io
m

as
s(

g
)

15d

CK T1 T2 T3 T4
0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2  Leaf 

 Stem 

 Root30d

CK T1 T2 T3 T4
0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2

45d

CK T1 T2 T3 T4
0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

3.2

60d

CK T1 T2 T3 T4
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

a

ab

15d

ro
o

t 
to

 s
h

o
o

t 
ra

ti
o

 

d

bc

bc

CK T1 T2 T3 T4
0.0

0.3

0.6

0.9

1.2

1.5

1.8 a

b

30d

Treatment

c

b

c

CK T1 T2 T3 T4
0.0

0.5

1.0

1.5

2.0

2.5

3.0

a

b

45d

c
c c

CK T1 T2 T3 T4
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5 a

ab

60d

c

b
bc

0.0

0.6

-0.4

0.40.40.4

0.4

0.20.2

0.2

0.2

-0.2

0.2

0.2

0.0

0.0

0.0 0.0

0.0

0.0

0.0

0.0

-0.2

-0.2

-0.2

-0.2

-0.2

-0.2

-0.2

-0.2

-0.4

-0.4

-0.4

-0.4

-0.4

-0.4

-0.4

-0.4

-0.6
-0.6

-0.6
-0.6

-0.6

0.60.6

0.6

-0.6

-0.4

-0.2

0.0

0.2

0.4

LogAGB

-0.6 -0.4 -0.2 0.0 0.2
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

-0.6 -0.4 -0.2 0.0 0.2
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

-0.6 -0.4 -0.2 0.0
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

-0.6 -0.4 -0.2 0.0
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

-0.6 -0.4 -0.2 0.0
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6
LogAGB

LogAGB

LogAGB

L
o

g
B

G
B

LogAGB

y = 1.64x + 0.17

R² = 0.85

CK

L
o

g
B

G
B

L
o

g
B

G
B

L
o

g
B

G
B

L
o

g
B

G
B

y = 1.78x + 0.28

R² = 0.78

T1

y = 1.90x + 0.46

R² = 0.70

T2

B

y = 1.80x + 0.45

R² = 0.86

T3

B

A

y = 1.78x + 0.62

R² = 0.62

T4

LogAGBLogAGB LogAGB

L
o

g
B

G
B

LogAGB

y = 1.64x + 0.17

R² = 0.85

CK

0.6

L
o

g
B

G
B

L
o

g
B

G
B

L
o

g
B

G
B

L
o

g
B

G
B

y = 1.78x + 0.28

R² = 0.78

T1

y = 1.90x + 0.46

R² = 0.70

T2

-0.6
-0.6

-0.6
-0.6

0.6

y = 1.80x + 0.45

R² = 0.86

T3

y = 1.78x + 0.62

R² = 0.62

T4

Figure 2. Growth relationship between above-ground and underground biomass of Glycyrrhiza
uralensis in different water stress treatments. AGB and BGB represent the above-ground biomass
and below-ground biomass. The biomass data are logarithmic transformed, its power function is
converted to the form of log = logβ + αlogX, where α is the slope of linear regression, and logβ is the
intercept of linear regression.
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2.3. Effects of Water Stress on Water Potential of Glycyrrhiza uralensis Leaves

The leaf water potential (WP) of Glycyrrhiza uralensis decreased to varying degrees
compared to the CK under water stress (Figure 3). With the increase in the water stress
degree, WP remained unchanged at the early stages (15 d), decreased first, increased at the
middle stages (30 and 45 d), and gradually increased at the late stages (60 d). Except for
15 d, the CK and T1 treatments had a significantly higher WP than T2, T3, and T4 treatments
(p < 0.05).
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Figure 3. Changes of water potential in leaves of Glycyrrhiza uralensis under different water stress
treatments. Different lowercase letters indicate a significant difference among treatments at a 5%
level. Different capital letters indicate a significant difference at a 5% level between different times.

The CK and T1 treatments fluctuated over time. The WP of the T2 and T3 treatment
decreased rapidly at 30 d and then increased rapidly, the lowest at 30 d and the highest
at 15 d. The WP at 15 d, 45 d, and 60 d was significantly higher than that at 30d, and
the WP at 15 d was significantly higher than that at 45 d and 60 d (p < 0.05). The WP of
the T4 treatment decreased rapidly and increased slowly, with the lowest at 45 d and the
highest at 15 d. The WP at 15 d was significantly higher than that at 30 d, 45 d, and 60 d,
and the WP at 30 d and 65 d was significantly higher than that at 45 d (p < 0.05).

2.4. Effects of Water Stress on Relative Water Content and Proline Content of Glycyrrhiza
uralensis Leaves

The relative water content (RWC) of Glycyrrhiza uralensis leaves was significantly
affected by both the degree of water stress and time passage (Table 1). The RWC continued
to decrease slowly as the degree of water stress increased (p < 0.05), while proline content
(PR) continued to increase significantly (p < 0.05). Compared with the CK, the RWC of T1,
T2, T3, and T4 treatments decreased by 8.21%, 11.79%, 21.26%, 21.99%, and the PR of T1, T2,
T3, and T4 treatments increased by 44.60%, 111.07%, 174.30%, and 246.91%, respectively.
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Table 1. The effects of different water stress treatments on RWC and proline content of Glycyrrhiza
uralensis. Note: Different lowercase letters indicate a significant difference among treatments or times
at a 5% level.

Treatment Relative Water Content
(RWC) Proline Content (PR)

CK 85.48 ± 1.59a 70.46 ± 9.90e
T1 78.46 ± 1.95b 101.89 ± 15.39d
T2 72.40 ± 2.17c 148.72 ± 18.24c
T3 67.31 ± 2.25d 193.28 ± 19.29b
T4 66.68 ± 5.75d 244.43 ± 13.54a

15 d 67.81 ± 3.20c 176.51 ± 16.90b
30 d 78.84 ± 2.24a 201.02 ± 21.84a
45 d 78.25 ± 1.55a 119.35 ± 17.16c
60 d 71.36 ± 1.54b 110.14 ± 14.60c

The RWC at 30 and 45 d was significantly higher than that at 15 and 60 d (p < 0.05)
as the stress time increased. The PR of Glycyrrhiza uralensis leaves increased at first, then
decreased. At 30 d, the PR was significantly higher than at 15, 45, and 60 d; at 15 d, PR was
significantly higher than at 45, and 60 d (p < 0.05).

2.5. Effects of Water Stress on δ13C Values in Different Organs of Glycyrrhiza uralensis

In different organs of Glycyrrhiza uralensis, the δ13C values were as follows: δ13Croot
> δ13Cstem > δ13Cleave, the δ13C values of different organs were significantly different
(p < 0.05).

The δ13C values of all organs showed an upward trend as the degree of water stress
increased. The δ13Croot of T2, T3, and T4 treatments was significantly higher than the CK
and the T1 treatment. The δ13Cstem of the T4 treatment was significantly higher than the
CK, T1, and T2 treatments, and the δ13Cleave was significantly higher than the CK, T1, T2,
and T3 treatments (p < 0.05) (Figure 4).
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Figure 4. The composition of δ13C value in organs of Glycyrrhiza uralensis under different water stress
conditions. Different lowercase letters indicate a significant difference among treatments at the 5%
level. Different capital letters indicate a significant difference at a 5% level between different organs.

2.6. Effects of Water Stress on the Gas Exchange Parameters of Glycyrrhiza uralensis

As demonstrated in Table 2, the Pn, Tr, Ci, and Gs of Glycyrrhiza uralensis leaves
decreased with the increasing degree of water stress, the CK had the highest, and the CK
and the T1 treatment were significantly higher than the T3 and T4 treatments (p < 0.05).
The WUEi and Ls increased continuously at first, and then decreased significantly in the
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T4 treatment, with the WUEi of T1, T2, and T3 treatments being significantly higher than
the CK and T4 treatment (p < 0.05).

Table 2. Effects of water stress on gas exchange parameters of Glycyrrhiza uralensis. Different
lowercase letters indicate a significant difference at a 5% level between different times.

Index CK T1 T2 T3 T4

Net photosynthetic rate (Pn) 19.74 ± 0.77a 17.61 ± 0.37b 16.84 ± 0.65b 10.14 ± 0.92c 3.62 ± 0.24d
Transpiration rate (Tr) 17.16 ± 0.56a 11.39 ± 0.20b 10.42 ± 0.44b 6.10 ± 0.46c 4.27 ± 0.45d

Intercellular CO2
concentration (Ci) 356.90 ± 2.41a 334.15 ± 2.31b 319.93 ± 2.05c 293.90 ± 5.39d 315.64 ± 5.79c

Stomatal conductance (Gs) 1.07 ± 0.07a 0.50 ± 0.23b 0.39 ± 0.02c 0.18 ± 0.01d 0.10 ± 0.01d
Instantaneous water use

efficiency (Wuei) 0.34 ± 0.02b 0.67 ± 0.03a 0.84 ± 0.04a 1.70 ± 0.14a 3.18 ± 0.33c

Limiting value of stomata (Ls) 1.15 ± 0.04d 1.55 ± 0.02c 1.63 ± 0.09b 1.66 ± 0.06a 0.87 ± 0.08bc

2.7. Effects of Water Stress on Chloroplast and Stomatal Ultrastructure

Under normal water conditions, the chloroplasts of G. uralensis mesophyll cells were
long and semi-circular, distributed close to the cell edge, with a complete structure and
a clear membrane structure. Among them, the crenellations of thylakoids were tight
and smooth, and the stromal lamellae were more evenly distributed and arranged, and
there were a small number of mesophyll granules. The ultrastructure of chloroplasts
changed to varying degrees as the degree of water stress increased (Figure 5a). The
T4 treatment caused the chloroplast to become shorter and swollen to varying degrees, and
the membrane structure of the chloroplasts gradually blurred. The number of osmiophilic
granules increased and accumulated. Starch grains appeared, and their volume gradually
increased. The number of granalamellae decreased, and the structure was fuzzy in the
T4 treatment.
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Figure 5. (a,b): Effects of water stress on chloroplast and stomatal ultrastructures of Glycyrrhiza
uralensis. Ch, Mi, G, S, OG, P, CW, and N represent the chloroplast, mitochondrion, granalamellae,
starch grain, osmiophilic granule, plastoglobulis, cell wall, and nucleus, respectively.

The guard cells in the leaves of Glycyrrhiza uralensis were found to have a typical
reniform equithick wall, and the two guard cells were arranged symmetrically. Under
normal water conditions, the thickness of the upper cell wall of guard cells was larger than
that of the lower cell wall. The chloroplast, mitochondria, nuclear stomatal cavity, and other
structures are clear and distinguishable, with normal morphology and more starch grains.

The guard cells became smaller as the degree of water stress increased, with uneven cell
wall thickening (Figure 5b—T3, T4), protoplast shrinking volume (Figure 5b—T2, T3, T4),
and starch grains gradually disintegrating. The stomatal cavity was shaped like a slender
wine cup and severely deformed (Figure 5b–T4).

2.8. Analysis of Different Organ Biomass and Related Physiological Indexes of Glycyrrhiza uralensis

The biomasses of Glycyrrhiza uralensis organs were negatively correlated with R/S,
δ13Croot, and PR, and positively correlated with Tr and Gs (p < 0.05) (Figure 6). The δ13C
values of each organ were positively correlated with the R/S and PR and negatively
correlated with the leaf biomass, Pn, Tr, and Gs (p < 0.05). The R/S and PR were negatively
correlated with the Pn, Ti, Ci, and Gs (p < 0.05). The RWC and WP were positively correlated
with the Tr, Ci, and Gs and negatively correlated with the Ls (p < 0.05).
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Figure 6. Correlation coefficient between different organ biomasses and related physiological indexes
of Glycyrrhiza uralensis. δ13Cleaf, δ13Cstem, and δ13Croot represent the δ13C values of leaf, stem,
and root; LB, SB, and RB represent the leaf biomass, stem biomass, and root biomass; R/S, PR,
RWC, WP, Pn, Tr, Ci, Gs, WUEi, and Ls represent the root to shoot ratio, proline, relative water
content, water potential, net photosynthetic rate, transpiration rate, intercellular CO2 concentration,
stomatal conductance, instantaneous water use efficiency, and limiting value of stomata, respectively.
* and ** indicate significant correlation at 0.05 and 0.01 levels, respectively.

2.9. The Relationship between the Biomass of Different G.uralensis Organs and the Photosynthetic
Physiological Indexes under Water Stress

Redundancy analysis revealed that RDA1 axis could explain 85.82% of the changes
in organ biomass, which mainly reflected the changes in physiological regulatory factors.
The proline content had the greatest influence on the changes of organ biomass, amounting
to 54.3% of the explanations and 55.6% of the contribution rate (p < 0.01) (Figure 7). In
addition, the Pn and δ13C roots were important factors affecting the changes in organ
biomass, they accounted for 9.9% of the explanation, contributed 10.1%, and the δ13Croot
had a significant influence (p < 0.05) (Table 3).

62



Plants 2022, 11, 1464

Plants 2022, 11, x FOR PEER REVIEW 9 of 16 
 

 

δ13C values of leaf (δ13Cleaf) 5 5.1 3.1 0.084 

Limiting value of stomata (Ls) 1.7 1.7 1.1 0.386 

Intercellular CO2 concentration (Ci) 0.9 0.9 0.5 0.648 

Relative water content (RWC) 3.2 3.3 2.7 0.14 

Statistic Axis 1 Axis 2 Axis 3 Axis 4 

Eigenvalues 0.8582 0.0754 0.0426 0.0003 

Explained variation (cumulative) 85.82 93.36 97.62 97.65 

Pseudo-canonical correlation 0.9959 0.9214 0.9671 0.9563 

 

Figure 7. Results by redundancy analysis between biomass and physiological indexes of Glycyrrhiza 
uralensis. δ13Cleaf, δ13Cstem, and δ13Croot represent the δ13C values of leaf, stem, and root; LB, SB, and RB 
represent the leaf biomass, stem biomass, and root biomass; R/S, PR, RWC, WP, Pn, Tr, Ci, Gs, WUEi 
and Ls represent the root to shoot ratio, proline, relative water content, water potential, net photo-
synthetic rate, transpiration rate, intercellular CO2 concentration, stomatal conductance, instantane-
ous water use efficiency, and limiting value of stomata, respectively. 

3. Discussion 

3.1. Effects of Water Stress on Biomass Allocation of Glycyrrhiza uralensis 

In response to water stress, changes in plant biomass and its distribution ratios to 
different organs reflect its adaptation methods and abilities to the ecological environment 
[16]. Meanwhile, there are stable allometric relationships between plant organ biomass 

and plant metabolism, this change in growth relationships may be the mechanism of 
drought tolerance in plants [17]. In the present study, the above-ground biomass and total 
biomass of Glycyrrhiza uralensis decrease to varying degrees, and the R/S significantly in-

creased under severe water stress. Thus, the proportion of underground biomass was in-

creased by slowing down the growth of the above-ground part, falling leaves, and other 
adaptive characteristics. This may be because plants often allocate more biomass to the 
ground to cope with extreme drought [18]. Under water deficit conditions, Glycyrrhiza 

uralensis increases the available soil water by increasing the root–shoot ratio and thereby 

boosting drought tolerance [19]. We also found a correlation between underground bio-
mass and above-ground biomass under different water stresses (p < 0.05). The allometric 
growth content was greater than one, which further indicates that Glycyrrhiza uralensis 

allocates more resources to enhance the ability of water acquisition by the roots. 

3.2. δ13C Value Composition of Glycyrrhiza uralensis Organs under Water Stress 

In this study, the δ13C values of the roots of Glycyrrhiza uralensis were significantly 
higher than the leaves and stems (p < 0.01), and the δ13C values of different organs were 

as follows: δ13Croots > δ13C stems > δ13C leaves. Similarly, Gao also confirmed that the 13C abun-

dance of fine roots, thick roots, and thick branches was significantly higher than the leaves 

Figure 7. Results by redundancy analysis between biomass and physiological indexes of Glycyrrhiza
uralensis. δ13Cleaf, δ13Cstem, and δ13Croot represent the δ13C values of leaf, stem, and root; LB, SB,
and RB represent the leaf biomass, stem biomass, and root biomass; R/S, PR, RWC, WP, Pn, Tr, Ci,
Gs, WUEi and Ls represent the root to shoot ratio, proline, relative water content, water potential,
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instantaneous water use efficiency, and limiting value of stomata, respectively.

Table 3. Results by redundancy analysis ordination with the first two axes and Monte Carlo permuta-
tion test.

Name Explains % Contribution % Pseudo-F p

Proline (PR) 54.3 55.6 15.4 0.002
Net photosynthetic rate (Pn) 9.9 10.1 3.3 0.072
δ13C values of root (δ13Croot) 9.9 10.1 4.2 0.022
Stomatal conductance (Gs) 6.2 6.4 3.2 0.062

Water potential (WP) 2.8 2.8 1.5 0.25
Instantaneous water use efficiency

(WUEi) 1.5 1.5 0.8 0.506

Transpiration rate (Tr) 0.8 0.8 0.4 0.72
δ13C values of stem (δ13Cstem) 1.5 1.6 0.7 0.546
δ13C values of leaf (δ13Cleaf) 5 5.1 3.1 0.084

Limiting value of stomata (Ls) 1.7 1.7 1.1 0.386
Intercellular CO2 concentration (Ci) 0.9 0.9 0.5 0.648

Relative water content (RWC) 3.2 3.3 2.7 0.14
Statistic Axis 1 Axis 2 Axis 3 Axis 4

Eigenvalues 0.8582 0.0754 0.0426 0.0003
Explained variation (cumulative) 85.82 93.36 97.62 97.65

Pseudo-canonical correlation 0.9959 0.9214 0.9671 0.9563

3. Discussion
3.1. Effects of Water Stress on Biomass Allocation of Glycyrrhiza uralensis

In response to water stress, changes in plant biomass and its distribution ratios to dif-
ferent organs reflect its adaptation methods and abilities to the ecological environment [16].
Meanwhile, there are stable allometric relationships between plant organ biomass and
plant metabolism, this change in growth relationships may be the mechanism of drought
tolerance in plants [17]. In the present study, the above-ground biomass and total biomass
of Glycyrrhiza uralensis decrease to varying degrees, and the R/S significantly increased
under severe water stress. Thus, the proportion of underground biomass was increased
by slowing down the growth of the above-ground part, falling leaves, and other adaptive
characteristics. This may be because plants often allocate more biomass to the ground
to cope with extreme drought [18]. Under water deficit conditions, Glycyrrhiza uralensis
increases the available soil water by increasing the root–shoot ratio and thereby boosting
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drought tolerance [19]. We also found a correlation between underground biomass and
above-ground biomass under different water stresses (p < 0.05). The allometric growth
content was greater than one, which further indicates that Glycyrrhiza uralensis allocates
more resources to enhance the ability of water acquisition by the roots.

3.2. δ13C Value Composition of Glycyrrhiza uralensis Organs under Water Stress

In this study, the δ13C values of the roots of Glycyrrhiza uralensis were significantly
higher than the leaves and stems (p < 0.01), and the δ13C values of different organs were
as follows: δ13Croots > δ13C stems > δ13C leaves. Similarly, Gao also confirmed that the
13C abundance of fine roots, thick roots, and thick branches was significantly higher
than the leaves [20]. This may be because roots accumulate 13C more easily than leaves
and stems. Photosynthetic organs usually contain a low δ13C value, and most of the
stems of herbaceous plants are also green photosynthetic organs. Therefore, the isotopic
fractionation metabolism of the stems of herbaceous plants is closer to the leaves than that
of wood and roots [21,22]. This indicates that the 13C fractionation produced by the leaves
and stems was smaller than the roots. The main reason for plants 13C fractionation may
be the heterogeneity of the chemical composition of their organs, and organs with high
cellulose content are more likely to enrich 13C [23].

With water stress intensifies, plant species always have improved their δ13C values,
and WUE will increase with increasing δ13C values [11,12]. The Glycyrrhiza uralensis in this
study also conforms to this feature. However, we found that the leaf δ13C value of seedling
was significantly lower than that of uncultivated Glycyrrhiza uralensis [14,15], indicating
that wild plants or cultivated perennials have higher leaf WUE than young plants. This
indicates that δ13C values of plants have organ and growth stages specificity under water
stress [13].

3.3. Responses of Water Physiological Characteristics of Glycyrrhiza uralensis to Water Stress

Li suggested two types of drought-resistant plants: the first one has a high-water
potential, a delayed dehydration, and drought tolerance, and the second one has a low water
potential, tolerant dehydration, and drought tolerance [24]. The first type of plant delays
the occurrence of dehydration through limited water loss, maintaining water absorption
capacity. The second type of plant tolerates dehydration by increasing the water absorption
capacity, maintaining turgor pressure, and reducing water loss. Yang and Song argued
that under water stress, plants with less evident changes in water potential have a stronger
ability to maintain normal turgor pressure [25,26]. They can maintain a specific amount
of water and nutrient transport capacity. In this study, the leaf WP of Glycyrrhiza uralensis
showed a downward trend as the intensity of water stress increased, dropping sharply
under moderate water stress at the earlier times and increasing under severe stress at the late
stages of stress. This demonstrates that Glycyrrhiza uralensis could regulate osmotic potential
by decreasing the leaf WP, enhancing water absorption, resisting tissue dehydration, and
being sensitive to drought-resistance.

Meanwhile, Glycyrrhiza uralensis accumulated PR in a large amount under water stress
at the earlier times and decreased at the late stages of stress. Although Glycyrrhiza uralensis
decreased the RWC with the intensity of water stress but stabilized it throughout all stress
times. This showed that Glycyrrhiza uralensis maintained a certain turgor pressure to resist
dehydration through the coordination of different physiological activities [27]. Based on
the classification proposed by Li, we categorized this plant as close to the second type of
drought-resistance [24].

3.4. Photosynthetic Physiological Properties of Glycyrrhiza uralensis Respond to Water Stress

The photosynthetic capacity of plant mesophyll cells is determined to some extent
by the mesophyll cell’s ultrastructural characteristics [28]. In this study, water stress
had a significant effect on the ultrastructure of epidermal cells of Glycyrrhiza uralensis
leaves. Under severe water stress, the grana of chloroplasts underwent changes such as
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bending, swelling, and disarrangement, and osmophilic grains (lipid bodies) significantly
increased and aggregated. Some chloroplast envelopes ruptured or even disintegrated, and
inclusions flowed out. These results are consistent with the findings of various previous
studies [29,30]. The guard cells of Glycyrrhiza uralensis were severely deformed, the cell
wall was inhomogeneously thickened, the organelles and solutes decreased, and the cells
were damaged. At this point, osmotic substances in guard cells were expelled or consumed,
leading to water outflow and stomatal closure [31]. It was further confirmed in the present
study that Glycyrrhiza uralensis was sensitive to water stress and regulated stomata by
osmotic substance content and morphological changes.

In general, the response mechanism of photosynthesis is different under different
water stress conditions. the decrease of Pn and Ci under mild water stress is the result
of stomatal restriction. Under severe water stress, the photosynthetic apparatus and the
photosynthetic enzyme system of plants were destroyed, and the non-stomatal restriction
was the main reason for the decrease of Pn. Due to the decrease of the photosynthetic
enzyme activity of mesophyll cells, the discrimination of δ13C was weakened, which
resulted in the increase of the δ13C value, but the WUEi decreased [20,32]; our data also
confirmed this feature of Glycyrrhiza uralensis. Therefore, under mild water stress, the Pn
and Ci of plants decrease, and their absorption of 12CO2 is relatively reduced, but their
δ13C value and water use efficiency increase due to stomatal restriction [33,34]. In this
study, the change patterns of Pn, Tr, Gs, and Ci of Glycyrrhiza uralensis belonged to stomatal
restriction under the T1-T3 treatments. Under severe water stress, the decreased range
of Pn was higher than Tr, which led to the WUEi and Ls decreasing significantly, but the
δ13C value increased. Thus, a non-stomatal restriction may play a dominant role under
severe water stress when combined with changes in morphological and water physiological
characteristics.

3.5. Water Use Strategy and Adaptation Mechanism of Glycyrrhiza uralensis in Response to
Water Stress

Many studies have shown that plants adopt a survival adaptation strategy in arid
habitats by improving the WUE and coordinating related physiological and metabolic
functions to maintain the plant’s maximum water absorption capacity or minimum water
loss to maintain survival [35,36]. Gulías found that neither F. arundinacea nor D. glomerata
cultivars showed a trade-off between high WUE and biomass production, indicating
that these plants have both the characteristics of efficient water use and productivity
retention [2], whereas the other types of plants usually sacrifice above-ground biomass for
efficient water use [37]. Here, we found that the δ13C values of Glycyrrhiza uralensis organs
were significantly positively correlated with PR and root–shoot ratio and significantly
negatively correlated with leaf biomass and gas exchange parameters. The change in water
use efficiency was consistent with the change of root biomass and its reaction direction.
Redundancy analysis further verified these results; physiological water regulation of
Glycyrrhiza uralensis was the main component in the response vector to water stress. So, we
concluded that Glycyrrhiza uralensis maintains water content and turgor pressure, promotes
root biomass accumulation by increasing the root WUEi, resists tissue dehydration with a
higher RWC, and maintains a specific photosynthetic yield, which is a water conservation
strategy.

As the above analysis showed, in response to water stress, there was a significant trade-
off between the biomass accumulation and water use efficiency of Glycyrrhiza uralensis.
Glycyrrhiza uralensis responded positively to drought stress by increasing the root-to–shoot
ratio and WUE while reducing biomass accumulation, regulating water status to match
soil water supply capacity by osmosis and stomatal regulation, and maintaining relative
humidity at a stable RWC, so as to reduce the risk of hydraulic imbalance. However, in
order to ensure the safety of the plant hydraulic system and maintain the viability of the
plant, the adaptation mode will change continuously or transitively with the change of
drought degree [38].
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4. Materials and Methods
4.1. Seed Collection and Nursery

The mature seeds of Glycyrrhiza uralensis were collected from the desert steppe natural
restoration area in Gaoshawo, Yanchi County, Ningxia. Seedlings were grown in plugs in
April and transplanted when the seedlings of Glycyrrhiza uralensis grew to more than 5 cm.

4.2. Soil Treatment and Its Physical and Chemical Properties

The desert soil was collected from the field sampling site at Gaoshawo, Yanchi County,
and was transported to the agricultural experiment base (greenhouse) of the College
of Agriculture, Ningxia University, China. The temperature inside the greenhouse was
28 ◦C/16 ◦C (day/night), with natural light. The soil was packed into self-made PVC plastic
tubes with a diameter of 20 cm and a height of 40 cm after three days of sun exposure and
screening out weeds and stones. Each tube contained 7.5 kg of soil, and the bottom of the
tube was sealed with hard gauze. The field water holding capacity (FC) was 20.44 ± 2.74%,
the volume weight was 1.45 ± 0.06 g·cm−3, and the saturation moisture capacity was
28.58%, close to the field sampling site. Bao’s method was used to investigate the physical
and chemical properties of soil [39]: soil organic matter was 5.80 g·kg−1, total nitrogen
was 0.38 g·kg−1, total phosphorus was 0.22 g·kg−1, total kaliun was 19.19 g·kg−1, alkali-
hydrolyzable nitrogen was 27.33 mg·kg−1, rapidly available phosphorus was 5.27 mg·kg−1,
available potassium was 113.31 mg·kg−1, total salt was 0.058 g·kg−1, and pH values
were 9.45.

4.3. Design of Experiment

The experiment adopted a randomized block design with two factors (water gradient× times),
and the water gradient treatment was divided into 5 gradients, each with three blocks.

Control (CK) for normal water supply, maintaining field water capacity between
70–80%. Treatment 1 (T1) was mild water stress, and field water capacity was between
60–70%. Treatment 2 (T2) was moderate water stress, and the field water capacity was
40–60%. Treatment 3 (T3) was relatively severe water stress, and field water capacity was
30–40%. Treatment 4 (T4) was severe water stress, and field water capacity was 20–30%.

After the seedlings were transplanted and new roots grew, five plants with the same
growth were kept in each pot. The soil moisture was balanced regularly (2–3 d), and the
field water capacity was maintained around 70–80%. After 15 d of growth, the moisture
was being controlled. A TDR soil moisture meter (Mini Trase with soil-moisture TDR
Technology, USA) was used to measure soil volumetric moisture content in each pot daily
to ensure the soil’s water content in each treatment reaches the set level. The weight of each
pot was measured every two days with an electronic scale. According to the soil moisture
content and water consumption in each pot, the additional water contents were calculated
to ensure the set range. The surface of each pot was covered with polyethylene plastic
particles to prevent water evaporation.

4.4. Test Items

(1) Plant biomass of different organs
During different periods (15, 30, 45, and 60 d) of water stress, Glycyrrhiza uralensis was

harvested and returned to the laboratory. The roots, stems, and leaves were put into paper
bags and dried in an oven at 65 ◦C for 48 h, the dry weight of these plant components was
measured. Each treatment was repeated five times.

Root to shoot ratio (R/S) = aboveground biomass/underground biomass.

Aboveground biomass = dry weight of stem biomass (SB, g) + dry weight of leaf biomass (LB, g). (1)

Underground biomass = roots biomass dry weight (RB, g). (2)
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The linear correlation between the above-ground and underground biomass of Glycyrrhiza
uralensis was analyzed using the correlation growth relationship model (Y = β Xα). In the for-
mula, Y is the underground biomass (BGB), β is the scaling constant, X is the above-ground
biomass (AGB), α is allometric growth index, α = 1 is the isometric growth relationship,
and α 6= 1 is the allometric growth relationship. After the logarithmic transformation of
biomass data, its power function is converted to the form of log = logβ + αlogX, where α is
the slope of linear regression, and logβ is the intercept of linear regression.

(2) Relative leaf water content (RWC), free proline content (PR), and the leaf water
potentials (WP)

During different periods (15, 30, 45, and 60 d) of water stress, fully expanded, healthy
leaves were collected, while old leaves and new leaves were avoided. After sampling, a
part of each plant was quickly determined for the fresh weight (FW) of the leaves, put
in a container with distilled water (plastic bag), and let to stand for more than 12 h in a
refrigerator at 4 ◦C. Then the absorbent paper was used to absorb water on the surface of
the leaves and measure the weight of the leaves, which were the saturated weight (TW)
of the leaves. Then the leaves were dried in an oven at 65 ◦C for 48 h, and the dry weight
(DW) of the leaves was measured.

RWC (%) = (FW − DW)/(TW − DW) × 100.

The free proline content was determined by the acidic-ninhydrin method.
The situ determination method was used to measure the water potential of plant leaves

in the early morning, and the Wescor psychrometer (PSYPRO water potential measurement
system) was used to suite the C-52 sample room. During the determination, the plant leaves
were clamped in the plant in-situ leaf chamber, balanced for 1 h, and the leaf chamber was
completely sealed with plasticine. The leaves of the tested plant completely covered the
measurement chamber. After 1 h, the probe was connected to the PSYPRO host to measure
the leaf water potential.

(3) Carbon stable isotope composition (δ13C) of different organs.
Plant leaves of each treatment at the end of water stress were sampled, 15 leaves of

five plants (3 leaves each plant) as one sample. Fully expanded, healthy, and southern
leaves were selected from the sample plants. The plant leaves were dried at 60 ◦C for 72 h
and then ground into powder and passed through a 100-mesh sieve for carbon isotope
analyses, which were conducted at the Huake Jingxin Stable Isotope Laboratory of Tsinghua
University, Shenzhen, China. The 13C/12C isotope composition was determined from 1-mg
samples with a DELTAV Advantage isotopic ratio mass spectrometer (Thermo Fisher
Scientific, Inc., USA). After high temperature combustion in the element analyzer, the
samples generated CO2. The mass spectrometer detected the 13C and 12C ratio of CO2 and
compared them with the international standard (Pee Dee Belnite or PDB, a shell fossil in
the ocean, with a 13C content of 1.124%), then calculated the δ13C value of the samples. The
δ13C values were expressed in parts per thousand (‰) and expressed as follows:

δ13C (‰) =
(

Rsample/Rstandard − 1
)
× 1000,

where R is the molar ratio of the heavy to light isotopes in the sample relative to the
appropriate standards. The Pee Dee Belemnite carbonate was used as the standard for C.
The accuracies of analyses were < ±0.1‰.

(4) The gas exchange parameters.
The gas exchange parameters of flag leaves were measured between 9:00 and 11:00 us-

ing a potable photosynthesis analyzer (LI-6400 by Li-Cor, USA) at the end stage of water
stress. The gas exchange measurements were the average of three readings within 15 s.
Three leaves lied on the equal node in each pot were determined, averaging each parameter
of three leaves.

Instantaneous water use efficiency (WUEi) = Pn/Tr,
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stomatal limit value (Ls) = (1 − Ci/Ca) × 100,

where Pn is net photosynthetic rate, Tr is transpiration rate, Ci is intercellular CO2 concen-
tration, Ca is atmospheric CO2 concentration

(5) Observations of the leaf ultrastructure.
After 60 d of water stress treatment, the upper functional leaves of each treatment (five

plants with basically the same growth status) were sampled at 8:00–9:00 in the morning
under sunny weather. Six plants with basically the same growth status were selected from
each treatment, and two upper functional leaves were taken from each plant. Afterwards,
it was refrigerated at 4 ◦C and brought back to the laboratory. A sharp double-sided blade
was used to crosscut the rectangular pieces of approximately 1 cm × 0.5 cm along the
middle of the main veins of the leaves. The pieces were immediately fixed at 4 ◦C for 3 h
with a 4% glutaraldehyde prefixative solution, then washed with 0.1 m sodium dimethyl
arsenate three times, and the washing solution was replaced at an interval of 2 h. Then
it was fixed with a 1% post-fixative solution of osmium at 4 ◦C for 2 h, washed twice
with 0.1 m sodium dimethyl arsenate at an interval of 15 min, and dehydrated in gradient
alcohol at room temperature, permeated and embedded with epoxy resin Epon812, and
polymerized for 48–72 h in an incubator at 60 ◦C.

The embedded plant leaves were made into semi-thin slices with a thickness of 2–4 µm
on leica UC-6 ultra-thin slicing machine. The test material was positioned under an optical
microscope to determine the structural parts to be observed. After localization, leica UC-
6 ultrathin slicing machine was used to slice the ultrathin slices with a thickness of 70–80 nm.
The ultrathin slices were observed and photographed by JEM-2100HC transmission electron
microscope after dual staining with uranium dioxy acetate and lead citrate.

4.5. Statistical Analyses

The original data were collated and displayed in Excel 2010. IBM SPSS Statistics
23 software was used to perform single or double factorial analysis of variance. Duncan’s
method for multiple comparisons was adopted when there were significant differences.
Correlation analysis (CA) and redundancy analysis (RDA) was performed on the data by R
software and Origin 2018.

5. Conclusions

Under water stress, more biomass was allocated to the underground part of Glycyrrhiza
uralensis, resulting in a significant increase in the R/S ratio. The biomass of above-ground
and underground parts showed allelic growth biased to the accumulation of underground
biomass. The δ13C values in all organs of Glycyrrhiza uralensis increased, the WP and PR of
leaves significantly responded to mild and moderate water stress from 30 d and the RWC
was exhibited a lower range of change. Glycyrrhiza uralensis exhibited sensitive responses
to water shortages and maintained a certain turgor pressure to resist dehydration, which
is a water conservation strategy. Meanwhile, the WUEi and Ls increased continuously
and decreased significantly under severe water stress. The most significant morphological
changes in chloroplast and guard cells began at T3 treatment. So, a non-stomatal restriction
may play a dominant role under severe water stress.

We summarized that Glycyrrhiza uralensis could maintain water content and turgor
pressure under water stress, promote root biomass accumulation, and improve water use
efficiency, which was a water-conservation strategy showing a mechanism for both drought
tolerance and avoidance.
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Abbreviations

Abbreviation Full Name
δ13Cleaf δ13C values of leaf
δ13Cstem δ13C values of stem
δ13Croot δ13C values of root
LB leaf biomass
SB stem biomass
RB root biomass
R/S root to shoot ratio
PR proline
RWC relative water content
WP water potential
Pn net photosynthetic rate
Tr transpiration rate
Ci intercellular CO2 concentration
Gs stomatal conductance
WUEi instantaneous water use efficiency
Ls limiting value of stomata
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Abstract: Plant leaf stoichiometry reflects its adaptation to the environment. Leaf stoichiometry
variations across different environments have been extensively studied in grassland plants, but little
is known about intraspecific leaf stoichiometry, especially for widely distributed species, such as
Stellera chamaejasme L. We present the first study on the leaf stoichiometry of S. chamaejasme and
evaluate its relationships with environmental variables. S. chamaejasme leaf and soil samples from
29 invaded sites in the two plateaus of distinct environments [the Inner Mongolian Plateau (IM)
and Qinghai-Tibet Plateau (QT)] in Northern China were collected. Leaf C, N, P, and K and their
stoichiometric ratios, and soil physicochemical properties were determined and compared with
climate information from each sampling site. The results showed that mean leaf C, N, P, and K
concentrations were 498.60, 19.95, 2.15, and 6.57 g kg−1; the average C:N, C:P, N:P, N:K and K:P
ratios were 25.20, 245.57, 9.81, 3.13, and 3.21, respectively. The N:P:K-ratios in S. chamaejasme leaf
might imply that its growth is restricted by K- or K+N. Moreover, the soil physicochemical properties
in the S. chamaejasme-infested areas varied remarkably, and few significant correlations between
S. chamaejasme leaf ecological stoichiometry and soil physicochemical properties were observed.
These indicate the nutrient concentrations and stoichiometry of S. chamaejasme tend to be insensitive
to variations in the soil nutrient availability, resulting in their broad distributions in China’s grasslands.
Besides, different homeostasis strength of the C, N, K, and their ratios in S. chamaejasme leaves across
all sites were observed, which means S. chamaejasme could be more conservative in their use of
nutrients improving their adaptation to diverse conditions. Moreover, the leaf C and N contents
of S. chamaejasm were unaffected by any climate factors. However, the correlation between leaf P
content and climate factors was significant only in IM, while the leaf K happened to be significant in
QT. Besides, MAP or MAT contribution was stronger in the leaf elements than soil by using mixed
effects models, which illustrated once more the relatively weak effect of the soil physicochemical
properties on the leaf elements. Finally, partial least squares path modeling suggested that leaf P or K
contents were affected by different mechanisms in QT and IM regions, suggesting that S. chamaejasme
can adapt to changing environments by adjusting its relationships with the climate or soil factors to
improve its survival opportunities in degraded grasslands.
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1. Introduction

Ecological stoichiometry plays an important role in analyzing the composition, struc-
ture, and function of a concerned community and ecological system [1–3]. Over the last a
few decades, one particular focus of ecological stoichiometry has been to document large-
scale patterns of and the driving factors for plant carbon: nitrogen: phosphorus (C:N:P)
stoichiometry [4–8]. The relationship between leaf stoichiometry, geographic patterns,
and climate factors have been studied on both global and regional scales. Geographical
variation in foliar ecological stoichiometry is a challenging issue to plant ecologists [5,9–11].
Meanwhile, the homeostasis (H) of element composition is one of the central concepts of
ecological stoichiometry, and its strength is related to the ecological strategy and adaptabil-
ity of species [2,12]. Stoichiometric homeostasis can help predict the strategies that are used
by different plant species to cope with limited resources [2,13]. The nutrient conservatism
of high H-species could be important mechanism contributing to their success, particularly
in natural (unmodified) terrestrial ecosystems, where nutrient supply is often limited and
highly variable [14,15]. Indeed, the stoichiometric homeostasis of plants varied with species,
growth stages, and element types [16–19].

Stellera chamaejasme L. is a native perennial weed that has distributed abundantly in
the alpine meadow on the eastern Tibetan Plateau and typical steppe on eastern Inner
Mongolia Plateau of China [20,21]. It competes with forage-grass species for water, nu-
trition, and space, thereby decreasing the quality of the forage grass and shortening the
use of grasslands [22]. The whole plant of S. chamaejasme is poisonous and its roots and
pollens are most toxic, therefore, livestock may be poisoned by inadvertently inhaling the
pollen while grazing [23]. It has become one of the most serious weeds threatening a wide
range of grasslands, which were grazed heavily, posing potential hazards to the grassland
ecological safety and its impact on animal husbandry sustainability [21]. Previous studies
of S. chamaejasme focused on its nutrient uptake efficiency and water use efficiency com-
pared to co-existing species [21], its allelochemicals and allelopathic effects on forages [24],
and weed control techniques and use [25], but no similar phylogeographical study had
ever been conducted on S. chamaejasme. Plant nutrient and stoichiometry are key foliar
traits with great ecological importance, but previous publications provide limited insight
into the biogeographic leaf nutrient and stoichiometry patterns for S. chamaejasme [21].
As habitat heterogeneity tends to increase with geographical scale, wide-ranging species
can usually use a wide array of resources and tolerate broad environmental conditions or
physiological stresses and flourish over a larger area [26,27]. Recent studies have assumed
that wide-ranging species always have stronger homeostasis or a weak relationship with
nutrient concentrations than narrow-ranging species in response to environmental factors
(e.g., soil fertility) [15,26]. The widespread nature of S. chamaejasme may be associated with
its stoichiometric homeostasis.

Several studies on a regional and global scale reported that changes of the leaf N
and P stoichiometry are associated with many biotic and abiotic factors, including climate
variables, soil properties, species type, and plant functional groups [4–7,10,28–30]. How-
ever, sample collection is commonly limited to a few individuals, a few populations, and
averaged at the population or species level, disregarding the intraspecific variability [31].
Investigating the geographic variation within species can help uncover the mechanisms
of relationships between plant tissue nutrients and environments [32] by excluding the
confounding effects of taxonomic and phylogenetic structure such as those that have been
found to influence the geographic patterns in leaf nutrients, and their linkages to climate
and soil. Since relationships between environment and plant traits along environmental
gradients could be presented as evidence of environmental control over species distribution,
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examining plant-environment (e.g., climate and soil nutrient availability) interactions may
provide some insights into the underlying mechanisms of S. chamaejasme distribution in
degraded grasslands. However, no studies have yet incorporated information on the geo-
graphic patterns in leaf stoichiometry of S. chamaejasme in relation to environmental factors.

This study aimed to assess the element stoichiometry of S. chamaejasme leaves in
degraded grasslands across northern China. The distinct regions of the Qinghai-Tibetan
Plateau (QT) and Inner Mongolia Plateau (IM) provide a unique opportunity to test whether
there are significant differences in leaf stoichiometry under different environmental condi-
tions and to examine how and to what extent soil and climate modify leaf stoichiometry
of S. chamaejasme across degraded grasslands. In general, most researchers focused on the
roles of C, N, and P stoichiometry in the ecological process from individuals to ecosystems,
but potassium (K) is an essential macronutrient that has been partly overshadowed by C, N,
and P [5,8,33,34]. Our study also focuses on leaf K concentrations of S. chamaejasme, which
broadens the contents of ecological stoichiometry. We hypothesized that: (1) S. chamaejasme,
a wide-spread weed, would exhibit small variation in leaf stoichiometry and tolerate broad
environmental conditions; in other words, S. chamaejasme may have stoichiometric home-
ostasis and, (2) due to the differences in limiting factors to vegetation in QT and IM, the
relationship between S. chamaejasme and environmental factors may be related to different
factors in the two regions. To test our hypotheses, we first explored the overall biogeo-
graphic patterns of C, N, P, and K stoichiometry of S. chamaejasme leaves from 29 sampling
sites in the two grassland ecosystems in northern China. We then disentangled the effects
of soil and climate on the overall plant stoichiometry pattern and compared the difference
between the two regions.

2. Results
2.1. Pattern of Leaf Ecological Stoichiometry and Soil Physicochemical Properties of S. chamaejasme

Leaf C, N, P, K, and C:N, C:P, N:P, N:K, K:P of S. chamaejasme varied little across all
the study sites (Table 1 and Table S1). The mean leaf C, N, P, and K across all sites were
498.60 g kg−1, 19.95 g kg−1, 2.15 g kg−1, and 6.57 g kg−1, respectively, and the CV% of
leaf P was the largest. Moreover, the mean leaf C:N ratio was 25.20, C:P ratio 245.57, N:P
ratio 9.81, N:K ratio 3.13, and K:P ratio 3.21. Inconsistent with the pattern of leaf results,
the soil physicochemical properties of S. chamaejasme-infested areas varied remarkably
(Tables 2 and S2). The soil C, N, P, and K exhibited large variations, primarily ranging c.
5.87–84.74 g kg−1 for C; 0.24–7.43 g kg−1 for N, 0.20–0.82 g kg−1 for P, and 0.95–30.55 g
kg−1 for K. The variation in the soil K content across all the study sites was about 32 times
(maximum/minimum), which was the most variable element among the four total elements.
The soil mean C:N, N:P, C:P, N:K, and K:P ratios were 13.54, 77.72, 6.34, 0.20, and 38.73,
respectively. For the available soil nutrients, soil NN variation was considerably larger
than that for the AP, AK, and AN content, as evidenced by coefficients of variation (CVs).
Similarly, soil WC, pH, and Ec showed a greater variation throughout the sampling areas.

When comparing the leaf element contents and stoichiometry of S. chamaejasme in QT
and IM, we found that only the leaf K concentrations, N:K and K:P ratio were significantly
different between the two regions (Table 1). Moreover, most soil physicochemical properties
were higher in QT than those in IM, except soil AN, NN, and Ec. Specifically, soil P, K, AP,
WC, and pH were significantly higher in QT than IM, but soil Ec was significantly lower in
QT. Similarly, soil C, N, P, and K stoichiometry showed no significant difference between
QT and IM (Table 2).
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Table 1. Regional S. chamaejasme leaf ecological stoichiometry. SD is the standard deviation and CV is
the coefficient of variation. Differences between QT and IM were tested using independent t-test;
significant differences at p < 0.05 are indicated by different letters.

All (n = 29) QT (n = 19) IM (n = 10)
Mean ± SD CV (%) Mean ± SD CV (%) Mean ± SD CV (%)

Carbon (g kg−1) 498.60 ± 22.07 4.43 498.97 ± 21.14 4.24 497.89 ± 24.91 5.00
Nitrogen (g kg−1) 19.95 ± 2.09 10.47 19.94 ± 2.02 10.15 19.97 ± 2.32 11.63

Phosphorus (g kg−1) 2.15 ± 0.52 24.33 2.21 ± 0.53 24.15 2.05 ± 0.52 25.20
Potassium (g kg−1) 6.57 ± 1.18 17.94 7.13 ± 0.99 a 13.94 5.51 ± 0.66 b 12.02

C:N 25.20 ± 2.27 8.99 25.21 ± 2.18 8.65 25.18 ± 2.543 10.09
C:P 245.57 ± 61.64 25.10 239.45 ± 61.85 25.83 257.20 ± 62.77 24.41
N:P 9.81 ± 2.60 26.54 9.63 ± 2.89 30.05 10.15 ± 2.04 20.05
N:K 3.13 ± 0.63 20.10 2.84 ± 0.45 b 15.70 3.67 ± 0.58 a 15.83
K:P 3.21 ± 0.93 28.89 3.42 ± 1.02 a 29.76 2.81 ± 0.57 b 20.44

Table 2. Regional S. chamaejasme soil physicochemical properties. SD is the standard deviation and
CV is the coefficient of variation. Differences between QT and IM were tested using independent
t-test; significant differences at p < 0.05 are indicated by different letters.

All (n = 29) QT (n = 19) IM (n = 10)
Mean ± SD CV (%) Mean ± SD CV (%) Mean ± SD CV (%)

Carbon (g kg−1) 46.11 ± 21.63 46.90 48.65 ± 18.31 37.63 41.29 ± 27.30 66.11
Nitrogen (g kg−1) 3.75 ± 1.70 45.24 3.93 ± 1.68 42.70 3.41 ± 1.77 51.85

Phosphorus (g kg−1) 0.57 ± 0.17 29.24 0.61 ± 0.13 a 22.04 0.49 ± 0.20 b 40.88
Potassium (g kg−1) 20.80 ± 5.86 28.17 22.23 ± 5.00 a 22.49 18.09 ± 6.66 b 36.82

C:N 13.54 ± 6.72 49.62 14.80 ± 7.89 53.30 11.16 ± 2.54 22.91
C:P 77.72 ± 26.00 33.46 79.31 ± 25.53 32.19 74.69 ± 28.01 36.06
N:P 6.34 ± 2.16 34.13 6.25 ± 2.44 39.10 6.52 ± 1.61 25.58
N:P 0.20 ± 0.14 68.81 0.18 ± 0.08 42.44 0.25 ± 0.21 85.03
K:P 38.73 ± 15.12 39.04 38.68 ± 13.27 34.31 38.83 ± 18.95 48.81

Available phosphorus
(mg kg−1) 5.29 ± 1.96 37.07 5.84 ± 1.90 a 32.57 4.25 ± 1.70 b 40.09

Available potassium
(mg kg−1) 175.91 ± 96.39 54.79 176.69 ± 106.27 60.14 174.43 ± 79.47 45.56

Ammonium nitrogen
(mg kg−1) 19.17 ± 7.89 41.14 19.05 ± 7.64 40.12 19.39 ± 8.75 45.11

Nitrate nitrogen (mg
kg−1) 14.12 ± 14.20 100.59 12.95 ± 4.46 34.42 16.35 ± 24.07 147.25

Water content 0.18 ± 0.08 44.51 0.21 ± 0.08 a 36.46 0.14 ± 0.07 b 53.50
pH 7.90 ± 0.51 6.41 8.05 ± 0.39 a 4.90 7.63 ± 0.60 b 7.89

Electrical conductivity
(µs cm−1) 247.21 ± 221.21 89.48 193.96 ± 74.42 b 38.37 348.38± 351.86 a 101.00

2.2. Ecological Stoichiometry Homeostasis of S. chamaejasme in Degraded Grassland

Pearson correlations analysis indicates that there are only weak or no correlations
between leaf ecological stoichiometry and soil physicochemical properties (Table S3). Fur-
thermore, the relationships between leaf elements and stoichiometry of S. chamaejasme
and soil by using the homeostasis model were analyzed (Table 3). For C, N (vs. soil N
and nitrate N), and K (vs soil K and available K) content, and C:N, N:K, K:P ratios of
S. chamaejasme leaves were categorized as ‘strictly homeostatic’ (p > 0.1). The leaf P content
and C:P were ‘weakly plastic’, and the leaf N (vs. soil ammonium N) and N:P ratio were
classified as ’weakly homeostatic’.
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Table 3. Standardized major axis regression analysis and stoichiometric homeostasis coefficients
(H) for leaf C, N, P, and K contents and leaf C:N:P:K ratio in S. chamaejasme (n = 29). All data have
been log10-transformed before analysis. If the regression was non-significant (p > 0.1), 1/H was set
to zero, and the organism was considered to be ‘strictly homeostatic’. Species with 1/H = 1 were
considered not homeostatic. All datasets with significant regressions and 0 < H < 1 were categorized
as: 0 < 1/H < 0.25: ‘homeostatic’; 0.25 < 1/H < 0.5: ‘weakly homeostatic’; 0.5 < 1/H < 0.75: ‘weakly
plastic’; 1/H > 0.75 ‘plastic’. For 1/H > 1, 1/H close to 1 indicates weak or no stoichiometric
homeostasis, and 1/H much larger than 1 indicates ‘homeostatic’.

Y X 1/H (slope) p r2 Category

Leaf C Soil C 0 0.351 0.0323 strictly homeostatic

Leaf N
Soil N 0 0.829 0.0017 strictly homeostatic

Soil ammonium N −0.273 0.089 0.1033 weakly homeostatic
Soil nitrate N 0 0.291 0.0412 strictly homeostatic

Leaf P
Soil P 0.660 0.042 0.1437 weakly plastic

Soil available P 0.622 0.002 0.2968 weakly plastic

Leaf K
Soil K 0 0.112 0.0910 strictly homeostatic

Soil available K 0 0.154 0.0738 strictly homeostatic
Leaf C:N Soil C:N 0 0.789 0.0028 strictly homeostatic
Leaf C:P Soil C:P −0.622 0.018 0.1915 weakly plastic
Leaf N:P Soil N:P −0.474 0.085 0.1061 weakly homeostatic
Leaf N:K Soil N:K 0 0.956 0.0001 strictly homeostatic
Leaf K:P Soil K:P 0 0.774 0.0031 strictly homeostatic

2.3. Spatial Variation of Leaf Elements of S. chamaejasme in Relation to Climatic Factors

No significant relationships among the leaf C and N content and two climatic factors
(MAT and MAP) were found using data for all the sample sites or regions (Figure 1). For all
the study sites, only the leaf K content was correlated with MAT (p < 0.001, Figure 1d). For
the regions, it should be noted that in IM, the relationship between the leaf P and climatic
factors was significant, but K was not; on the contrary, the K content of S. chamaejasme leaves
was related to climatic factors but P was not in QT. To be specific, the leaf P concentration
increased with increasing MAT and MAP in IM. Moreover, with increasing MAT, leaf K
had an increasing trend, but increasing MAP showed an opposite trend in QT.

2.4. Relative Roles of Soil and Climatic Factors in Leaf Elements of S. chamaejasme

Variation in the leaf C and P heterogeneity across all the sites was mainly explained
by the MAP (C: 46.46%; P: 36.49%; Table S4). MAT explained a relatively larger percentage
of variation in the leaf N heterogeneity (72.62%) and leaf K heterogeneity (51.46%). The
interaction of soil, MAP, and MAT explained the different percentage of the variation in
four elements (C: 22.16%; N: 6.99%; P: 22.03%; K: 11.85%).

What is more, both the leaf P and K contents of S. chamaejasme were affected by soil and
climatic factors. Thus, a more in-depth analysis using partial least squares path modeling
revealed direct and indirect effects of the environmental drivers on leaf P and K content
of S. chamaejasme in different regions (Figure 2, Table S5). Firstly, the influence of climatic
factors on soil were bigger in IM than that in QT, and the effect of climatic factors on soil
was significant on LP in IM. Secondly, we found that soil factors had a significant effect
only on LP in QT only. Thirdly, the effect of climate factors on LP was significant in IM, but
the direct effect of climate factors on LP or LK in IM and QT were greater than the indirect.
These results suggest that LP or LK were affected by different mechanisms in QT and IM
regions. Moreover, the goodness of fit (GOF) was 0.3205 and 0.3556 for LP and LK in QT,
respectively, and 0.5490 and 0.4431 in IM. The relatively low predictive power of the model
of QT suggested that most variation remained unexplained.
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Figure 1. Relationships between the leaf C, N, P, and K content of S. chamaejasme with MAT &
MAP in the Qinghai−Tibet Plateau (green circles, n = 19) and Inner Mongolia Plateau (red triangles,
n = 10). Linear regression model analyses were utilized. Colored dotted lines represented significant
relationships (p < 0.05) in different region (red, IM; green, QT; grey, all sampling sites). (a) MAT vs.
leaf C; (b) MAT vs. leaf N; (c) MAT vs. leaf P; (d) MAT vs. leaf K; (e) MAP vs. leaf C; (f) MAP vs. leaf
N; (g) MAP vs. leaf P; (h) MAP vs. leaf K.
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Figure 2. Effects of different soil and climatic variables on the leaf P and K of S. chamaejasme in the
Qinghai−Tibet Plateau (QT) and Inner Mongolia Plateau (IM) based on partial least squares path
modeling. The blue arrows represent positive pathways, the red arrows indicate negative pathways,
both are direct effects. The grey arrows show the indirect effects. The standard path coefficients are
shown on the arrow. A significant effect is indicated by an * (p < 0.05). GOF, goodness of fit of the
statistical model. (a,b) PLS−PM describing the relationships in QT; (c,d) PLS−PM describing the
relationships in IM.

3. Discussion
3.1. Leaf Ecological Stoichiometry and Soil Physicochemical Properties of S. chamaejasme

It is essential to maintain nutrient elements in sufficient amounts and relatively stable
ratios for plants to survive and grow [1,2,35–38]. This study presents, to our knowledge, the
first analysis of leaf element concentrations (C, N, P, K) and ratios (C:N, C:P, N:P, N:K, K:P)
of S. chamaejasme across degraded grasslands in northern China. Our results show that the
leaf C (498.60 g kg−1), N (19.95 g kg−1), and P (2.15 g kg−1) of S. chamaejasme were higher
than the mean value of all species average in the the China Grassland Transect [38], and
that there was no obvious difference between two regions of S. chamaejasme. N and P are the
most important limiting nutrients for primary productivity in terrestrial ecosystems [39],
and a high concentration of N and P in S. camazepams leaves suggests its high nutrient
uptake efficiency in degraded grasslands, which could facilitate its competitive advantage
over other species in nutrient-poor environments. Moreover, K is one of the essential
macronutrients that plays a critical role in various metabolic processes, but it has been
partly overshadowed in ecological stoichiometry by nitrogen and phosphorus [40,41]. It is
worth noting that K concentrations of S. chamaejasme were greater in QT than that in IM.
The reason may be that the content of nutrients in plants are constrained by nutrient supply
in the soil, and the content of soil K is significantly higher in QT, therefore generating this
difference. Generally, C:N:P can be used as an effective tool to analyze coupled relationships
and differences between each element in the plant-soil system [1,2]. The average leaf C:N
and C:P ratio of S. chamaejasme were 25.20 and 245.57, respectively, which were lower
than the national grassland average leaf C:N (26.86) and C:P (439.84) [38]. The results
indicated that S. chamaejasme have higher P utilization rates and N utilization efficiency.
Previous studies found that nutrient ratios in aboveground vascular plants can be used to
distinguish (1) N-limited sites, (2) P- or P+N-limited sites, and (3) K- or K+N-limited sites
from each [7,29,42]. The N:P < 14.5, N:K > 2.1, and K:P < 3.4 in S. chamaejasme leaf might
imply that its growth is restricted by K- or K+N-limited. Both the leaf and soil K content
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were significantly different between two sampling regions and fertilizer experiments should
be conducted to test the validity of this idea in the future.

We found that S. chamaejasme could survive in a soil environment with considerable
variation, which is consistent with the fact that S. chamaejasme is a wide-ranging species
in the grasslands of China [22]. The soil conditions for S. chamaejasme growth varies
considerably from site to site. Soil physicochemical properties varied with a difference of
more than 10 times between the maximum and the minimum included C (14.43 times),
N (30.94 times), K (32.27 times), NN (26.66 times), and WC (10.60 times), Ec (21.86 times).
This may provide a competitive advantage for S. chamaejasme against other plant species
and help explain its rapid expansion in various environments, even in heavily degraded
grasslands. Generally, Tibetan alpine grasslands and Inner Mongolian temperate grasslands,
which have different limiting factors, are both zonal grassland types in China [43]. Alpine
grasslands are mainly limited by low temperatures in the growing season, while temperate
grasslands are affected by drought [38]. Accordingly, our analysis indicated that some soil
physicochemical properties of S. chamaejasme for the regions were significantly different. Soil
WC and pH for Qinghai-Tibet were significantly higher, and the Ec was lower than those
for Inner Mongolia. However, apart from SP, SK and SAP, soil C and N concentrations, and
other soil available nutrients (AN, NN, AK) for the regions were insignificantly different.
These findings suggest that climate imposes important controls on some soil nutrients.

3.2. Relationships between Leaf Ecological Stoichiometry and Environmental Variables

Plant nutrient concentrations and their correlations with soil nutrients are considered
effective tools for exploring plant adaptation and resource utilization strategies in a severe
environment [28,44]. In our study, few significant correlations between leaf ecological
stoichiometry of S. chamaejasme and grassland soil physicochemical properties were ob-
served, implying an insensitive response to the changes in the soil nutrient supply of
S. chamaejasme. This supports the finding of Geng et al. [26] and provides confirmation
that wide-ranging species are usually able to use a wide array of resources and tolerate
broad environmental conditions or physiological stresses, and hence flourish over a larger
area. The poor synchronization with local edaphic conditions demonstrates a capacity of
S. chamaejasme to maintain a high level of function at both high and low resource levels,
resulting in their broad distributions in China’s grasslands. Further, stoichiometric home-
ostasis can help the plants to maintain their element composition at a relatively stable level
regardless of changes in nutrient availability via various physiological mechanisms [2,12],
and the degree of stoichiometric homeostasis can be indicated by the homeostatic coef-
ficient (H) [12,45,46]. Stoichiometric homeostasis had been reported in many dominant
palatable species [15,18,47] in grasslands. However, this has not been established in poi-
sonous species. Since unpalatable plants represent the majority of the plant species that
were detected after grasslands have been degraded globally [48–50], revealing the eco-
physiology characteristics of poisonous weeds will help us better understand how the
communities that are dominated by poisonous weeds form. Generally, species-level stoi-
chiometric homeostasis was positively correlated with the stability of vegetation [15,18,51].
Meanwhile, the species with the highest degree of N homeostasis consistently had the
relatively highest growth rates [19] and well-developed storage systems [15,52]. Therefore,
resource utilization and storage functions of these species mitigates environmental varia-
tions [53], resulting in spatiotemporal stability in abundance [54]. Our results showed that
S. chamaejasme leaves contain different homeostasis strength of C, N, and K contents and
its ratios, which means S. chamaejasme could be more conservative in their use of nutrients
improving their adaptation to diverse conditions.

Besides, growing plants induce changes in the composition of soil communities and
the physicochemical soil environment [55,56]. A previous study in an alpine meadow
ecosystem has shown that S. chamaejasme produced more aboveground litter with higher
tissue N and lower lignin:N than each of the co-occurring species, and significantly in-
creased the surface soil organic matter [19]. Another study found that S. chamaejasme had
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different ammonia oxidizing bacterial (AOB) that were present with low ammonia oxida-
tion rates, which means greater N availability for S. chamaejasme growth due to losses of N
reduction [57]. S. chamaejasme have positive feedback on soil processes, especially soil C
and N, which could be the reason that why leaf C and N contents of S. chamaejasme were not
different among the two sites of distinct environments, and both were unaffected by local
soil factors. Besides, the soil biota plays a pivotal role in modulating primary production
by controlling decomposition and nutrient availability, as well as affecting root grazing
and plant nutrient uptake [58,59]. Generally, roots of invasive plants enhance or reduce
their mutualistic associations with different mycorrhizal fungi or N fixing bacteria [60],
which potentially feedback to plant invasion by enhancing N uptake of invaders [61] or
by lowering the dependence of plant invaders on arbuscular mycorrhizal fungi (AMF)
compared to native species [62]. A recent study suggested that S. chamaejasme possessed
high ratios of plant growth-promoting proteobacterial endophytes such as Pseudomonas,
Acinetobacter, and Brevundimonas [63], and its invaded soils had a lower relative abundance
of AMF, but greater pathogenic fungi [64], which in consistent with many invasive plants.
Past studies have revealed that S. chamaejasme can cultivate the soil environment differently,
facilitating it spread rapidly in degraded grassland although it is a native species.

Our results indicate that in the macro scale, leaf C and N do not directly correlate
with meteorological factors (MAT and MAP), which is in agreement with previous studies
that were conducted in the grassland biomes of China [7]. The weak relationships that
was observed between leaf C, N, and climatic variables may result from plant growth,
development, metabolism, phenological, and life-history traits rather than from the specific
geographic environment. On the contrary, there were close relationships between the leaf P
and K and climatic factors (Figure 1). The relationship between the leaf P and climate factors
was significant only in IM, and the K content of S. chamaejasme leaves was significantly
related to climate factors only in QT. We noticed that the correlation of leaf P and MAP
(R2 = 0.5523) was greater than the relationship between P and MAT (R2 = 0.4886) in IM,
and the relationship between K and MAT (R2 = 0.3338) was greater than that with MAP
(R2 = 0.2920) in QT. These again reflect the different limiting factors of plant growth in
different regions [38]. It is a reasonable assumption that precipitation is a more important
limiting factor than the temperature for vegetation growth in arid and semi-arid regions
such as Inner Mongolian Plateau temperate grasslands. However, the variation in MAP
seems very small and the positive relationships among MAP, soil water content, soil P, and
AP were weak (Figure S1). We suggested that altitude changes may the reason behind a
positive association between MAP and leaf P in IM considering the ranges of geographical
distribution and altitude (N 41.34◦~44.77◦, E 115.30◦~118.16◦, 1060 m to 1535 m). Our
results for the strong relationships between leaf P, soil P and AP, and soil water content and
altitude in IM supported our suggestion (Figure S1). In contrast, the temperature is more
likely to have a greater effect on the leaf element concentrations than precipitation in QT
alpine grasslands with high-altitude and low temperature. We also found that only leaf
K was negatively correlated with MAP in QT. One possible explanation is that K leaches
more easily from leaves than N and P, hence it is easy to ascertain the increase of MAP
in the studies area leading to more leaf K leaching of S. chamaejasme. Another possible
explanation may be that K plays many fundamental physiological and metabolic roles in
terrestrial plants in relation to water-use efficiency [34]. Some recent studies have observed
that K concentrations are related to drought resistance [65,66], therefore, the leaf K content
tends to decrease with MAP increase.

Moreover, the MAP or MAT contribution was stronger in leaf elements than soil,
which illustrated once more the relatively weak effect of soil physicochemical properties on
leaf elements. To explore complex relationships between soil and climatic factors on the leaf
P and K contents of S. chamaejasme, we conducted a PLS-PM analysis. We found that soil
exerted a significant effect on leaf P content and climate affected leaf K directly in QT, while
the leaf P content appeared to be limited mainly by climate but the leaf K content was not
affected significantly in IM. This does not fit with the fact that climate factors which often
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affect leaf elements through their influence on soil nutrient status [67]. The arid conditions
of the IM may have restricted grassland plants growth by insufficient water supply, but
the results of our previous study [21] have proven that high water use efficiency plus high
nutrient uptake efficiency of S. chamaejasme ensures its competitive advantage on degraded
grasslands in IM, which makes the relationship between leaf P or K of S. chamaejasme and
the soil factors weak in the IM region. However, the leaf P content was positively correlated
with soil factors (soil P, available P, nitrate N, and pH), which was not entirely consistent
with the result that was obtained in IM. The negative influence of climatic variables on
leaf K was significant in QT. This may be the result of the negative relationship between
MAP and leaf K, because K shows a greater loss from the plant canopy by foliar leaching
than other nutrients such as N and P [34,68]. Our model suggests that the underlying
mechanisms behind the leaf P or leaf K content in S. chamaejasme were different in the two
regions that were studied, which means S. chamaejasme developed adjustable relationships
with environmental factors to adapt to different growth conditions, thus facilitating its
spread in degraded grasslands.

In addition, species’ natural habitats will be subjected to more disturbances in the
future due to climate change and habitat degradation that is caused by intensive anthro-
pogenic activities [69,70]. Thus, continuing wide-scale sampling and considering the
influence of human activities are required to further develop a deeper understanding of
the geographic patterns of leaf stoichiometry in S. chamaejasme.

4. Materials and Methods
4.1. Study Area

A total of 29 sites were selected (10 sites in IM, 19 sites in QT, Figure 3), of which the
longitude ranged from 99.68 to 118.16◦ E and latitude from 33.35 to 44.77◦ N. The altitudes
spanned from 1060 to 3500 m (Table S6). The mean annual temperature (MAT) and mean an-
nual precipitation (MAP) range from 1.29 to 8.19 ◦C and 143.84 to 587.53 mm, respectively.
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4.2. Plant and Soil Sampling

Field measurements were conducted in June–July 2019, when it was the vigorous
growth stage for S. chamaejasme. At least 30 S. chamaejasme plants were randomly collected
in each sampling site, then were subdivided into three subsamples, and the leaves of the
subsamples were mixed into a composite sample. The samples were ground into fine
powder for measuring the content of elements (carbon, nitrogen, phosphorus, potassium).
The concentrations of the total C and total N of the S. chamaejasme leaves were determined
sequentially on a FLASH 2000 elemental analyzer (Thermo Fisher Scientific, Waltham,
MA, USA). The total leaf P and K content were determined by using an AA-6300 atomic
absorption spectrophotometer (Shimadzu, Japan).

A total of three soil samples (0–15 cm in depth) were collected from each sample
site, and each sample was thoroughly mixed with three subsamples and air-dried. The
soil samples were removed from the roots and passed through a 100-mesh sieve (30 cm
in diameter). Then, the soil was analyzed for soil carbon (C), nitrogen (N), phosphorus
(P), potassium (K), ammonium nitrogen (AN), nitrate nitrogen (NN), available potassium
(AK), available phosphorus (AP), pH, electrical conductivity (Ec), and water content (WC).
The soil physicochemical properties were measured as described by Bao [71], soil C and
N by the FLASH 2000 elemental analyzer, K by NaOH fusion-flame photometry, P by
NaOH fusion-Mo/Sb colorimetry, soil AN and NN by Auto Discrete analyzer, and soil
AK were determined by the flame atomic absorption spectrophotometer. To measure soil
AP, the air-dried and pre-weighed soil was extracted using 0.5 mol L−1 NaHCO3 and
the P concentration in the extract was determined by the ammonium molybdate method.
The soil pH was measured in a 1:2.5 soil:water suspension, and the soil Ec was measured
using a conductivity meter. The soil water contents were determined gravimetrically by
oven-drying subsamples at 105 ◦C for 24 h.

4.3. Data Analysis

The means, standard deviations (SD), and coefficients of variation (CV) of the leaf ele-
ment concentrations and their ratios, and soil physicochemical properties were calculated.
Differences between QT and IM were evaluated by Independent-Samples t-test. Pearson
correlations analysis was used to evaluate the relationship between S. chamaejasme leaf eco-
logical stoichiometry and the soil physicochemical properties across the 29 sampling sites.

The degree of homeostasis (H) was calculated by plotting the log-transformed values
of leaf elements and soil from 29 sites, where the H is the inverse of the slope [2]:

Log (leaf element concentration or stoichiometry) = α + (1/H) log (soil element con-
centration or stoichiometry).

To determine the degree of stoichiometric homeostasis, the method that was proposed
by Persson et al. [12] was used. Standardized major axis regression analyses were conducted
for C, N, P, K, and C:N:P:K ratios for leaves (The R package ‘smatr 3′) [72]. Since the slope
was expected to be ≥ 0, one-tailed t-tests with α = 0.1 were used. If the regression was
nonsignificant (p > 0.1), 1/H was set to zero, and the organism was considered ‘strictly
homeostatic’. Species with 1/H = 1 were considered not homeostatic. All the datasets with
significant regressions and 0 < H < 1 were categorized as: 0 < 1/H < 0.25: ‘homeostatic’;
0.25 < 1/H < 0.5: ‘weakly homeostatic’; 0.5 < 1/H < 0.75: ‘weakly plastic’; 1/H > 0.75
‘plastic’. For 1/H > 1, 1/H close to 1 indicates weak or no stoichiometric homeostasis, and
1/H much larger than 1 indicates ‘homeostatic’.

In order to determine the influence of climate factors, we obtained raw daily precipi-
tation and temperature data (2010–2019) from the China Meteorological Administration
and calculated the annual precipitation and temperature using the Kriging interpolation
method in ArcGIS (ESRI (Environmental Systems Research Institute), Redlands, CA, USA).
Therefore, climate data for the mean annual temperature (MAT) and mean annual precip-
itation (MAP) for the sample sites were obtained. Regression analyses were performed
to determine the correlation of the leaf element contents and climate factors (MAT, MAP).
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Scatter plots were used to visualize the relationships among the leaf element contents and
climate factors (MAT, MAP), and liner regression equations were developed.

We determined the relative importance of the soil, MAP, and MAT for leaf C, N, P,
and K heterogeneity across all the sites, respectively, using mixed effects models. In these
models, soil, MAP, MAT, and their interaction were fitted as fixed factors, and region was
fitted as a random factor (The R package ‘lme4′, ‘lmerTest’, ‘glmm.hp’, ‘readxl’, ‘ade4).
The soil data (soil C, N, P, K, AP, AK, AN, NN, WC, pH, Ec) were processed by principal
component analysis (PCA; The R package ‘Vegan’, ‘FactoMineR’, ‘factoextra’), then the
number of first axis was used as the soil parameter (Tables S7–S9; Figure S2). Leaf C, N, P,
K, and climatic data (MAP and MATA) heterogeneity were log-transformed to linearized
the data.

Partial least squares path modeling (PLS-PM) was employed to explore the direct,
indirect, and interactive effects between all the environmental variables for leaf element
contents (The R package ‘plspm’). The model included the following variables: Leaf
elements (P, K), climate factors (MAT, MAP), and soil factors (K, AK, NN, and pH for leaf P
in IM, P, AN and NN for leaf K in IM, P, AP, NN and pH for leaf P in QT, C, K, AP, WC, and
pH for leaf K in QT), after testing for collinearity of soil factors with the multivariate analog
of Levene’s test using the “betadisper” function in the vegan package. The indirect effects
are defined as multiplied path coefficients between the predictor and response variables,
including all the possible paths excluding the direct effect. The final model was chosen
among all constructed models based on the Goodness of Fit (GOF) statistic according to the
model’s overall predictive power.

5. Conclusions

To our knowledge this is the first study to comprehensively research the chemistry
of multiple nutritional elements (C, N, P, K) and their ratios in S. chamaejasme leaves and
its surrounding soil physiochemical properties and quantify the potential controls and
variability at a large scale. We found that there was no obvious difference between the leaf
C, N, and P content in S. chamaejasme from the QT and IM, but the leaf K concentration was
significantly higher in QT than that in IM. Inconsistent with the variation of leaf element
contents and ratios, the soil physiochemical properties of S. chamaejasme-infested areas
varied remarkably, and most of them were greater in QT. Our results clearly showed that
there was no significant correlation between S. chamaejasme leaf ecological stoichiometry
and soil physicochemical properties, which supported the fact that the nutrient concentra-
tions and stoichiometry of wide-ranging species tend to be insensitive to variation in soil
nutrient availability.

Besides, the different homeostasis strength of C, N, K, and their ratios in S. chamaejasme
leaves across all the sites were observed, which indicated that S. chamaejasme could be more
conservative in their use of nutrients improving their adaptation to diverse conditions.
Both the C and N content of S. chamaejasme leaves were unaffected by any climatic factors,
but the leaf P and K were affected differently in QT and IM. Besides, the MAP or MAT
contribution was stronger in the leaf elements than soil by using mixed effects models,
which illustrated once more the relatively weak effect of soil physicochemical properties
on leaf elements. Finally, we conducted a partial least squares path modeling analysis
to examine the different effects of soil and climatic on leaf P and K of S. chamaejasme.
These results suggest that S. chamaejasme adapts to changing environments by adjusting its
relationships with climate or soil factors to improve their chances of survival and spread in
degraded grasslands.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11151943/s1, Table S1: Leaf element contents of S. chamae-
jasme in different sample sites in this study (Mean ± SD); Table S2: Soil physiochemical properties
in different sample sites in this study (Mean ± SD); Table S3: Relationship between S. chamaejasme
leaf stoichiometry and soil physicochemical properties in Northern China ; Table S4: Summary of
linear mixed effects model analyzing the effects of soil, MAT, and MAP on variation of C, N, P,
and K concentrations in S. chamaejasme leaves, using soil, MAP, MAT, and their interaction as fixed
effects. Region was taken as a random factor; Table S5: Summary of the total effects on the leaf P
and K of S. chamaejasme in Qinghai Tibet Plateau (QT) and Inner Mongolia Plateau (IM); Table S6:
The geographical and climatic information associated with the sample sites in this study; Table S7:
Eigenvalues of the soil PCA; Table S8: Loadings of the soil PCA; Table S9: Site scores of the soil PCA;
Figure S1: Heat map of Pearson correlations among S. chamaejasme leaf P content, soil P and AP
content, soil water content (SWC), mean annual precipitation (MAP), and altitude (ALT) in IM region;
Figure S2: Biplot for the first two axes of soil physicochemical properties.
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Abstract: Leaf photosynthetic and functional traits of dominant species are important for under-
standing grassland community dynamics under imbalanced nitrogen (N) and phosphorus (P) inputs.
Here, the effects of N (N0, N50, and N100, corresponding to 0, 50, and 100 kg ha−1 yr−1, respectively)
or/and P additions (P0, P40, and P80, corresponding to 0, 40, and 80 kg ha–1 yr–1) on photosynthetic
characteristics and leaf economic traits of three dominant species (two grasses: Bothriochloa ischaemum
and Stipa bungeana; a leguminous subshrub: Lespedeza davurica) were investigated in a semiarid grass-
land community on the Loess Plateau of China. Results showed that, after a three-year N addition, all
three species had higher specific leaf area (SLA), leaf chlorophyll content (SPAD value), maximum net
photosynthetic rate (PNmax), and leaf instantaneous water use efficiency (WUE), while also having a
lower leaf dry matter content (LDMC). The two grasses, B. ischaemum and S. bungeana, showed greater
increases in PNmax and SLA than the subshrub L. davurica. P addition alone had no noticeable effect
on the PNmax of the two grasses while it significantly increased the PNmax of L. davurica. There was
an evident synergetic effect of the addition of N and P combined on photosynthetic traits and most
leaf economic traits in the three species. All species had relatively high PNmax and SLA under the
addition of N50 combined with P40. Overall, this study suggests that N and P addition shifted leaf
economic traits towards a greater light harvesting ability and, thus, elevated photosynthesis in the
three dominant species of a semiarid grassland community, and this was achieved by species–specific
responses in leaf functional traits. These results may provide insights into grassland restoration and
the assessment of community development in the context of atmospheric N deposition and intensive
agricultural fertilization.

Keywords: semiarid grassland; fertilization; leaf functional trait; leaf photosynthesis; atmospheric
nitrogen deposition

1. Introduction

The semiarid Loess Plateau region in China is characterized by severe water scarcity,
soil erosion, and nutrient-poor soils, which all greatly limit vegetation growth [1]. Grass-
land, with a size of ~2.7 × 105 km2, accounts for ca. 43% of the regional total land area
and is the dominant vegetation type on the Plateau [2]. It provides essential ecosystem
functions and services such as carbon sequestration, soil and water conservation, and
biodiversity [3,4]. Grassland management and restoration are of great ecological and
economic significance in the region. Fertilization, as an effective management practice to
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increase grassland productivity and promote grassland restoration, is adopted in many
natural/semi-natural grasslands, e.g., in the Inner Mongolian steppe [5], the alpine meadow
on the Qinghai–Tibet Plateau [6] in China, and in the European alpine grasslands [7] and
the North American Great Plains [8]. However, fertilization may also lead to undesirable
consequences such as exacerbated eutrophication [9], reduced ecosystem resilience (e.g.,
increased grassland drought sensitivity [8,10]), and biodiversity loss [11–13], which sub-
sequently alter community composition and structure, as well as decrease the effects of
diversity stability on maintaining grassland productivity [14]. Soils in the semiarid Loess
Plateau are commonly deficient in both nitrogen (N) and phosphorus (P) [15]. Previous
studies in the region have shown that appropriate N and P fertilization could improve
soil N and P availability and play a positive role in increasing grassland productivity and
recovery of degraded grasslands [16–18]. On the other hand, the effects of the N and
P addition on photosynthetic and leaf functional traits of dominant species, which are
important for understanding underlying mechanisms of grassland community dynamics
under N and P inputs, have only received limited attention in the regional grassland.

Plant photosynthesis is the basis of plant growth, and its diurnal patterns reflect the sus-
tained carbon assimilation ability of plants and have been extensively studied across a wide
range of arid and semiarid grassland species, particularly in North America (e.g., [19–22]).
Previous studies have explored the photosynthetic diurnal dynamics—under elevated CO2
conditions—in dry and wet years [22,23], the diurnal photosynthetic performance of grasses
with contrasting functional types (e.g., C3 vs. C4, invasive vs. native) [20,21], and biotic
and abiotic controls of photosynthetic diurnal courses [19,24]. However, there is limited in-
formation on the impacts of nutrient addition on photosynthetic diurnal courses in dryland
grassland species. As an essential element of all proteins in plants (e.g., nucleic acid, en-
zymes, and chlorophyll), N primarily determines plant photosynthetic performance [25,26].
Extensive studies have documented that N addition increases plant photosynthetic rate
and promotes plant growth in grasslands [27,28], and this promotion may be mediated by
soil moisture [10]. However, when N addition exceeds a threshold, it will not continue to
increase plant photosynthesis or, even, inhibit plant growth [26,29]. P, as another essential
macronutrient, is also vital for plant photosynthesis, and it is the main component of ATP,
NADPH, and phospholipids, which all play important roles in regulating photosynthesis
machinery and electron transport activities [30,31]. Apart from the direct regulation of
N/P on plant photosynthesis, N and P addition could indirectly or interactively affect
plant photosynthesis. For instance, P addition could improve photosynthesis by increasing
leaf area and stomatal aperture, particularly under soil water deficit conditions [32,33]. P
addition could increase the activity of N-fixing bacteria, nodule biomass, and nitrogenase
activity in legumes, which subsequently increases leaf N and P content and photosynthetic
rate [34]. The combined fertilization of N and P is, thereby, often considered an effective
management tool for sustaining productivity in many grassland communities, while such
effects need to be evaluated in the regional semiarid grassland on the Loess Plateau.

Besides photosynthetic characteristics, other important leaf functional traits, such as
specific leaf area (SLA), leaf dry matter content (LDMC), leaf nitrogen mass (Nmass), and
leaf phosphorus mass (Pmass), are also the intuitive representation of strategies adopted
by plants to cope with environmental changes [35,36]. According to the leaf economic
spectrum (LES) theory [37], angiosperm plants could generally be divided into a rapid/slow
growing strategy according to a set of leaf functional traits, with the rapid-growing ones
having low LDMC and high Pn, SLA, Nmass, and Pmass; contrarily, the slow-growing ones
have the opposite leaf traits. This kind of functional trait-based theory, from leaf to plant
levels, provides great insights into understanding species resource utilization and species
distribution [37]. Nevertheless, species-specific responses in these leaf economic traits
exist under varied environmental (e.g., under different soil water and nutrient availability)
conditions, which should be systematically assessed [38]. Efforts have been made to
quantify the variation of LES of grassland species under differed soil nutrient availability,
which confirmed species-specific patterns [39], while the assessment of species-specific
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responses to varying N and P fertilization conditions is seldom conducted on the semiarid
Loess Plateau, which is needed to better understand grassland community development.

The dominant species occupy important ecological niches and play vital roles in main-
taining community structure and function [40,41]. Biomass increases after N/P additions
tend to be achieved by decreasing species diversity or increasing the biomass of dominant
species [42]. Quantifying physiological and growth characteristics of dominant species
under N and/or P addition could, thereby, be important for the evaluation of community
productivity and dynamics, as well as provide valuable information for grassland man-
agement and restoration. Bothriochloa ischaemum (L.) Keng (a C4 perennial grass), Stipa
bungeana Trin. (a C3 perennial grass), and Lespedeza davurica (Laxm.) Schindl. (a C3 N-fixing
subshrub) are co-dominant species in the natural/restored grasslands on the semiarid
Loess Plateau of China [43]. The previous study on a regional grassland community, target-
ing these species, has shown that the addition of N and P combined improved grassland
productivity and decreased species diversity, primarily via effects on tall clonal and annual
species [44], which, once again, suggested species or functional-type-specific responses
within a community, while the variation of leaf functional traits in these dominant species,
after N and P fertilization, have not been fully assessed. Thus, we examined photosynthetic
diurnal change, SPAD value, and leaf economic traits, including Nmass, Pmass, Nmass/Pmass
ratio, SLA, and LDMC of the three dominant species, following a three-year N and P
addition experiment in a typical semiarid grassland community on the Loess Plateau. We
tested the hypotheses that: (1) N/P addition would increase photosynthetic rates and alter
the photosynthetic diurnal dynamics of the three dominant species in the peak growing
season, and these photosynthetic responses would be related to species-specific shifts in leaf
functional traits; (2) addition of N and P combined would further promote photosynthesis
compared with N/P additions alone.

2. Results
2.1. Environmental Factors

Photosynthetically active radiation (PAR) and air temperature (Ta) showed a single-
peaked diurnal curve during the experimental period, and the maximum values ap-
peared at 12:00 h and 14:00 h, with the values of 1854 µmol·m−2·s−1 and 30.2 ◦C, re-
spectively (Figure 1). The relative humidity (RH) remained stable during the daytime
(~13%) (Figure 1).
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2.2. Diurnal Changes in Photosynthesis

The diurnal changes of net photosynthetic rate (Pn) and leaf instantaneous water use
efficiency (WUE) of the three dominant species showed a double-peak curve under different
N and P addition treatments. The first peak appeared at 10:00 h, the second at 14:00 h,
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and the midday depression of the photosynthesis (so-called “noon break”) appeared at
around 12:00 h (Figure 2). The leaf transpiration rate (Tr) of B. ischaemum mostly showed
a double-peak diurnal course. While diurnal changes of Tr in S. bungeana and L. davurica
showed a single peak.
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Compared with CK (i.e., N0P0), N addition alone and addition of N and P combined
significantly increased the Pn values at 10:00 h and 14:00 h in the three species (except
under N50P40 and N50P80 treatments in S. bungeana). The greatest Pn values appeared at
10:00 h under N and P combined treatments (i.e., N50P40 and N50P80) for the three species.
The WUE of the three species significantly increased by N addition alone compared with
CK (Table 1). The WUE of L. davurica increased significantly under all levels of P alone
additions, while the WUE of the two grasses only significantly increased under N0P40
(Table 1). Under N and P combined addition, the maximum WUE values of B. ischaemum, S.
bungeana, and L. davurica were 1.17, 1.09, and 1.47 µmol mmol−1, respectively (Table 1).

N addition, alone, significantly increased the Ls values of B. ischaemum and L. davurica
(Table 1). P addition, alone, increased (p < 0.05) and decreased (p < 0.05) the Ls of L davurica
and S. bungeana, respectively, while only significantly increasing the Ls of B. ischaemum
under N0P80 treatment. N and P interaction significantly affected the Ls values of the
three species (Table 1). Under the addition of N50 combined with P, the Ls of L. davurica
increased, and those of B. ischaemum decreased (both p < 0.05). Under the addition of N100
combined with P, the Ls of B. ischaemum significantly increased, while those of S. bungeana
decreased significantly (p < 0.05; Table 1).
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Table 1. Instantaneous water use efficiency (WUE) and stomatal limitation value (Ls) of the three
species under different N and P additions (mean ± SD, n = 3).

Species Treatment
WUE (µmol mmol–1) Ls

P0 P40 P80 P0 P40 P80

B. ischaemum
N0 0.95 ± 0.02 B,b 0.97 ± 0.02 A,b 0.81 ± 0.01 C,b 0.44 ± 0.00 B,c 0.45 ± 0.01 B,b 0.48 ± 0.00 A,a

N50 1.15 ± 0.02 A,a 1.17 ± 0.01 A,a 1.10 ± 0.01 B,a 0.50 ± 0.01 A,a 0.46 ± 0.01 B,b 0.48 ± 0.01 B,a

N100 1.10 ± 0.05 A,a 1.21 ± 0.02 A,a 1.11 ± 0.04 A,a 0.42 ± 0.00 B,b 0.50 ± 0.01 A,a 0.48 ± 0.01 A,a

S. bungeana
N0 0.69 ± 0.01 B,b 0.78 ± 0.01 A,b 0.59 ± 0.01 C,b 0.68 ± 0.00 A,a 0.35 ± 0.01 B,a 0.33 ± 0.01 B,b

N50 1.05 ± 0.01 A,a 0.97 ± 0.02 B,a 0.97 ± 0.01 B,a 0.36 ± 0.02 A,c 0.35 ± 0.01 A,a 0.32 ± 0.01 B,b

N100 0.91 ± 0.02 A,a 1.09 ± 0.02 A,a 0.84 ± 0.02 B,a 0.57 ± 0.03 A,b 0.36 ± 0.00 B,a 0.37 ± 0.00 B,a

L. davurica
N0 0.93 ± 0.01 C,b 1.36 ± 0.03 A,a 1.18 ± 0.01 B,b 0.45 ± 0.01 B,b 0.52 ± 0.01 A,a 0.51 ± 0.01 A,b

N50 1.24 ± 0.00 C,a 1.33 ± 0.02 B,b 1.47 ± 0.06 A,a 0.48 ± 0.01 B,a 0.50 ± 0.00 A,a 0.52 ± 0.01 A,b

N100 1.22 ± 0.02 B,a 1.36 ± 0.01 A,a 1.43 ± 0.03 A,a 0.51 ± 0.00 B,a 0.51 ± 0.02 B,a 0.55 ± 0.01 A,a

B. ischaemum N ***(269); P ***(47.9); N × P ***(8.4) N ***(23.3); P ***(36.6); N × P ***(63.2)
S. bungeana N ***(1084); P ***(223); N × P ***(75.5) N ***(66.6); P **(8.62); N × P ***(14.1)
L. davurica N ***(156); P ***(223); N × P ***(46.8) N ***(26.4); P ***(45.8); N × P ***(8.93)

Data with different capital letters indicate significant differences among P additions under each N addition
rate, while different small letters indicate significant differences among N additions under each P addition rate.
Numbers in parentheses are F-values, while ‘**’ and ‘***’ indicate p ≤ 0.01, and p ≤ 0.001, respectively.

N addition, alone, increased the PNmax values of the three species (p < 0.05), while
there was no difference between them under N50 and N100 (Figure 3). The increase in
PNmax in the two grasses was about two times larger than those of L. davurica under N
addition alone (Figure 3). P addition, alone, increased the PNmax values of L. davurica and S.
bungeana (p < 0.05; Figure 3). N and P combined addition only significantly affected the
PNmax values of S. bungeana and L. davurica (p < 0.05; Figure 3).
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Figure 3. Leaf maximum net photosynthetic rate (PNmax) of the three species under different N
and P addition treatments. Values are mean ± SD. Different capital letters above the column
indicate significant differences among P additions under each N addition rate, while different
small letters indicate significant differences among N additions under each P addition rate. Numbers
in parentheses are F-values, while ‘**’, and ‘***’ indicate p ≤ 0.01, and p ≤ 0.001, respectively. ‘n.s.’
indicates no significant difference.

2.3. Leaf SPAD Value

N addition, alone, significantly increased the SPAD values of the three species (Figure 4).
P addition, alone, significantly increased the SPAD values of B. ischaemum and L. davurica
(p < 0.05), while SPAD values only increased under low levels of P addition alone (i.e.,
N0P40) in S. bungeana (p < 0.05). Addition of N and P combined significantly increased the
SPAD values of both B. ischaemum and L. davurica (Figure 4).
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Figure 4. Leaf SPAD values of the three species under different N and P addition treatments. Different
capital letters above the column indicate significant differences among P additions under each N
addition rate, while different small letters indicate significant differences among N additions under
each P addition rate. Numbers in parentheses are F-values, while ‘*’ and ‘***’ indicate p ≤ 0.05 and
p ≤ 0.001, respectively. ‘n.s.’ indicates no significant difference.

2.4. Leaf N and P Concentration (Nmass and Pmass) and Nmass/Pmass Ratio

N addition, alone, significantly increased the Nmass values of the two grasses, but it had
no effects on Nmass of L. davurica. The high level of P addition, alone (N0P80), significantly
increased Pmass of all species except L. davurica (Figure 5). N and P interaction significantly
affected Nmass of the three species, while it only significantly affected Pmass of the two
grasses. Under the addition of N50 combined with P, the Pmass of B. ischaemum and S.
bungeana, as well as the Nmass of L. davurica, increased significantly. Under the addition of
N100 combined with P, the Pmass of S. bungeana increased significantly, while those of L.
davurica decreased significantly (Figure 5).
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Figure 5. Leaf nitrogen (N) and phosphorus (P) content (Nmass and Pmass), as well as the Nmass/Pmass

ratio, of the three species under different N and P addition treatments. Values are mean ± SD.
Different capital letters above the column indicate significant differences among P additions under
each N addition rate, while different small letters indicate significant differences among N additions
under each P addition rate. Numbers in parentheses are F-values, while ‘*’, ‘**’, and ‘***’ indicate
p ≤ 0.05, p ≤ 0.01, and p≤ 0.001, respectively. ‘n.s.’ indicates no significant difference.
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N addition, alone, significantly affected the Nmass/Pmass ratios of all three species. The
low level of N addition alone (N50P0) significantly increased the Nmass/Pmass of the two
grasses; the high level of N addition, alone (N100P0), only increased the Nmass/Pmass of S.
bungeana grass (p < 0.05, Figure 5). N and P addition interaction significantly affects the
Nmass/Pmass of the two grasses but has no effect on the subshrub. Under the addition of N50
combined with P, the Nmass/ Pmass of B. ischaemum and S. bungeana decreased significantly,
while the Nmass/Pmass of L. davurica increased under N50P40 treatment (p < 0.05). Under the
addition of N100 combined with P, the Nmass/ Pmass of S. bungeana decreased significantly,
while the Nmass/Pmass of B. ischaemum and L. davurica had no significant changes (Figure 5).

2.5. Specific Leaf Area (SLA) and Leaf Dry Matter Content (LDMC)

N addition, alone, significantly increased the SLA values of the three species, and the
low level of N addition alone (N50P0) decreased the LDMC of the two grasses (p < 0.05,
Figure 6). P addition, alone, significantly increased SLA of L. davurica, while it had limited
effects on the two grasses (Figure 6). N and P addition interaction significantly affected
both the SLA and LDMC values of all three species. Under the addition of N50 combined
with P, the SLA of B. ischaemum and L. davurica increased significantly (p < 0.05), and the
SLA of S. bungeana increased under N50P40, while it decreased significantly under N50P80
(p < 0.05); LDMC was comparable between different levels of P additions in the two grasses,
but it decreased in L. davurica. Under the addition of N100 combined with P, the SLA values
of B. ischaemum and L. davurica increased significantly, and the SLA of S. bungeana increased
(p < 0.05) only under the high level of N addition (N100P80); LDMC, among different levels
of P addition (i.e., N100P40 and N100P80), was comparable in B. ischaemum and L. davurica,
while it significantly decreased under N100P80 in S. bungeana (Figure 6).
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Figure 6. Specific leaf area (SLA) and leaf dry matter content (LDMC) of the three species under
different N and P addition treatments. Different capital letters above the column indicate significant
differences among P additions under each N addition rate, while different small letters indicate
significant differences among N additions under each P addition rate. Numbers in parentheses are
F-values, while ‘*’, ‘**’, and ‘***’ indicate p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001, respectively. ‘n.s.’ indicates
no significant difference.

PNmax was positively correlated with WUE, SPAD, Nmass, and SLA in all three species,
while it was negatively correlated with LDMC in S. bungeana and L. davurica (Figure 7). PCA
analysis showed that the variance explained by the first and second principal components
was 37.5% and 23.5%, respectively, with a total value of 61% (Figure 8). The first principal
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component had a high correlation with PNmax, WUE, Pmass, and SLA; the second principal
component had high correlation with LDMC. SPAD, Nmass, and Nmass/ Pmass ratio are
correlated with both principal components (Figure 8). In a score plot of PCA analysis,
under N addition alone, B. ischaemum and L. davurica gradually moved to the right with
N addition level, and S. bungeana gradually moved to the upper right. Under P addition,
alone, L. davurica gradually moved to the right with P addition level, and B. ischaemum
slightly moved to the upper right. Under the addition of N combined with P, with the
increase in fertilizer application, all three species moved towards higher PNmax, WUE,
SPAD, and SLA values (Figure 9).

Plants 2022, 11, x FOR PEER REVIEW 9 of 17 
 

 

 
Figure 7. Heatmap of Pearson correlation testing relationships between PNmax, WUE, and leaf func-
tional traits (Nmass, Pmass, SLA, and LDMC) in the three species. Numbers in circles indicate the Pear-
son correlation coefficients. 

 
Figure 8. Principal component analysis (PCA) of photosynthetic characteristics (PNmax and WUE) 
and leaf functional traits (SPAD, Nmass, Pmass, SLA, and LDMC) in the three species under N and P 
additions. (A) Loadings for each leaf trait; (B) Factor scores for each species. 

Figure 7. Heatmap of Pearson correlation testing relationships between PNmax, WUE, and leaf
functional traits (Nmass, Pmass, SLA, and LDMC) in the three species. Numbers in circles indicate the
Pearson correlation coefficients.

Plants 2022, 11, x FOR PEER REVIEW 9 of 17 
 

 

 
Figure 7. Heatmap of Pearson correlation testing relationships between PNmax, WUE, and leaf func-
tional traits (Nmass, Pmass, SLA, and LDMC) in the three species. Numbers in circles indicate the Pear-
son correlation coefficients. 

 
Figure 8. Principal component analysis (PCA) of photosynthetic characteristics (PNmax and WUE) 
and leaf functional traits (SPAD, Nmass, Pmass, SLA, and LDMC) in the three species under N and P 
additions. (A) Loadings for each leaf trait; (B) Factor scores for each species. 
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additions. (A) Loadings for each leaf trait; (B) Factor scores for each species.
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3. Discussion

The diurnal dynamics of photosynthesis reflect plants’ sustained ability to carry out
physiological metabolism and biomass accumulation throughout the daytime [45,46], which
have been extensively studied in numerous dryland species (e.g., [19–22]). Our results,
corroborated with others, showed that the diurnal course of photosynthetic rate showed
a double-peaked curve in the three grassland dominant species, and they showed an
evident “noon break” of photosynthesis. The noon break is a mechanism to avoid stresses
such as excess light, high temperature, and water deficit during the midday [47], and it
is a result of stomatal or non-stomatal restriction [48]. Our measurements showed that,
during the period of 10:00–12:00 h, the Pn values gradually decreased while the Ls values
increased (Figure 2 and Table 1), suggesting the “noon break” was likely caused by stomatal
limitation [46,48]. In line with our first hypothesis and consistent with others (e.g., [49,50]),
the Pn values of the three species considerably increased by nutrient addition, particularly
during the peak photosynthetic period (~10:00 h). This is expected since environmental
conditions (e.g., light and temperature) are relatively optimal for photosynthesis during
this period, hence the promotion of nutrient addition would be most effective. In addition,
during the noon time with high air temperature and light radiation, the Pn was slightly
increased after fertilization, which may be due to increased stomatal conductance due to N
and P addition, and this ostensibly alleviated the “noon break” [51]. Our study indicated
that N and P fertilization could improve the photosynthetic ability of the three species
at the diurnal scale and increase the daily accumulative carbon assimilation. However,
we only focused on short-term responses during the peak growing season (i.e., July), so
future studies should be taken to further assess intra- or interannual patterns of their
photosynthesis to better understand the long-term effects of fertilization.

Both N and P are essential elements of key compounds involved in the photosynthetic
process, and appropriate N and P additions would increase the content of these compounds
and, subsequently, the photosynthetic rate [17,26,30]. This was observed in our study: the
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PNmax, SPAD, and Nmass of the three species increased significantly after N addition alone,
and there were strong positive correlations between Nmass, SPAD, and PNmax (p < 0.05;
Figures 3–5 and 7). The increase in PNmax and WUE with the N addition level was much
greater (larger regression slopes) in the two grass species than in the legume L. davurica
(Table 2), with the greatest increase (the largest slope) of PNmax and WUE, along with
the N addition level, in C4 grass B. ischaemum (Table 2). Together, this suggested that the
two grasses were more sensitive to N addition alone than the legume. This is consistent
with our previous study quantifying the plant biomass of B. ischaemum and L. davurica
mixtures under varying soil moisture and nutrient supplies [52]. We suspect that the
subshrub L. davurica may not be N-limited due to its N fixation ability and is, thereby,
insensitive to exogenous N fertilization. On the other hand, the photosynthetic rate does
not continuously increase with N addition amounts after passing a threshold [29,53], which
was also observed, here, as the PNmax values of the three species were not significantly
different between N50 and N100 (Figures 3 and 6; Table 1). Fossil fuel combustion and
extensive fertilization have greatly increased atmospheric N deposition globally in recent
decades [54]. Chronic N input by long-term N deposition may, hence, alleviate N limitation
and promote plant photosynthesis and growth of regional grassland species, but it may,
meanwhile, intensify plant P limitation by increasing P demand [55,56].

Table 2. Regression slopes (SE) derived from the multiple linear regression analysis between pho-
tosynthetic characteristics (PNmax and WUE) and N addition, P addition, and N and P addition
interaction in the three species.

Species Variable PNmax WUE

N 0.0894 (0.0161) *** 0.0060 (0.0010) ***
B. ischaemum P 0.0182 (0.0201) n.s. 0.0012 (0.0013) n.s.

N × P −0.0001 (0.0003) n.s. 0.0000 (0.0000) n.s.

N 0.0640 (0.0131) *** 0.0049 (0.0009) ***
S. bungeana P −0.0250 (0.0164) n.s. −0.0029 (0.0012) *

N × P −0.0002 (0.0003) n.s. −0.0001 (0.0001) n.s.

N 0.0238 (0.0205) n.s. 0.0022 (0.0019) n.s.

L. davurica P 0.0782 (0.0257) ** 0.0071 (0.0024) **
N × P −0.0002 (0.0004) n.s. 0.0000 (0.0000) n.s.

‘n.s.’, ‘*’, ‘**’, and ‘***’ indicate p > 0.05, p≤ 0.05, p≤ 0.01, and p≤ 0.001, respectively. Significant slopes are in bold.

Here, the P addition, alone, had greater effects on PNmax, SPAD, and SLA of the
leguminous L. davurica among the three species (Figures 3, 4 and 6; Table 2). This may be
ascribed to P, as it could promote the activity of nitrogenase in the root nodules of legumes
and enhance their photosynthesis [34,57], and elevated leaf P content can also directly
improve photosynthetic capacity by promoting ATP and NADPH synthesis, as well as
regeneration of RuBP [33,58]. Compared with N or P addition alone, the three species had
higher PNmax, WUE, and SLA values under N and P combined additions, suggesting a
synergetic effect of N and P on plant photosynthesis (Figures 5 and 6). This confirms our
second hypothesis and suggests that appropriate N and P combined fertilization should
be considered to maintain regional grassland productivity. A myriad of studies have
documented this synergetic effect in grasslands worldwide (e.g., [59,60]). Previous studies
in the Loess Plateau grasslands also reported the N and P combination had synergetic effects
on community productivity [44]. A recent long-term (over 66 years) nutrient addition study
in a mesic grassland in South Africa also highlighted that N and P combined addition
promoted plant P acquisition and uptake (e.g., increased organic P storage, P recycling,
and plant P utilization), which may contribute to the synergetic effect of N and P combined
addition [59].

Drylands (e.g., the semiarid Loess Plateau) are often co-limited by water and nutri-
ents [8], as well as characterized by frequent drought events, which greatly impact plant
N and P uptake [61]. Nutrient addition, such as N, at an appropriate rate could improve
post-drought recovery of grassland and increase the aboveground biomass production [62].
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Contrarily, some studies reported that nutrient addition increased grassland drought sensi-
tivity and constrained its recovery from drought events [10]. Besides, grass species with
different photosynthetic pathways (C3 vs. C4) may respond differentially to drought and
rewatering under nutrient addition conditions [63]. For the regional grassland, previous
studies have quantified the photosynthetic responses of dominant species following rainfall
events and reported species-specific patterns [64]. Nevertheless, the interaction of soil
moisture (especially drought) and fertilization on dominant species performance remains
less understood in the regional grassland and should be assessed, considering recurrent
drought events, under future climate scenarios [65].

Leaf functional traits, particularly those so-called economic traits, are invoked to
explain plant resource acquisition and utilization [36]. Among them, the leaf Nmass/ Pmass
ratio indicates environmental N and P availability where the plant grows [56]. In general,
Nmass/ Pmass ratio less than 10 indicates the N limitation, and greater than 20 indicates
the P limitation [56]. The leaf Nmass/ Pmass ratio of the three species, averaged across
treatments, was 18.8 (B. ischaemum), 11.3 (S. bungeana), and 24.3 (L. davurica), respectively
(Figure 5), suggesting species-specific N and P limitations. The Nmass/Pmass ratio of the two
grasses increased significantly with N addition, while no noticeable change was found
in L. davurica (Figure 5). This indicates that N addition may lead to P limitation in the
two grass species. Meanwhile, increased soil N and P availability would release plants
from nutrient competition to other resource competition, such as light and water [66].
Grassland dominant species may accordingly alter their leaf functional traits to maximize
light harvesting to maintain dominance. According to the LES theory, plants with higher
light capture, resource acquisition, and turnover capacity show higher SLA, Nmass, and
Pmass in contrast to the slow-growth ones with higher LDMC and conservative nutrient
resource use [36]. Similar to other studies (e.g., [66]), the three species studied here shifted
to a fast-growth strategy after N addition with larger, thinner, and N-rich leaves (higher
SLA, Nmass, and SPAD), as well as higher assimilation rate per unit leaf area (higher
PNmax). Though score plots from PCA analysis indicated that, under N addition, three
species adopted different strategies to improve their light harvesting: C4 grass B. ischaemum
mainly by increasing SLA and PNmax, while C3 grass S. bungeana and C3 subshrub L.
davurica primarily increased leaf N content and SPAD (Figure 9), and only L. davurica had
notable shifts in photosynthetic and leaf functional traits under P additions (Figure 9B),
which suggests that the three species had different trade-off strategies in photosynthetic
performance and leaf economic traits in response to N and/or P addition [17,66], and
these should be considered when assessing N and P fertilization effects on community
structure and functions. The PNmax values of the three species were mostly highest under
the ‘N50P40′ treatment among all treatments, indicating that it could be considered an
optimal fertilization measure for improving grassland production.

4. Materials and Methods
4.1. Site Description

This work was conducted at the Zhifanggou watershed (109◦13’46”–109◦16’03” E,
36◦42’42”–36◦46’28” N), located in the Ansai District, Yan’an City, Shaanxi Province, China.
It has a semiarid continental monsoon climate. The mean annual temperature is 8.8 ◦C,
with the lowest temperature being −6.9 ◦C in January and the highest being 22.6 ◦C in July.
The mean annual rainfall is 507 mm. The soil is classified as Calcaric Cambisol. Rainfall
shows a highly seasonal variability with ca. 82% occurring from May to September (the
growing season). The soil available N, P, and K were 20.9–71.3 mg kg−1, 1.6–2.8 mg kg−1,
and 10.07–30.97 g kg−1, respectively, and soil pH was 8.4–8.8 [67]. The targeted grassland
is dominated by xerophytic plants, e.g., B. ischaemum, S. bungeana, L. davurica, Artemisia
sacrorum, and Artemisia giraldii.
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4.2. N and P addition

A grassland community (20 × 30 m) was fenced to exclude grazing since May 2017.
A randomized split-plot design with three N addition rates at the main plot level and
three P addition rates at the subplot level was carried out. The main plot was 4 × 4 m,
and N addition rates were N0 (0 kg N), N50 (50 kg N ha−1 yr−1), and N100 (100 kg N
ha−1 yr−1). The N50 and N100 treatments were about 2 and 4 times the annual average
N deposition rate in the loess hilly area [~21.76 kg (N) ha−1 yr−1] [68]. N was applied
as calcium ammonium nitrate [5Ca(NO3)2 NH4NO3 10H2O] (15.5% of N). Each main
plot was divided into four subplots (2 × 2 m). P was applied as triple superphosphate
[Ca(H2PO4)2·H2O] (45% of P), and the addition rates were set to 0, 1, and 2 times the local
fertilization rate, corresponding to P0 (0 kg P2O5), P40 (40 kg P2O5 ha−1 yr−1), and P80
(80 kg P2O5 ha−1 yr−1) [44].

Totally, there were 9 treatments, including a control (N0P0), two N addition alone
treatments (N50P0, N100P0), two P addition alone treatments (N0P40, N0P80), four N
and P combined addition treatments (N50P40, N50P80, N100P40, N100P80), and three
replicates per treatment. N and P additions were conducted once a year, on rainy days,
from 2017–2019 (4 June 2017, 21 May 2018, and 13 June 2019).

4.3. Ecophysiological Measurements
4.3.1. Diurnal Variations of Photosynthesis

The portable photosynthesis system (CIRAS-2, PP Systems, Amesbury, MA, USA) was
used to measure the diurnal changes of photosynthesis of B. ischaemum, S. bungeana, and L.
davurica, successively, and all measurements were conducted on three consecutive sunny
days from 20–22 July 2019 (one species per day). The measurement was taken on one newly
fully-expanded healthy leaf per species per treatment from 8:00–18:00 h with 2 h intervals.
The measured parameters include net photosynthetic rate (Pn, µmol·m−2·s−1), transpi-
ration rate (Tr, mmol·m−2·s−1), intercellular CO2 concentration (Ci, µmol·mol−1), and
environmental factors, including photosynthetically active radiation (PAR, µmol·m−2·s−1),
air temperature (Ta, ◦C), and relative humidity (RH, %). The photosynthetic rate at 10:00 h
was taken as the maximum net photosynthetic rate (PNmax, µmol·m−2·s−1). Instantaneous
water use efficiency (WUE, µmol mmol−1) was calculated as Pn/Tr. Stomatal limitation
value (Ls) was derived by 1−Ci/Ca [48].

4.3.2. Leaf SPAD Value

Leaf SPAD value (a measure of leaf relative chlorophyll content) was measured on
three newly fully-expanded healthy leaves per species per treatment using a chlorophyll
meter (SPAD-502 model, Konica-Minolta, Osaka, Japan) on 20–22 July 2019.

4.3.3. Leaf Functional Traits

The 10–20 newly-fully expanded healthy leaves were randomly sampled per species
per treatment, stored in zipped plastic bags, and quickly taken back to the laboratory, in
an insulated box with ice packs, for leaf functional traits measurements. Leaves were
weighed with an analytical balance (d = 0.0001 g). The fresh leaves were scanned (Epson
duplex scanner, Epson, Tokyo, Japan), and the leaf area was derived using ImageJ (National
Institutes of Health, Bethesda, MD, USA). Then, leaves were oven-dried at 75 ◦C for 24 h
and ground with a high-throughput tissue grinder (MM-400, Retsch, Haan, Germany).
Specific leaf area (SLA, m2 g–1) was calculated as leaf area divided by leaf dry mass. Leaf
dry matter content (LDMC, g g–1) was calculated as leaf dry mass divided by fresh mass.
After digestion with H2SO4-HClO4, the mass-based leaf N concentration (Nmass) was
obtained using a Kjeldahl N analyzer (FOSS-8400, Foss, Höganäs, Denmark). The mass-
based leaf P concentration (Pmass) was determined by a molybdenum blue colorimetry
(UV-2600 ultraviolet-visible spectrophotometer, Shimadzu, Kyoto, Japan). Nmass/Pmass ratio
was then calculated.
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4.4. Statistical Analysis

All statistical analyses were performed with SPSS 20.0. One-way analysis of variance
(ANOVA) was used to compare the differences in leaf photosynthetic characteristics (WUE,
Ls, and PNmax) and leaf functional traits (SPAD, Nmass, Pmass, Nmass/Pmass, SLA, and
LDMC) of the three species under different N and P addition treatments. Tukey’s HSD
test was used for multiple comparisons. Two-way ANOVA was used to test the effects
of N addition, P addition, and their interaction on PNmax, SPAD value, Nmass, Pmass,
SLA, and LDMC. Pearson correlation was used to explore the relationship between leaf
photosynthetic characteristics (PNmax, WUE) and leaf functional traits (SPAD value, Nmass,
Pmass, Nmass/ Pmass, SLA, and LDMC). Multiple linear regression was used to explore the
relationship between N addition, P addition, and their interaction, as well as PNmax and
WUE. Principal component analysis (PCA) was conducted on photosynthetic characteristics
and leaf functional traits. Graphing was performed with Origin 2021 (Origin Lab Software,
Chicago, IL, USA).

5. Conclusions

Our three-year field fertilization study suggested that N addition—alone or combined
with P—improved the photosynthesis of the three grassland dominant species on the
semiarid Loess Plateau of China. All three species shifted to a fast-growth strategy with
increased PNmax, SLA, and Nmass, as well as reduced LDMC under N and/or P addition.
Furthermore, species-specific shifts in leaf functional traits were observed among the three
species following N and/or P addition, of which C4 grass B. ischaemum increased SLA and
PNmax, and C3 grass S. bungeana and subshrub L. davurica mainly increased leaf N and
SPAD. P addition seems to only effectively impact the Pn of L. davurica. Evident N and P
synergetic effects on the photosynthetic performance in all three species were observed, and
a combination of 50 kg ha−1 yr−1 N and 40 kg ha−1 yr−1 P addition could be considered
optimal fertilization for improving grassland productivity locally.
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Abstract: Grassland is the dominant vegetation type in the Loess Plateau, and grassland productivity
and processes are limited by nitrogen (N) and phosphorus (P). Studies have shown that productivity
would change following fertilization in the grassland. The response of productivity to fertilization
mainly depends on the dominant species traits. Trait-based methods provide a useful tool for
explaining the variations in grassland productivity following fertilization. However, the relative
contribution of plant functional traits to grassland productivity under N and P addition in the Loess
Plateau is not clear. We measured aboveground biomass (AGB) and leaf N content (LN), leaf P content
(LP), leaf N/P ratio (LN/P), specific leaf area (SLA), leaf tissue density (LTD), leaf dry matter content
(LDMC), and maximum plant height (Hmax) to study how these plant functional traits regulate the
relative biomass of different species and grassland productivity following fertilization. Our results
showed, that under different nutrient addition levels, the linkages between plant functional traits
and the relative biomass of different species were different. Community AGB was positively related
to community−weighted mean LN (CWM_LN), CWM_LN/P, CWM_SLA, and CWM_Hmax, but
negatively related to CWM_LTD and CWM_LDMC. Dominant species traits largely determined
grassland productivity, in line with the mass ratio hypothesis. These findings further highlight the
close linkages between community-level functional traits and grassland productivity. Our study
contributes to the mechanisms underlying biodiversity–ecosystem function relationships and has
significance for guiding semiarid grassland management.

Keywords: functional traits; productivity; grassland; fertilization; Loess Plateau

1. Introduction

Anthropogenic drivers of environmental changes (e.g., fertilization) will cause changes
in biodiversity and ecosystem function [1]. Recent studies have also shown that the decline
in biodiversity may change ecosystem functioning [2,3]. In the context of global change,
studies on biodiversity and ecosystem function are increasing [4,5]. Grassland is one of
the largest ecosystems in the world [6]. Thus, it is necessary to study the relationship
between biodiversity and grassland ecosystem productivity under environmental change.
In most previous field experiments, the effect of fertilization on productivity was mainly
dependent on the species, and species diversity was often used to explain the changes
in productivity following fertilization [1,7,8]. However, it is being recognized more and
more that functional diversity rather than species diversity finally drives the biodiversity–
ecosystem function relationship [9]. Furthermore, plant functional traits can better help
to explain and understand ecosystem function than species-based metrics (e.g., species
richness and species abundance) [10,11].
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Plant functional traits are defined as plant physiological and morphological charac-
teristics that influence plant growth, survival, and so on [12]. They are closely related to
the community productivity or plant adaptation [13,14]. Trait-based methods have become
a useful method to understand ecosystem function [15,16]. The literature has shown that
plant functional traits can modulate grassland productivity along nutrient gradients [17].
The leaf is the main organ of photosynthesis in plants, and has a significant impact on
ecosystem function [18,19], such as specific leaf area (SLA), which represents changes in the
leaf economics spectrum, indicating the ability of species to respond to rapid growth [18].
In view of this, understanding the linkages between plant functional traits and productivity
under nitrogen (N) and phosphorus (P) addition in the Loess Plateau is of increasing
importance for guiding grassland management and restoration.

The mass ratio hypothesis suggests that the ecosystem process is determined to a great
extent by the dominant species traits, and community productivity is mainly determined by
the mean functional traits of plant species [20,21]. An increasing body of studies suggested
that the traits of dominant species related to competition play key roles in the response of
the community to environment [22]. The mass ratio hypothesis used community−weighted
mean (CWM) traits to characterize plant functional traits [21], and the CWM traits of these
species can describe the community property accurately [23]. For example, rapid growing
plant species from nutrient-abundant environments usually have high SLA and leaf N
content (LN) and low leaf dry matter content (LDMC), but the opposite traits are found
in species from nutrient-poor environments [24,25]. Studies have shown that SLA affects
community productivity by affecting the maximum photosynthetic rate and increasing
light interception [26]. Some studies also showed that plant nutrient characteristics would
influence productivity [17]. Thus, the challenge is to identify the key plant functional
traits of dominant species that have important effects on community aboveground biomass
(community AGB) under N and P addition.

N addition would influence community productivity, but it will also aggravate P
limitation [27]. As in the case of the Loess Plateau, grassland is the main vegetation type in
the region [28,29]. However, the grassland productivity here is usually limited by both N
and P in the Loess Plateau [30,31]. Thus, if we only add N, it will not be beneficial to the
restoration of the grassland in the Loess Plateau. Accordingly, it is necessary to apply N
and P together to promote grassland restoration. A better understanding of mechanisms
affecting ecosystem function under N and P addition is essential for guiding grassland
management. However, to date, few studies have investigated the linkages between
plant functional traits and grassland productivity under both N and P addition in the
Loess Plateau.

Accordingly, in this study, we designed a four-year N and P addition experiment
to assess which functional traits have an important influence on community AGB and
how dominant species traits affect ecosystem function in a fertilized grassland in the
Loess Plateau. We focused on one important grassland ecosystem function—productivity.
Specifically, we studied the following: (1) the relationship between the functional traits
and relative biomass of different species under fertilization. (2) The relationship between
community-level functional traits and community AGB. (3) The effects of CWM traits on
grassland productivity.

2. Results
2.1. Principal Component Analysis of Functional Traits and Relative Biomass

The relative biomass was used to represent the dominance degree of the six main
species. We found that the addition of N and P resulted in various relative biomasses of
different species (Table S1). The effect of N addition was significant for relative biomass
of Lespedeza davurica, Artemisia sacrorum, and Artemisia scoparia. P addition significantly
affected relative biomass of all species except A. sacrorum and Potentilla tanacetifolia. There
was significant interaction between N and P for relative biomass of Bothriochloa ischaemum,
L. davurica, and A. sacrorum (Table S1).

104



Plants 2022, 11, 2045

Different relationships between functional traits and relative biomass were recorded
among species following the addition of different levels of N and P (Figure 1). Increased
relative biomass of B. ischaemum was positively correlated with LN, Hmax, and LN/P
under N addition alone and N100 combined with P addition. Increased relative biomass of
L. davurica was positively correlated with LP under P addition alone. Increased relative
biomass of Stipa bungeana was positively correlated with LN and LN/P under N addition
alone. Increased relative biomass of A. sacrorum was positively correlated with Hmax under
N100 combined with P addition. Increased relative biomass of P. tanacetifolia was positively
correlated with LTD and LDMC under N25 combined with P addition. Increased relative
biomass of A. scoparia was positively correlated with LN, Hmax, and SLA under N100
combined with P addition (Figure 1; Tables S1 and S2).
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Figure 1. Principal components analysis (PCA) of the relationship between the functional traits and
relative biomass of each species under different N and P levels. LN, leaf N content; LP, leaf P content;
LN/P, leaf N/P ratio; SLA, specific leaf area; LTD, leaf tissue density; LDMC, leaf dry matter content;
Hmax, maximum plant height; RB, relative biomass.

2.2. The Relationship between Community−Weighted Mean Traits and Community Aboveground Biomass

The community AGB was significantly positively correlated with CWM_Hmax
(r = 0.80, p < 0.001), CWM_SLA (r = 0.54, p < 0.001), and CWM_LN (r = 0.49, p < 0.001),
while there was a significantly negative correlation with CWM_LDMC (r = −0.54, p < 0.001)
and CWM_LTD (r = −0.53, p < 0.001; Figure 2). The CWM_Hmax was significantly pos-
itively correlated with CWM_SLA (r = 0.64, p < 0.01), whereas it was significantly neg-
atively correlated with CWM_LTD (r = −0.62, p < 0.001) and CWM_LDMC (r = −0.60,
p < 0.001). The CWM_LDMC had a significantly positive correlation with CWM_LTD
(r = 0.67, p < 0.001), while a significantly negative correlation with CWM_SLA (r = −0.68,
p < 0.001). The CWM_SLA had a significantly positive correlation with CWM_LN (r = 0.31,
p < 0.05) and CWM_LP (r = 0.32, p < 0.01; Figure 2).
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Figure 2. Correlation coefficients of community AGB and community level functional traits.
* p < 0.05; ** p < 0.01; *** p < 0.001; LN, leaf N content; LP, leaf P content; LN/P, leaf N/P ratio;
SLA, specific leaf area; LTD, leaf tissue density; LDMC, leaf dry matter content; Hmax, maximum
plant height.

2.3. Principal Component Analysis of Community−Weighted Mean Traits

Principal component analysis (PCA) compressed the variation of CWM traits into
two principal components, representing 73.4% of the total variation (Figure 3A). The first
principal component (CWM1) captured 51.1% of the total variation, exhibiting positive
correlations with CWM_SLA and CWM_Hmax, but negative correlations with CWM_LTD
and CWM_LDMC. The contribution of CWM_SLA and CWM_Hmax to CWM1 variables
was 23.5% and 15.0%, respectively. The contribution of CWM_LTD and CWM_LDMC to
CWM1 variables was 21.9% and 17.9%, respectively (Figure 3B).
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Figure 3. The principal component analysis (PCA) for community-weighted mean (CWM) traits (A).
The contribution of each community-level trait to CWM1 (B) and CWM2 variables (C). The red dotted
line on bar charts indicates the mean contribution of all seven community-level traits to CWM1 and
CWM2 variables. LN, leaf N content; LP, leaf P content; LN/P, leaf N/P ratio; SLA, specific leaf area;
LTD, leaf tissue density; LDMC, leaf dry matter content; Hmax, maximum plant height.

The second principal component (CWM2), which accounted for 22.3% of the total
information, exhibited positive correlations with CWM_LN/P and negative correlations
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with CWM_LP (Figure 3A). The contribution of CWM_LN/P to CWM2 variables was
37.7%. The contribution of CWM_LP to CWM2 variables was 41.2%. (Figure 3C).

2.4. Influence Factors of Grassland Productivity

The structural equation modeling (SEM) explained significant variation in productivity
(p = 0.996) (Figure 4). The explanatory variables explained 75% of the variation in produc-
tivity. Productivity was positively influenced by CWM1 and CWM2 (the standardized
path coefficients: r = 0.34, p < 0.001 and r = 0.18, p < 0.05, respectively). Additionally, N
and P addition increased CWM1 (r = 0.45, p < 0.001 and r = 0.41, p < 0.05, respectively),
and N addition increased CWM2 (r = 0.57, p < 0.001), while P addition decreased CWM2
(r = −0.65, p < 0.001; Figure 4).
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Figure 4. Results of the structural equation model. The arrows represent the hypothesized causal
relationships between the variables. The solid lines represent significant relationships (p < 0.05). Black
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path coefficient. * p < 0.05; ** p < 0.01; *** p < 0.001. CWM1 and CWM2: the first two PCA axes of
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3. Discussion

Grasslands in the Loess Plateau play a key role in offering ecosystem service and func-
tion [29]. Our study highlights the important role of CWM traits for predicting grassland
productivity in the Loess Plateau. In this study, we explained the change in grassland
productivity from the perspective of plant functional traits, suggesting that species with
specific traits such as a high competitive ability or high nutrient use efficiency may be the
important drivers in productivity. Studying the relationship between nutrient-induced
variations in grassland productivity and plant functional traits was important for grassland
restoration and management.

For these dominant species, we evaluated the linkages between plant functional traits
and relative biomass of each species under different nutrient levels. Our results showed
that different species exhibit different relationships between functional traits and relative
biomass under different nutrient addition levels (Figure 1). Different linkages between
functional traits and relative biomass may reflect different adaptation strategies to nutrient
addition. For L.davurica, aboveground biomass increased under P addition alone, and was
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positively correlated with LP. This may because L.davurica is a legume plant with N-fixing
function, and P limiting lifted as a result of the P addition. Moreover, a high level N addition
may break symbiotic N fixation [32], thus leading to aboveground biomass increasing under
only P addition. Accordingly, P fertilization was supposed to be considered when using
fertilization to promote grassland restoration in the Loess Plateau.

The mass ratio hypothesis describes the advantage of traits in the community [20]. We
found that community AGB was closely associated to CWM traits. This result indicates
that the mass ratio hypothesis plays a role in the grassland of the Loess Plateau. The
dominant effect of the leaf nutrient-use strategies on productivity may be related to the leaf
economics spectrum [33]. Explorative plant species generally have higher SLA and LN and
lower LDMC than conservative plant species [34]. In this study, the positive association of
CWM_LN, CWM_SLA, and CWM_Hmax, and the negative association of CWM_LTD and
CWM_LDMC with community AGB implies acquisitive and conservative strategies across
the studied species within communities. Studies have shown that the competition of plants
for nutrient and light increased following fertilization [25,35]. The dominant species could
maintain high grassland aboveground biomass through the traits related to competition
ability. LN is closely correlated with leaf growth and defense strategies [36]. A high SLA
tends to lead to high community AGB, and SLA is closely related to the relative growth
rate and is a good predictor of plant responses to resource availability [37]. The positive
relationship between CWM_Hmax and community AGB indicates that high community
AGB might be associated with tall or fast growing species (Figure 2). Previous studies have
also shown that SLA, LDMC, and LN were correlated with aboveground biomass [38]. We
also found that community-level traits showed stronger relationships with aboveground
biomass than species-level traits. This may because community-level traits could better
reflect the community structure [39].

Moreover, we used two PCA axes to obtain important information of community-
level traits. CWM1 is positively correlated with CWM_SLA and CWM_Hmax, but nega-
tively correlated with CWM_LTD and CWM_LDMC. CWM2 is positively correlated with
CWM_LN/P, but negatively correlated with CWM_LP (Figure 3; Table S3). In view of this,
CWM1 and CWM2 represented the gradients of functional trait composition from species
with slow growth and conservative resource use strategies to species with fast growth and
acquisitive resource use strategies [39–41]. We found that grassland productivity increased
with the increase in CWM1 and CWM2 (Figure 4; Table S3), which indicated that the
mass-ratio effect plays a significant role. This is consistent with previous studies [42,43].
Species with acquisitive characteristics would have larger individual aboveground biomass,
and thus increased community productivity [21]. For example, high SLA and fast nutrient
acquisition would be conducive to fast growth and high productivity [34]. Plant functional
traits are considered to be key drivers of ecosystem function [44]. Our results verified this
relationship. These findings further prove the close relationship between plant functional
traits and productivity, and emphasize the importance of plant functional traits.

4. Materials and Methods
4.1. Study Area and Experimental Design

The study area was located in Zhifanggou watershed in the Chinese Loess Plateau
(36◦42′–36◦46′ N, 109◦13′–109◦16′ E). The altitude ranges from 1010 m to 1431 m. The
mean annual rainfall and mean temperature in the study location was 528.8 mm and
8.8 ◦C, respectively. Monthly and daily precipitation and temperature in 2020 are shown
in Figure 5. Bothriochloa ischaemum, Lespedeza davurica, Stipa bungeana, Artemisia sacrorum,
Potentilla tanacetifolia, and Artemisia scoparia were the dominant species in this grassland.
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In August 2017, we conducted the N and P addition experiment in this grassland. We
set up twelve main-plots (4 × 4 m) in a randomized block design with three replicated
blocks, and each main-plot was divided into four subplots (2 × 2 m). In each block, four N
levels (0, 25, 50, and 100 kg N ha−1 yr−1) were randomly assigned to four main-plots and
four levels of P addition rate (0, 20, 40, and 80 kg P2O5 ha−1 yr−1) were randomly assigned
to four subplots. For more experimental details, see [35]. We used one 1 × 1 m quadrat for
the community survey and one 1 × 1 m quadrat for functional trait measurement in each
subplot. The soil properties of this grassland under different N and P additions are shown
in Table 1.

Table 1. Soil total nitrogen (STN) and soil total phosphorus (STP) of the grassland under different N
and P additions (mean ± s.e.; n = 3). * p < 0.05; ** p < 0.01; *** p < 0.001.

Soil Properties Treatments P0 P20 40 P80

STN (g kg−1)

N0 0.54 ± 0.02 0.57 ± 0.02 0.60 ± 0.02 0.53 ± 0.05
N25 0.65 ± 0.01 0.61 ± 0.01 0.64 ± 0.03 0.53 ± 0.02
N50 0.70 ± 0.02 0.65 ± 0.02 0.64 ± 0.04 0.64 ± 0.06

N100 0.74 ± 0.04 0.63 ± 0.03 0.76 ± 0.03 0.67 ± 0.06

STP (g kg−1)

N0 0.52 ± 0.01 0.56 ± 0.01 0.60 ± 0.01 0.66 ± 0.02
N25 0.52 ± 0.01 0.58 ± 0.01 0.61 ± 0.02 0.65 ± 0.01
N50 0.52 ± 0.02 0.57 ± 0.01 0.57 ± 0.00 0.67 ± 0.02
N100 0.52 ± 0.01 0.56 ± 0.01 0.58 ± 0.03 0.64 ± 0.02

STN N ***(0.05) P *(0.05) N × P: ns
STP N: ns P ***(0.03) N × P: ns

4.2. Community Survey and Trait Measurements

In the summer of 2020, we investigated species abundance, coverage, and maximum
plant height (Hmax) of each species in each 1 × 1 m quadrat [45]. Then, the aboveground
parts were cut and brought to the laboratory, and oven-dried for 48 h (80 ◦C) to obtain the
AGB of each species. We used the sum of the AGB of all species within this quadrat as a
surrogate for productivity in this study.

We measured the plant functional traits of the most dominant species. All functional
traits were measured from two to three individuals of each species. Leaf functional traits were
measured according to standard methods [46]. SLA (cm2 g−1) = leaf area/leaf dry mass. Leaf
tissue density (LTD; g cm−3) = dry mass/leaf volume. LDMC (mg g−1) = dry mass/fresh
mass. LN (g kg−1) was digested with sulfuric acid and determined using a Kjeldahl instru-
ment (Kjektec System 2300 Distilling Unit, Foss, Tecator AB, Hoganas, Sweden), and leaf
P content (LP; g kg−1) was measured with a molybdenum antimony anti-colorimetric
spectrophotometer (UV-2600 spectrophotometer, Shimadzu, Kyoto, Japan). The leaf N/P
ratio (LN/P) was calculated as LN divided by LP [46]. CWM traits were calculated as the
average of trait values weighted by the AGB of each species within a community [47].
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4.3. Data Calculation and Analysis

Principal component analysis (PCA) was used to analyze the relationship between
the relative biomass and functional traits of the six species under different nutrient levels
and to compress the variation in CWM traits into a few principal components using R 4.1.3
(R Development Core Team) using the corrplot package, retaining the first two components
(which describe most of the total variance) in the ensuing analysis. The relationship heat
map between CWM traits and community AGB was produced in R 4.1.3 (R Development
Core Team) using the corrplot package. Structural equation modeling (SEM) was used
to explore how CWM traits influence productivity using IBM AMOS version 24.0 (Amos
Development Co., Armonk, NY, USA).

5. Conclusions

Assessing how plant functional traits influence ecosystem function is important for
understanding ecological processes. Our results indicate that dominant species traits could
predict ecosystem functioning (productivity) in the Loess Plateau grassland. Thus, the
mass ratio hypothesis is proved. Communities dominated by species with fast-growing
acquisitive strategies have high productivity in the Loess Plateau grassland. The main
novelty of this study is investigating the effect of functional traits after fertilization by
adding N and P instead of just N. Overall, our study has strengthened the understanding
of mechanisms affecting productivity in the Loess Plateau, and could help predict semiarid
grassland responses to future environment change. Future studies need to further clarify
the relationship between more species traits and ecosystem function to better understand
the effect of fertilization on grassland.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/plants11152045/s1, Table S1: Relative biomass (%) of the
six species under different N and P addition additions (mean ± s.e.; n = 3); Table S2: Analysis of vari-
ance results (F values) for the effects of N addition (N), P addition (P), species and their interactions
on leaf trait and maximum plant height (Hmax). ns, *, ** and *** indicated non-significant, significant
at p < 0.05, 0.01 and 0.001, respectively; Table S3: Community weighted leaf traits, maximum plant
height (Hmax) and community aboveground biomass under different N and P addition additions
(mean ± s.e.; n = 3).
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Abstract: Periods of soil water stress have been recurrent in the Cerrado region and have become
a growing concern for Brazilian tropical pasture areas. Thus, the search for forage grasses more
tolerant to water stress has intensified recently in order to promote more sustainable livestock. In a
greenhouse experiment, the degree of water stress tolerance of nine tropical forage grass cultivars
was studied under different soil water regimes. The investigation followed a 9 × 3 factorial design
in four randomized blocks. Nine cultivars from five species of perennial forage grasses were tested:
Urochloa brizantha (‘BRS Piatã’, ‘Marandu’, and ‘Xaraés’), Panicum maximum (‘Aruana’, ‘Mombaça’,
and ‘Tanzânia’), Pennisetum glaucum (‘ADR 300’), Urochloa ruziziensis (‘Comum’), and Paspalum
atratum (‘Pojuca’). These cultivars were grown in pots under three soil water regimes (high soil water
regime—HSW (non-stressful condition), middle soil water regime—MSW (moderate water stress),
and low soil water regime—LSW (severe water stress)). Plants were exposed to soil water stress for
25 days during the tillering and stalk elongation phases. Twelve tolerance indices, including tolerance
index (TOL), mean production (MP), yield stability index (YSI), drought resistance index (DI), stress
tolerance index (STI), geometric mean production (GMP), yield index (YI), modified stress tolerance
(k1STI and k2STI), stress susceptibility percentage index (SSPI), abiotic tolerance index (ATI), and
harmonic mean (HM), were calculated based on shoot biomass production under non-stressful (YP)
and stressful (YS) conditions. Soil water stress decreased leaf area, plant height, tillering capacity,
root volume, and shoot and root dry matter production in most cultivars, with varying degrees
of reduction among tropical forage grasses. Based on shoot biomass production under controlled
greenhouse conditions, the most water-stress-tolerant cultivars were P. maximum cv. Mombaça and
cv. Tanzânia under the MSW regime and P. maximum cv. Aruana and cv. Mombaça under the LSW
regime. P. maximum cv. Mombaça has greater adaptability and stability of shoot biomass production
when grown under greenhouse conditions and subjected to soil water stress. Therefore, this forage
grass should be tested under field conditions to confirm its forage production potential for cultivation
in tropical regions with the occurrence of water stress. The MP, DI, STI, GMP, YI, k2STI, and HM
tolerance indices were the most suitable for identifying forage grass cultivars with greater water
stress tolerance and a high potential for shoot biomass production under LSW regime.

Keywords: soil water regime; stress tolerance indices; forage yield; Panicum maximum; Urochloa sp.

113



Plants 2022, 11, 2444

1. Introduction

The large territorial extension and the edaphoclimatic conditions in Brazil are funda-
mental elements for the country to have an expressive development of its livestock and
agriculture activities. Brazil is one of the world’s largest producers and exporters of animal
food, as well as the origin of a great number of plant species. The country has the world’s
second-largest cattle herd, with 252 million head, and its production is based on grass
pastures [1]. Brazil has a pasture area of approximately 172 million hectares, of which
102 million hectares are cultivated with forage plants and 70 million hectares are native
pastures [2].

Because national meat and milk production are highly dependent on the natural
feeding of grass and/or legume pastures, the quality of pastures is essential for Brazil-
ian livestock activity [3]. In addition, many Brazilian producers are diversifying their
agricultural production systems by cultivating tropical forage grasses in the off-season
of cash crops to produce forage for cattle in the autumn/winter and straw in the spring
for the agricultural production system [4]. This production system, called the Integrated
Crop-Livestock System (ICLS), is an important strategy for producing quality pasture at
a time of low rainfall in the Brazilian Cerrado region. However, this dry season during
southern winter poses many challenges to Brazilian livestock activity, especially concerning
the supply of quality pasture. Therefore, studies that evaluate and identify genotypes
of forage grasses with greater water stress tolerance are essential for boosting animal
production systems.

The most important tropical forage grasses used in livestock and agriculture systems
in the Cerrado region are species of the genera Urochloa, Cynodon, Panicum, Paspalum, and
Pennisetum. These forage grasses are currently the basis of food for meat and milk cattle,
mainly due to their excellent nutritional quality and adequate adaptation to Brazilian
production systems [5]. However, each forage grass species or cultivar has a distinct
biomass production potential that depends on morphological and genetic characteristics.
Pearl millet (Pennisetum glaucum (L.) R. Br.), palisade grass (Urochloa brizantha (Hochst. Ex
A. Rich.) R.D. Webster), and ruzigrass (U. ruziziensis (R. Germ. & C.M. Evrard) Crins) have
been cultivated due to their high biomass production capacity [6]. Improvement of forage
grasses’ productivity in quantity, as well as its quality, would have a significant impact on
livestock production. Furthermore, palisade grass and ruzigrass have also been described
as water-stress-tolerant forage grasses [7]. Therefore, looking for species and/or cultivars
tolerant to water stress is of fundamental importance to mitigate the negative impacts of
low soil water availability and increase forage production in the dry off-season [3,5,8], a
period of the year with a deficient supply of pasture for cattle in Brazil.

Soil water stress results in a dramatic decline in leaf expansion rate and photosynthesis
rate, which inhibits plant development and reduces the biomass production of forage
grasses [8,9], especially by causing changes in root growth, leaf initiation rate, nutrient
uptake, and carbohydrate metabolism [10–13]. However, the response of forage grasses to
water stress depends on genotype, plant developmental stage, severity, and duration of
the water stress period [6–8]. Generally, forage grasses are more susceptible to soil water
stress during the tillering and stalk elongation phases, and stalk and leaf growth are more
affected than other plant organs [9,12]. Typical effects of water stress on forage grasses
include leaf rolling, stomatal closure, stalk and leaf growth inhibition, early leaf senescence,
reduced leaf area, and reduced biomass production [8,11]. Some of these responses are part
of the plant’s strategies that aim to mitigate the adverse effects of low soil water availability
and, therefore, constitute water stress tolerance mechanisms.

Water stress tolerance refers to the degree to which a plant is adapted to low soil water
availability or drought conditions [14]. Forage plants are subject to periods of water stress
during their growth and development phase and must adapt to these adverse conditions.
Thus, plants in adverse environments have the ability to endure water stress through
certain biochemical or morphological adaptations and avoidance of cell injury [9,12,15,16].
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Understanding forage grass responses to water stress periods is essential to pasture
biomass productivity mainly because the periodic and repeated water shortage have in-
creasingly concerned Brazilian tropical grasslands [5]. Thus, identifying and understanding
water stress tolerance mechanisms are fundamental factors for developing tolerant forage
grass cultivars. The relative performance of forage grass biomass production under non-
stressful and stressful conditions (i.e., high and low soil water availability) seems to be the
starting point for identifying species with greater water stress tolerance [17]. Therefore,
the main conditions that must be considered when determining water-stress-tolerant and
water-stress-sensitive cultivars are cropping under non-stressful and stressful conditions
with high and low soil water availability, respectively [18,19]. However, identifying water-
stress-tolerant genotypes is not an easy task because the productive performance of forage
grasses is the result of a genotypic expression modulated by continuous interaction with
the growing environment [8].

Some studies have proposed using different selection indices to evaluate and iden-
tify water-stress-tolerant genotypes. Some of these selection indices were used to assess
genetic differences in genotypes of sorghum [18], soybeans [19], maize [20], wheat [21,22],
sunflower [23], and common beans [24]. However, these studies for tropical forage grasses
are still unknown. Therefore, our research constitutes the first report on selection indices to
assess the degree of water stress tolerance of the main forage grasses used in the Brazil-
ian Cerrado region. This information will help Brazilian farmers choose the best forage
cultivars to be planted in areas subject to soil water stress.

This study aimed to determine the degree of water stress tolerance of nine cultivars of
tropical forage grasses grown under different soil water regimes.

2. Results and Discussion
2.1. Analysis of Variance

Analysis of variance revealed that the effect of soil water regime was significant
(p < 0.01) on all forage grass growth traits. The interaction between soil water regime and
cultivars showed a significant effect (p < 0.05) on all plant growth traits except for the
number of tillers and shoot dry matter (Table 1). The significant interaction between the
main effects of cultivars and soil water regimes on most morphological traits indicates that
the forage grasses have distinct responses when exposed to soil water availability levels.

Table 1. Summary of analysis of variance for morphological traits of tropical forage grass cultivars
under the effect of soil water regimes.

Causes of Variation
Probability > F

PH NT NL LA SDM RDM TDM RV

Forage cultivar (C) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Soil water regime (W) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

C ×W <0.01 0.914 <0.01 0.045 0.518 0.020 0.029 <0.01

CV (%) 13.65 16.41 18.61 17.82 15.99 20.66 15.70 21.92

PH: plant height; NT: number of tillers; NL: number of leaves; LA: leaf area; SDM: shoot dry matter; RDM: root
dry matter; TDM: total dry matter; RV: root volume. CV: coefficient of variation.

2.2. Morphological Responses of Forage Grasses to Water Stress

Soil water stress resulted in a lower growth rate in plant height of U. brizantha cv. BRS
Piatã, P. glaucum cv. ADR 300 and P. maximum cv. Mombaça compared to high soil water
regime (Table 2). The plant height of P. maximum cv. Mombaça, U. brizantha cv. BRS Piatã
and P. glaucum cv. ADR 300 was 22%, 28%, and 44% lower in plants grown under a low
soil water (LSW) regime when compared to plants under a high soil water (HSW) regime.
However, soil water regimes did not inhibit the height growth rate of other forage grasses.
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Table 2. Plant height, number of green leaves, and leaf area of nine tropical forage grass cultivars
grown under different soil water regimes.

Forage Grass Cultivar

Soil Water Regime

High Middle Low

Plant Height (cm)

U. brizantha cv. BRS Piatã 74.0 ± 5.0 bA 63.7 ± 8.1 bB 53.3 ± 4.7 bC
U. brizantha cv. Marandu 62.7 ± 10.1 cA 51.3 ± 4.8 cA 50.0 ± 2.5 bA
U. brizantha cv. Xaraés 62.0 ± 9.9 cA 56.0 ± 2.0 cA 50.7 ± 2.4 bA
U. ruziziensis cv. Comum 47.7 ± 6.4 cA 47.3 ± 2.4 cA 43.3 ± 2.9 bA
P. glaucum cv. ADR 300 154.1 ± 5.3 aA 124.6 ± 5.1 aB 86.2 ± 3.3 aC
P. maximum cv. Aruana 72.7 ± 3.7 bA 71.0 ± 7.5 bA 71.3 ± 1.8 aA
P. maximum cv. Mombaça 79.7 ± 6.4 bA 62.7 ± 4.1 bB 62.0 ± 2.0 bB
P. maximum cv. Tanzânia 68.7 ± 5.8 bA 63.7 ± 5.3 bA 63.7 ± 1.3 bA
P. atratum cv. Pojuca 62.0 ± 9.9 cA 52.3 ± 1.4 cA 52.7 ± 3.7 bA

Number of leaves per plant

U. brizantha cv. BRS Piatã 40 ± 1 dA 33 ± 3 bA 20 ± 1 bA
U. brizantha cv. Marandu 41 ± 4 dA 32 ± 3 bA 24 ± 1 bA
U. brizantha cv. Xaraés 36 ± 2 dA 26 ± 1 bA 18 ± 1 bA
U. ruziziensis cv. Comum 119 ± 6 bA 88 ± 2 aB 51 ± 3 aC
P. glaucum cv. ADR 300 26 ± 2 dA 21 ± 1 bA 15 ± 2 bA
P. maximum cv. Aruana 75 ± 5 cA 47 ± 5 bB 38 ± 3 bB
P. maximum cv. Mombaça 52 ± 6 dA 30 ± 2 bB 23 ± 3 bC
P. maximum cv. Tanzânia 53 ± 2 dA 32 ± 1 bA 32 ± 5 bA
P. atratum cv. Pojuca 195 ± 20 aA 94 ± 19 aB 70 ± 10 aC

Leaf area (dm2/plant)

U. brizantha cv. BRS Piatã 16.9 ± 1.2 bA 10.2 ± 0.3 bB 7.6 ± 0.5 aB
U. brizantha cv. Marandu 20.8 ± 2.2 bA 17.5 ± 5.1 aA 9.9 ± 0.9 aB
U. brizantha cv. Xaraés 21.0 ± 1.2 bA 14.8 ± 1.5 aB 8.8 ± 1.5 aC
U. ruziziensis cv. Comum 31.6 ± 6.8 aA 18.9 ± 2.9 aB 11.9 ± 1.6 aC
P. glaucum cv. ADR 300 1.6 ± 0.2 dA 1.4 ± 0.1 bA 1.3 ± 0.2 bA
P. maximum cv. Aruana 28.9 ± 1.6 aA 17.0 ± 2.0 aB 11.9 ± 1.8 aB
P. maximum cv. Mombaça 28.6 ± 2.7 aA 18.8 ± 3.7 aB 12.0 ± 1.3 aC
P. maximum cv. Tanzânia 23.3 ± 2.3 bA 21.1 ± 2.3 aA 12.9 ± 0.8 aB
P. atratum cv. Pojuca 10.8 ± 1.6 cA 5.5 ± 0.8 bA 4.4 ± 1.3 bA

Means followed by distinct lowercase letters for the forage grass cultivars (in the column) or distinct uppercase
letters for the soil water regimes (in the line) show significant differences (Scott–Knott test, p ≤ 0.05). Values
represent the mean ±mean standard error.

Petter et al. [6] reported that the growth rate of U. brizantha cv. Xaraés, U. ruziziensis
cv. Comum and P. glaucum cv. ADR 7010 was not negatively affected by plant exposure to
water stress. However, Zuffo et al. [25] showed that soil water stress inhibited the height
growth rate of U. brizantha cv. BRS Piatã and P. glaucum cv. ADR 300. These results show
that the adverse effects of water stress on the height growth rate of forage grasses are still
inconsistent and depend on the grass development stage at which water stress occurs. Soil
water stress imposed during the initial growth stage has a more significant negative impact
on plant height than when imposed during the grass tillering stage [16].

The highest plant height under different soil water regimes was observed for P. glaucum
cv. ADR 300; however, the plant height was similar to P. maximum cv. Aruana under an
LSW regime (Table 2). These results are associated with the growth habits of forage grass
cultivars. The P. glaucum is more extensive and has an erect growth habit, while U. brizantha
and P. maximum plants are smaller, have a more tufted growth habit, and have a greater
number of tillers [6,26].

Water stress significantly reduced (p < 0.05) the number of leaves of U. ruziziensis cv.
Comum, P. maximum cv. Aruana, P. maximum cv. Mombaça, and P. Atratum cv. Pojuca, while
the other forage grasses did not significantly reduce the number of leaves when grown
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under different soil water regimes (Table 2). Under an HSW regime, the highest number
of leaves was observed for P. atratum cv. Pojuca, while under MSW and LSW regimes,
the highest number of leaves was obtained in U. ruziziensis cv. Comum and P. atratum cv.
Pojuca plants. Petter et al. [6] also reported a higher number of leaves in U. ruziziensis plants
exposed to soil water stress. These results indicate that even the plants of U. ruziziensis
have a significant reduction in the number of leaves when subjected to soil water stress; this
species can maintain a high number of leaves under LSW regimes. The lower emergence of
new leaves under water stress conditions has been considered a plant strategy to reduce
the transpiration rate and increase water use efficiency [15]. However, this water stress
tolerance strategy is conditioned on the specific response of the genotype [9]. The lower
number of leaves has been a response of forage grasses to ensure their survival to relatively
long periods of low soil water availability [8].

Leaf area was significantly (p < 0.05) smaller under an LSW regime for all forage
grass cultivars except for P. glaucum cv. ADR 300 and P. atratum cv. Pojuca (Table 2).
Under an LSW regime, the leaf area reduction of forage grasses ranged from 45% to 62%
compared to plants under an HSW regime. Leaf area reduction in three forage grass
cultivars (U. brizantha cv. BRS Piatã, U. brizantha cv. Marandu, P. glaucum cv. ADR 300)
exposed to water stress conditions were also reported by Zuffo et al. [25]. The reduction in
leaf area has been reported as a typical response of forage grasses when exposed to soil
water stress [8–12]. One of the first processes affected in response to decreased soil water
availability is cell expansion, a highly dependent process of turgidity in plants. However,
with the advancement of soil water stress, other physiological processes are negatively
affected, with direct effects on the photoassimilates accumulated by the forage grasses,
reduction in the carbon assimilation rate, and relative growth rate [8,9]. As a result of these
effects, there is a reduction in leaf area and biomass production. The reduction in leaf area
occurs as a defense reaction of plants to water stress, reducing the transpiration rate and,
consequently, water loss to the atmosphere [15].

Soil water regimes did not alter the root dry matter accumulation of U. brizantha
cv. Xaraés, P. glaucum cv. ADR 300 and P. atratum cv. Pojuca, while the root dry matter
accumulation of the other forage grasses was significantly lower when grown under water
stress, especially under an LSW regime (Table 3). Under an HSW regime, root dry matter
was higher for U. brizantha cv. BRS Piatã, U. brizantha cv. Marandu, U. ruziziensis cv. Comum,
P. maximum cv. Aruana, P. maximum cv. Mombasa and P. maximum cv. Tanzania. However,
when forage grass cultivars were grown under an LSW regime, there were no significant
differences in root dry matter production (Table 3). The lower production of root dry
matter of forage grasses under water stress conditions was also reported by Petter et al. [6]
and Fariaszewska et al. [9]. Under soil water stress, plants reveal mechanisms to combat
cellular tissue dehydration. The decrease in soil water availability causes an increase in
the synthesis of abscisic acid (ABA) and stress proteins, which protect cell membranes
and participate in osmoregulation [8]. The increase in the concentration of ABA in the
cells reduces the transpiration rate by closing the stomata and results in greater water use
efficiency [9]. In addition, abscisic acid inhibits shoot growth but simultaneously stimulates
root growth and development, which essentially helps to overcome stress [27]. However,
this stimulus in root growth caused by the higher concentration of ABA under water stress
conditions has been commonly reported under field conditions [8,12]. In pot experiments,
as in this study, the growth of the plant root system was limited by the soil volume in
the pot.

Total dry matter accumulation and root volume were significantly lower (p < 0.05)
under water stress conditions for all forage grass cultivars (Table 3). Under HSW regime,
P. maximum cv. Mombaça plants have greater total dry matter accumulation and greater
root volume than other forage grasses. Under soil water stress, plants of U. ruziziensis cv.
Comum, P. maximum cv. Aruana, P. maximum cv. Mombaça, and P. maximum cv. Tanzânia
had a greater total dry matter production, except for P. maximum cv. Aruana under an
MSW regime (Table 3). Under water stress conditions, there was no significant difference
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in root volume value between forage grass cultivars, except for P. glaucum cv. ADR 300
and P. atratum cv. Pojuca under MSW, which had lower root volume than other forage
grasses. The lower total dry matter production and root volume of plants exposed to soil
water stress is a consequence of plant adaptation mechanisms to avoid excessive water
loss [11,12], as well as the adverse effects of water stress on plant physiological metabolism,
especially on the photosynthetic activity of the plants [9]. Under water stress conditions,
the rate of photosynthesis decreases, which is related to a decrease in rubisco activity, a
reduction in stomatal conductance, and reduced availability of CO2 [8].

Table 3. Root dry matter, total dry matter, and root volume of nine tropical forage grass cultivars
grown under different soil water regimes.

Forage Grass Cultivar
Soil Water Regimes

High Middle Low

Root dry matter (g plant–1)

U. brizantha cv. BRS Piatã 23.3 ± 3.4 aA 15.0 ± 5.5 aB 5.5 ± 1.0 aC
U. brizantha cv. Marandu 19.5 ± 1.3 aA 12.5 ± 1.2 aB 7.5 ± 1.0 aB
U. brizantha cv. Xaraés 14.0 ± 1.4 bA 12.2 ± 1.1 aA 8.8 ± 1.1 aA
U. ruziziensis cv. Comum 22.8 ± 1.0 aA 14.4 ± 0.3 aB 7.1 ± 0.6 aC
P. glaucum cv. ADR 300 5.4 ± 0.6 cA 5.2 ± 0.4 bA 3.6 ± 0.2 aA
P. maximum cv. Aruana 17.5 ± 3.9 aA 8.3 ± 1.1 bB 1.2 ± 0.1 aC
P. maximum cv. Mombaça 28.4 ± 6.7 aA 13.1 ± 0.6 aB 8.3 ± 0.9 aB
P. maximum cv. Tanzânia 21.0 ± 3.6 aA 15.0 ± 3.4 aB 12.3 ± 1.2 aB
P. atratum cv. Pojuca 7.0 ± 1.5 cA 3.6 ± 0.7 bA 2.9 ± 0.3 aA

Total dry matter (g plant–1)

U. brizantha cv. BRS Piatã 55.6 ± 4.3 bA 36.0 ± 1.3 bB 23.0 ± 5.9 bC
U. brizantha cv. Marandu 50.7 ± 1.6 bA 35.3 ± 2.0 bB 23.2 ± 1.7 bC
U. brizantha cv. Xaraés 42.4 ± 3.9 cA 32.5 ± 1.8 bB 22.6 ± 0.7 bC
U. ruziziensis cv. Comum 56.8 ± 1.0 bA 45.9 ± 3.5 aB 26.1 ± 1.3 aC
P. glaucum cv. ADR 300 33.3 ± 0.3 cA 25.3 ± 1.1 cB 17.7 ± 0.2 bB
P. maximum cv. Aruana 58.1 ± 4.3 bA 34.0 ± 7.4 bB 26.8 ± 0.2 aB
P. maximum cv. Mombaça 69.3 ± 7.1 aA 42.1 ± 1.2 aB 29.9 ± 0.7 aC
P. maximum cv. Tanzânia 56.3 ± 4.8 bA 43.2 ± 4.3 aB 33.7 ± 1.4 aB
P. atratum cv. Pojuca 34.4 ± 1.8 cA 18.0 ± 4.2 cB 17.3 ± 1.2 bB

Root volume (cm3 plant–1)

U. brizantha cv. BRS Piatã 88.9 ± 19.8 dA 64.4 ± 6.8 aB 38.9 ± 5.6 aC
U. brizantha cv. Marandu 106.7 ± 3.3 cA 61.8 ± 6.7 aB 37.8 ± 4.0 aB
U. brizantha cv. Xaraés 94.0 ± 6.8 cA 58.9 ± 9.5 aB 32.9 ± 0.4 aC
U. ruziziensis cv. Comum 154.4 ± 14.6 aA 85.0 ± 8.7 aB 33.2 ± 1.9 aC
P. glaucum cv. ADR 300 53.3 ± 5.7 dA 31.7 ± 1.0 bB 23.3 ± 1.9 aB
P. maximum cv. Aruana 113.0 ± 3.5 cA 85.0 ± 16.0 aB 38.9 ± 2.2 aC
P. maximum cv. Mombaça 162.8 ± 11.4 aA 71.1 ± 8.7 aB 52.2 ± 1.1 aB
P. maximum cv. Tanzânia 133.3 ± 19.0 bA 83.3 ± 3.8 aB 58.9 ± 6.8 aC
P. atratum cv. Pojuca 64.4 ± 2.2 dA 22.1 ± 9.0 bB 21.1 ± 4.0 aB

Means followed by distinct lowercase letters for the forage grass cultivars (in the column) or distinct uppercase
letters for the soil water regimes (in the line) show significant differences (Scott Knott test, p ≤ 0.05). Values
represent the mean ±mean standard error.

Plants of U. ruziziensis vc. Comum has a higher tiller emission rate, while plants
of U. ruziziensis cv. Comum, P. maximum cv. Aruana, P. maximum cv. Mombaça, and
P. maximum cv. Tanzânia had a higher production of shoot dry matter (Table 4). Tillers are
very important to understanding forage grass growth and regrowth. Tillers are new grass
shoots made up of successive segments called phytomers. The tillering rate of grass species
is controlled by the emergence rate of phytomers, genetic characteristics, and plant density
in the field [5]. Thus, shoot dry matter production results from accumulated phytomers per
stem and the stem density per area [11,16].

118



Plants 2022, 11, 2444

Table 4. Average value of tiller number and shoot dry matter of tropical forage grasses affected by
cultivars and soil water regimes.

Causes of Variation Number of Tillers
(Units)

Shoot Dry Matter
(g plant–1)

Forage grass cultivars

U. brizantha cv. BRS Piatã 10.8 ± 0.8 d 20.8 ± 2.6 b
U. brizantha cv. Marandu 12.3 ± 0.9 d 23.2 ± 2.3 b
U. brizantha cv. Xaraés 11.1 ± 0.7 d 20.8 ± 2.2 b
U. ruziziensis cv. Comum 26.1 ± 3.0 a 28.2 ± 2.6 a
P. glaucum cv. ADR 300 4.2 ± 0.3 e 20.8 ± 2.0 b
P. maximum cv. Aruana 18.4 ± 1.2 b 30.6 ± 3.4 a
P. maximum cv. Mombaça 15.8 ± 1.0 c 30.5 ± 3.1 a
P. maximum cv. Tanzânia 15.6 ± 1.0 c 28.3 ± 2.2 a
P. atratum cv. Pojuca 19.8 ± 1.4 b 18.2 ± 2.6 b

Soil water regimes

High 16.4 ± 1.2 a 33.1 ± 1.1 a
Middle 15.6 ± 1.6 a 23.6 ± 1.4 b
Low 12.6 ± 1.1 b 17.8 ± 0.8 c

Means followed by distinct lowercase letters for the forage grass cultivar and soil water regime (in the column)
show significant differences (Scott Knott test, p).

The LSW regime inhibited the tiller emission of forage grasses (Table 4). Shoot dry
matter production was drastically reduced when grasses were exposed to water stress
conditions. The lower tillering rate and shoot dry matter accumulation of U. brizantha cv.
BRS Piatã and P. glaucum cv. ADR 300 under water stress conditions was also reported
by Zuffo et al. [25]. When water stress occurs at the initial stage of grass development, the
reduction in stomatal conductance and photosynthesis rate results in lower plant tillering
potential and lower shoot dry matter production [9], which results in significant forage
production losses [8]. According to Fonseca and Martuscello [5], the main morphological
characteristics that directly affect the forage production potential are the number of tillers,
the number of leaves, and leaf size.

2.3. Interrelationship between Morphological Traits and Forage Grass Cultivars

Canonical correlation analysis was used to verify the contribution of each depen-
dent variable measured in the tropical forage grasses as affected by soil water regimes
(Figure 1). For scores to be represented in a two-dimensional graph, the percentage of
retained variance must be higher than 80% [28]. In this study, variances accumulated in the
two main canonical variables were 94.2%, 88.2%, and 82.9%, respectively, for each graph
(Figure 1A–C), allowing an accurate interpretation.

Under the HSW regime, an angle (between vectors) less than 90◦ indicates a positive
correlation between the dependent variable plant height (PH) with the P. glaucum cv. ADR
300 (T1); number of leaves (NL) with P. atratum cv. Pojuca (T8); and the number of tillers, leaf
area, shoot dry matter, root dry matter, total dry matter, and root volume with P. maximum
cv. Tanzania (T2), U. ruziziensis cv. Comum (T3), P. maximum cv. Aruana (T4), P. maximum
cv. Mombaça (T5), U. brizantha cv. Marandu (T6), U. brizantha cv. BRS Piatã (T7), and
U. brizantha cv. Xaraés (T9) (Figure 1A).

Under the MSW regime, there was a positive correlation between plant height and
P. glaucum cv. ADR 300 (T1); the number of leaves and tillers with U. ruziziensis cv. Comum
plants (T3) and P. atratum cv. Pojuca (T8); and leaf area, root volume and shoot, root
and total dry matter with P. maximum cv. Tanzânia (T2), P. maximum cv. Aruana (T4),
P. maximum cv. Mombaça (T5), U. brizantha cv. BRS Piatã (T7) and U. brizantha cv. Xaraés
(T9) (Figure 1B).
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root dry matter; TDM: total dry matter; RV: root volume. (T1) P. glaucum cv. ADR 300; (T2) P. max-
imum cv. Tanzânia; (T3) U. ruziziensis cv. Comum; (T4) P. maximum cv. Aruana; (T5) P. maximum cv. 
Mombaça; (T6) U. brizantha cv. Marandu; (T7) U. brizantha cv. BRS Piatã; (T8) P. atratum cv. Pojuca; 
and (T9) U. brizantha cv. Xaraés. 
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Figure 1. Canonical correlation analysis (CCA) between the morphological traits and forage grass
cultivars when grown under well-irrigated control conditions (A) or exposed to moderate water
stress (B) and severe water stress (C). The blue lines show the canonical correlation between the
centroids of the first pair of canonical variates and the linear tendency line. Abbreviations: PH: plant
height; NT: number of tillers; NL: number of leaves; LA: leaf area; SDM: shoot dry matter; RDM: root
dry matter; TDM: total dry matter; RV: root volume. (T1) P. glaucum cv. ADR 300; (T2) P. maximum
cv. Tanzânia; (T3) U. ruziziensis cv. Comum; (T4) P. maximum cv. Aruana; (T5) P. maximum cv.
Mombaça; (T6) U. brizantha cv. Marandu; (T7) U. brizantha cv. BRS Piatã; (T8) P. atratum cv. Pojuca;
and (T9) U. brizantha cv. Xaraés.

Under the LSW regime, there was a positive correlation between the number of leaves
and tillers with U. ruziziensis cv. Comum (T3) and P. atratum cv. Pojuca (T8); plant height
and root dry matter with U. brizantha cv. Marandu (T6), U. brizantha cv. BRS Piatã (T7) and
U. brizantha cv. Xaraés (T9); and leaf area, root volume, shoot, and total dry matter with
P. maximum cv. Tanzânia (T2), P. maximum cv. Aruana (T4) and P. maximum cv. Mombaça
(T5) (Figure 1C).

The greater or lesser negative impact of soil water stress on the growth and devel-
opment of forage grasses is determined by the genetic traits of the genotype’s tolerance
when exposed to water stress conditions. Each forage grass has distinct morphological
characteristics that can be modified by the pasture’s production environment and technical
management. However, this modification of the morphological traits of grasses is limited
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by the phenotypic plasticity of the genotype [12]. Therefore, the cultivation environment
of forage grasses results in distinct gradual, reversible changes in the morphogenic and
structural characteristics of the plants [29].

The results shown in Figure 1 indicate that under non-stressful or stressful conditions,
forage grasses of the species P. maximum have a greater capacity to produce leaf area, root
volume, shoot, and total dry matter. Therefore, when the farmer aims at greater forage
production, cultivars Aruana, Mombaça, and Tanzânia of P. maximum are excellent option
for cattle feeding. Under the LSW regime, grasses of the species U. brizantha have a greater
capacity to produce root dry matter; however, the highest root volume under LSW was
observed for P. maximum cultivars. U. ruziziensis plants have a higher tillering potential
under non-stressful and stressful conditions. Therefore, it can be seen that each forage grass
cultivar has its intrinsic characteristics and directs the accumulation of photoassimilates to
different drains, either for the growth of the stem, leaves, roots, or tillers.

The pattern of dry matter allocation among different plant organs can change through-
out the plant development stages, especially when exposed to stressful environmental
conditions. However, this pattern of photoassimilate allocation is essential to optimize
crop growth and development under stressful conditions. This is because the pattern of
photoassimilate allocation can affect plants’ competitive and adaptive capacity and their
responses to the stresses imposed by the cultivation environment [29]. The pattern of
dry matter allocation in forage grasses is directly related to the optimization of capturing
the scarcest resources from the cultivation environment. Under non-stressful conditions,
grasses can allocate more photoassimilates to leaves to increase plants’ light energy uptake
and photosynthetic rate and increase forage production. On the other hand, grasses can
allocate more photoassimilates to the roots under water stress conditions to improve water
and nutrient uptake when soil water availability is low or limited [12].

2.4. Water Stress Tolerance Indices

The highest shoot biomass production under HSW regime (YP) was obtained for
P. maximum cv. Aruana, P. maximum cv. Mombaça, and P. maximum cv. Tanzânia (Table 5).
Under the MSW regime, the nine forage grass cultivars were grouped into the same group
based on shoot biomass production (YS) and TOL, YSI, DI, YI, k2STI, SSPI, and ATI indices.
These results indicate that these tolerance indices did not effectively differentiate the water
stress tolerance levels of forage grass cultivars exposed to moderate water stress conditions.
Menezes et al. [18] also reported that the TOL and YSI indices did not differentiate water-
stress-tolerant grain sorghum genotypes adequately. On the other hand, the MP, STI, GMP,
and HM indices classified the forage grass cultivars into two tolerance groups, and the
plants of U. ruziziensis cv. Comum, P. maximum cv. Aruana, P. maximum cv. Mombaça, and
P. maximum cv. Tanzânia belonged to the group with the highest values of water stress
tolerance indices (Table 5).

Under LSW regime, the TOL, YSI, and SSPI indices were not efficient in differentiating
the water stress tolerance level of the nine forage grass cultivars (Table 5). On the other
hand, the MP, GMP, and k2STI indices separated the forage grass cultivars into three
tolerance groups. In contrast, the DI, STI, YI, and HM indices divided the forage grass
cultivars into four tolerance groups (Table 5). These results indicate that these tolerance
indices were the most sensitive to differentiate forage grass cultivars regarding water stress
tolerance levels. Naghavi et al. [20] showed that the STI, YI, SSPI, k1STI, and k2STI indices
were the most suitable to identify water-stress-tolerant maize genotypes. Cabral et al. [19]
reported that the MP, STI, GMP, and HM tolerance indices are the most appropriate to
identify water-stress-tolerant soybean cultivars. Sánchez-Reinoso et al. [24] reported that
only the SSPI index effectively identified water-stress-tolerant bean genotypes.
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Table 5. Shoot biomass production and stress tolerance indices of the nine forage grass cultivars
under middle or low soil water regimes.

Forage Grass Cultivar YP † YS ††
Water Stress Tolerance Indices

TOL MP YSI DI STI GMP YI k1STI k2STI SSPI ATI HM

Middle soil water regime (MSW)

U. brizantha cv. BRS Piatã 32.3 b 21.0 a 11.3 a 26.6 b 0.65 a 0.58 a 0.62 b 26.0 b 0.89 a 0.95 b 0.89 a 23.9 a 210.4 a 25.4 b
U. brizantha cv. Marandu 31.3 b 22.8 a 8.5 a 27.0 b 0.73 a 0.71 a 0.65 b 26.7 b 0.96 a 0.89 b 0.96 a 17.9 a 161.1 a 26.3 b
U. brizantha cv. Xaraés 28.4 b 20.2 a 8.2 a 24.3 b 0.72 a 0.61 a 0.53 b 240 b 0.86 a 0.75 b 0.86 a 17.3 a 143.5 a 23.6 b
U. ruziziensis cv. Comum 34.0 b 28.1 a 5.9 a 31.1 a 0.83 a 0.99 a 0.88 a 30.9 a 1.19 a 1.06 b 1.19 a 12.4 a 131.5 a 30.8 a
P. glaucum cv. ADR 300 28.0 b 20.1 a 7.8 a 24.0 b 0.72 a 0.61 a 0.51 b 23.7 b 0.85 a 0.71 b 0.85 a 16.5 a 132.6 a 23.4 b
P. maximum cv. Aruana 40.5 a 25.7 a 14.8 a 33.1 a 0.63 a 0.82 a 0.95 a 31.3 a 1.09 a 1.50 a 1.09 a 31.4 a 270.3 a 29.8 a
P. maximum cv. Mombaça 41.0 a 29.0 a 12.0 a 35.0 a 0.72 a 0.89 a 1.08 a 34.3 a 1.23 a 1.57 a 1.23 a 25.4 a 305.4 a 33.7 a
P. maximum cv. Tanzânia 35.3 a 28.2 a 7.1 a 31.8 a 0.80 a 0.96 a 0.91 a 31.5 a 1.19 a 1.14 b 1.19 a 15.1 a 157.2 a 31.2 a
P. atratum cv. Pojuca 27.4 b 14.3 a 13.0 a 20.8 b 0.53 a 0.36 a 0.36 b 19.5 b 0.61 a 0.68 b 0.61 a 27.6 a 169.6 a 18.3 b
Mean 5.11 4.41 1.83 4.68 0.06 0.19 0.22 4.80 0.25 0.33 0.25 5.19 55.79 4.91
CV (%) 15.41 24.93 11.88 18.43 11.02 35.71 40.32 19.88 24.93 31.60 24.93 11.88 27.64 21.38

Low soil water regime (LSW)

U. brizantha cv. BRS Piatã 32.3 b 14.8 d 17.5 a 23.6 c 0.46 a 0.39 d 0.44 d 21.9 c 0.84 d 0.95 b 0.84 c 49.4 a 203.9 b 20.3 d
U. brizantha cv. Marandu 31.3 b 15.6 d 15.6 a 23.4 c 0.50 a 0.44 d 0.45 d 22.1 c 0.88 d 0.89 b 0.88 c 44.2 a 184.6 b 20.8 d
U. brizantha cv. Xaraés 28.4 b 13.8 d 14.6 a 21.1 c 0.49 a 0.39 d 0.36 d 19.8 c 0.78 d 0.75 b 0.78 c 41.2 a 156.4 b 18.5 d
U. ruziziensis cv. Comum 34.0 b 19.0 c 15.0 a 26.5 b 0.56 a 0.61 c 0.59 c 25.4 b 1.08 c 1.06 b 1.08 c 42.3 a 204.6 b 24.4 c
P. glaucum cv. ADR 300 28.0 b 14.2 d 13.8 a 21.1 c 0.51 a 0.41 d 0.36 d 19.9 c 0.80 d 0.71 b 0.80 c 39.1 a 146.9 b 18.8 d
P. maximum cv. Aruana 40.5 a 25.6 a 14.9 a 33.1 a 0.63 a 0.91 a 0.95 a 32.2 a 1.45 a 1.50 a 1.45 a 42.3 a 257.0 a 31.4 a
P. maximum cv. Mombaça 41.0 a 21.6 b 19.4 a 31.3 a 0.53 a 0.65 c 0.82 b 29.7 a 1.22 b 1.57 a 1.22 b 54.7 a 315.7 a 28.3 b
P. maximum cv. Tanzânia 35.3 a 21.4 b 13.9 a 28.4 b 0.61 a 0.74 b 0.69 b 27.5 b 1.21 b 1.14 b 1.21 b 39.3 a 204.7 b 26.7 c
P. atratum cv. Pojuca 27.4 b 13.0 d 14.3 a 20.2 c 0.48 a 0.36 d 0.32 d 18.8 c 0.74 d 0.68 b 0.74 c 40.6 a 142.8 b 17.5 d
Mean 5.11 4.88 3.04 4.76 0.09 0.21 0.24 4.78 0.21 0.33 0.21 6.43 62.54 4.86
CV (%) 15.41 20.98 30.89 16.88 12.90 28.55 33.69 17.35 20.98 31.60 20.98 30.89 33.47 18.03

† YP represents the shoot biomass production (in grams per plant) of forage grasses grown under high soil water
regime (non-stressful condition). †† YS represents the shoot biomass production (in grams per plant) of forage
grasses exposed to water stress conditions (middle or low soil water regime). Means followed by distinct lower
case letters for the forage grass cultivar and stress tolerance indices (in the column) show significant differences
(Scott Knott test, p). CV: Coefficient of variation. TOL: Tolerance, MP: Mean productivity, YSI: Yield stability
index, DI: Drought resistance index, STI: GMP: Stress tolerance index, GMP: Geometric mean productivity, YI:
Yield index, k1STI: Modified stress tolerance (k1), k2STI: Modified stress tolerance (k2), SSPI: Stress susceptibility
percentage index, ATI: Abiotic tolerance index, HM: Harmonic mean.

2.5. Interrelationship between Biomass Production and Water Stress Tolerance Indices

A network diagram was constructed based on the shoot biomass production of forage
grasses exposed to non-stressful and stressful conditions and on all stress tolerance indices
and their respective correlations (Figure 2). The correlation network diagram shows
the interactions between all the water stress tolerance indices with the shoot biomass
production of the grasses. Positive and highly significant correlations were detected
between water stress tolerance indices and shoot biomass production of forage plants
grown under MSW (Figure 2A) or LSW (Figure 2B) regimes.

Under MSW regime, positive and significant correlations were detected between
shoot biomass production under nonstressful conditions (YP) with all stress tolerance
indices; ATI with TOL, SSPI, k1STI, MP, GMP; k1STI with all tolerance tolerances except
YSI. Negative and significant correlations were detected between shoot biomass production
under stressful conditions (YS) with SSPI, TOL, and ATI; between YSI and TOL, SSPI, and
ATI; between TOL and MP, YI, STI, HM; between k2STI and SSPI; and between ATI and
k2STI and YI (Figure 2A).

Under LSW regime, positive and significant correlations were detected between shoot
biomass production under nonstressful (YP) and stressful conditions (YS) with all water
stress tolerance indices. Negative and significant correlations were detected between the
YSI with the SSPI and TOL indices (Figure 2B).

Discrimination of the water index tolerance level of the nine forage grass cultivars
based on only one criterion or tolerance index can be contradictory (Table 5). Therefore,
forage grasses should be differentiated and separated into different water stress tolerance
levels based on all tolerance indices [20]. The ranking method has been used to classify
crop genotypes into different water stress tolerance levels [21]. The ranking score of the
nine forage grass cultivars in each of the 12 water stress tolerance indices under MSW and
LSW regimes is shown in Table 6.

122



Plants 2022, 11, 2444

Plants 2022, 11, x FOR PEER REVIEW 11 of 18 
 

 

shows the interactions between all the water stress tolerance indices with the shoot bio-
mass production of the grasses. Positive and highly significant correlations were detected 
between water stress tolerance indices and shoot biomass production of forage plants 
grown under MSW (Figure 2A) or LSW (Figure 2B) regimes. 

 
Figure 2. Correlation networks illustrate the most significant Pearson correlations between the shoot 
biomass production (YP and YS) and water stress tolerance indices of tropical forage grasses grown 
under MSW (A) and LSW (B) regime. Thicker and green lines represent the highest positive corre-
lations (threshold set at 0.6 and p values < 0.05). Thicker and red lines represent the highest negative 
correlations (threshold set at 0.6 and p values < 0.05). TOL: Tolerance, MP: Mean productivity, YSI: 
Yield stability index, DI: Drought resistance index, STI: GMP: Stress tolerance index, GMP: Geomet-
ric mean productivity, YI: Yield index, k1STI: Modified stress tolerance (k1), k2STI: Modified stress 
tolerance (k2), SSPI: Stress susceptibility percentage index, ATI: Abiotic tolerance index, HM: Har-
monic mean. 

Under MSW regime, positive and significant correlations were detected between 
shoot biomass production under nonstressful conditions (YP) with all stress tolerance in-
dices; ATI with TOL, SSPI, k1STI, MP, GMP; k1STI with all tolerance tolerances except YSI. 
Negative and significant correlations were detected between shoot biomass production 
under stressful conditions (YS) with SSPI, TOL, and ATI; between YSI and TOL, SSPI, and 
ATI; between TOL and MP, YI, STI, HM; between k2STI and SSPI; and between ATI and 
k2STI and YI (Figure 2A). 

Under LSW regime, positive and significant correlations were detected between 
shoot biomass production under nonstressful (YP) and stressful conditions (YS) with all 
water stress tolerance indices. Negative and significant correlations were detected be-
tween the YSI with the SSPI and TOL indices (Figure 2B). 

Discrimination of the water index tolerance level of the nine forage grass cultivars 
based on only one criterion or tolerance index can be contradictory (Table 5). Therefore, 
forage grasses should be differentiated and separated into different water stress tolerance 
levels based on all tolerance indices [20]. The ranking method has been used to classify 
crop genotypes into different water stress tolerance levels [21]. The ranking score of the 
nine forage grass cultivars in each of the 12 water stress tolerance indices under MSW and 
LSW regimes is shown in Table 6. 

 

Low soil water regime (LSW)(A) (B)Middle soil water regime (MSW)

Figure 2. Correlation networks illustrate the most significant Pearson correlations between the
shoot biomass production (YP and YS) and water stress tolerance indices of tropical forage grasses
grown under MSW (A) and LSW (B) regime. Thicker and green lines represent the highest positive
correlations (threshold set at 0.6 and p values < 0.05). Thicker and red lines represent the highest
negative correlations (threshold set at 0.6 and p values < 0.05). TOL: Tolerance, MP: Mean productivity,
YSI: Yield stability index, DI: Drought resistance index, STI: GMP: Stress tolerance index, GMP:
Geometric mean productivity, YI: Yield index, k1STI: Modified stress tolerance (k1), k2STI: Modified
stress tolerance (k2), SSPI: Stress susceptibility percentage index, ATI: Abiotic tolerance index, HM:
Harmonic mean.

Table 6. Rank, mean rank (R), and standard deviation of ranks (SD) of water stress tolerance indices
of the nine forage grass cultivars under middle or low soil water regimes.

Forage Grass Cultivar
YP YS

Stress Tolerance Indices
R (±SD) Tolerance Level †

TOL MP YSI DI STI GMP YI k1STI k2STI SSPI ATI HM

Middle Soil Water Regime

U. brizantha cv. BRS Piatã 5 6 6 6 7 8 6 6 6 5 6 4 3 6 5.7 (±0.8) MS
U. brizantha cv. Marandu 6 5 5 5 3 5 5 5 5 6 5 5 5 5 5.0 (±0.3) MT
U. brizantha cv. Xaraés 7 7 4 7 6 7 7 7 7 7 7 6 7 7 6.6 (±0.6) MS
U. ruziziensis cv. Comum 4 3 1 4 1 1 4 4 3 4 3 9 9 3 3.8 (±1.6) MT
P. glaucum cv. ADR 300 8 8 3 8 5 6 8 8 8 8 8 7 8 8 7.2 (±1.1) S
P. maximum cv. Aruana 2 4 9 2 8 4 2 3 4 2 4 1 2 4 3.6 (±1.6) MT
P. maximum cv. Mombaça 1 1 7 1 4 3 1 1 1 1 1 3 1 1 1.9 (±1.3) T
P. maximum cv. Tanzânia 3 2 2 3 2 2 3 2 2 3 2 8 6 2 3.0 (±1.1) T
P. atratum cv. Pojuca 9 9 8 9 9 9 9 9 9 9 9 2 4 9 8.1 (±1.5) S

Low Soil Water Regime

U. brizantha cv. BRS Piatã 5 6 8 5 9 7 6 6 6 5 6 2 5 4 5.7 (±1.2) MS
U. brizantha cv. Marandu 6 5 7 6 6 5 5 5 5 6 5 3 6 5 5.4 (±0.7) MS
U. brizantha cv. Xaraés 7 8 4 7 7 8 8 8 8 7 8 6 7 2 6.8 (±1.2) MS
U. ruziziensis cv. Comum 4 4 6 4 3 4 4 4 4 4 4 4 4 6 4.2 (±0.5) MT
P. glaucum cv. ADR 300 8 7 1 8 5 6 7 7 7 8 7 9 8 3 6.5 (±1.6) MS
P. maximum cv. Aruana 2 1 5 1 1 1 1 1 1 2 1 5 2 9 2.4 (±1.7) T
P. maximum cv. Mombaça 1 2 9 2 4 3 2 2 2 1 2 1 1 8 2.9 (±1.8) T
P. maximum cv. Tanzânia 3 3 2 3 2 2 3 3 3 3 3 8 3 7 3.4 (±1.2) MT
P. atratum cv. Pojuca 9 9 3 9 8 9 9 9 9 9 9 7 9 1 7.8 (±1.8) S

† T refers to a water-stress-tolerant cultivar with a mean rank (R) score of 1 to 3.0; MT, moderately tolerant cultivar
with an R score of 3.1 to 5.0; MS, moderately sensitive cultivar with an R score of 5.1 to 7.0; and S, water-stress-
sensitive cultivar with an R score of 7.1 to 9. TOL: Tolerance, MP: Mean productivity, YSI: Yield stability index, DI:
Drought resistance index, STI: GMP: Stress tolerance index, GMP: Geometric mean productivity, YI: Yield index,
k1STI: Modified stress tolerance (k1), k2STI: Modified stress tolerance (k2), SSPI: Stress susceptibility percentage
index, ATI: Abiotic tolerance index, HM: Harmonic mean.

2.6. Ranking

Considering all water stress tolerance indices, the cultivars P. maximum cv. Mombaça
and P. maximum cv. Tanzânia had the highest stress tolerance indices (Table 5) and the
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best-ranking scores under the MSW regime (Table 6). Therefore, these two forage grass
cultivars were identified as tolerant to moderate water stress. The cultivars U. brizantha
cv. Marandu, U. ruziziensis cv. Comum, and P. maximum cv. Aruana were identified as
moderately tolerant to moderate water stress, while P. glaucum cv. ADR 300 and P. atratum
cv. Pojuca was the most sensitive cultivar to moderate water stress (Table 6).

Under LSW regime, the cultivars P. maximum cv. Aruana and P. maximum cv. Mombaça
were classified as water-stress-tolerant, whereas the cultivars U. ruziziensis cv. Comum
and P. maximum cv. Tanzânia were classified as moderately tolerant to severe water stress
(Table 6). These results suggest that the cultivation of P. maximum cultivars ‘Aruana’,
‘Mombaça’, and ‘Tanzânia’ is an excellent option for feeding cattle during the dry season in
Brazil since these forage grass cultivars were identified as tolerant to water stress and have a
high capacity for forage production in low soil water availability conditions. Indeed, using
tolerant cultivars in areas subject to water stress is the best solution to face the predicted
climate changes in the coming years and decades.

Fonseca and Martuscello [5] reported that forage grasses belonging to the species
P. maximum have a high potential for forage yield response to stressful environmental
conditions, confirming the results of this study. Some studies with wheat [30], canola [31],
and sugarcane [10] suggest that the degree of water stress tolerance is related to the
ability of plants to uptake and accumulate mineral nutrients when exposed to low soil
water availability conditions. In general, water stress tolerance is the characteristic of a
plant species or cultivar to adapt to growing environments with low water availability.
Under these stressful conditions, the extension of the root system has been a fundamental
morphological characteristic to improve the ability of plants to extract water and nutrients
from the soil [12,16].

Plants of P. atratum cv. Pojuca were identified as sensitive to water stress under MSW
and LSW regimes (Table 6). Therefore, the cultivation of this forage cultivar during the dry
season in tropical regions of Brazil should not be recommended due to its low capacity to
produce shoot biomass in soil water stress conditions.

3. Materials and Methods
3.1. Plant Growth Conditions

The experiment was conducted at Cassilândia, Mato Grosso do Sul, Brazil (19◦05′29′ ′

S and 51◦48′50′ ′ W, and altitude of 540 m) from May to August 2019, in 12 L plastic pots
in a smart greenhouse with an automatic climate control system. The temperature and
relative humidity inside the greenhouse were maintained at 26 ◦C (±2 ◦C) and 70% (±4%),
respectively, during the trial period. The photosynthetic photon flux density (PPFD) inside
the greenhouse, measured daily at midday (±12:00 h) with an Apogee MQ-500 quantum
sensor, was 982 µmol m−2 s−1 (±238 µmol m−2 s−1).

The soil used in the experiment was a typic Quartzipsamment (or Neossolo Quartzarênico
Órtico latossólico) collected from the 0.0–0.30 m layer in a Cerrado native pasture area with
180 g kg−1 of clay, 70 g kg−1 of silt, and 750 g kg−1 of sand. The occurrence of Quartzipsamments
in the eastern region of Mato Grosso do Sul state is common. This soil class has no restrictions
for the use and management of agricultural soil [32].

The chemical analysis showed that the soil used in this research has a low acidity
level and high fertility level, which allowed the adequate availability of nutrients for for-
age plants. The soil chemical analysis reported the following results: pH in CaCl2 = 5.6;
20 g kg−1 of organic matter; 12 mg dm−3 of P (Mehlich-1); 3.70 cmolc dm−3 of Ca2+;
1.60 cmolc dm−3 of Mg2+; 0.22 cmolc dm−3 of K+; 5.80 cmolc dm−3 of CEC; 68% of base sat-
uration; 1.8 mg dm−3 of Cu2+; 1.5 mg dm−3 of Zn2+; 73 mg dm−3 of Fe2+; and 13 mg dm−3

of Mn2+. All the soil chemical properties were analyzed according to Brazilian Agricultural
Research Corporation standard methods described by Teixeira et al. [33].

The field capacity was measured under free-draining conditions using a water content
decrease rate of 0.1 g kg−1 day−1, as proposed by Casaroli and Lier [34], and the soil
volumetric water moisture content (VWC) at pot field capacity (FC) was 218 g kg−1.
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The soil was placed in 12 L plastic pots and fertilized with 50 mg kg−1 of N (urea),
300 mg kg−1 of P (simple superphosphate), 150 mg kg−1 of K (potassium chloride), 30 mg
dm−3 of S (gypsum), 2 mg kg−1 of Cu (copper sulfate), and 2 mg kg−1 of Zn (zinc sulfate).
Fertilizers were incorporated into the entire soil volume of the pots three days before
sowing the forage plants. Each plastic pot was filled with 14 kg (±10 dm3) of air-dried soil
and sieved with a 5.0 mm mesh.

3.2. Experimental Design and Treatments

The experiment was arranged in a completely randomized block design in a 3 × 9
factorial arrangement with four replicates. Treatments consisted of three soil water regimes
(high soil water regime—HSW (non-stressful condition), middle soil water regime—MSW
(moderate water stress), and low soil water regime—LSW (severe water stress)) and nine cul-
tivars of tropical forage grasses (Urochloa brizantha cv. BRS Piatã, U. brizantha cv. Marandu,
U. brizantha cv. Xaraés, U. ruziziensis cv. Comum, Pennisetum glaucum cv. ADR 300, Panicum
maximum cv. Aruana, P. maximum cv. Mombaça, P. maximum cv. Tanzânia, Paspalum atratum
cv. Pojuca). Some of the morphological and agronomic characteristics of the tropical forage
grasses used in this study are shown in Table 7.

Table 7. Some characteristics of the nine tropical forage grass cultivars used in this study.

Forage Grass
Cultivar Common Name Cultivar Growth Habit Soil Fertility

Requirement Forage Yield Drought Tolerance

Urochloa brizantha Palisade grass BRS Piatã Semierect Medium High High
Urochloa brizantha Palisade grass Marandu Erect Medium Medium Medium
Urochloa brizantha Palisade grass Xaraés Semierect Medium High Medium
Panicum maximum Guinea grass Aruana Erect Medium/High High Medium/Low
Panicum maximum Guinea grass Mombaça Erect Medium/High High Medium/Low
Panicum maximum Guinea grass Tanzânia Erect Medium/High High Medium/Low

Pennisetum glaucum Pearl millet ADR 300 Erect Medium High Medium/High
Urochloa ruziziensis Ruzigrass Comum Semierect Medium/High High Low
Paspalum atratum Atratum Pojuca Erect Low High Low

Source: Fonseca and Martusello [5].

Water stress treatments were applied for 25 days during the grass tillering and stalk
elongation phases. Moderate and severe water stresses were achieved by simply changing
the percentage volume of soil field capacity moisture in the pots, as proposed by Imakum-
bili [35]. This methodology often achieves severe water stress by maintaining the soil VWC
in pots between 20% and 30% FC. An FC of 20% is acceptable for fine-textured soils, such as
clayey soils, whereas an FC of 30% is suitable for coarse-textured soils, such as sandy soils.
Moderate water stress is often achieved by maintaining soil VWC in pots at 60% FC in both
coarse- and fine-textured soils, and 100% of FC will keep plants in pots under non-stressful
conditions. The soil used in this study was a medium texture soil (180 g kg−1 of clay);
therefore, the soil VWC in the pots was maintained at 60% and 25% of FC, respectively, for
plants exposed to moderate water stress (middle soil water regime) or severe water stress
(low soil water regime).

3.3. Plant Material and Irrigation

Seeds of nine tropical forage cultivars, three commercial cultivars of Urochloa brizantha
(Hochst. Ex A. Rich.) R.D. Webster (‘BRS Piatã’, ‘Marandu’, and ‘Xaraés’), three commercial
cultivars of Panicum maximum Jacq. (‘Aruana’, ‘Mombaça’, and ‘Tanzânia’), one commercial
cultivar of Pennisetum glaucum (L.) R. Br. (‘ADR 300’), one commercial cultivar of Urochloa
ruziziensis (R. Germ. & C.M. Evrard) Crins (‘Comum’), and a commercial cultivar of
Paspalum atratum Swallen (‘Pojuca’) were sown on 8 May 2019 in 12 L pots. Ten seeds
were sown at 2.0 cm depth, and five days after emergence, seedlings were thinned to two
plants per pot. All plants were fertilized 30 days after emergence with 80 mg kg−1 of N via
urea solution.

Until 40 days after sowing, the soil VWC was maintained at FC (218 g kg−1) with
daily irrigation. Subsequently, the experiment was divided into three groups of soil water
regimes [HSW (100% of FC), MSW (60% of FC), and LSW (25% of FC)]. When initiating
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water stress treatments, severely and moderately stressed pots were not irrigated for 9 and
6 days until the soil VWC in the pots had dropped to a point slightly below 25% and 60%
of FC, respectively. Posteriorly, the soil VWC was maintained at these water stress levels
for 25 days. Soil water availability in pots was controlled daily at 9:00 a.m. and 3:00 pm
using the gravimetric method [35], and the soil VWC was adjusted by adding water after
weighing the pot.

3.4. Measurement of Morphological Traits

After the 25th day of exposure to water stress, the forage plants were harvested, and
the plant height, number of tillers, number of leaves, leaf area, root volume, and dry matter
of the plant parts were measured. The roots were put in a 1.0 mm mesh sieve and washed
under running tap water to remove the adhered soil. The plants were separated into leaves,
stems, and roots, oven-dried at 65 ◦C for three days, and then weighed. The total dry
matter was obtained from all seedling parts (leaves, stems, and roots).

The plant height was determined from the soil surface until the insertion of the +1 leaf
using a tape measure. The number of tillers or leaves was obtained from their count. Green
leaves were detached from plants, and the leaf area was determined using Equation (1), as
proposed by Benincasa [36]. Fifteen leaf discs (15.0 cm2) detached from the basal, median,
and apical leaves constituted the collected sample. Root volume was determined by water
displacement method using a 1000 mL graduated cylinder.

LA = [(LAs × LTDM)/DMs], (1)

where LAs is the leaf area of the collected sample, LTDM is the leaf total dry matter, and
DMs is the dry matter of the collected sample.

3.5. Calculation of Water Stress Tolerance Indices

In this study, 12 water stress tolerance indices proposed by several researchers [37–44]
were used to evaluate the forage production response (i.e., shoot biomass production) of the
nine forage cultivars grown under a high soil water regime (non-stressful conditions) and
under middle and low soil water regimes (i.e., moderate and severe water stress). Forage
biomass production data recorded for each forage cultivar in each soil water regime were
used to calculate water stress tolerance indices. The 12 water stress tolerance indices used
in this study are shown in Table 8.

Table 8. Stress tolerance indices used to assess water stress tolerance of nine tropical forage grass
cultivars grown under different soil water regimes.

Water Stress Tolerance Index Equation † Reference

1. Tolerance TOL = YP − YS [37]
2. Mean productivity MP = (YS + YP)/2 [37]
3. Yield stability index YSI = YS/YP [38]
4. Drought resistance index DI = [YS × (YS/YP)]/ȲS [39]
5. Stress tolerance index STI = (YS × YP)/(ȲP)2 [40]
6. Geometric mean productivity GMP =

√
(YS × YP) [40]

7. Yield index YI = YS/ȲS [41]
8. Modified stress tolerance (k1) k1STI = YP

2/ȲP
2 [42]

9. Modified stress tolerance (k2) k2STI = YS
2/ȲS

2 [42]
10. Stress susceptibility percentage index SSPI = [(YP − YS)/2 × ȲP] × 100 [43]
11. Abiotic tolerance index ATI = [(YP–YS)/(ȲP/ȲS)] × √(YP × YS) [43]
12. Harmonic mean HM = [2 × (YS × YP)]/(YS + YP) [44]

† In the equations above, YP and YS represent the forage production of grasses grown under high soil water
regime (non-stressful condition) and under middle or low soil water regimes (moderate or severe water stress) for
each forage grass cultivar, respectively, whereas ȲP and ȲS represent the average forage production of all grass
cultivars under high soil water regime and under middle or low soil water regimes, respectively.

3.6. Statistical Analysis

The data were previously submitted to statistical hypothesis tests to verify the ho-
mogeneity of variances (Levene test; p > 0.05) and normality of residues (Shapiro–Wilk
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test; p > 0.05). Then, the data were subjected to analysis of variance (ANOVA), and when
significant, the means were compared by the Scott–Knott test at the 0.05 confidence level.
This analysis was performed using Sisvar® version 5.6 software for Windows (Statistical
Analysis Software, UFLA, Lavras, MG, Brazil).

Statistical correlations based on Pearson’s correlation networks (threshold set at 0.60,
p < 0.05) were performed between the morphological traits of tropical forage grasses. A
correlation network was used to graphically illustrate Pearson’s correlation analyses, in
which the proximity between the nodes is proportional to the absolute correlation values
between the morphological traits. The bands’ relative thickness and color density indicate
the strength of Pearson’s correlation coefficients, and the color of each band indicates a
positive or negative correlation (red for negative and green for positive).

Canonical correlation analysis (CCA) was used to study the interrelationships between
sets (vectors) of independent (forage grass cultivars) and dependent (morphological traits)
variables for each soil water regime (high, middle, and low). These analyses were performed
using Rbio software version 140 for Windows (Rbio Software, UFV, Viçosa, MG, Brazil).

The identification of water-stress-tolerant forage grass cultivars was performed based
on all stress tolerance indices using the ranking method proposed by Farshadfar et al. [21]
and improved by Zuffo et al. [45]. In this method, the forage grass cultivars with the highest
values for the tolerance indices YP, YS, MP, YSI, DI, STI, GMP, YI, k1STI, k2STI, SSPI, ATI,
and HM received a ranking score of 1. Similarly, the grass cultivars with the lowest values
for the TOL tolerance index were assigned a ranking score equal to 1.

The mean ranking score (R) and the rank standard deviation (RSD) were calculated for
all water stress tolerance indices of the nine forage grass cultivars under middle or low soil
water regime. The discrimination of forage grass cultivars regarding their tolerance degree
to water stress was performed based on the mean ranking score of each grass cultivar,
considering the values of the quartiles that divide the nine possible ranking positions (i.e.,
nine forage grass cultivars) into four equal parts as idealized by Zuffo et al. [45]. A cultivar
with a mean rank (R) lower than the value of the first quartile (<3.0 points) is classified as
tolerant (T); a cultivar with an R between the first and second quartiles (3.1 to 5.0 points)
is classified as moderately tolerant (MT); a cultivar with an R between the value of the
second and third quartiles (5.1 to 7.0 points) is classified as moderately sensitive (MS); and
the group of water-stress-sensitive (S) cultivars is represented by grass cultivar with an R
higher than the value of the third quartile (≥7.1 points).

4. Conclusions

Soil water stress decreased leaf area, plant height, tillering capacity, root volume, and
shoot and root dry matter production in most cultivars, with varying degrees of reduction
among tropical forage grasses. Panicum maximum plants (cv. Mombaça and cv. Tanzânia)
grown under controlled greenhouse conditions were identified as tolerant to moderate
water stress, whereas the cultivars Aruana and Mombaça of P. maximum were identified as
tolerant to severe water stress. Panicum maximum cv. Mombaça has greater adaptability
and stability of shoot biomass production when grown under greenhouse conditions and
subjected to middle and low soil water regimes; therefore, this forage grass should be
tested under field conditions to confirm its forage production potential for cultivation in
tropical regions with the occurrence of water stress. The MP, DI, STI, GMP, YI, k2STI, and
HM tolerance indices were the most suitable for identifying forage grass cultivars with
greater water stress tolerance and a high potential for shoot biomass production under low
soil water regime.
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Abstract: Plant functional traits (PFTs) can reflect the response of plants to environment, objectively
expressing the adaptability of plants to the external environment. In previous studies, various
relationships between various abiotic factors and PFTs have been reported. However, how these
factors work together to influence PFTs is not clear. This study attempted to quantify the effects
of topographic conditions, soil factors and vegetation structure on PFTs. Four categories of vari-
ables were represented using 29 variables collected from 171 herb plots of 57 sites (from different
topographic and various herb types) in Xindian SWDP. The partial least squares structural equation
modeling showed that the topographic conditions and soil properties also have a direct effect on
plant functional traits. Among the topographic conditions, slope (SLO) has the biggest weight of
0.629, indicating that SLO contributed the most to plant functional traits and vegetation structure.
Among soil properties, maximum water capacity (MWC) contributes the most and is followed by
soil water content (SWC), weighted at 0.588 and 0.416, respectively. In a word, the research provides
new points into the quantification of the correlation between different drivers that may be impor-
tant for understanding the mechanisms of resource utilization, competition and adaptation to the
environment during plant recovery.

Keywords: plant functional traits; plants diversity; soil properties; random forest algorithm; PLS-SEM

1. Introduction

The Soil and Water Conservation Demonstration Park (SWDP) is a major innovation
of soil and water conservation in China. The ecosystem functions of SWDP include soil
and water loss prevention, climate improvement, resource protection, etc., however, with
the progress of the times, the goal of SWDP is not only limited to the improvement of park
ecology through planting vegetation and construction projects but also plant restoration
should become the focus of research. In order to better understand the role of vegetation
in soil and water conservation projects, the changes of plant functional traits should not
be ignored. The construction of Xindian SWDP can be traced back to 1952. After 68 years
of continuous management, the vegetation coverage of the park has recovered from 5%
to the current 75% and great changes have taken place in the ecology of the park during
the 68 years of continuous management. Therefore, the study of plant functional traits
reflecting the ecosystem change strategy is very important for soil and water conservation
and restoration development.

As the largest terrestrial ecosystem, grassland ecosystem mainly distributes in ecologi-
cally fragile areas due to their special functional traits and strategies [1]. Functional traits
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are biological attributes that directly or indirectly affect species fitness and endow plants
with high adaptability to environmental changes [2,3]. Functional trait variability allows
plants to minimize their building costs and maximize functional efficiency. Therefore, to
ascertain plant functioning and their ecological strategies in soil and water conservation
measures, it is critical to explore how functional traits vary across different measures [4],
especially relevant under the ongoing climatic change scenario. For instance, Scots pine
(Pinus sylvestris L.) has the ability to adjust its leaf/sapwood area ratio, leaf-specific hy-
draulic conductivity and total leaf area in response to drought [5].

The functional traits of grassland communities vary greatly due to latent influencing
factors, such as topographic conditions, soil properties and plant diversity [6]. On the one
hand, habitat heterogeneity, due to changes in environmental factors and topography, will
lead to the differences in grassland composition [7]. For example, temperature, humidity
and altitude will affect grassland vegetation population and change functional traits [8].
On the other hand, there is a complex relationship between soil properties and plant. Soil
which controls water and nutrients is the most critical condition for plant growth [9,10].
Soil water content is also considered to be the main factor in determining the composition
of grassland vegetation [11]. Lush plants also feed back to soil nutrients and avoid soil
erosion through their leaves and roots [12,13]. In addition, high vegetation coverage will
create a microclimate through changes to the environment temperature and humidity and
then affect soil properties [14]. In recent years, correlation or causation was explained
among plant functional traits and the influencing factors. However, how these factors work
together to influence plant functional traits and how they interact with each other remains
unclear [15]. Hence, to resolve this major problem, the research should quantify the factors
that impact on plant functional traits.

Four categories of variables were represented using 29 different observational variables
collected from 171 plots of 57 sites in Xindian National Soil and Water Conservation
Demonstration Park. We used random forest (RF) algorithm to identify critical indicators
of plant functional traits. The RF is a machine learning classification method that has been
demonstrated as an efficient algorithm to obtain key factors [16]. Moreover, structural
equation modeling (SEM) was used to quantify the influence of these factors on plant
functional traits [17]. In this research, we employed the partial least squares structural
equation modeling (PLS-SEM). By applying these methods, the main objectives of this
study were as follows: (a) Select and quantify appropriate plant functional traits in the
study area; (b) Discuss the interaction between topographic conditions, soil properties
and plant diversity affecting plant functional traits; (c) Evaluate the effects of topographic
conditions and diversity indexes on plant functional traits. The study on the above issues
is helpful to understand the status quo and change rules of plant functional traits in the
special ecosystem of Xindian National Soil and Water Conservation Demonstration Park;
it is of great significance to understand the mechanism of plant community construction
under the interaction of different factors.

2. Materials and Methods
2.1. Study Area

Xindian Soil and WATER Conservation Demonstration Park, located on the left bank
of the middle reaches of Wuding River, was built in 1952. It covers an area of 1.44 km2

and is all composed of hills. The terrain is very broken, with 31 gullies that are 200 m long
and cultivated land above 25 degrees accounting for 49% of the total cultivated land area
(Figure S1). According to the observed data in 1952, the annual average soil loss amount
was 19,900 t. Since 1952, 24 silt DAMS have been built in the demonstration park. At
present, the control degree (through engineering measures and vegetation engineering) of
the demonstration park has reached 80%, the forest and grass coverage rate has promoted
from 5% to 75% and the sand blocking rate has reached 98%.

The soil texture is sandy loam with dense gullies, which has typical loess hilly and
gully landform (Figure 1). It is a temperate continental semi-arid climate, with a monthly
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mean temperature, ranging from −7.5◦ in January to 24◦ in July, mean annual temperature
is 8.3◦ and the mean annual precipitation is 486 mm from 2010 to 2020, most of which
occurs in the form of rainstorms from July to September [18].Plants 2022, 11, 2891 4 of 17

Figure 1. Research area. Figure 1. Research area.

The study area is dominated by grassland and accounts for more than 80% of the total
vegetation area. Our research plots are located at an altitude of 850 m to 1287 m, with a
slope range from 3 ◦C to 40 ◦C.

2.2. Plot Survey, Sample Collection and Analysis

There were one hundred and seventy-one herb plots (1 m × 1 m) from fifty-seven
sampling sites in the study area (Figure 2). On each plot, we recorded the names, number,
coverage, proportion of all herb species and plant height of each herb. The vegetation
coverage was captured by Canon fisheye lens camera and processed using ArcGIS 10.6
to get the total coverage and dominant species coverage. After the investigation, ten
well-lit and developed leaves were collected from dominant species for measuring the leaf
thickness, area, and dry leaf weight of the species (Table S1). The remaining leaves were
taken back to the laboratory for chemical element determination after drying.

Soil samples from the fifty-seven sites were also obtained at 11:00 a.m. to 15:00 p.m.
from 29 July to 31 July 2020. Seven points were selected along an S-shape line in each plot
(Figure 2). The sampling was collected from 0–30 cm and mixed. Then, the soil samples
were required to pass a 2 mm sieve to remove impurities, the samples were taken back
to the laboratory for subsequent analysis. Soil bulk density and soil water content were
obtained from three samples along the diagonal in each grassland plot, using a cylindrical
metal sampler (100 mm2) [19].

133



Plants 2022, 11, 2891

The measurement of leaf traits was mainly carried out according to the literature [20,21].
A scanner was used to obtain the leaf area (10 replicates) and a vernier card was used to
measure and record the leaf thickness. Then, the measured leaves were put into envelopes
and the dry matter content of the leaves was obtained by drying method. The soil bulk
density was determined by soil–core method. The SWC was calculated as the ratio of
soil water mass to oven-dry weight [22,23]. The organic matter was assayed by dichromic
oxidation method. The total nitrogen content was measured by Kjeldahl method using a
FOSS Kjeltec 8400 Analyzer Unit (FOSS, Hillerod, Denmark) [24]. The total phosphorus
was digested by H2SO4-HCIO4 and measured by spectrophotometer [25]. Total carbon
was measured from 1 mm screened samples using Liaui TOC II analyzer (ELMENTAR,
Langenselbold, Germany).
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2.3. Variables

The SEM analysis method is a comprehensive technique that uses covariance matrix to
analyze the relationships in multivariate data and identify the causality between observed
variables and latent variables. In this study, we explained the relationships between the
various influencing factors that pertain to plant functional traits by using latent variables
and observational variables. The PLS-SEM was constructed by selecting three explanatory
latent variables (topographic conditions, soil properties and vegetation structure) and one
latent dependent variable (plant functional traits). Six explanatory observation variables
were used to represent the latent variable characteristics of soil, namely soil organic matter
content (SOM), soil water content (SWC), soil bulk density (BD), maximum soil water
content (MWC), soil total phosphorus content (TP) and soil total nitrogen content (TN).
Four topographic variables, namely altitude, slope, slope position and aspect, were chosen
due to their effect on the hydrothermal conditions of sampling sites. In order to ensure the
integrity of the vegetation diversity information, research needs of the integration of multi-
ple levels and multiple diversity indexes [26]. We selected five different vegetation diversity
indexes and two features as latent variables to illustrate vegetation structure, including
the total number of plants (N), plants species index (S), Shannon–Wiener index (SHA),
Simpson index (SIM), Margalef index (MAR) and Gleason index (GLE). Finally, 12 indexes,
including leaf thickness, leaf dry weight, organic matter of leaves, total nitrogen content, to-
tal phosphorus content, nitrogen-to-phosphorus ratio, leaf tissue density, leaf area, specific
leaf area, vegetation coverage, average plant height and ratio of dominant species were
used to represent the observed variables of plant functional traits (Tables S2 and S3).

2.4. Calculation of Variables

The calculation and treatment of some specific variables were as follows:

(1) Margalef species richness index (MAR)

MAR =
S − 1
ln N
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where S is the total number of species in the community and N is the total number of
individuals of all observed species.

(2) Shannon diversity index (SHA)

SHA = −∑ pi ln pi and pi =
Ni

N
where pi is the proportion of the number of species i to the total number.

(3) Simpson diversity index (SIM)

SIM = 1 − ∑ pi
2 and pi =

Ni

N
where pi is the proportion of the number of species i to the total number.

(4) Pielou’s evenness index (PIE)

PIE =
N(N − 1)

∑ Ni(Ni − 1)

where Ni is the number of individuals of species i and N is the sum of individuals of all
species in the community.

(5) Gleason richness index (GLE)

GLE =
S

ln A
where A is the total area investigated and S is the total number of species in the community.

(6) Community weighted means (CWM)

The functional characteristics of plant communities were characterized by community
weighting method [27]. CWM was calculated based on the plant functional traits of each
species in the plots. In addition, the relative above-ground biomass (AGB) of each species
in the plot was weighted. Additionally, the CWM mainly reflects the attribute and strategy
of dominant species in the community [28,29]. The CWM units are the same as functional
traits units involved in the calculation. The formula is as follows:

CWM =
n

∑
i=1

traiti × Pi

where traiti is the plant functional trait value of species i, Pi is the relative AGB of species i
in the plot, and n is the number of species in the plot.

2.5. Selection of Variables

In the research, RF algorithm was used to filter important dependent variables to
reduce the latent redundancy of dependent variables [30]. RF is an ensemble algorithm that
classifies by voting on multiple unbiased classifier decision trees [31,32]. The algorithm was
based on the Boruta package in R 4.1.2. The Boruta feature selection, providing important
values to indicate whether features are important or not, which are obtained by mixing
original attribute values between objects [33].

Plant functional traits can be reflected by multiple indices with different correlations
with explanatory observed variables. Therefore, we used a random forest algorithm to
screen for the indices of plant functional traits that were more correlated with explanatory
observed variables. The important values of 12 plant functional traits indexes were calcu-
lated using 17 explanatory observational variables. All the plant functional traits indexes
were used to classify the explanatory observed variables and an important classification
value was obtained. The results for each important value were summarized and the func-
tional trait indicators that showed statistical significance in a classification were voted on.
Such voting was conducted to select more relevant and key functional traits. Random forest
and voting results were used as input parameters to support latent dependent variables in
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the PLS-SEM model. In our research, confidence levels and maximum runs of RF algorithm
were set as 0.01 and 100, respectively [19].

2.6. Establish of Preliminary Model and Paths Determination

Structural equation model (SEM) is a method to establish, estimate and test causality
models, which contain both observable variables and latent variables that cannot be directly
observed [34]. It is mainly used in PLS-SEM and structural equation modeling based on
covariance. Compared with CB-PLS, which focuses on parameter evaluation, PLS-SEM
has a more accurate prediction accuracy [35]. In exploratory research, we should focus on
PLS-SEM when the relationship between variables is complex and unclear [36]. In addition,
according to the research, when the sample number is limited and does not follow the
normal distribution, PLS has a wider tolerance than CB [37,38]. Therefore, PLS-SEM was
chosen in the research.

There were three causal hypothesis to establish the preliminary model: (a) The vari-
ables of topographic conditions, soil properties and vegetation structure directly influenced
dependent variables of plant functional traits; (b) The latent variables of topographic con-
ditions indirectly impacted the latent variables of plant functional traits by influencing
hydrothermal conditions, species distribution and ecological processes; (c) Vegetation and
soil influence each other. The latent variables of vegetation structure indirectly impacted
the latent variables of plant functional traits by influencing the latent variables of soil
properties, and the latent variable of soil properties can also affect the functional character
of vegetation by improving the vegetation structure (Figure 3).
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Figure 3. A PLS-SEM model was established to show the relationship between latent variables. The
arrow represents the influence of the weight of the latent variable or observed variable on the latent
variable. The ovals represent the latent variables; the rectangles represent the observed variables.
SLO, slope; ALT, altitude; ASP, aspect; SP, slope position; MAR, Margalef species richness index; SHA,
Shannon diversity index; SIM, Simpson diversity index; PIE, Pielou’s evenness index; GLE, Gleason
richness index; N, Total number of shrubs; S, Total shrub species; SOM, Soil organic matter; BD, Soil
bulk density; MWC, Maximum water capacity; TP, Total phosphorus content; TN, Total nitrogen
content; SWC, Soil water content; LT, Blade thickness; LD, Leaf dry weight; LOM, Organic matter of
leaves; LTN, Total nitrogen content; LTP, Total nitrogen content; NP, Nitrogen-to-phosphorus ratio;
LTD, Leaf tissue density; LA, Leaf area; SLA, Specific leaf area; CO, Vegetation coverage; PH, Plant
height; RDS, Ratio of dominant species.
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To improve the reliability of model, correlation tests were carried out on different latent
variables. We used CCA analysis to correlate each set of variables. Seventeen explanatory
observed variables were divided into three groups of latent variables. Then, six pairs of
CCA were calculated for each variable in pairs. The secondary PLS-SEM is determined by
analyzing the significance of six sets of data and eliminating non-significant paths in the
model. The CCA was carried out using the R package, Vegan.

2.7. Evaluation of PLS-SEM

We carried out factor analysis and path analysis in PLS-SEM after obtaining the results
of RF and CCA analysis. In the final structural equation model, compound reliability values
(CR) and average variance extraction values (AVE) are used to evaluate the structural
reliability and internal model validity of SEM. The CR value > 0.7 indicates good internal
consistency and reliability of the model [39]. The AVE value > 0.5 indicates that the
model fits well and converges effectively. The identification validity should be evaluated
with a matrix, according to the Fornell–Larcker criterion. The square root of the AVE
should be greater than the relevant value of other variables [40]. We performed a variance
inflation factor (VIF) analysis to avoid multicollinearity, among observing variables [41].
To avoid model misjudgment, standardized root means square residual (SRMR) was used
as a fitting measure. Bootstrap programs were used to obtain T-statistics for significance
tests of structural paths in PLS-SEM [42]. The path coefficient is significant when the
p-value < 0.05 [36]. In this work, the maximum number of iterations of the PLS algorithm
was set to 5000. The threshold value, which determines the maximum of the difference of
the external weight, is set to 10−7. In addition, the number of guide sub-samples was set as
10,000 and the significance level of guide was set as 0.05 to ensure reliability. Smart PLS 3
was used for all PLS-SEM statistical analyses.

3. Results

Fifty-one species and 10,899 individuals of herbs were observed in 171 plots from 57 sites.
Lespedeza davurica was the most common herb observed at 57 sites, followed by Setaria
viridis (L.) Beauv at 25 sites. The twelve dependent observed variables used to explain
plant functional traits were as follows: LT:0.085–0.412; LH:5.74–60.261; LOM:404.453–516.743;
LTN:18.981–71.337; LTP:1.296–6.457; NP:8.078–33.559; LTD:2.423–21.617; LV:0.0655–11.479;
SLA:2.994–21.071; CO:0.477–0.977; PH:10.15–55; PDS:0.4–0.975.

3.1. Observed Variables of Plant Functional Traits

Seventeen explanatory observation variables among soil properties, vegetation struc-
ture and topographic conditions were used to classify 12 causal observation variables by RF,
considering the contribution of dependent variables to explanatory variables as important
values. Based on the regression analyses, we obtained 17 important values (Figure 4). The
importance values of N and SOM groups showed the best results, and only four values were
rejected in the group. CO was rejected by both N and SOM groups, and their importance
values were −3.20 and −1.44. The importance values in MAR all indicate low importance,
and all variables in this group are rejected. Eleven, fourteen and sixteen importance values
are derived from topographic conditions, soil properties and diversity, respectively.

We ranked the 12 dependent variables by the 42 importance values obtained. In
descending order, the results are as follows: PH (eight votes) < LTD and LTN (seven votes
each) < PDS (six votes) < LOSM and SLA (five votes each) < LTP (three votes) < LT (one
vote) < LD, NP, LA and CO (zero votes). PH received the highest number of votes, which
were based on soil properties. LTN received four votes from soil properties, three votes
from diversity, and zero votes from topographic conditions; LOM received four votes from
diversity and one vote from topographic conditions; and SLA received zero votes from
diversity. PH, RDS and LTD obtained votes from three latent variables, respectively, while
LD, NP, LA and CO did not obtain any votes. According to the total number of votes for
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each dependent variable, six variables—PH, PDS, LTN, LTD, LOM and SLA—were chosen
as observed variables of plant functional traits in PLS-SEM.
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3.2. Possible Path and Model

CCA analysis showed that the relationship between topographic conditions and soil
properties was not statistically significant. This may be because topographic conditions
have little direct effect on the underlying variables of soil properties. The relations between
vegetation structure and plant functional traits were highly statistically significant, which
was consistent with the interaction between vegetation structure and functional traits. In
addition, CCA results showed significant correlation between vegetation structure vs. soil
properties, topographic conditions vs. vegetation structure, topographic conditions vs.
plant functional traits and soil properties vs. plant functional traits. These results show the
interaction among the vegetation structure, soil properties, topographic conditions and
plant functional traits (Table 1).

Table 1. The significance of paths between latent variables.

Latent Variables Group Canonical
Correlations 1 Eigenvalue p-Value Wilk’s DF

Vegetation structure vs. Soil properties 0.660 0.771 0.028 * 0.285 42

Topographic conditions vs. Vegetation structure 0.651 0.737 0.042 * 0.430 28

Topographic conditions vs. Soil properties 0.551 0.435 0.101 0.518 24

Vegetation structure vs. Functional character of vegetation 0.612 0.600 0.002 ** 0.226 42

Topographic conditions vs. Functional character of vegetation 0.592 0.540 0.024 * 0.457 24

Soil properties vs. Functional character of vegetation 0.668 0.808 0.012 * 0.309 36

* indicates p < 0.05; ** indicates p < 0.01.
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If CCA results between the two sets of variables are not significant, we conclude there
is no latent path between the two pairs in model. Therefore, we preliminarily determined
the path of the PLS-SEM based on CCA results of different variable groups by eliminating
a path from topographic conditions to soil properties. The following figure describes the
optimized secondary structure equation model (Figure 5).
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Figure 5. PLS-SEM based on CCA.

3.3. Model Fit

The optimal model diagram is shown below (Figure 6). In this model, the CR value
is 0.795, indicating that the model has good precision and interpretability. The AVE
(value = 0.660) shows that the SEM finally obtained has good fitting convergence. Identifi-
cation validity was assessed through the Fornell–Larcker standard matrix. AVE square root
of plant functional traits was 0.812 in the matrix, which is greater than its correlation with
other variables. VIF values of all variables were less than three. The SRMR value of 0.093 is
acceptable in PLS-SEM.
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3.4. Evaluation of Influencing Factors of Plant Functional Traits

In the final PLS-SEM, the results indicate the weight of each observed variable among
potential variables. The weights of PH and SLA were 0.465 and 0.621, indicating that they
contributed 94.9% to latent variables of plant functional traits. For latent variables of plant
species diversity, the weights of SIM and GLE were 0.849 and 0.774, respectively. SLO
had the highest contribution value of latent quality variable, which was 0.629. ASP has
the lowest contribution value of −0.094. The contribution rates of SOM, TP, SWC and
MWC to soil properties were 0.343, 0.396, 0.416 and 0.588, respectively; they have similar
contribution rates.

The bootstrapping results demonstrated an acceptable t-test and p-value, which im-
plies that the four total effects of the final model are significant. The effects of topographic
conditions on plant functional traits (t = 3.245, p < 0.01), topographic conditions on plant
diversity (t = 5.324, p < 0.001), plant diversity on soil properties (t = 2.214, p < 0.05) and
soil properties on plant functional traits (t = 3.593, p < 0.001) were 0. 408, −0.544, −0.333
and 0.471, respectively. In addition, the indirect effect of latent variables of plant diversity
on latent variables of plant functional traits (t = 1.967, p < 0.05) was −0.157, which was
acceptable according to the bootstrapping results. Finally, the remaining paths (from soil
properties to vegetation structure) in the prediction model (Figure 5) were deleted because
their p > 0.05 and would affect the overall effect of the model.

4. Discussion
4.1. Results of Screening Plant Functional Traits by RF

According to the results of RF, there are finally five indicators that get high votes, they
are LTN, LOM, LTD, PH and SLA. PH received the most votes, which was mostly from soil
properties. Soil is the most important factor affecting plant growth, and TP is the highest
score among the four votes obtained through soil properties. The reason is that phosphorus
is an indispensable factor for plant growth, which can promote the rapid growth of roots
and aboveground parts and improve the ability of plants to adapt to external environmental
conditions [43]. Secondly, LTN and LTD both obtained the majority of seven votes from soil
properties and vegetation structure. Soil can provide nutrients for plants, and reasonable
vegetation structure can provide good hydrothermal conditions for plants, LOM and SLA
get higher votes for the same reason. Finally, LT received only one vote from vegetation
structure, LT did not get the topographical status vote because the study area was located
in SWDP, and many engineering measures changed the small topographical area of the
watershed, resulting in a low impact of topography on LT. The reason for not obtaining soil
voting is that the change of soil properties has limited influence on LT. As an important leaf
shape component, LT is mainly affected by environmental factors, especially light intensity,
which is the reason why LT can obtain vegetation structure voting.

4.2. Direct Effects of Topographic Conditions on Vegetation Structure and Plant Functional Traits

In the research, the direct effects of topographic conditions on plant diversity and plant
functional traits [36] were evaluated. The results showed that the effects of topographic
conditions on plant diversity and functional traits were mainly reflected by the differences
in altitude (ALT), slope aspect (ASP) and slope position (SP), as well as the different water,
heat, and light conditions, thus, leading to the formation of life strategies with different
combinations of functional traits in plants. Some scholars also confirmed the same problem,
the study showed that topographic factors strongly influenced the pattern of community,
ecosystem, and landscape, thus, affecting plant diversity (some studies pointed out that
topographic factors were the main factor, limiting the change of vegetation distribution in
the loess hilly region) [44].

According to the results of PLS-SEM, topographic conditions have a negative impact on
vegetation structure. SLO index had the greatest negative impact on vegetation structure.
Perhaps the main reason is that with the increase in slope, due to the special natural
geographical conditions of the Loess Plateau gully region, the soil required to form surface
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runoff when the rainfall intensity is beyond a certain range cannot effectively replenish
groundwater, and thus cannot form a soil dry layer of a certain depth, eventually affecting
the plant growth and reducing the plant community diversity. In the model, SP and ALT
have similar contributions to vegetation structure, The main reason is that they share a
similar principle: water and heat change with height, which ultimately affects the structure
of the vegetation [45,46]. Finally, slope aspect had the least impact on plant diversity.
Slope aspect mainly affected the light received by plants, but in the Loess Plateau region,
regardless of the slope aspect, the plant received sufficient light, which resulted in a small
impact of slope aspect factors on plant diversity [47].

According to the results of our research in the SWDP, the variation of SLO degree
significantly affects plant functional characteristics [48]. The possible reason is that the
plant growth is mainly restricted by water condition, and the change of the slope degree
affects the slope surface runoff and soil erosion intensity and indirectly leads to differences
in soil nutrient and moisture [49]. A study from Chinese scholars also showed that the
changes of certain functional traits in plants were mainly determined by slope changes and
plant functional traits gradually changed with the increase in slope value [50]. Altitude
is another major variable in determining the functional traits of vegetation, which affects
the temperature, water and carbon dioxide required for plant growth [51]. In addition, our
results suggested that slope position is also critical to the latent variable, affecting plant
functional traits. These results are consistent with the report, which showed that slope
position has a significant impact on the vegetation at microtopography [52]. The main
reason for this result is that the poor water and fertilizer retention ability of the upper slope
position causes a large amount of water to accumulate at the bottom of the slope, resulting
in significant differences in water and fertilizer conditions at different slope positions [53].
At the same time, the temperature at the bottom of the slope was higher than that at the
top due to the geographical advantage, and the water and heat were locally redistributed
due to the microtopography, which ultimately led to the differences in plant diversity and
functional traits [54]. In this study, slope aspect contributed very little to plant functional
traits (especially LTN), which was inconsistent with the results of Bennie et al. [55]. This
may be because the slope aspect has little influence on soil moisture and heat in the Loess
Plateau due to the low slopes and extreme drought [56].

4.3. Direct Effects of Soil Properties on Plant Functional Traits

Based on the results of model, in addition to topographic conditions, soil properties
also directly affect the plant functional traits [57]. Some scholars also reported similar
results, pointing out the availability of underground nutrients plays a key role in plant
growth [58].

For target variables, our results indicate MWC and SWC are the main factors affecting
plant functional traits. The biggest contribution of MWC and SWC is mainly because area
is located in the Loess Plateau, where soil water retention is poor, precipitation is low
and soil erosion is serious, so water is the main factor limiting plant functional traits [59].
There are other studies [60] reported that changes in plant functional traits are mainly
influenced by MWC and SWC. In addition, our study showed that TN is also critical to
latent variables of plant functional traits, which is consistent with Chinese scholars findings
that phosphorus is an important factor, affecting plant traits in arid regions [61]. In this
study, SOM contribution is 0.343. Organic matter is one of the main sources of plant
nutrition, which can promote plant growth and have a great impact on plant functional
traits [62]. According to the study along nutrient gradients on a provincial scale, SOM is
proportional to SLA LTN, LTP, etc. [63].

4.4. Indirect Effect of Vegetation Structure on Plant Functional Traits

The model shows that vegetation structure (SIM and GLE) directly affect soil properties
and indirectly affect plant functional traits (through soil properties), which showed there is
no evidence for a direct causal correlation of species diversity and plant functional traits.
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Vegetation structure has a direct negative impact on soil properties, which may be due
to sub-standard soil in the Loess Plateau due to low soil moisture and nutrient content;
the lack of soil nutrient accumulation and recruitment was due to excessive uptake of
soil nutrients in species-rich plots. Additionally, the study area will have heavy rain that
produces surface runoff and leaching from July to September, which further affects soil
properties. SIM index has a great influence on soil properties. The important reason is that
SIM index is an index indicating species dominance. Different species require different
nutrients. Plots with high dominance indicate that the proportion of a certain species in
the area is too high, which may lead to excessive consumption of certain elements in the
soil and eventually have a negative impact on soil properties. For example, studies have
shown that cropland (a single type of land) reduces soil organic matter content by 40%
and has the worst soil structure, compared to forest and grassland [64]. Second, the GLE
index of species richness based on plot area also had a negative impact on soil properties.
When the plot area is fixed, there is fierce competition among vegetation in the plot with
the increase in SIM index. Soil moisture is the biggest limiting factor for vegetation growth
in the loess hilly–gully region. The competition between vegetation will accelerate the
consumption of soil water and eventually affect soil properties. For example, the influence
of vegetation structure on the spatial variation of soil’s physical and chemical properties
is sometimes even more significant than that of climate factors [65]. Finally, there are two
main reasons why other vegetation diversity is not used in the model. On the one hand, RF
results showed that PIE, MAR and SHA had low correlations with selected plant functional
traits. On the other hand, N and S indexes have collinearity with SIM and GLE in PLS-SEM.
Therefore, the SIM and GLE indices were finally selected.

According to our results, plant functional traits were significantly affected by the
composition and distribution of herbaceous layers [66]. Vegetation structure have a direct
impact on soil properties, and the vegetation structure index can also indirectly reflect the
strength of inter-vegetation competitiveness [67]. For the target variables, the model results
showed that the SLA index of plant functional traits was indirect impacted by vegetation
structure. SLA is a functional trait that represents the interaction between plants and the
environment [68]. In the same community, the specific leaf area of plants was larger when
light was decreased. When the species diversity is high, the competition among plants
will lead to the lack of light for some plants, thus, affecting SLA index [69]. The change
of species diversity also had a significant impact on PH, mainly because of the high light
intensity and hot climate in the Loess Plateau region, but the shortage of water resources
and soil nutrients. The competition among species is mainly through the root system to
compete for soil water and nutrients, while the aboveground part mainly uses conservative
strategies to reduce light exposure. For example, dwarf plants are more conducive to
growth in the Loess Plateau. The research of scholars has also proved this point. Vegetation
on the Loess Plateau generally has developed roots to obtain soil water and nutrients, while
the aboveground parts are generally short [70]. In addition, changes in species diversity
had a certain impact on LTN and LOM indices, and the lack of soil nutrient accumulation
and recruitment was due to the excessive uptake of soil nutrients in species-rich plots.
Additionally, the study area will have heavy rains that produce surface runoff and leaching
from July to September, leading to a decrease in soil nutrient content, and ultimately a
comprehensive impact on LTN and LOM indicators [71]. Finally, the results of PLS-SEM
showed that the change of species diversity would affect the LTD; in order to adapt to the
harsh living environment, plants will put more dry matter synthesized by plants into the
structure of leaves (LTD increases) and improve the resistance to drought environment by
increasing the distance of internal water diffusion to leaves [72].

5. Conclusions

Quantitative description of the relationship between the factors that may affect plant
functional traits is very important for understanding the heterogeneity of vegetation habi-
tats in Xindian National Soil and Water Conservation Demonstration Park, which can
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provide new insights for vegetation management and restoration in soil and water con-
servation area. For example, we should pay attention to vegetation structure in the future
measures; reasonable vegetation structure can play a greater role in the same terrain and
soil conditions. In the research, PLS-SEM was built to quantify the influence between
influencing drivers on grassland vegetation functional traits, and the results showed that:
(1) Topographic conditions and plant diversity were the main factors affecting plant func-
tional traits. (2) The effect of topographic conditions on latent variables of soil properties
was limited, although some topographic conditions variables were strongly correlated
with it. (3) Species diversity indirectly affects latent variables of plant functional traits
by influencing soil properties. In general, our results show that topographic conditions
and soil properties are still the most important influencing factors, although other factors
will also have an impact on the functional characteristics of vegetation; in the future, park
management should continue to adhere to the policy of engineering measures in the main,
with vegetation measures as the auxiliary. Finally, the results of the model are relatively rea-
sonable for the short-term mechanism, but the time scale of the existence of the ecosystem
is longer. In the future, we can continue to study SWDP to obtain the long-term mechanism
and causal relationship between the components of the ecosystem in SWDP.
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Abstract: The yield and nutritional profile of grass and legume species in Kashmir Valley’s rangelands
are scantly reported. The study area in this paper included three types of sites (grazed, protected,
and seed-sown) divided into three circles: northern, central, and southern Kashmir. From each circle,
three districts and three villages per district were selected. Most sites showed higher aboveground
biomass (AGB) compared to belowground biomass (BGB), which showed low to moderate effects
on biomass. The comparison between northern, central, and southern Kashmir regions revealed
that AGB (86.74, 78.62, and 75.22 t. ha−1), BGB (52.04, 51.16, and 50.99 t. ha−1), and total biomass
yield (138.78, 129.78, and 126.21 t. ha−1) were the highest in central Kashmir region, followed by
southern and northern Kashmir regions, respectively. More precisely, AGB and total biomass yield
recorded the highest values in the protected sites of the central Kashmir region, whereas BGB scored
the highest value in the protected sites of southern Kashmir region. The maximum yield (12.5 t. ha−1)
recorded among prominent grasses was attributed to orchard grass, while the highest crude fiber
and crude protein contents (34.2% and 10.4%, respectively), were observed for Agrostis grass. The
maximum yield and crude fiber content (25.4 t. ha−1 and 22.7%, respectively), among prominent
legumes were recorded for red clover. The highest crude protein content (33.2%) was attributed
to white clover. Those findings concluded the successful management of Kashmir rangelands in
protected sites, resulting in high biomass yields along with the considerable nutritional value of
grasses and legumes.

Keywords: biomass production; chemical composition; ecological management; ecosystem diversity;
grazing
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1. Introduction

The Jammu and Kashmir (J and K) region (India) is well known for its alpine and
subalpine pastures [1], locally named “Margs” or “Bahaks”. These pastures constitute
a crucial ecological resource and play a significant role in the socioeconomic state of
the Himalayas Valley. The total area of Kashmir pasturelands is around 9595 km2 [2].
These pasturelands are rural areas that involve around 97% of the population in the
agricultural sector. The rearing of sheep, goats, and cattle constitutes the locals’ subsidiary
occupation. In addition, a huge population of nomadic Bakerwals, Gujjars, Chopans,
Changpas, and Gaddies depends directly on meadow products and pasturelands for herds
of maintained livestock.

The term “grassland” (also designated by “pastureland”) can be defined as land (and
the vegetation growing on it) devoted to the production of introduced or indigenous forage
for harvest via grazing, cutting, or both. The grassland’s vegetation includes grasses,
legumes, and scantly woody species [3]. Thus, grassland is a highly dynamic ecosystem
that supports fauna, flora, and human populations worldwide. It also encloses fodder
crops that covered approximately 3.5 billion hectares in 2000 and contains around 20% of
the world’s soil carbon stocks [4]. These stocks can be well enriched through the good
management of grasslands via Voisin’s rational grazing (VRG), resulting in an increased
milk production by ruminants [5]. This system allows the maximization of pasture growth
associated with ruminant intake while maintaining a sustainable circular cycle [6]. The
adoption of such a system is a must, especially in the Himalayan pasturelands, which was
a scene of overgrazing over decades and centuries [7]. The literature reported a decrease
in the available grazing area in the alpine and subalpine pasturelands of Kashmir from
0.15 ha. animal−1 to 0.10 ha. animal−1 between 1977 and 1982 [8]. Unfortunately, it is still
at a continuous decrease rate according to a recent report [9].

As the globe is still facing a rise in climatic change, there is an increased demand to
monitor, forecast and predict its effect on the productivity and quality of pasturelands [10].
However, the prediction of pasturelands’ biomass is sometimes not very reliable, while
the accurate and precise estimation consists of traditional methods that are mainly costly,
time-consuming, and non-environmentally friendly. In addition to this, the traditional
influencing factors (i.e., high wind velocity, low temperature, snowstorms, and so on)
and the increase in solar and ultraviolet (UV) radiations—as a direct response to climate
change—have resulted in the decreased biomass production of Himalaya pasturelands [11].
Similar observations were acknowledged in Nepal [12] and in the African pasturelands
of Niger and Zambia [10,13]. Thus, since the crucial role of pastureland in ecosystem
functioning and soil stability is endangered, the safeguarding of the Himalayan alpine and
subalpine vegetation exerts its weight [14].

Although earlier studies focused on the aboveground herbaceous species production
in a very limited area in Kashmir Valley [15], none have explored the whole region’s above
and belowground biomass (AGB and BGB, respectively), nor documented reliably the
prominent grasses and legumes species growing there. These grasses and legumes are the
main diet for sheep, goats, and cattle reared in the region. Thus, as the local population
mainly relies on milk production, the compositional quality evaluation of biomass used
for sheep, goats, and cattle nutrition is crucial. Therefore, the current study aimed to
(a) investigate and estimate the biomass yield and leaf nutritional profile of grasses and
legumes in high-altitude pasturelands of the northern, central and southern Kashmir
Himalaya Valley (Jammu and Kashmir (J&K)), India; and (b) detect any possible effect
(danger i.e., overgrazing) on grassland biomass in the studied zones.

2. Results
2.1. Analysis of Above (AGB), Below Ground Biomass (BGB) and Total Biomass Yield in
Northern Kashmir

In northern Kashmir region, the average AGB/BGB ratio was the highest in the grazed
and seed-sown sites of Kupwara district (1.61 and 1.85, respectively), and in the protected
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sites of Baramulla district (1.38) (Table 1). The average ratio of protected sites biomass over
grazed sites biomass (R1) was comparable between districts, whereas the average ratio
of seed-sown sites’ biomass over grazed sites’ biomass (R2) was the highest in Kupwara
district. The percentages of villages within districts, where AGB > BGB (P1), and seed-sown
sites biomass > grazed sites biomass (P3), were the highest in Kupwara district (100%). All
districts showed a comparable percentage (100%) of villages where protected sites biomass
> grazed sites biomass (P2).

Table 1. Comparison between northern Kashmir districts in terms of biomass production.

Parameter Kupwara Baramulla Bandipora

Grazed
Sites

Protected
Sites

Seed-Sown
Sites

Grazed
Sites

Protected
Sites

Seed-Sown
Sites

Grazed
Sites

Protected
Sites

Seed-Sown
Sites

AGB/BGB 1.61a 1.32b 1.85a 1.31b 1.38a 1.65c 1.29b 1.15c 1.81b
R1 2.37a 2.33a 2.36a
R2 1.48a 1.12b 1.43b

P1 (%) 100.00a 77.78b 66.67c
P2 (%) 100.00a 100.00a 100.00a
P3 (%) 100.00a 33.33c 66.67b

AGB: above-ground biomass; BGB: below-ground biomass; R1: average ratio of protected sites biomass over
grazed sites biomass (protected sites biomass/grazed sites biomass); R2: average ratio of seed-sown sites biomass
over grazed sites biomass (seed-sown sites biomass/grazed sites biomass); P1: percentage of villages within
district where ABG > BGB; P2: percentage of villages within district where protected sites biomass > grazed sites
biomass; P3: percentage of villages within district where seed-sown sites biomass > grazed sites biomass. Values
are means; means within the same row followed by different letters are significantly different at p < 0.05 according
to Duncan’s multiple range test.

All northern Kashmir districts showed higher AGB by 32.0%–43.2% in grazed sites
compared to BGB, except in Firozpur (Baramulla district) and Ketsan (Bandipora district)
where BGB was higher (p < 0.05) by 40.0% than AGB (Table 2). In protected sites, AGB
was also higher (p < 0.05) by a range of 1.4%–40.3% than BGB, except in Ketsan (Bandipora
district) where the latter was higher (p < 0.05) by 12.3% than the former. In all northern
Kashmir districts, seed-grown sites showed higher (p < 0.05) AGB by a range of 20.1%–
56.4% than BGB, whereas BGB was more abundant than AGB (p < 0.05) by 15.3% and 12.1%
in Firozpur (Baramulla district) and Ketsan (Bandipora district), respectively. It was also
depicted that the average biomass was higher (p < 0.05) for AGB than BGB in all districts
(24.4%–43.2%), except for Firozpur (Baramulla district) and Ketsan (Bandipora district)
(14.8% and 18.6%, respectively). Rajwar (Kupwara district), Gulmarg (Baramulla district),
and Cithernaar (Bandipora district) showed the highest AGB and BGB among all districts
and studied sites of northern Kashmir region. On the other hand, Gulmarg (Baramulla
district) had the highest (p < 0.05) AGB among all studied sites, while Rajwar (Kupwara
district) and Cithernaar (Bandipora district) had the highest (p < 0.05) BGB.

Table 2. Above (AGB) and below Ground Biomass (BGB) (t/ha) in the pasture of northern Kashmir.

District Village Biomass Type Grazed
Sites Protected Sites Seed-Sown

Sites
Average
Biomass

Kupwara Bangas Valley AGB 0.75Da 1.46Da 1.34Ea 1.19Ea
BGB 0.51Eb 1.06Gb 1.07Eb 0.80Eb

Wogubal AGB 1.11Ca 3.58Ca 1.81Ca 2.16Da
BGB 0.63Db 2.53Cb 0.81Fb 1.32Cb

Rajwar AGB 4.26Ba 5.98Ba 4.83Aa 5.02Ba
BGB 2.66Bb 5.17Ab 2.32Ab 3.38Ab
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Table 2. Cont.

District Village Biomass Type Grazed
Sites Protected Sites Seed-Sown

Sites
Average
Biomass

Baramulla Firozpur AGB 0.51Eb 1.38Ea 1.05Fb 0.98Fb
BGB 0.85Ca 1.36Fb 1.24Da 1.15Da

Dragbah AGB 1.11Ca 3.58Ca 1.65Da 2.11Da
BGB 0.63Db 2.43Db 0.85Fb 1.30Cb

Gulmarg AGB 4.46Aa 6.98Aa 4.81Aa 5.41Aa
BGB 2.82Ab 4.17Bb 2.22Bb 3.07Bb

Bandipora Ketsan AGB 0.51Eb 1.28Fb 1.09Fb 0.96Fb
BGB 0.85Ca 1.46Ea 1.24Da 1.18Da

Awathwooth AGB 1.11Ca 3.58Ca 1.95Ba 2.21Ca
BGB 0.63Db 2.53Cb 0.85Fb 1.33Cb

Cithernaar AGB 4.26Ba 5.98Ba 4.81Aa 5.01Ba
BGB 2.82Ab 5.17Ab 2.12Cb 3.37Ab

Values are means (3 replicates of each biomass type); means within the same column (comparison between villages
in terms of AGB/BGB) followed by different capital letters are significantly different at p < 0.05 according to
Duncan test; means within the same column (comparison between AGB and BGB within each village) followed
by different lowercase letters are significantly different at p < 0.05 according to Student’s t test.

2.2. Analysis of Above (AGB), Below Ground Biomass (BGB) and Total Biomass Yield in Central
Kashmir

In central Kashmir region, the average AGB/BGB ratio was the highest in all studied
sites of Budgam district (2.08, 1.72, and 2.11 at grazed, protected and seed-sown sites,
respectively), (Table 3). R1 was comparable between Ganderbal and Srinagar districts (2.70),
whereas R2 was the highest in Srinagar district (1.53). P1, P2, and P3 were comparable
between all central Kashmir districts (100%).

Table 3. Comparison between central Kashmir districts in terms of biomass production.

Parameter Ganderbal Budgam Srinagar

Grazed
Sites

Protected
Sites

Seed-Sown
Sites

Grazed
Sites

Protected
Sites

Seed-Sown
Sites

Grazed
Sites

Protected
Sites

Seed-Sown
Sites

AGB/BGB 1.70b 1.46c 1.93b 2.08a 1.72a 2.11a 1.45c 1.57b 1.83c
R1 2.70a 2.62b 2.70a
R2 1.47b 1.32c 1.53a

P1 (%) 100.00a 100.00a 100.00a
P2 (%) 100.00a 100.00a 100.00a
P3 (%) 100.00a 100.00a 100.00a

AGB: above-ground biomass; BGB: below-ground biomass; R1: average ratio of protected sites biomass over
grazed sites biomass (protected sites biomass/grazed sites biomass); R2: average ratio of seed-sown sites biomass
over grazed sites biomass (seed-sown sites biomass/grazed sites biomass); P1: percentage of villages within
district where ABG > BGB; P2: percentage of villages within district where protected sites biomass > grazed sites
biomass; P3: percentage of villages within district where seed-sown sites biomass > grazed sites biomass. Values
are means; means within the same row followed by different letters are significantly different at p < 0.05 according
to Duncan’s multiple range test.

All central Kashmir districts showed a higher AGB (p < 0.05) by 19.7%–70.2% in grazed
sites than BGB (Table 4). In protected sites, AGB was also higher (p < 0.05) by a range of
12.8%–47.9% than BGB. In all central Kashmir districts, seed-grown sites showed higher
(p < 0.05) AGB by a range of 18.7%–57.1% than BGB. Moreover, the average biomass was
higher (p < 0.05) for AGB than BGB in all districts (20.8%–55.6%). Narang (Ganderbal
district), Kanidajan (Budgam district), and Chirenbal (Srinagar district) showed the highest
AGB and BGB among all districts and studied sites of central Kashmir region. On the other
hand, Kanidajan (Budgam district) showed significantly higher (p < 0.05) AGB and BGB in
all sites except protected ones.
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Table 4. Above (AGB) and belowground biomass (BGB) (t/ha) in the pasture of central Kashmir.

District Village Biomass Type Grazed Sites Protected Sites Seed-Sown Sites Average Biomass

Ganderbal Rayil AGB 0.85Ea 1.56Ga 1.34Fa 1.25Ga
BGB 0.54Gb 1.36Fb 1.09Db 0.99Gb

Wangeth AGB 1.11Ca 4.58Da 1.95Da 2.54Ea
BGB 0.63Fb 2.93Db 0.85Fb 1.47Fb

Naranag AGB 4.26Ba 6.98Ba 4.81Ba 5.35Ca
BGB 2.42Cb 4.17Cb 2.13Cb 2.91Db

Budgam Yousmarg AGB 0.94Da 1.88Ea 1.19Ga 1.33Fa
BGB 0.28Hb 0.98Hb 0.51Gb 0.59Hb

Dodhpathri AGB 1.18Ca 4.68Ca 1.98Da 2.61Da
BGB 0.72Eb 2.97Db 0.87Fb 1.52Eb

Kanidajan AGB 4.76Aa 7.99Aa 5.88Aa 6.21Aa
BGB 3.82Ab 4.80Bb 3.42Ab 4.01Ab

Srinagar Astanmarg AGB 0.73Fa 1.78Fa 1.41Ea 1.31Fa
BGB 0.55Gb 1.16Gb 1.09Db 0.94Gb

Zahgemarg AGB 1.11Ca 4.61Ca 2.09Ca 2.61Da
BGB 0.83Db 2.83Eb 0.95Eb 1.54Eb

Chirenbal
AGB 4.26Ba 7.98Aa 4.85Ba 5.71Ba
BGB 2.52Bb 5.17Ab 2.42Bb 3.37Bb

Values are means (3 replicates of each biomass type); means within the same column (comparison between villages
in terms of AGB/BGB) followed by different capital letters are significantly different at p < 0.05 according to
Duncan test; means within the same column (comparison between AGB and BGB within each village) followed
by different lowercase letters are significantly different at p < 0.05 according to the Student’s t-test.

2.3. Analysis of Above (AGB), Below Ground Biomass (BGB) and Total Biomass Yield in Southern
Kashmir

In southern Kashmir region, the average AGB/BGB ratio was the highest in the grazed
and seed-sown sites of Anantnag district (1.71 and 1.82, respectively), and the protected
sites of Shopian district (1.38) (Table 5). R1 and R2, and P1 and P3 scored the highest values
in Anantnag and Kulgam districts, respectively, (2.38 and 1.47, and 100%, respectively). P3
was comparable between all southern Kashmir districts (100%).

Table 5. Comparison between southern Kashmir districts in terms of biomass production.

Parameter Anantnag Shopian Kulgam

Grazed
Sites

Protected
Sites

Seed-Sown
Sites

Grazed
Sites

Protected
Sites

Seed-Sown
Sites

Grazed
Sites

Protected
Sites

Seed-Sown
Sites

AGB/BGB 1.71a 1.18b 1.82a 1.31c 1.38a 1.69c 1.43b 1.13b 1.71b
R1 2.38a 2.19c 2.23b
R2 1.43b 1.31c 1.47a

P1 (%) 100.00a 66.67b 66.67b
P2 (%) 100.00a 100.00a 100.00a
P3 (%) 66.67b 66.67b 100.00a

AGB: above-ground biomass; BGB: below-ground biomass; R1: average ratio of protected sites biomass over
grazed sites biomass (protected sites biomass/grazed sites biomass); R2: average ratio of seed-sown sites biomass
over grazed sites biomass (seed-sown sites biomass/grazed sites biomass); P1: percentage of villages within
district where ABG > BGB; P2: percentage of villages within district where protected sites biomass > grazed sites
biomass; P3: percentage of villages within district where seed-sown sites biomass > grazed sites biomass. Values
are means; means within the same row followed by different letters are significantly different at p < 0.05 according
to Duncan’s multiple range test.

Particularly, all southern Kashmir districts showed a higher AGB (p < 005) by 31.6%–
51.9% in grazed sites than BGB, except in Dabjan (Shopian district) and Astanmarg (Kulgam
district) where BGB was higher (p < 0.05) by 30.6% and 42.0% than AGB, respectively
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(Table 6). The same trend was observed regarding protected sites where AGB were higher
(p < 0.05) by a range of 2.0%–40.3% than BGB, except in Dabjan (Shopian district) and
Astanmarg (Kulgam district) where BGB was higher (p < 0.05) by 5.4% and 18.0% than
AGB, respectively. In all southern Kashmir districts, seed-grown sites showed higher
(p < 0.05) AGB by a range of 17.4%–56.6% than BGB, whereas BGB was more abundant
(p < 0.05) by 15.3% and 12.8% than AGB in Dabjan (Shopian district) and Astanmarg
(Kulgam district), respectively. Also, the average biomass was higher (p < 0.05) for AGB
over BGB in all districts (14.9%–44.3%), except for Dabjan (Shopian district) and Astanmarg
(Kulgam district) (15.1% and 22.0%, respectively). Aru Valley (Anantnag district), Kaller
(Shopian district), and Chirenbal (Kulgam district) showed the highest AGB and BGB
among all districts and studied sites. On the other hand, AGB was the highest (p < 0.05) in
Kaller (Shopian district) in grazed and protected sites, and in Chirenbal (Kulgam district)
among seed-sown sites. BGB was the highest (p < 0.05) in Chirenbal (Kulgam district) in
grazed and seed-grown sites, and in Aru Valley (Anantnag district) in protected sites.

Table 6. Above (AGB) and belowground biomass (BGB) (t/ha) in the pasture of southern Kashmir.

District Village Biomass Type Grazed Sites Protected Sites Seed-Sown Sites Average Biomass

Anantnag Daksum AGB 0.79Ga 1.51Fa 1.32Fa 1.21Ea
BGB 0.54Fb 1.48Gb 1.09Eb 1.03Eb

Alhan AGB 1.25Ea 3.74Ca 1.98Da 2.32Ca
BGB 0.65Eb 2.58Db 0.91Fb 1.38Cb

Aru Valley AGB 4.69Aa 5.98Ba 4.81Ba 5.16Ba
BGB 2.68Bb 5.57Ab 2.32Bb 3.52Ab

Shopian Dabjan AGB 0.59Hb 1.41Gb 1.05Gb 1.01Fb
BGB 0.85Ca 1.49Ga 1.24Da 1.19Da

Hirpora AGB 1.21Fa 3.68Da 1.85Ea 2.24Da
BGB 0.77Db 2.43Eb 0.92Fb 1.37Cb

Kaller AGB 4.70Aa 6.98Aa 4.91Ba 5.51Aa
BGB 2.82Ab 4.17Cb 2.22Cb 3.07Bb

Kulgam Astanmarg AGB 0.51Hb 1.28Hb 1.09Gb 0.96Gb
BGB 0.88Ca 1.56Fa 1.25Da 1.23Da

Zahgemarg AGB 1.31Da 3.58Ea 2.05Ca 2.31Ca
BGB 0.63Eb 2.53Db 1.05Eb 1.40Cb

Chirenbal AGB 4.56Ba 5.98Ba 5.81Aa 5.45Aa
BGB 2.82Ab 5.19Bb 2.52Ab 3.51Ab

Values are means (3 replicates of each biomass type); means within the same column (comparison between villages
in terms of AGB/BGB) followed by different capital letters are significantly different at p < 0.05 according to
Duncan test; means within the same column (comparison between AGB and BGB within each village) followed
by different lowercase letters are significantly different at p< 0.05 according to the Student’s t test.

2.4. Comparison of Above (AGB), Belowground Biomass (BGB) and Total Biomass Yield between
Kashmir Regions

The comparison between northern, central, and southern Kashmir regions revealed
that AGB (86.74, 78.62, and 75.22 t. ha−1), BGB (52.04, 51.16, and 50.99 t. ha−1), and total
biomass yield (138.78, 129.78, and 126.21 t. ha−1) were the highest in central Kashmir
region, followed by southern and northern Kashmir ones, respectively, (Figure 1). More
precisely, AGB and total biomass yield recorded the highest values in the protected sites
of central Kashmir region (42.04 and 68.41 t. ha−1, respectively), whereas BGB scored the
highest value in the protected sites of southern Kashmir region (27.00 t. ha−1).
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Figure 1. AGB, BGB and total biomass yield (t. ha−1) in studied circles.

2.5. Yield and Nutrient Profile of Prominent Grasses and Legumes

The results of prominent grasses’ yield and nutrient profile evaluation are shown in Table 7.
Orchard grass (Dactylis glomerata) showed the highest yield (p < 0.05) (12.50± 0.6 t. ha−1)
compared to other grasses, whereas, the highest nitrogen content (p < 0.05) was detected in
Timothy grass (1.81± 0.05%). Phosphorus and crude protein contents were the most abundant
(p < 0.05) in Agrostis grass (Agrostis alba) (0.34± 0.04% and 10.40± 0.5%, respectively), whereas
perennial ryegrass (Lolium perenne) enclosed the highest (p < 0.05) potassium and crude fiber
contents (0.44± 0.05% and 35.12± 0.8%, respectively). It should be noted that no significant
difference (p > 0.05) and very low standard deviations (SDs) (0.2 < SD < 0.6, and 0.01 < SD < 0.8)
were observed in terms of grass yield, and leaf nutrient content, respectively, between all studied
sites in the three Kashmir regions.

Table 7. Yield and leaf nutrient profile of prominent grasses.

Grasses Yield
(t. ha−1)

N
(%)

p
(%)

K
(%)

Crude Fiber
(%)

Crude Protein
(%)

Dactylis glomerata
(Orchard grass)

12.50
± 0.6a

1.51
± 0.04b

0.07
± 0.01d

0.31
± 0.04c

15.30
± 0.6b

10.30
± 0.5a

Festuca arundinacea
(Tall fescue grass)

11.80
± 0.6ab

1.22
± 0.03c

0.18
± 0.02c

0.41
±

0.05ab

11.20
± 0.6b

7.50
± 0.3b

Lolium perenne
(Perennial rye grass)

10.23
± 0.5b

1.29
± 0.03c

0.29
± 0.03b

0.44
± 0.05a

35.12
± 0.8a

5.10
± 0.2c

Phleum pratense
(Timothy grass)

8.57
± 0.4c

1.81
± 0.05a

0.21
± 0.03c

0.39
± 0.04b

31.20
± 0.8a

9.50
± 0.4a

Agrostis alba
(Agrostis grass)

3.51
± 0.2d

1.23
± 0.03c

0.34
± 0.04a

0.23
± 0.03d

34.20
± 0.8a

10.40
± 0.5a

Values are means (3 replicates of each grass); means within the same column followed by different letters are
significantly different at p< 0.05 according to Duncan’s multiple range test.

Table 8 showed that red clover (Trifolium pretense) had the highest (p < 0.05) yield, nitro-
gen, potassium, and crude protein contents (25.40± 0.6 t. ha−1, 1.69± 0.05%, 0.45 ± 0.05%,
and 22.70 ± 0.6%, respectively), among prominent legumes found in Kashmir Valley,
whereas the phosphorus content was the most abundantly found (p < 0.05) in white clover
(Trifolium repens) and sainfoin (Onobrychis viciifolia) (0.34 ± 0.04%). In addition, the crude
fiber content scored its highest value in white clover (33.12 ± 0.8%) compared to other
prominent legumes studied. It should be noted that no significant difference (p > 0.05)
and very low SDs (0.3 < SD < 0.6, and 0.02 < SD < 0.8) were observed in terms of legume
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yield and leaf nutrient content, respectively, between all studied sites in the three Kashmir
regions.

Table 8. Yield and leaf nutrient profile of prominent legumes.

Legumes
Yield

(t.
ha−1)

N
(%)

p
(%)

K
(%)

Crude
Fiber
(%)

Crude Protein
(%)

Trifolium pratense
(Red clover)

25.40
± 0.6a

1.69
± 0.05a

0.33
± 0.04a

0.45
± 0.05a

29.89
± 0.7a

22.70
± 0.6a

Trifolium repens
(White clover)

24.20
±

0.6ab

1.23
± 0.03c

0.34
± 0.04a

0.25
± 0.03c

33.12
± 0.8a

21.10
± 0.6a

Medicago sativa L.
(Lucerne)

23.40
± 0.6b

1.67
± 0.05a

0.31
± 0.04a

0.43
± 0.05a

11.50
± 0.6b

18.80
± 0.5b

Onobrychis viciifolia
(Sainfoin)

7.50
± 0.3d

1.19
± 0.02c

0.34
± 0.04a

0.23
± 0.03c

10.20
± 0.5b

15.40
± 0.5c

Securigera varia
(Crown vetch)

9.30
± 0.4c

1.47
±

0.04b

0.11
±

0.02b

0.35
±

0.04b

9.23
± 0.4b

11.56
± 0.5d

Values are means (3 replicates of each grass); means within the same column followed by different letters are
significantly different at p< 0.05 according to Duncan’s multiple range test.

3. Discussion
3.1. Analysis of Above (AGB), Belowground Biomass (BGB), and Total Biomass Yield

The healthy functioning of an ecosystem can be estimated by the overall plant biomass
it yields. Over-grazing is one of the most critical issues facing plant biomass in Kashmiri
grasslands. The current study detected higher AGB compared to BGB and a positive
AGB/BGB ratio in all districts of northern, central, and southern Kashmir regions. This
simulates that the studied locations were not over-grazed. However, the high BGB in
Aru Valley, Kaller and Chirenbal (northern Kashmir), Rajwar, Gulmarg, and Cithernaar
(southern Kashmir), and Naranag, Kanidajan, and Chirenbal (central Kashmir) might reveal
possible moderate grazing within these regions. Such regions might be abandoned after be-
ing heavily grazed in elder decades. In this regard, Dai et al. [16] reported that the moderate
grazing promoted the root biomass of Kobresia meadow (BGB) in the northern Qinghai-Tibet
pastures, which corroborates with our findings. Thus, the adaptive response of plants
might occur in which they tend to increase their root development to survive [17]. Also,
during the April-May period, snow melting occurs in the pasturelands of Kashmir Valley
which naturally favors and promotes the growth and development of BGB. Furthermore,
the protected areas (sites) by local authorities may have helped in the preservation of plant
biomass away from rearing and over-grazing, thus resulting in increased biomass yields.
This is consistent with the report of Lone and Pandit [18] on the Langate Forest division
of Kashmir. Tittonell et al. [19] proposed an agroecological research agenda, suggesting
species breeding to preserve diversity and a co-innovation of large-scale farming with
farmers, policymakers, and value chains. Although site protection resulted in substantial
improvements in rangeland grazing management in Namibia, it did not enhance cattle
productivity nor rangeland health [20]. The interesting observation in the present study
is that all studied species were found in grazed, protected, and seed-sown sites, which
outlines again that grasslands were not over-grazed in the studied locations. Two decades
back, it was reported that dry matter biomass yield ranged between 1.41 and 6.23 t. ha−1 in
temperate pastures of the northwestern Himalayas [21], which is far below that observed
in the current study. This could be explained by the fact that Kashmiri citizens are now
more conscious and aware of the risks on grassland biomass and the disequilibrium of the
environmental balance associated with overgrazing. On the other hand, climatic contrasts,
species heterogeneity, and anthropogenic disturbances were reported to affect the biomass
yield in the lesser Himalayan foothills, and northwestern regions of Kashmir Valley [22,23].
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This simulates a possible inclusion of non-native species to the studied sites, resulting
in the variation of soil organic carbon (SOC), and thus a variation in biomass yields [24].
Our findings outlined that AGB, BGB, and total biomass yield were the highest in central
Kashmir, followed by southern and northern Kashmir. Such a variation in biomass yields
was reported to be correlated with the variation in carbon sequestration potential (CSP) [25].
Panwar et al. [25] reported a high CSP in northern India (J & K as a whole state), associated
with high biomass yields (AGB: 6.7–159.4 t. ha−1; BGB: 1.6–71.5 t. ha−1; total biomass
yield: 15.9–202.6 t. ha−1). However, the study was very general and did not take into
consideration the difference between Kashmiri regions in terms of vegetative populations
nor site types (grazed, protected and seed-sown sites). Despite that, the AGB, BGB, and
total biomass yields observed in the present study fall within the ranges stated in the
aforementioned ones.

3.2. Yield and Nutrient Profile of Prominent Grasses and Legumes

The nutritional composition of grasses used for animal forage is a factor determining
their growth, reproduction, and livestock production. Additionally, the climate, soil type,
and degree of maturity of grasses influence their nutritional composition [26,27]. Sampling
was performed during July which means that the studied grasses and legumes were at
their harvest stage [28]. This simulates that their nutrient richness may have started to
decline [29]. On the other hand, Hao and He [30] outlined an increased biomass yield
once a nutrient loss occurs. This statement partly agrees with our findings as biomass
yield was satisfying while grasses were highly nutritious. Leaf N, P, and K contents in
orchard grass was several folds higher than outlined in other grasslands (N: 0.22–0.26%,
p: 0.002–0.004%, K: 0.007–0.02%) [31]. A previous study on Chinese seed-sown pastures
outlined leaf P and K contents in tall fescue grass higher by 1.7-fold and 4.9-fold than our
findings [32]. Generally, leaf nitrogen content in grasses should not exceed 3.5% [33]; thus,
our findings showed safe values. Leaf phosphorus content in grasses does not usually
exceed 0.7–0.8% [34], which agrees with our findings, whereas leaf potassium content can
range between 1.2 and 2.0% [35]. This simulates that the selected grasses may show some
K deficiency. Moreover, Chang et al. [32] depicted a crude protein content in the range
of 11–14%, being 1.5–1.9-fold higher than observed in the present study. On the other
hand, the crude protein and crude fiber contents in selected legumes was promising. It was
recommended that 12–19% of crude protein would be suitable for cattle feed [36]; which
means that some of the selected grasses can be mixed with red or white clover to improve
the protein requirements for rearing cattle. Thus, the high management of grasslands is
proposed to increase the crude protein and crude fiber contents in selected grasses. In this
context, Berauer et al. [37] reported that crude protein in grasses increased by 22–30% after
high land management. Furthermore, the moderate nitrogen percentages in the studied
grasses revealed the absence of an over-grazing activity in the studied sites. Dong et al. [38]
explained that increased N rates, N mineralization, and nitrification processes occur when
associated with over-grazing. It is worth noting that animals have different behaviors
based on their preference. For instance, cattle and sheep diets are mainly based on grasses
and legumes while goats’ diet is more related to herbal biomass [39]. Therefore, the present
grasslands studied enclose nutritious grasses and legumes highly abundant for cattle
and sheep foraging. This cannot be achieved without the inhibition of biomass species’
eradication unless correct and serious management of lands is performed associated with
new technology that is timesaving and has a lower negative impact on the environment.

4. Materials and Methods
4.1. Study Area and Sites Description

The study area enclosed the whole Jammu and Kashmir (J and K) Valley, which was
divided into three zone circles: northern, central, and southern. Within each circle, three
districts were selected, and subsequently, three sites within each district were chosen
(Table 9). All studied sites varied in elevation between 1450 and 4800 m above mean sea
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level. Studied areas enclosed: (a) Grazed Sites, (b) Protected Sites, and (c) Seed-Sown
Sites. Grazed sites are grassland areas covered by grasses and legumes that are suitable for
livestock grazing. Protected sites are grassland areas where carbon emissions from land use
change are limited, and nutrient sapping is avoided. This included the cultivation of trees
as windbreaks to reduce soil erosion and crop rotation to keep good nutrient availability
in soil. Seed-sown sites are grassland areas which were seeded with native engendered
species due to overgrazing or extensive agricultural exploitation. Seeded species included:
orchard, tall fescue, perennial rye, and Agrostis grasses, and legumes such as: red clover,
white clover, lucerne, sainfoin, and crown vetch. These species were sown in a randomized
complete block design (RCBD) between mid-August and mid-September at a rate of 36 g
seeds/m2. A harrowing process was also practiced for initial soil preparation in order to
optimize seedling establishment.

Table 9. Spatial distribution of studied sites.

Zone Name District Name Village Name District Coordinates District Altitude

Northern Kashmir Kupwara Bangus Valley, Wogubal, Rajwar 34◦18′–34◦47′ N,
73◦45′–74◦30′ E 2000–3500 m

Baramulla Firozpur, Dragbah, Gulmarg 34◦11′–34◦19′ N,
74◦21′–74◦36′ E 1630–2085 m

Bandipora Ketsan, Awathwooth, Cithernaar 34◦25′–34◦41′ N,
74◦39′–74◦65′ E 2700–4800 m

Central Kashmir Srinagar Baedhmargh Reshipora,
Astanmarg Dara, Syedpora Bla

34◦05′–34◦08′ N,
74◦50′–74◦83′ E 1450–3942 m

Budgam Yousmarg, Dodhpathri, Kanidajan 33◦93′–34◦02′ N,
74◦69′–74◦79′ E 2000–2730 m

Ganderbal Rayil, Wangeth, Naranag 33◦44′–33◦73′ N,
75◦09′–75◦15′ E 1716–3397 m

Southern Kashmir Anantnag Daksum, Ahlan, Aru Valley 33◦36′–34◦25′ N,
75◦02′–75◦59′ E 1600–1723 m

Shopian Dabjan, Hirpora, Kaller 33◦43′–33◦72′ N,
74◦50′–74◦83′ E 1650–4720 m

Kulgam Astanmarg, Zahgemarg, Chirenbal 33◦55′–33◦78′ N,
74◦90′–75◦17′ E 1740–4800 m

4.2. Climate

The union territory of J and K, India (33◦17′–37◦20′ N latitude, 73◦25′–80◦30′ E lon-
gitude) comprises two main physical regions: Outer Himalayas with sub-tropical and
intermediate climate (Jammu), and Inner Himalayas with a temperate climate (Kashmir).
The climate varies considerably with altitude; it is mild and salubrious in lower altitudes
but very cold in higher-ups. Spring is cool and rather wet. Regarding the Outer Himalayas
(Jammu), average minimum and maximum temperatures vary between −11 ◦C and 33 ◦C
during winter and summer, respectively. Autumn is bright and pleasant, while winter is
extremely cold and experiences heavy snowfalls. Frost is experienced from the middle of
November onwards. The main form of precipitation is snow in winter and some stray rains,
and showering in spring. The Jammu region receives an average annual precipitation of
about 1103 mm in the form of rain and snow for about 70 days. Unlike the Outer Himalayas,
there is no distinct rainy season in the Inner Himalayas. The minimum temperature of
the Kashmir region falls within −7 ◦C in winter and the maximum goes up to 35 ◦C in
summer. It is characterized by a mean minimum temperature below 8 ◦C for more than
six consecutive months per year. Mean annual minimum and maximum temperatures
range between 6.68 and 19.31 ◦C, respectively, and mean annual soil temperature ranges
between 8 and 15 ◦C, thus the area belongs to the mesic temperature regime. The mean
annual rainfall in the Inner Himalayas is 710 mm and the soil in the studied area does
not remain generally dry for more than 90 cumulative days. Hence, it belongs to the udic
moisture regime.
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4.3. Vegetation Diversity

Several types of grasses and legumes growing in the studied Kashmir regions are
outlined in Table 10.

Table 10. Diversity of grasses and legumes in the studied Kashmir regions.

Zone Grasses Legumes

Northern Kashmir Dactylis glomerata Trifolium pratense
Festuca arundinacea Trifolium repens

Lolium perenne Onobrychis viciifolia
Phleum pratense Medicago sativa

Bromus unioloides Securigera varia
Phalaris spp.
Poa pratensis

Lolium multiflorum
Agrostis alba
Avena sativa

Central Kashmir Dactylis glomerata Trifolium alexandrinum
Festuca arundinacea Stylosanthus hamata

Lolium perenne Macroptilium atropupreum
Dicanthium annulatum Trifolium pratense

Chloris gayana Trifolium repens
Chrysopogon fulvus Onobrychis viciifolia

Heteropogon contortus Medicago sativa
Agrostis alba Securigera varia
Setaria spp.
Avena sativa

Phleum pratense
Southern Kashmir Dactylis glomerata Trifolium pratense

Festuca arundinacea Trifolium repens
Lolium perenne Onobrychis viciifolia
Agrostis alba Medicago sativa

Phleum pratense Securigera varia
Avena sativa
Setaria spp.

4.4. Sampling

Samples were collected following a direct field plot harvest method [40]. Briefly,
three transects, divided into two blocks (100 m distant from each other) were performed.
Moreover, three quadrants of 1 m2 each were performed within each block. All grasses and
legumes, within these quadrants, were collected from their roots by digging 5 cm2 pits up
to a depth of 30 cm. Then, they were packed in ice-cooled-bags, transported directly to the
laboratory for identification, and stored at a cool temperature for further analyses.

4.5. Compositional Analyses

Before analyses, the vegetative components including roots were washed thoroughly
under a jet of running tap water to remove the attached soil. Then, they were dipped in
diluted HCl (1 mL concentrated HCL.L−1 water) [41]. Further washing was performed
with de-ionized water. Sampled species were first identified as grasses or legumes, then
the above- and belowground biomass yields were estimated in t. ha−1 [41]. Afterward, the
roots were removed, and the clean leaf samples were dried in a hot air-circulating oven
at 105 °C for 24 h until a constant weight is obtained. Then, they were girded for nutrient
analysis [41].

The nitrogen content was estimated using the micro Kjeldahl method [42]. The phos-
phorus content was determined following the vanado-molybdo-phosphoric Acid yellow
colorimetric method [43]. Briefly, the dissolved reactive phosphorus reacted with ammo-
nium molybdate under acid conditions. Hence, the molybdo-phosphoric acid was formed,
and a yellow vanado-molybdo-phosphoric acid was obtained in the presence of vanadium.
This corresponds to the phosphorus concentration. Such concentration was detected at
a wavelength of 470 nm using Thermo Spectronic Helios Gamma UV (Hellma model:
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178.712-QS, flow cell: 10 mm light path, inner optical volume: 30 L), connected to a Kipp &
Zonen BD112 recorder [43].

The potassium content was determined using the FLAPHO flame photometer method [44].
Briefly, the instrument was warmed up for 10 min and distilled water was fed to the instrument.
Then, the indicators were adjusted to 0 (reading). The concentrated standard solution was
aspirated, and the readout was adjusted to 90 (on the uppermost scale). Afterward, the distilled
water was aspirated, and the instrument read 0. All standards and standard solutions were
aspirated, and results were recorded. Then, the calibration curves were drawn; the potassium
concentration corresponded to the abscissa, whereas the instrument readouts corresponded to
the ordinate. Finally, the potassium concentration was noted.

Using the acid–alkali digestion method, the residue after acid and alkaline digestion
(determined gravimetrically) corresponded to the crude fiber content [45]. The crude
protein content was calculated after the determination of the leaf nitrogen via the micro
Kjeldahl method. The leaf nitrogen content value was multiplied by a coefficient factor of
6.25 [46]. All compositional elements were expressed as percentage (%) dry matter.

4.6. Statistical Analysis

One-way ANOVA, Duncan, and Student’s t tests were applied for data analysis
using the SPSS 25® program. A confidence level of 95% (p = 0.05) was adopted for all
statistical tests. A comparison between regions districts was performed (different lower-
case letters refer to a significant difference) in terms of AGB/BGB, R1, R2, P1, P2, and P3
(Tables 1, 3, and 5). A comparison between villages of different districts was performed
(different capital letters refer to a significant difference) as well as between AGB and BGB
(different lowercase letters refer to a significant difference (Tables 2, 4, and 6). In a similar
vein, a comparison between grasses and legume types in terms of yield, and compositional
elements (N, P, K, crude fiber and crude protein), was performed (different letters refer to a
significant difference) (Tables 7 and 8).

5. Conclusions

Kashmir Valley rangelands (northern, central and southern Kashmir regions) were
investigated for their AGB, BGB, and total biomass (grasses/legumes) yields in three site
types (grazed, protected, and seed-sown) along with their leaf nutritional profiles (N, P, K,
crude fiber, and crude protein contents). Results showed an overall moderate grazing with
a low to moderate effect on biomass. AGB, BGB, and total biomass yields were the highest
in central Kashmir, followed by southern, and northern Kashmir. AGB and total biomass
yields recorded the highest values in the protected sites of central Kashmir region, whereas,
BGB yield scored the highest value in the protected sites of southern Kashmir region. On
the other hand, Agrostis grass showed the highest crude fiber and crude protein contents
among grasses found in the studied regions, whereas the highest crude fiber and crude
protein contents among prominent legumes were recorded for red clover and white clover,
respectively. Those findings concluded the successful management of Kashmir rangelands
in protected sites, resulting in high biomass yields along with the considerable nutritional
value of grasses and legumes.
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Abstract: Nitrogen deposition and biodiversity alter plant flowering phenology through abiotic factors
and functional traits. However, few studies have considered their combined effects on flowering
phenology. A common garden experiment with two nitrogen addition levels (0 and 6 g N m−2 year−1)
and five species richness levels (1, 2, 4, 6, and 8) was established. We assessed the effects of nitrogen
addition and plant species richness on three flowering phenological events of Medicago sativa L. via
changes in functional traits, soil nutrients, and soil moisture and temperature. The first flowering day
was delayed, the last flowering day advanced, and the flowering duration shortened after nitrogen
addition. Meanwhile, the last flowering day advanced, and flowering duration shortened along plant
species richness gradients, with an average of 0.64 and 0.95 days change per plant species increase,
respectively. Importantly, it was observed that plant species richness affected flowering phenology
mainly through changes in plant nutrient acquisition traits (i.e., leaf nitrogen and carbon/nitrogen
ratio). Our findings illustrate the non-negligible effects of intraspecific variation in functional traits on
flowering phenology and highlight the importance of including functional traits in phenological models
to improve predictions of plant phenology in response to nitrogen deposition and biodiversity loss.

Keywords: functional traits; abiotic factors; flowering phenology; nitrogen addition; plant diversity;
common garden

1. Introduction

Human activities such as agricultural production and fossil fuel combustion add
~200 Tg/year of nitrogen (N) to global ecosystems, approximately equal to that provided
by natural N fixation [1]. Land use changes, climate changes, and N deposition increase are
the major causes of biodiversity loss [2,3]. Numerous studies showed that plant functional
traits and ecosystem functions changed significantly under N deposition increase and
biodiversity loss [4–6]. Phenology, the periodic events in the life cycles of plants, which is
sensitive to global changes [7], and thus understanding the influence of N addition, plant
diversity, and its interactions on plant phenology is essential.

Flowering phenology, including flowering date and duration, is an important devel-
opmental stage in plant phenology and is known to be determined by numerous abiotic
factors, such as temperature, photoperiod, and resource availability [8,9]. Recent research
revealed that plant functional traits, such as plant height and leaf traits, may serve as direct
determinants for flowering phenology [10–12]. For example, plant height is critical for a
species’ competitive ability to capture light; taller species with higher maximized light
interception and faster relative growth rate often flower later than shorter ones [13,14];
specific leaf area (SLA) is linked to growth rates, and higher SLA was found to be associated
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with stronger phenological shifts [15]; leaf carbon and N content are measures for the plants’
investment in structural components and photosynthetic accumulation [16,17], whereas
shifts in flowering phenology could be due to a trade-off between the investment between
vegetative and reproductive growth [18]. Although the links between plant functional
traits and flowering phenology have been reported, little is known about which traits are
better for predicting the changes in flowering phenology.

Functional traits are measurable biotic properties related to the adaptation of plants
to the environment [19,20]. Nitrogen addition stimulates plant growth through increasing
soil-available nitrogen, resulting in changes in functional traits, such as plant height, leaf area,
and nitrogen content, but varied with plant species [21,22]. Multiple changes in the biotic
and abiotic environments along plant diversity gradients require a coordinated response in
numerous traits to achieve a balance among different functions [4,23]. For instance, plants with
slow growth rate may adjust morphological traits to tolerate low light availability through
the formation of longer and thinner leaves [24]; variation in leaf nitrogen content (LNC)
may serve as a physiological adjustment to improve photosynthetic carbon gain [25,26].
Hence, plant flowering phenology was significantly affected by N addition [27,28] and plant
diversity [5,29], while our knowledge regarding how plant diversity and N deposition affect
flowering phenology through plant functional traits was essential to step forward.

Here, we report on a common garden experiment investigating the influence of N ad-
dition and plant species richness on three flowering phenologies of Medicago sativa L. in an
assemblage grassland (Figure S1). Specifically, we explored the effects of N addition and
plant species richness on the first flowering day (FFD), last flowering day (LFD), flowering
duration (FD), flower numbers (FN), environmental factors, and a series of functional traits.
We hypothesized that: (a) increased N inputs and plant species richness would delay flower-
ing phenology; (b) increased N inputs promote light acquisition traits (e.g., SLA and plant
height), while decreased plant species richness promotes nutrient acquisition traits (e.g., leaf N
concentration); and (c) intraspecific variation in functional traits and changes in abiotic factors
would co-drive the response of flowering phenology to N addition and plant species richness.

2. Results
2.1. The Effects of N Addition and Plant Diversity on Soil Environmental Conditions

In our common garden experiment, soil temperature and soil moisture at a depth of
10 cm were significantly influenced by nitrogen addition and plant species richness (Table 1).
Soil temperature significantly increased, but soil moisture did not change after nitrogen
addition (Table 1 and Figure 1). Soil temperature and soil moisture changed markedly
following plant species richness increase (Figure 1c,d). Soil temperature significantly
decreased along plant species richness gradients under nitrogen addition (Figure 1c). Soil
moisture showed no significant relationship with plant species richness under control and
nitrogen addition treatments (Figure 1d).

Table 1. Linear mixed-effects model results showing the effects of plant species richness and nitrogen
addition treatments on biotic and abiotic factors.

Parameters Nitrogen Addition Species Richness Nitrogen Addition × Species Richness
numDF F P denDF F P denDF F P

Soil moisture 1 1.99 0.16 4 7.61 <0.01 4 1.42 0.23
Soil temperature 1 44.62 <0.01 4 4.52 <0.01 4 6.33 <0.01

Soil available nitrogen 1 0.15 0.71 4 5.94 0.01 4 0.36 0.55
Leaf mass 1 4.07 0.06 4 0.17 0.68 4 0.71 0.41
Leaf area 1 7.15 <0.01 4 1.43 0.24 4 0.41 0.53

Specific leaf area 1 1.61 0.21 4 8.51 <0.01 4 0.02 0.97
Leaf carbon content 1 0.01 0.97 4 0.26 0.61 4 0.05 0.82

Leaf nitrogen content 1 0.41 0.53 4 4.15 <0.01 4 0.41 0.53
Leaf carbon/nitrogen ratio 1 0.25 0.62 4 3.91 <0.01 4 0.24 0.63

First flowering day 1 2.52 0.09 4 2.01 0.15 4 0.01 0.91
Last flowering day 1 2.23 0.09 4 20.05 <0.01 4 0.46 0.49
Flowering duration 1 8.62 <0.01 4 13.09 <0.01 4 0.23 0.64
Flowering numbers 1 6.38 0.01 4 14.31 <0.01 4 0.02 0.89
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Figure 1. Soil temperature (◦C, at a depth of 10 cm) (a) and soil moisture (%, at a depth of 10 cm) (b)
under different plant species richness and nitrogen addition levels from April to October 2019. Mean
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plant species richness gradients. Points and lines with different shapes represent different nitrogen
addition levels, and points with different colors represent different plant species richness levels.

2.2. The Effects of N Addition and Plant Diversity on Flowering Phenology

The flowering phenology of M. sativa was significantly affected by nitrogen addition
and plant species richness (Table 1), but the effects varied in different phenological phases
(Figure 2). Nitrogen addition delayed the first flowering day of M. sativa by 1.9 ± 0.39 days,
but plant species richness had no effects on it (Figure 2a). The last flowering day advanced
by 1.2 ± 0.21 days after nitrogen addition (Figure 2b) and advanced by an average of 0.51
and 0.77 days per plant species increase under control and nitrogen addition treatments,
respectively (Figure 2b). The delay of the first flowering day and the advancement of the
last flowering day inevitably led to the shortening of the flowering duration. Nitrogen
addition shortened the flowering duration of M. sativa by 3.2 ± 0.31 days, and it was
shortened by 1.08 and 0.82 days per species increase under control and nitrogen addition
treatments, respectively (Figure 2c). Moreover, our study also showed that flower numbers
significantly decreased after nitrogen addition but increased along the plant species richness
gradients (Figure 2d).

2.3. The Effects of N Addition and Plant Diversity on Functional Traits

Nine different leaf traits of M. sativa were measured in our study. For light acquisition
traits, nitrogen addition significantly increased leaf area but did not change leaf mass and
specific leaf area (Table 1 and Figure 3). Specific leaf area significantly decreased with
increasing plant species richness (Figure 3), but not for other traits (Table 1 and Figure 3).
For nitrogen acquisition traits, nitrogen addition had minor effects on leaf carbon content,
leaf nitrogen content, and leaf carbon/nitrogen ratio (Table 1). Leaf nitrogen content
significantly decreased, but the leaf carbon/nitrogen ratio significantly increased with
increasing plant species richness (Figure 3d,e). There is no interaction effect between
nitrogen addition and plant species richness on functional traits (Table 1).
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2.4. Ecological Factors Influencing Flowering Phenology

The last flowering day was positively correlated with the first flowering day signifi-
cantly (Figure 4a); flowering duration was negatively correlated with the first flowering
day and positively correlated with the last flowering day (Figure 4b,d); flower numbers
were positively correlated with last flowering day and flowering duration (Figure 4e,f).
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Variation partitioning analysis indicated that nutrient acquisition traits and abiotic
factors explained a much greater portion of the variance in the first flowering day (31% and
15%, Figure S5a), last flowering day (23% and 44%, Figure S5b), flowering duration (33%
and 46%, Figure S5c), and flower numbers (32% and 44%, Figure S5d), respectively. The
structural equation models showed that the changes in the first flowering day were posi-
tively correlated with soil-available nitrogen but negatively correlated with leaf nitrogen
content and leaf carbon/nitrogen ratio (Figure 5a). The negative effects of plant species
richness on the last flowering day and flowering duration were mainly through its nega-
tive effects on leaf nitrogen content (Figure 5b,c). Plant species richness impacted flower
numbers directly or through its negative effects on leaf carbon/nitrogen ratio indirectly
(Figure 5d), and nitrogen addition impacted flower numbers directly or through its positive
effects on leaf mass indirectly (Figure 5d).
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3. Discussion
3.1. The Effects of N Addition and Plant Diversity on Flowering Phenology

The flowering phenology is one of the more important factors determining the repro-
ductive success of plants because the timing of flowering represents when plants expose
their reproductive organs to the changing biotic and abiotic environments [30,31]. Flower-
ing phenology changed after N addition in our study was consistent with the results from
natural grasslands [27,32]. Soil-available N increased following N addition, which delayed
the plant switches from vegetative to reproductive growth and shortened the reproductive
duration [28], resulting in a delay in FFD and advancement in LFD. FD was positively
correlated with LFD and negatively correlated with FFD, and then the FD was shortened
after N addition. A previous study found that plants delayed the switches from vegetative
to reproductive growth due to the stimulation of growth through enhancement in soil
N availability [28], which led to lower investment in plant reproduction, resulting in a
reduction in FD in the N addition treatment.

Similar to the effects of N addition, plant species richness did not change FFD but
advanced LFD, which resulted in a shortening in FD. The effects of plant species richness
on FFD was inconsistent with the results (ranging from advancement of 1.8 d per species
lost to a delay of 0.7 d per species lost; the average is 0.6 d advance) reported from the
serpentine grasslands in North America [5], suggesting that the effects of plant species
richness on FFD varied among plant species. Moreover, we noticed that the amplitude of
changes (0.64 d) in LFD was larger than that in FFD after per species change, which revealed
that LFD might be more sensitive to plant species richness. Soil-available N increased along
the plant species richness gradients (Figure S4), which delayed the plant switches from
vegetative to reproductive growth and shortened reproductive duration [28], resulting in
advancement in LFD. FD was positively correlated with LFD, resulting in a shortening
in FD.
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3.2. The Effects of N Addition and Plant Diversity on Functional Traits

We found evidence to support our second hypothesis that increased N inputs promote
light acquisition traits. Specifically, the leaf area of M. sativa was promoted after N addition
may vary due to the increasing demand for light [33]. These results were inconsistent with
that reported on the grasses and forbs from the alpine grasslands in China [6,34], which
may be partly caused by the differences in plant species. M. sativa, legumes, can fix N
using symbionts to relieve their N limitation [35], and thus N addition had no effects on
the nutrient acquisition traits of M. sativa, which may lead to no interactions with plant
species richness.

Our findings for plant species richness also support our second hypothesis that both
light (SLA) and nutrient (LNC and relative abundance) acquisition traits were promoted
with decreasing plant species richness. These results were inconsistent with the results
reported from the grasslands in Germany [4], which may be caused by the differences
in plant species. Closed canopies are characterized by pronounced gradients in spectral
light quality and quantity [36]. In the present study, plant species richness impacts on
morphological traits associated with light acquisition were mainly attributable to the
changes in the relative height of M. sativa. Relative height increased along the plant
species richness gradients, indicating less effort for light acquisition should be allocated by
plants [37,38]. Hence, M. sativa exhibited low SLA in adjustment to decreasing competition
for light. Moreover, nitrogen is not the limited resource of M. sativa. Lower light acquisition
traits are accompanied by lower nutrient acquisition traits [33], resulting in a decrease in
LNC along with plant species richness gradients.

3.3. Intraspecific Variation in Functional Traits Determines Flowering Phenology

Our findings did not support our third hypothesis that intraspecific variation in func-
tional traits and alteration in abiotic factors co-drove the response of flowering phenology
to N addition and plant species richness; the contributions of intraspecific variation in
functional traits for changes in flowering phenology was far greater than abiotic factors
(Figures 5 and S5). Specifically, the delay in FFD along the plant species richness gradients
was mainly induced by an increase in soil-available N, which was consistent with the result
from Wolf et al. in American serpentine grasslands [5]. Higher soil available N delayed
the plant switches from vegetative to reproductive growth [28] and then led to the delay
in FFD in the monocultures. However, the changes in LFD and FD were mainly driven
by the intraspecific variation in LNC. Leaf nutrients could influence the strength of shifts
in flowering phenology as plant performance is positively associated with phenological
shifts [15,39] and the alteration in the natural selection of plants [12,40,41]. In the monocul-
tures, lower intraspecific competition for resources and light [38] led to higher LNC and
SLA and minimized light interception [42], resulting in advancing FFD, delaying LFD, and
extending FD (Figure 2). As plant species richness increases, the intraspecific competition
decreases, but the interspecific competition among species increases [43,44]. M. sativa
is more conservative in resource utilization, with low SLA, LNC, and maximized light
interception, and thus the “slow” growth strategy [45–47] led to advancement in LFD and
shortened in FD. Therefore, the intraspecific variation in leaf traits caused the alteration in
the growth strategy of M. sativa due to interspecific competition increased with increasing
plant species richness, which resulted in changes in flowering phenology. Furthermore,
the survival pressure of M. sativa increased due to higher interspecific competition in the
mixed communities, which may cause M. sativa to invest more resources in reproductive
growth [10], resulting in a positive relationship between FN and plant species richness.

4. Materials and Methods
4.1. Study Site and Experimental Design

Our study site (40◦10′ 45” N, 116◦26′ 13” E, and 50 m above sea level) is located at
the Station of the Institute of Grassland, Flowers and Ecology on Xiaotang Mountain in
Beijing, China. The mean annual precipitation is 526 mm, the mean annual temperature is
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11.8 ◦C (2000–2018) in our study site. The common garden experiment was established in
2019, using a split-plot experiment design with N addition (0 and 6 g N m−2 year−1) as
the main treatment factors and plant species richness (species richness is 1, 2, 4, 6, and 8)
as the subfactors (Figure S2 and Table S1). The experiment comprised the following: 2 N
addition levels × 4 replicate blocks × 17 combinations of species per N treatment/replicate
(four combinations per level of species richness with 1, 2, 4, and 6 species and one with
8 species) = 136 pipes. Each pipe (30 cm in diameter and 50 cm in height polyvinylchloride
sealed pipes) was filled with uniformly mixed soil (natural soil with stones and roots
sieved out) with sand (in a 3:1 soil–sand ratio) and then buried into the ground without
any shelters. Eight plant species were selected in our study to build assembled grassland
communities [48]. Different species of seeds were mixed up well and distributed randomly
in the pipes, maintained at around 60 individuals in each pipe at the beginning of the
experiment, and did not re-sow later. Nitrogen was added as urea (12.86 g m−2 year−1),
dissolved in N-free water, and then applied by spraying on 1 May of each year; the control
treatment received equal N-free water. Additional information regarding the experimental
design was provided by Wang et al. [48].

4.2. Phenology Monitoring

To track the flowering phenology of M. sativa, phenology was monitored every
3–4 days during the growing season from May to September 2019. Three individuals
in each pipe were randomly selected, marked, and monitored across the growing season.
The first and last date of a flower observed for each marked individual was recorded as
the first and last flowering day, and the periods between the first and last flowering day
were recorded as flowering duration. Flowering numbers were counted for each marked
individual. Flowering phenological events and flowering numbers were averaged for three
individuals in each pipe.

4.3. Functional Traits and Abiotic Factors Measurements

Light acquisition traits (plant height and relative height, leaf mass and area, leaf
length and width, and specific leaf area) and nutrient acquisition traits (leaf carbon content,
leaf nitrogen content, leaf C/N ratio, abundance and relative abundance of plant species)
are closely related to plant phenology [49,50]. Consequently, we determined these traits
to explore the mechanism underlying regulating the response of flowering phenology
to experimental N addition and plant species richness in the peak growing season in
2019. Before the measurements, we investigated the abundance and height of each plant
species in the pipes. M. sativa is the predominant species (relative abundance >40% in each
pipe) (Figure S3), three healthy individuals, which we measure flowering phenology were
selected to measure the species-level traits in each pipe, and six leaves on each individual
were selected to measure leaf traits once at full flowering, and the leaves in each pipe were
collected on the same day. The traits were quantified using standard methods proposed by
Pérez-Harguindeguy et al. [51]. Specific leaf area was calculated as the ratio of leaf area to
its dry weight. Leaf area, length, width, and maximum width, spread leaves were scanned
and analyzed by Li-Cor 310 (Li-Cor Inc., Lincoln, USA), and then leaves were oven-dried
to a constant weight. The oven-dried leaf samples were ground to determine leaf C and
N concentration with an elemental analyzer (PE 2400 II, PerkinElmer Ltd., CT, USA) and
then to calculate the C/N ratio. To measure the biomass of M. sativa, the aboveground
part of each pipe was clipped in early September (the peak of the growing season) in 2019.
M. sativa clipped from each pipe were pooled together and then oven-dried at 65 ◦C to a
constant weight.

Soil temperature and moisture at a depth of 10 cm were measured every week from
April to October with a W. E. T sensor kit (Delta-T Devices Ltd, Cambridge, UK). Three soil
cores were collected in each pipe in early September at a depth of 10 cm and then mixed
into one sample. Available-soil N (Ammonium (NH4

+) and nitrate (NO3
−)) concentrations
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in the extracts were determined calorimetrically by automated segmented flow analysis
(Bran + Luebbe AAIII, Bran + Luebbe Ltd, Hamburg, Germany).

4.4. Statistical Analyses

We analyzed experimental data with the following three steps. First, we scaled
the species-level height to the community level by calculating the mean of abundance
distributions (Equation (1) [52]):

Meanc = ∑n
i piTi (1)

where pi and Ti are the relative abundances and the plant height of the species i, respectively,
and n is the number of plant species. Hence, the average height of M. sativa divided by
Meanc is the relative height.

Second, we applied linear mixed-effects models using the “lme” function (package
“nlme” [53]) to test the effects of N addition and plant species richness on soil temperature
and moisture. We set N addition and species richness levels as fixed effects; the date, block,
and plant combination were set as random effects in each model to account for variation
among repeated measurements. In addition, linear mixed-effects models were also used to
examine the effect of N addition and plant species richness on flowering phenology and
functional traits. Nitrogen addition and species richness levels were treated as fixed effects,
and the block and plant combinations were treated as random effects.

Third, variation partitioning analysis that partitioned the variance shared by all factors
was then used to quantify the unique contribution of biotic and abiotic factors. Structural
equation modeling was employed to evaluate which are the major factors that influence
flowering phenology [54] by the package ‘piecewise-SEM’ in R software [55]. The SEM
requires establishing an a priori framework based on the hypothesized causal relationships
among these variables. Second, the relationships between these variables were examined
by bivariate correlations. Finally, models with lower Fisher’s C and Akaike information
criterion (AIC) and higher p values (p ≥ 0.05) were selected in our analysis (Figure 5). All
statistical analyses and graphs were prepared in R 3.2.2 [56]. Differences were considered
to be statistically significant at p ≤ 0.05.

5. Conclusions

The study highlighted the influence of functional traits on flowering phenology follow-
ing nitrogen addition levels and plant species richness gradients in an assemblage grassland
through a common garden experiment. It was observed that the first flowering day was
delayed 0.31 days, the last flowering day advanced 0.64 days, and the flowering duration
was shortened by 0.95 days with per-plant species increase, but the effects of plant species
richness on flowering phenology did not interact with nitrogen addition, which indicates
that nitrogen addition could change plant flowering phenology by changing biodiversity,
but the effects would be independent with the effects of biodiversity. Moreover, flowering
phenology changed following nitrogen addition levels, and plant species richness gradients
were mainly driven by the intraspecific variation in functional traits, which suggests that
variation in functional traits among communities may be a good predictor for the dynamic
of plant phenology under global changes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12101994/s1. Figure S1: Design and photo of our experiments;
Figure S2: Photos of experimental arrangement; Figure S3: The average biomass, relative biomass,
relative abundance, and relative height of M. Sativa along the plant species richness gradients under
different nitrogen (N) addition levels; Figure S4: Pearson’s correlation between the biotic and abiotic
factors; Figure S5: Relative contributions of light acquisition traits, nutrient acquisition traits, and
abiotic factors to flowering events; Figure S6: Original structural equation modellings of N addition
and plant species richness on the first flowering day, last flowering day, flowering duration, and
flower number. Table S1: Assemblage types at different species richness levels.
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Abstract: The structure and stability of grassland ecosystems have a significant impact on biodiversity,
material cycling and productivity for ecosystem services. However, the issue of the structure and
stability of grassland ecosystems has not been systematically reviewed. Based on the Web of Science
(WOS) and China National Knowledge Infrastructure (CNKI) databases, we used the systematic-
review method and screened 133 papers to describe and analyze the frontiers of research into the
structure and stability of grassland ecosystems. The research results showed that: (1) The number
of articles about the structure and stability of grassland ecosystems is gradually increasing, and
the research themes are becoming increasingly diverse. (2) There is a high degree of consistency
between the study area and the spatial distribution of grassland. (3) Based on the changes in
ecosystem patterns and their interrelationships with ecosystem processes, we reviewed the research
progress and landmark results on the structure, stability, structure–stability relationship and their
influencing factors of grassland ecosystems; among them, the study of structure is the main research
focus (51.12%), followed by the study of the influencing factors of structure and stability (37.57%).
(4) Key scientific questions on structural optimization, stability enhancement and harmonizing the
relationship between structure and stability are explored. (5) Based on the background of karst
desertification control (KDC) and its geographical characteristics, three insights are proposed to
optimize the spatial allocation, enhance the stability of grassland for rocky desertification control
and coordinate the regulation mechanism of grassland structure and stability. This study provided
some references for grassland managers and relevant policy makers to optimize the structure and
enhance the stability of grassland ecosystems. It also provided important insights to enhance the
service capacity of grassland ecosystems in KDC.

Keywords: grassland ecosystem; structure; stability; ecosystem services; karst desertification control

1. Introduction

Constituting almost 40% of the terrestrial biosphere, grasslands provide the habitat
for a great number of diverse animals and plants and contribute to the livelihoods of
more than 1 billion people worldwide [1]. Under the growing impact of global climate
change and unreasonable human activities, grasslands are facing major problems that
threaten the sustainable development of grassland ecosystems, such as a sharp decline
in biodiversity, pasture degradation and reduced supply capacity [2–4]. Therefore, how
to promote the healthy development of grassland ecosystems and enhance their service
capacity has become an urgent issue [5–7]. Grassland ecosystem services are influenced by
multiple factors such as their structure and stability. Furthermore, trade-offs and synergies
between ecosystem services often depend on their structural and functional interactions [8].
A reasonable ecosystem structure can improve ecosystem productivity; promote material
cycling, energy flow and information transfer; and increase the provision capacity of
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ecosystem service [9]. This plays a very important role in the healthy development of
ecosystems and in human well-being. Rational allocation of grassland structure is one of
the main measures to improve the stability and resilience of grassland ecosystems [10].
However, while the global concept of sustainability continues to spread, irrational structural
configurations of grasslands (unreasonable cropping patterns and unscientific pasture
management, such as planting density, species or grazing methods, etc.) continue to exist,
which not only undermines the gains of ecological restoration and conservation, but also
exacerbates the conflict between ecological conservation and economic development [11].
In particular, large-scale cultivation-based rangelands generally have a single planting
structure, low biodiversity, high vulnerability and low stability, making it difficult to create
a cascade of ecosystem service benefits [12]. As a result, grassland ecosystem structure
and structural optimization are gradually becoming a research priority, with a focus on
component structure, spatial and temporal structure, nutrient structure and their driving
factors [13,14]. Optimizing the structure of grassland ecosystems is an important measure
to improve and maintain the service capacity of grassland ecosystems [15,16], to balance
grassland ecology and farmers’ livelihoods, and to resolve the contradictory issues of
grassland ecology and sustainable economic development [17].

Structural changes drive changes in stability in grassland ecosystems [18], which, in
turn, change their ecological functions and the provisioning capacity of an ecosystem [19].
At present, there are many studies about revealing the mechanisms of species diversity on
grassland stability through controlled experiments in grassland [20–23]. The application of
basic principles and methods of biochemistry to quantitatively study nutrient limitation
and nutrient balance in forage, as well as the regulation mechanism of water–fertilizer
coupling on forage quality, productivity and stability in grassland, which is the focus
of the current research [24–26]. At the same time, studies on assessing the stability of
grassland ecosystems are gradually emerging [27], such as those using remote sensing data;
indicators characterizing ecosystem vitality, resilience and organization; and landscape
pattern indices to evaluate ecosystem stability [28,29]. However, there is a lack of research
regarding the mechanisms by which the complementarity and diversity of functional
traits regulate the stability of grasslands, which results in a structure–process–function–
service cascade [30]. What is more, there are different methods for quantifying ecosystem
stability indicators, and the evaluation models are uneven; therefore, whether they are
universally applicable remains to be verified [31,32]. Biodiversity and species diversity
have an important influence on the productivity, stability and nutrient cycling of grasslands
and their resistance and resilience to disturbance. Resilience, resistance and restoration are
the main elements in determining whether an ecosystem is stable [33]. The study of the
role of biodiversity, species diversity and functional traits on stability has been the focus
of ecosystem research [34–37], and they are influenced by multiple factors on multiple
scales [38]. It has been shown that extreme weather and irrational human activities are
the main drivers of structural changes in grassland ecosystems [39], which indirectly alter
ecosystem stability, increase the overall vulnerability of grassland ecosystems and reduce
their capacity to provide ecosystem services [40]. Therefore, a deep understanding of
the relationship between the structure and stability of grassland ecosystems is a major
part of maintaining the stability of grassland ecosystems and enhancing their service
capacity [41–43].

Due to their fragile attributes, ecologically fragile areas are prone to high ecosystem
sensitivity and structural vulnerability under climate change and irrational human activi-
ties, which, in turn, reduces the stability of their ecosystems and changes their ability to
supply services [44]. Therefore, the mutual interaction between ecosystem structure and
stability should be deeply understood to enhance their resistance to human disturbances
and environmental changes [45,46]. However, in ecologically fragile areas, irrational land
use reduces the diversity of grassland species and productivity stability and affects the
sustainable development of the region [47]. Especially in the environmentally fragile areas
of karst, unreasonable human activities have led to the degradation of vegetation, increased
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soil erosion, gradual exposure of rocks and degradation of land productivity, with the
surface showing a visual evolution similar to that of a desert landscape [48,49]. For this
reason, the first task in the comprehensive control of rocky desertification is to restore and
re-establish vegetation. In order to solve the ecological problem of karst desertification, the
Chinese government has carried out a lot of work on the issue of karst desertification in
southwest China since 1989, such as grain for green and closing the land for reforestation
(grass), etc. The area of rocky desertification generally exhibits a trend of “continuous net
reduction” [50], which provides a Chinese solution to global greening [51–54]. However,
the KDC ecosystem still suffers from its simple structure, incomplete system function, high
ecosystem sensitivity, lagging ecosystem service capacity and difficulty in maintaining the
results of rocky-desertification management [55]. The rugged and fragmented surface in
the karst areas, coupled with the constraints of rocky desertification, has affected the biodi-
versity of grassland ecosystems, resulting in a homogeneous structure and low productivity
for the grassland [56]. Therefore, how to maintain ecological stability and optimize the
structure of the system in the grassland ecosystems of KDC has become a key issue to
consolidate the achievements of rocky-desertification management, ensure the smooth
flow of service supply and demand, and enhance the well-being of local people [57,58].
Therefore, the structure and stability of grassland ecosystems and their interactions are
not only a global concern [59–61], but also an important element that needs attention in
KDC [62,63]. In the natural vegetation succession, grasses are the pioneer plants for vege-
tation restoration and ecological improvement [64]. Meanwhile, artificial grass breeding
can enrich grassland species diversity, improve grassland ecosystem stability, provide
high-quality forage, reduce the risk of surface erosion, improve soil nutrient composition
and provide multiple ecosystem services for humans [51,65,66]. Optimizing the spatial
configuration of systems is an important means of improving the stability and resilience of
grassland ecosystems [67]. Therefore, optimizing the structure of grassland ecosystems for
KDC and enhancing their stability are of great significance in enhancing the service capac-
ity of grassland ecosystems and promoting the sustainable development of the regional
ecological environment.

Thus far, research on the structure and stability of grassland ecosystems is increasing
and breakthroughs have been achieved. The structure and stability of grassland is an
essential element to maintain the sustainable and healthy operation of grassland in KDC,
which is an important part of its ecosystem. However, there is a lack of relevant studies
on the structure and stability of grassland ecosystems in KDC. In view of this, based on
the perspective of grassland-ecosystem pattern change and its relationship with ecosystem
processes, and the systematic review method, this study systematically reviewed the main
research progress and landmark results on the structure and stability of global grassland
ecosystems, and summarized the key scientific issues on structure optimization, stability
enhancement and the interaction between structure and stability, aiming to provide some
insights into grassland-ecosystem structure optimization and stability enhancement in
KDC. In this way, it can enhance the supply of grassland ecosystem services and promote
the sustainable development of the regional ecological environment and social economy
in KDC.

2. Results and Discussion
2.1. Research Characteristics

As shown in Figure 1, the number of studies on the structure and stability of grassland
ecosystems showed an overall fluctuating upward trend. From 1995 to 2004, the average
annual number of articles did not exceed two, and it was in the budding stage. The number
of papers published from 2005–2014 was 26, and the number of papers published during
this period increased rapidly with the UN Millennium Ecosystem Assessment (MEA)
synthesis report [68], with large fluctuations; this is the development phase. The number of
articles published from 2015 to present was 97, mainly due to the convening of the United
Nations Sustainable Development Goals (SDGs) [69]; the number of studies on ecosystem
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structure and stability shows a rapid upward trend, and the degree of research on concepts
and mechanisms is gradually expanding and entering a diversified development stage.

Plants 2023, 12, x 4 of 33 
 

 

number of papers published from 2005–2014 was 26, and the number of papers published 

during this period increased rapidly with the UN Millennium Ecosystem Assessment 

(MEA) synthesis report [68], with large fluctuations; this is the development phase. The 

number of articles published from 2015 to present was 97, mainly due to the convening of 

the United Nations Sustainable Development Goals (SDGs) [69]; the number of studies on 

ecosystem structure and stability shows a rapid upward trend, and the degree of research 

on concepts and mechanisms is gradually expanding and entering a diversified develop-

ment stage. 

 

Figure 1. Trend in the annual distribution of literature related to the structure and stability of grass-

land ecosystems (MEA: Millennium Ecosystem Assessment; SDGs: Sustainable Development 

Goals). 

2.1.1. Stage Characteristics 

Budding Stage 

Research during the budding stage was mainly focused on theoretical studies of eco-

system structure and stability, and mechanisms of impact. The aim is mainly to improve 

the yield and quality of grassland forage through these studies and to meet the needs of 

human food security. The relationship between biodiversity and ecosystem function and 

productivity and the mechanisms that influence them have long been debated and have 

been shown to be positively correlated in national and international studies [70]. For ex-

ample, through field experiments controlling for plant species diversity, functional diver-

sity and functional composition, Tilman et al. concluded that these three factors are the 

main determinants of plant productivity, total plant nitrogen and light infiltration capac-

ity, which, in turn, have a significant impact on ecosystems [71]. Spehn et al. monitored 

range biomass production, resource use (space, light and nitrogen) and decomposition 

processes on eight European pastures with different plant species richness, showing that 

higher species and functional group diversity also resulted in higher yields and more ef-

ficient use of resources [72]. These scholars have mainly observed changes in grassland 

biodiversity and productivity from the field scale, which is only a single-sided influence 

process, and have not addressed the interaction mechanisms between grassland species 

diversity, and biodiversity, etc., and stability. Moreover, the scale of the study is limited 

to the field scale, which does not involve the regional or global scale. Therefore, it re-

mained uncertain at this stage how the findings would be extended to the landscape and 

regional level, and how they would be extended across different ecosystem types and 

processes [73]. 

Figure 1. Trend in the annual distribution of literature related to the structure and stability of grass-
land ecosystems (MEA: Millennium Ecosystem Assessment; SDGs: Sustainable Development Goals).

2.1.1. Stage Characteristics
Budding Stage

Research during the budding stage was mainly focused on theoretical studies of
ecosystem structure and stability, and mechanisms of impact. The aim is mainly to improve
the yield and quality of grassland forage through these studies and to meet the needs
of human food security. The relationship between biodiversity and ecosystem function
and productivity and the mechanisms that influence them have long been debated and
have been shown to be positively correlated in national and international studies [70].
For example, through field experiments controlling for plant species diversity, functional
diversity and functional composition, Tilman et al. concluded that these three factors are the
main determinants of plant productivity, total plant nitrogen and light infiltration capacity,
which, in turn, have a significant impact on ecosystems [71]. Spehn et al. monitored range
biomass production, resource use (space, light and nitrogen) and decomposition processes
on eight European pastures with different plant species richness, showing that higher
species and functional group diversity also resulted in higher yields and more efficient use
of resources [72]. These scholars have mainly observed changes in grassland biodiversity
and productivity from the field scale, which is only a single-sided influence process, and
have not addressed the interaction mechanisms between grassland species diversity, and
biodiversity, etc., and stability. Moreover, the scale of the study is limited to the field scale,
which does not involve the regional or global scale. Therefore, it remained uncertain at this
stage how the findings would be extended to the landscape and regional level, and how
they would be extended across different ecosystem types and processes [73].

Development Stage

Facing the threat of increased environmental pollution and the endangerment of
cherished flora and fauna, the United Nations hosted the MEA, which motivated the
conservation and sustainable development of ecosystems and was a phase of development
in the study of the structure and stability of grassland ecosystems.

The study of factors that influence the structure and stability of grassland ecosystems
was becoming progressively more advanced. How to manage pastures scientifically so
that they can maintain healthy grassland ecology while balancing pasture production were
the main issue of research during this period. For example, Isbell et al. conducted a long-
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term N enrichment experiment on grasslands to analyze the effects of N enrichment on
productivity, plant diversity and the species composition of natural grasslands. The results
showed that in the early stages, nitrogen enrichment increased grassland productivity,
but over time, nitrogen enrichment was negatively correlated with species diversity and
productivity [74]. Thus, scientific anthropogenic fertilization, generalizable results derived
from experimental fertilization, is an important factor driving grassland biodiversity and
species composition. Facing the problem that the productivity of natural grasslands cannot
meet the current demand for livestock feed, the improvement of natural grasslands and the
optimization of the planting structure of artificial grasslands became the focus of research
at this stage [75]. For example, Albayrak et al. conducted experiments with seed mixes of
oats and vetch on pastures in the highlands of Madagascar. The experiments showed that
the mixed planting not only enhanced forage yield and quality, but also improved resource
utilization [76]. Meanwhile, methods for evaluating the stability of grassland ecosystems
are gradually arising. Zheng et al. used the fuzzy comprehensive evaluation method
to evaluate the stability of mixed-seeded grassland in terms of community components,
function and resistance to invasion. The results showed that the mixed seeding species and
the proportion of mixed seeding could influence the community stability; however, this
did not play a decisive role [77]. Therefore, how to scientifically quantify the stability of
legume–grass mixed grassland communities, considering the temporal scale, spatial scale
and their corresponding sensitive indicators, etc., is one of the issues that needed to be
urgently explored at this stage.

In summary, research on the structure and stability of grassland ecosystems has gone
through a budding stage and a development stage, which have developed towards diversi-
fication. In the budding stage, qualitative theoretical studies and influence mechanisms are
the focus; in the development stage, with the aim of maintaining the stability of grassland
ecosystems and protecting and promoting their sustainable development, a series of stud-
ies on the structure, function, stability influence mechanisms and stability evaluation of
grassland ecosystems were carried out. Since then, the research directions and themes of
ecosystem structure and stability have gradually developed in a diversified manner.

Diversification Stage

In order to thoroughly solve the development problems in the social, economic and
environmental dimensions and shift to a sustainable development path, the United Nations
Sustainable Development Summit put forward the SDGs, and many countries and regions
have responded to the goals of poverty eradication, hunger eradication and climate change,
etc. How to optimize the structure and stability of grassland ecosystems to promote
sustainable development of ecosystems has become an issue that needs to be solved at the
stage of diversified development [78,79].

With the gradual progress of research, the research at the stage of diversified devel-
opment is mainly focused on the control experiments of grassland, to reveal the influence
mechanism of species diversity and stability [80], and to quantitatively study the nutrients
and productivity of pasture, and the regulatory mechanism of stability [24]. In addition,
with the development of technology, data disclosure and the rise of multiple research
methods (GIS technology, etc.), different spatial and temporal comparative studies have
been widely performed.

The exploration of the mechanisms influencing species configuration and productivity
and stability is a prerequisite for exploring the scientific management of grasslands and
improving their productivity and stability. For example, Prieto et al. studied the effects of
grassland productivity and sustainable supply capacity through species and genetic diver-
sity. The results show that the complementary effects of taxonomy and genetic diversity
can increase productivity under conditions of multi-grass species configurations, which, in
turn, increases the productivity and resilience of grasslands in the face of environmental
hazards [81]. Quantitative studies of nutrient limitation and balance and water–fertilizer
coupling in forages are important processes to improve forage quality, productivity, and

177



Plants 2023, 12, 770

resistance to invasion [23]. Niu et al. assessed the effect of nitrogen enrichment on the sta-
bility of semi-arid grassland ecosystems in northern China and its potential mechanisms by
simulating atmospheric nitrogen enrichment. The results showed that community stability
was non-linearly related to nitrogen enrichment and that this relationship was positively
correlated with species asynchrony, species richness and species diversity, as well as the
stability of dominant species and the stability of grassland functional groups [82]. There-
fore, it is important to re-evaluate the mechanisms by which multiple levels of nitrogen
deposition affect the stability of natural ecosystems to gain a deeper understanding of the
multiple nutrient inputs to grasslands and their stability response mechanisms.

In summary, the optimization and stabilization of grassland ecosystem structure can
provide important basic research to elucidate the mechanisms of the complementarity and
functional diversity of functional traits of forage grasses, as well as the synergy and trade-
off between productive and ecological functions of grassland, thus promoting the healthy
and sustainable development of grassland. We believe that, based on the idea of cascading
benefits of grassland ecosystem pattern, process, function, and services, we should explore
the mechanisms of multi-species configurations or natural grassland improvement and
stability maintenance, and clarify how the species configuration of grassland (leguminous–
grass, annual–perennial, and deep-rooted–shallow-rooted, etc.) affects the nutrient flow
of grassland, which, in turn, affects community stability, and ultimately promotes the
synergistic development of grassland-ecosystem productivity and stability.

2.1.2. Stage Characteristics

Table 1 illustrates the global distribution of studies related to the structure and stability
of grassland ecosystems. China and the USA have the highest number of published litera-
ture, with over 20 articles, which shows the concern for global issues such as the sustainable
development of grasslands and food security in those countries [5,83]. Developed countries
such as Europe and Oceania also published a relatively significant amount of literature. In
addition, countries such as Brazil and South Africa account for a relatively small number
of publications.

Table 1. Distribution of the number of publications issued by countries or region.

Country or Region Number of Articles Issued

China 53

American 22

Australia 8

Canada, England 6

Germany, Switzerland 5

France, The Netherlands 4

South Africa, Brazil 3

Estonia, Poland, Austria, Japan, Mexico, Sweden, Senegal, New
Zealand, Belgium, Argentina, Denmark, Romania, Spain, Italy 1

Due to regional differences in natural economic and social conditions, research on
grassland ecosystems has developed unevenly and has prominent regional characteristics.
In terms of the number of publications, Asia accounts for 47.8%, which is related to national
policy support and the attention of research institutions [84]. In the Asian region, China
is the main publication country, with most of the research focus on large-scale natural
grasslands in the provinces of Tibet, Inner Mongolia and Xinjiang [85], where the restoration
of these grasslands is of great importance to China in realizing the “two mountains theory”
of “Lucid waters and lush mountains are invaluable assets.” [86]. The emergence of global
issues (global warming, land degradation and resource crises) has led to sustainable and
green development being a crucial issue in the 21st century, as exemplified by the United
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Nations SDGs. As a result, publications focused on the restoration of grassland ecosystems
are gradually increasing, with particular attention being paid by countries in North America.
In addition, with a large proportion of grasslands in North and South America, particularly
in the Pampas, which has always been an export area for beef cattle, the sustainability of
grassland ecosystems determines the economic lifeblood of the entire region. Similarly,
although Europe does not have the same area of grassland as Asia or the Americas, food
mainly comes from pastureland due to dietary habits, etc. As a result, the stable output of
pastureland is vital to Europe’s survival [87]. Oceania is the region with the highest exports
of wool and dairy products, and the quality of forage is related to the value of trade in
export commodities and is equally important to the economy of the region as a whole.

The low number of publications in Africa is mainly related to the economic develop-
ment of Africa, where most of the countries are still developing countries and the primary
concern is to solve the problem of food and maintain national security and stability. Thus,
although the area of grassland in Africa is large, and the sustainable development of sa-
vannah, in particular, is of great importance for maintaining the global climate, it is mostly
studied by developed countries, such as the USA and Denmark [88–90]. South Africa is
one of the few African countries with a significant volume of publications due to its better
economic conditions.

2.2. Research Progress and Major Landmark Results

Based on the titles, keywords, abstracts and previous studies of the literature [91],
drawing on the studies of Wang et al. and Fu et al. and the changes in grassland ecosys-
tem patterns and their relationship with ecological processes [92,93], the 133 papers were
divided into five aspects: structural studies (component structure, trophic structure, spatio-
temporal structure), structural optimization, stability studies, structure–stability relation-
ships and influencing factors (Figure 2), according to structural composition, ecological
processes (replaced by stability) [94,95], the relationship between structure and stability,
and factors influenced by the environment. The largest portion of literature focused on
the factors influencing ecosystem structure and stability, at 31.5%, followed by structure
studies, which accounted for 30% of this type of literature. In addition, studies on ecosys-
tem stability accounted for 17.2% of the literature, while studies on ecosystem structure
optimization and structure–stability relationships accounted for 12.7% and 8%, respectively.

Plants 2023, 12, x 8 of 33 
 

 

 

Figure 2. Grassland ecosystem structure and stability research content division. (From left to right, 

there is the legend of structure studies; structure optimization; stability studies; relationship be-

tween structure and stability; and influencing factors of structure and stability). 

Grasslands include the degraded, natural, and artificial, which determine the type of 

ecosystem structure and species composition of their habitats. This alters the process of 

ecosystem material cycling and information transfer through the component structure, 

spatial and temporal structure and nutrient structure [96], influencing the degree of eco-

system stability and, thus, the supply of ecosystem service capacity [97]. It also combines 

with artificial capital to form multiple forms of animal husbandry, which enter the market 

and, further, form an industrial chain which provides ecosystem services and benefits to 

humans. Therefore, attention to the structural composition and stability of grassland eco-

systems is a prerequisite for interpreting the processes that shape grassland-ecosystem 

services. 

2.2.1. Structure Research 

Grassland ecosystem structure refers to the relatively ordered and stable state of the 

various components of an ecosystem in space and time [98], including component struc-

ture, nutrient structure and spatial and temporal structure [99]. 

Component Structure 

The structure of grassland ecosystems consists of biotic (plants, animals, micro-or-

ganisms) and abiotic (water, air, soil) factors, and a certain hierarchy and structural pat-

tern is maintained between the components of each system. The composition of grasslands 

is the basis of all grassland research, and the analysis of changes in species composition 

and their response to grassland has always been an important part of grassland research 

[100–102]. Silva Mota et al. evaluated changes in floristic composition, structure, diversity, 

and life-forms spectra along an altitudinal gradient in the rupestrian grasslands in the 

south-eastern Espinhaço Mountains Range, and the results showed that differences in 

vegetation structure, diversity, species composition, frequency and the richness of each 

life form in relation to soil attributes and elevation. Plant height, species richness, diversity 

and evenness, frequency and richness of phanerophytes and chamaephytes decreased 

with elevation. The related results indicated that soil is an important driver of community 

change [103]. At the same time, human activities affect the species composition of grass-

land, and, thus, changing the cascading benefits of research into ecosystem services has 

Figure 2. Grassland ecosystem structure and stability research content division. (From left to right,
there is the legend of structure studies; structure optimization; stability studies; relationship between
structure and stability; and influencing factors of structure and stability).

179



Plants 2023, 12, 770

Grasslands include the degraded, natural, and artificial, which determine the type of
ecosystem structure and species composition of their habitats. This alters the process of
ecosystem material cycling and information transfer through the component structure, spa-
tial and temporal structure and nutrient structure [96], influencing the degree of ecosystem
stability and, thus, the supply of ecosystem service capacity [97]. It also combines with
artificial capital to form multiple forms of animal husbandry, which enter the market and,
further, form an industrial chain which provides ecosystem services and benefits to humans.
Therefore, attention to the structural composition and stability of grassland ecosystems is a
prerequisite for interpreting the processes that shape grassland-ecosystem services.

2.2.1. Structure Research

Grassland ecosystem structure refers to the relatively ordered and stable state of the
various components of an ecosystem in space and time [98], including component structure,
nutrient structure and spatial and temporal structure [99].

Component Structure

The structure of grassland ecosystems consists of biotic (plants, animals, micro-
organisms) and abiotic (water, air, soil) factors, and a certain hierarchy and structural
pattern is maintained between the components of each system. The composition of grass-
lands is the basis of all grassland research, and the analysis of changes in species com-
position and their response to grassland has always been an important part of grassland
research [100–102]. Silva Mota et al. evaluated changes in floristic composition, structure,
diversity, and life-forms spectra along an altitudinal gradient in the rupestrian grasslands
in the south-eastern Espinhaço Mountains Range, and the results showed that differences
in vegetation structure, diversity, species composition, frequency and the richness of each
life form in relation to soil attributes and elevation. Plant height, species richness, diversity
and evenness, frequency and richness of phanerophytes and chamaephytes decreased
with elevation. The related results indicated that soil is an important driver of commu-
nity change [103]. At the same time, human activities affect the species composition of
grassland, and, thus, changing the cascading benefits of research into ecosystem services
has become an emerging research direction. However, it is difficult to solve the various
problems of grassland composition alone at the present stage. Therefore, the above studies
were conducted in combination with spatial and temporal changes [104].

Spatial and Temporal Structure

The characteristics of ecosystems depend on biodiversity, that is, the functional char-
acteristics of organisms present in the ecosystem, and the distribution and abundance of
these organisms in space and time [105]. Due to species evolution and turnover, and a
lack of scientific grassland management measures, the species diversity of grassland is
gradually homogenizing, the soils are gradually being degraded, and the productivity is
gradually decreasing [106]. Therefore, study on the spatial and temporal structure of grass-
land ecosystem provides a good reference for improving the service capacity of grassland
ecosystem in the KDC area.

Time Structure

Quantitative assessment of the interannual variability in grassland landscape patterns
in response to their ecosystem service values is a current research hot spot [107]. Monitoring
the spatial and temporal dynamics of grassland areas can help decision makers to plan
the use of grassland in a rational manner and achieve the sustainable development of
grassland [108]. Landscape changes directly affect changes in the demand and supply of
ecosystem services. Compared to the spatial scale of ecosystem services, little attention has
been paid to how interannual changes in land use affects ecosystem service trade-offs, but
this is necessary to facilitate the rationalization of decisions, especially when those decisions
aim to re-establish diverse services and restore biodiversity [109]. Therefore, it is important
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to analyze the spatial and temporal evolution characteristics of grasslands and elucidate
the main drivers of grassland-ecosystem service capacity to develop reasonable ecological
restoration measures for grasslands. Recent studies have shown that current research
has focused too much on global, national, and provincial spatial and temporal dynamics
at large scales, neglecting research on the mechanisms of trade-off synergy and value
transfer of grassland-ecosystem service functions at small scales in counties and sample
sites [107]. Therefore, it is important to conduct overall monitoring of grassland landscape
patterns in different periods in a specific region, analyze the temporal variability and
heterogeneity of grassland-ecosystem landscapes at spatial scales, and grasp the structural-
change characteristics of grassland ecosystems, to promote the optimization of the overall
ecosystem structure and stability enhancement.

Seasonal changes in grasslands are also a current research hotspot in ecological restora-
tion. The physical characteristics of plant growth in grassland determine its seasonal
variation, which can lead to changes in ecosystem structure in the short term [110]. Thus,
the changes in the species composition of grasslands in the short term can affect not only
the above- and below-ground productivity supply of grasslands, but also the quality of
forage and, in turn, the supply of multiple ecosystem functions. Rodriguez Barrera et al.
compared the effects of groundhog and grassland use types and their seasonal changes on
grassland vegetation structure and diversity in the semi-arid grassland in northern Mexico.
The results of this study showed that grassland use type and its seasonal variation were
the main determinants of grassland vegetation structure and cover [111]. However, current
research on ecosystem services is mainly focused on inter-annual variability, with less
research on monthly and seasonal variability [112]. Therefore, the interannual and seasonal
changes in grassland-ecosystem structure should be strengthened in future studies.

Spatial Structure

Some studies have specifically classified grassland structure into vertical canopy
structure and horizontal planting structure [113,114]. Therefore, the spatial structure of
grassland ecosystems is discussed in terms of vertical and horizontal structure.

In terms of vertical structure, the three-dimensional structure of forest grassland is
globally recognized as a stable state of ecosystems [115,116]. Studies have shown that
a reasonable three-dimensional structure can effectively use light, heat, water, air and
other environmental factors to improve productivity and maintain the stability of ecosys-
tems [117], and that a composite ecosystem structure has a better soil retention effect [118].
The ecosystems of economic fruit forests and agroforestry are typical composite ecosystems,
of which grassland is an essential and important component. The shallow roots of grassland
combined with the deep roots of trees provide effective use of natural elements such as
light and hot water and air, and intercept water through the multi-layered canopy, thus
preventing flooding and providing resistance to erosion and, thus, having a good soil and
water conservation effect [119].

In terms of horizontal structure, the optimal combination of multiple species can
improve the productivity of grassland ecosystems and promote the efficient recovery of
degraded grasslands, thus enhancing the stability and service functions of grassland ecosys-
tems [120]. It has been proven that the persistence and stability of forage production in
grassland ecosystems is generally higher than mixed planting with perennial grass species
and single-forage cultivation [121,122]. Mixing planting with leguminous forages and
replanting natural grasslands with leguminous forages can increase the productivity of
grasslands, enhance their resilience and biodiversity, maintain the stability of grassland
ecosystems and improve their service capacity [123]. By monitoring light cut-offs in the
canopy of grassland communities with high species diversity, researchers found a positive
correlation between plant species richness and multiple ecosystem functions, at which time
grassland resource utilization was high. The relationship between grassland biodiversity-
productivity and management intensity was also positively correlated when supplemented
by sound grassland management [124]. Thus, a rational vertical canopy structure and a
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scientific horizontal structure not only maintain the biodiversity of the grassland, but also
ensure its productivity, thus providing the basis for multi-functional grassland manage-
ment [125]. In a protected area in central Italy (“Laghi di Suviana e Brasimone” regional
park), Cervasio et al. showed that mixed seeding had a significant contribution to improv-
ing grassland quality and had a positive impact on grassland ecosystem biodiversity by
changing the vertical and horizontal characteristics of grassland ecosystem species [126].

In addition, ecological corridors with a predominantly grassland landscape structure
are also an important part of current spatial-structure research [127,128]. Ecological corri-
dors are important links between the structure and function of a system, and grasslands
can be used as buffer zones to improve the connectivity of ecological functions, allowing
species to use corridors for long-distance dispersal or to provide shelter for some ani-
mal movements [129], thus maintaining and protecting biodiversity and improving the
quality of their habitats [130,131]. At the same time, the spatial pattern of the landscape
influences the magnitude of ecosystem service provision at the landscape scale through
grassland use patterns and connectivity [132–135]. By quantifying inter-annual and sea-
sonal changes in grassland landscape patterns in northern China, Hao et al. showed that
degraded vegetation can influence changes in ecosystem service functions by changing
land use patterns, increasing or dividing patch sizes of grassland and agricultural land, and
increasing the size of forest areas where appropriate [136]. This is a very good reference
for the grassland ecological protection of KDC. At this stage, however, most studies are
still at the stage of qualitative description, and these mainly explore the factors influencing
ecological functions (such as biomass production and other ecosystem services) and plant
community characteristics [137]. There is also an urgent need to use these insights to
develop combinations of grass species for high-yielding, high-quality communities [138], as
the research subjects and geographical environments change and whether regional research
results can be adapted to global environments or specific geographical areas, such as karst
desertification areas and alpine grassland regions.

The study of the spatial structure of grassland ecosystems should focus on the vertical
and horizontal cropping structure of grasslands and the distribution of grassland land-
scape patterns. This not only helps researchers to monitor the dynamics of grasslands
comprehensively from a micro to macro level, but also helps grasslands (as an ecological
linkage corridor) to provide better connectivity to other ecosystems, guaranteeing the
healthy development of the whole terrestrial ecosystem and providing more and better
service functions for humans [139]. Studies have found that increasing the abundance,
evenness and diversity of dominant species not only effectively improves the productivity
of the system [140,141], but also ensures the harmonious development of the “production-
living-ecological function” of grassland ecosystems [142,143], maintaining the stability of
their productive functions and the diversity of biological species. In summary, the vertical
and horizontal structural characteristics of grasslands change the species composition and
biodiversity of grasslands, affecting the quality of grassland habitats and their ability to
provide services.

Trophic Structure

The study of trophic structure, food webs and ecological networks in ecosystems
is the theoretical basis for understanding the composition, structure and dynamics of
ecosystems, and provides indispensable scientific support for biodiversity conservation,
ecosystem management and restoration, as well as response to global change [99]. The
trophic structure of an ecosystem refers to the food chains and food webs formed by
producers, consumers and decomposers in a biome with food as the link, which constitutes
the main pathway for material cycling and energy flow [144]. Food webs are based on the
interactions between species at different trophic levels, forming upstream and downstream
regulatory mechanisms to maintain their structural stability [145].

Species interactions or alterations are one of the most important areas in the study
of food webs. Food webs, which depict networks of trophic relationships in ecosystems,
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provide complex yet tractable depictions of biodiversity, species interactions, and ecosystem
structure and function [146]. Nearly all ecosystems have been altered by human activities;
these changes may modify species interactions and food-web stability [147]. De Castro et al.
started from the classic soil food-web model of Hunt to formulate a plausible topology of
soil food-web models and then compare the effect of this topology with those of random
topologies [148,149]. The results showed that the stronger the species interactions in the
soil, the more stable the food web, and that disrupting the functional-group assemblages
and strength of interactions in the soil food web inevitably has a significant impact on
species and their relative abundance. Duchardt et al. applied structural equation models
(SEM) to disentangle direct and indirect effects of prairie dogs on multiple trophic levels
(vegetation, arthropods, and birds) in the Thunder Basin National Grassland, and the
results indicated that prairie dogs directly or indirectly influence associated vegetation,
arthropods, and avifauna [150].

In summary, changes in key traits that sustain interactions are one of the most impor-
tant factors in determining the stability of food webs [151]. Therefore, the study of species
interactions is important for clarifying inter-species relationships and food-web driving
mechanisms, which is one of the priorities that should be focused on in the future.

2.2.2. Structure Optimization

Structural-optimization measures can change the species composition of grasslands,
thus affecting their ecosystem biodiversity and altering their capacity to supply ecosystem
functions. There are many ways to optimize structure, but this study will only discuss
biological measures (optimal allocation of species structure) and engineering measures
(pasture management systems).

Scientific and rational species allocation is the key to the high productivity and stability
of grassland ecosystems [152]. Optimal species structure allocation includes the optimal
vertical and horizontal allocation of grassland species. The three-dimensional structure of
composite ecosystems has proven to be an important strategy for reconciling environmental
protection and economic development in ecologically fragile areas [153], with grasslands
being the most crucial aspect, and their strong renewal rate making them a large surface
area within the composite ecosystem. The resulting three-dimensional ecosystem structure
not only plays an important role in maintaining and providing ecosystem services, but
its multiple ecosystem services also provide an effective way to promote the restoration
of degraded ecosystems, which is an important biological measure to make full use of
resources [117,154]. A diverse three-dimensional and horizontal structure is an effective
measure to restore grassland ecosystems, that is, through a combination of different species
of grasses from different families (in intercropping, crop rotation, and mixed sowing, etc.;
see Figure 3) [155]. The most studied of these is the mixed cropping pattern of legumes and
grasses. This mixed cropping pattern makes full use of sunlight, heat, water and air, creates
complementarity between species, and promotes the uptake of soil nutrients by forage
grasses, which, in turn, improves their annual growth and nitrogen use efficiency [156].
Multi-species planting with different habits is an effective means of restoring grassland
ecosystems, and it can effectively improve the degradation of grasslands, protect and
improve soil quality, enrich inter-species and intra-species species diversity, and effectively
increase the resilience and recovery of degraded grassland ecosystems [157]. Scientific
seeding is an effective measure to restore the dynamic balance of grass species [158]. Under
the same circumstances, mixed-seeded grasslands have higher forage density and species
richness, and it has more competitive and better grassland vegetation restoration compared
to single-seeded grasslands. However, it has been demonstrated that species diversity
and stability in grassland ecosystems with different rates of mixed seeding are positively
correlated, and that seeding rates are negatively correlated with resistance to invasion [159].
Therefore, understanding forage seeding rates and their effective mix relationships is an
important area of vegetation-restoration research [160]. Meanwhile, the mixing and in-
tercropping of annual and perennial forages are also efficient management practices that

183



Plants 2023, 12, 770

take advantage of the temporal structure of grassland ecosystems, reducing inter-specific
competition and increasing the persistence of forage production [161]. Mixing annual and
perennial legume-grass is recognized as a highly productive and robust management prac-
tice [162], which can maintain a diverse supply of ecosystem services, and the leguminous
forage grasses provide a more adequate supply of nitrogen to other grass species, thus
maintaining high grass biomass and meeting the production requirements of farmers [163].
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Figure 3. Artificial grassland planting structure. (a) Forage mono sowing: Grass forage, Lolium
perenne L., (b) Pasture intercropping: Grasses-Leguminosae Forage, Lolium perenne L. + Medicago
sativa L., Trifolium repens L.+ Lolium perenne L., (c) Pasture mix sowing: Grasses-Leguminosae Forage,
Lolium perenne L. + Medicago sativa L., (d) Forage high and low mix sowing: Lolium perenne L. +
Medicago sativa L. + Trifolium repens L. + Lolium perenne L. (The grass species of (b–d) are the same, but
the arrangement of planting order is different. (b,c) are planted in a horizontal way, but the density
and proportion of planting are different. (b) is good for personnel to manage, and (c) is good for the
nutrient complementation of grass species. (d) is planted in a vertical way, which can fully utilize
light, heat, water and air).

A scientific system of pasture management can effectively enhance the sustainable
supply of grassland resources. Pasture management not only includes grass seed cultiva-
tion and fertilization, but also includes the full use of time and space, such as rotational
grazing, rest grazing and ban grazing. In the early days, pasture management was mainly
aimed at improving pasture production. In the new context of global climate change and
increased environmental pollution, balancing ecological protection and green economic
development has become a necessary path to improve the overall ecological quality of
regions [164]. The general system of rotational and rest grazing is only an artificial strategic
rest and tactical grazing of grasslands [165]. Therefore, some studies have proposed models
such as the sustainable grazing system (SGS), DairyMod, GRAZPLAN, GrassGro, DairyNZ
whole-farm model and EverGraze [166–172]. The above systems encourage the sustain-
able development of grassland ecosystems, and are key to preventing soil erosion and
promoting soil improvement, as well as being important measures to conserve grassland
plant biodiversity. Michalk et al. detailed sustainable and permanent grazing systems and
answer the key questions currently facing Australia: (1) whether increasing the number
of paddocks and implementing rotational grazing results in higher grazing rates, higher
yields per hectare and better economic benefits; (2) which combination of grazing methods
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and grazing rates is most appropriate to create higher and more stable perennial grasslands
to improve yields and environmental benefits in different parts of the landscape; and (3) can
landscape variability be identified, mapped and effectively managed on native grasslands
in high-rainfall areas [173]? These can provide some inspiration for grassland grazing and
farmers’ livelihoods in KDC.

Therefore, optimizing the structural configuration of grasslands in terms of both
biological and engineering measures is currently an unavoidable and important issue for
improving the sustainable development of grasslands and economic development. It will
not only solve the shortage of supply capacity for ecosystem services and promote regional
economic development, but also issues related to the global supply of food.

2.2.3. Stability Studies

Stability refers primarily to the ability of a community or ecosystem to maintain its
original structural and functional state and resist disturbance after a disturbance, known as
resistance stability, and the ability of a community or ecosystem to return to its original
state after a disturbance, known as resilience stability.

Exploring the causes that affect the stability of grassland ecosystems and suggesting tar-
geted restoration strategies for degraded outcomes is a major focus of current research [83].
Community stability increases species diversity, species heterogeneity and population size,
so maintaining the long-term stability of communities is crucial to maintaining ecosystem
function. Researchers have explored the potential drivers and mechanisms of ecosystem
stability by studying changes in the relationship between biodiversity and ecosystem
service functions [174–176]. Biodiversity is a major driving factor of ecosystem stabil-
ity [177]. Biodiversity consists mainly of above- and below-ground components. In terms
of above-ground biodiversity, an increasing number of studies have shown that the more
above-ground biodiversity (plant diversity) there is, the more stable the ecosystem is [178].
The results of Garcia-Palacios et al. showed that the diversity of leaf traits may promote the
stability of an ecosystem under low drought conditions, while the species richness may play
a greater role in the stability of an ecosystem under high drought conditions [179]. Similarly,
below-ground biodiversity (soil biodiversity) altered grassland-ecosystem resistance and
resilience through direct and indirect effects on plant diversity, net ecosystem productivity
and plant species interactions, and, thus, changed grassland ecosystem stability [180]. In
addition, recent studies have shown that phenological variation can also reconcile plant
diversity with the seasonal stability of ecosystems, and, thus, affect the stability of the
whole ecosystem [181].

Evaluating grassland-ecosystem stability has also become an effective means of de-
tecting changes in grassland landscapes or the effectiveness of grassland restoration [182].
When evaluating the stability of grassland ecosystems, timescale variation is a factor that
must be considered. By comparing the changes (years, seasons, or months) in grassland
landscape patterns in different periods combined with evaluation models and methods, re-
searchers have selected indicators of ecosystem vitality, resistance, resilience and variability
to evaluate ecosystem stability [32], revealing the processes of change in grassland ecosys-
tems under extreme weather conditions and their driver factors, quantifying the correlation
between grassland ecosystem stability and biodiversity and their spatial patterns, and
providing important prerequisites for improving sustainable ecosystem services [183,184].
The traditional evaluation methods of ecosystem stability are mainly qualitative analy-
sis methods, including empirical methods and expert consultation methods, which are,
generally, using expert consultation methods to quantify measures. The other is mainly
quantitative evaluation including the comprehensive-evaluation method, gray-information
analysis, ecological models and other methods, among which the most common meth-
ods of comprehensive analysis are hierarchical analysis, the entropy weighting method,
the weighted comprehensive average method, and the comprehensive index evaluation
method, etc. New kinds of ecosystem stability evaluation are diverse, and an increasing
number of methods are becoming more credible and scientific in their assessment of eco-
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logical stability. These methods for evaluating the stability of ecosystems can provide good
theoretical references for the ecosystem evaluation of KDC, and they can provide insights
into the establishment of stability evaluation index systems for karst grassland ecosystems.

2.2.4. The Relationship between Structure and Stability

A good system structure maintains its relative stability, and ecosystems with high
stability generally have a more rational structure. Tilman et al. argued that diversity leads to
higher community productivity, ecosystem stability and resistance to invasion [74]. Before
the 1970s, ecologists believed that communities with higher diversity had more stable
ecosystems [185]. Since then, ecologists have focused more on the relationship between
species diversity and ecosystem stability [186,187].

Biodiversity affects ecosystem services by altering ecosystem function and stabil-
ity [188]. Biodiversity–stability relationships showed that above-ground productivity and
temporal stability increased significantly with increasing species richness, while biodiver-
sity was largely influenced by ecosystem structure [85,189]. Therefore, understanding the
relationship between grassland-ecosystem structure and stability and its influencing factors
is essential for the sustainable development of grassland ecosystems [190]. However, how
plant species diversity regulates the stability of ecosystems (such as biomass reproduction
and nutrient cycling) has become one of the challenging questions in ecology [191,192].
Experiments have demonstrated that the higher the complexity of the ecological network of
grasslands, the higher the ecological stability, by influencing plant physiological conditions,
as well as species generation, diversity and variation [193,194]. Of course, grassland-
ecosystem stability is also vulnerable to the influence of ecosystem components (ecosystem
species diversity, composition), climate change and anthropogenic activities, mainly in
the form of lowering the productivity of grassland, weakening biodiversity and declining
service functions, which, in turn, can affect grassland-ecosystem services [195]. Therefore,
studying the structure of grassland ecosystems and their material and energy flows and
cycles among different components, and exploring the relationship between grassland-
ecosystem structure, function, and stability is one of the research areas that should be
focused on in the future [196]. Recent studies have shown that the positive relationship
between biodiversity and stability is also influenced by spatial scale [197]. Therefore, the
study of the relationship between structure and stability should also consider different
spatial scales and timescales.

2.2.5. Factors Affecting Structure and Stability

The structure and stability of grassland ecosystems are influenced by multiple factors,
such as the natural environment and human activities. Therefore, the heterogeneity of
spatial environments inevitably leads to variability in the degree of stability. In the case
of grassland ecosystems, their structure and stability are mainly influenced by climate
change, nitrogen deposition or nutrient addition, grazing and grassland management, plant
invasion and natural disasters (Figure 4).

Global climate change is affecting ecosystem function and stability, indirectly altering
species diversity, species composition, and functional plant traits [198,199], thus reducing
the capacity of ecosystem services and reducing the various benefits that humans derive
from them [200]. The impact of climate change on ecosystem function and biodiversity is
highly dependent on grazing history and natural conditions [190]. By comparing changes
in the spatial pattern of grasslands and simulating different climatic conditions on grass-
land ecosystem resistance, recovery times and rates, White et al. concluded that future
climate change will have a significant impact on the resistance and recovery of disturbed
ecosystems; however, the spatial pattern of impacts varies widely [201].
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Figure 4. The structural components of grassland ecosystems and the factors that influence them
combine to influence grassland ecosystem stability.

Key limiting elements can alter species interactions [202], change the spatial and tem-
poral patterns of terrestrial plant communities [203], and influence ecosystem function [204].
Atmospheric nitrogen deposition and the application of nutrients (phosphorus, potassium,
etc.) can affect species diversity in grassland communities [205]. The results of related
studies show that the addition of nitrogen or phosphorus individually can increase the pro-
ductivity of grasslands by 0–20%, while the addition of both nitrogen and phosphorus can
increase the productivity of grasslands by 60% [206,207]. Nitrogen is an essential nutrient
for plant growth, and an appropriate addition of nitrogen deposition will directly promote
rapid plant growth and increase the net primary productivity of terrestrial ecosystems.
However, excessive nitrogen deposition can also lead to soil acidification, altering the effec-
tiveness of soil mineral nutrients and the structure and function of microbial communities,
which, in turn, affects plant growth and changes plant diversity [208–210]. Plant diversity is
closely related to ecosystem stability and productivity [211], and ultimately drives changes
in ecosystem structure and function [212]. Therefore, paying attention to the differences in
supply between different nutrient elements and the resulting differences in the resistance
and resilience of plant diversity that result is extremely important for both productivity
stability and the temporal stability of grasslands [213].

Plant invasion and vegetation succession are also among the factors that alter the
species composition of grasslands and directly change the structure of grassland ecosys-
tems [214,215]. Since the early 20th century, the invasion of woody plants into grasslands
and their impact on the carrying capacity of grasslands has become a serious problem for
savannas [216]. As reported in savanna ecosystems, the large-scale invasion of shrubs, trees,
and other plants has led to significant changes in the functioning of global ecosystems,
which will have profound impacts on the biodiversity, carbon storage capacity, and supply
of these ecosystems [217]. Invasions of poisonous weeds has been considered one of the
most important causes of economic losses by inhibiting forage production and killing
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livestock. However, a recent study concluded that toxic weeds can also have some potential
positive ecological impacts on grasslands, such as promoting soil and water conservation,
improving nutrient cycling and biodiversity, and protecting rangelands from excessive live-
stock damage [218]. Therefore, appropriate actions are needed by policy makers, managers
and stakeholders to assess the ecological functions of invasive toxic weeds and to reconcile
the long-term trade offs between livestock development and maintaining the ecological
services provided by grasslands.

Animal husbandry plays an important role in eradicating hunger and improving
malnutrition [219]. Protein and energy from livestock products are the main sources of
human nutrition. Therefore, improving and sustaining livestock development is critical to
advancing the United Nations SDGs, especially in addressing zero hunger and mitigating
climate change [220]. Rational livestock management is a major initiative to promote
healthy ecosystem development. Therefore, rangeland management, as a determinant of
maintaining biodiversity, ecosystem services and landscape [221], is more important to
focus on exploring its driving mechanisms on grassland species structure and ecosystem
stability [222]. In addition, natural hazards are of great importance to our understanding of
global biogenic burning and its emissions, carbon cycling, biodiversity, conservation and
land management, especially as ecosystem succession and biodiversity changes associated
with grassland fires are critical to the patterns and dynamics of ecosystem functions and
services [223].

In summary, sustainable management of grasslands requires a deep understanding
of the functional relationships among these factors due to the spatial heterogeneity of
environmental conditions, production potential and flora composition [224]. It is more
important to jointly explore the similarities and differences in the structural composition of
grassland ecosystems in multiple factors and scales, extract the key factors affecting the
service capacity of grassland ecosystems, and apply them to the restoration of the grassland
vegetation of KDC.

3. Materials and Methods

Based on the research of Khan et al. and Chapman et al. [225,226], we performed a
systematic literature search and review following the protocol from Preferred Reporting
Items for Systematic Reviews and Meta-analyses (PRISMA) including quantitative statistics
and qualitative content analysis. Systematic reviews have an advantage over traditional
reviews and commentaries in that they cover studies by following an explicitly formulated
procedure, which can help readers to understand the whole protocol followed for the
literature review [227].

Literature Search and Selection

The first step was identifying records. We conducted a systematic search of peer-
reviewed literature (articles, reviews) using the key words in WOS and CNKI databases
(Table 2). A total of 99 repeated references were excluded; 3821 references were selected
for review. The search timeframe for both databases was the maximum timeframe of the
databases, and the search deadline was 1 November 2022.

The second step was screening. We screened the titles and abstracts of each article
to select articles that assessed, depicted, and quantified or mapped grassland ecosystem
structure and stability which were eligible for full-text reading (n = 278). The third step was
reading the full text of each of the selected publications, and, finally, a total of 133 references
were chosen as case studies. To summarize the information about main structural character-
istics, stability, structure–stability relationship and influencing factors and suggest future
directions of ecosystem service-capacity enhancement from case studies, we recorded
the annual distribution of the literature, distribution of countries of publication, types
of grassland structure, disturbance factors of grassland stability, and research methods
(Figure 5).

188



Plants 2023, 12, 770

Table 2. Literature search terms and results.

Literature
Databases Types Search Terms (All Fields) Number of Initially

Acquired Publications

WOS and
CNKI

Structure

“Grassland” OR “Meadow” OR “Pasture” OR “Rangeland” OR
“Steppe” OR “Prairie” OR “Veld” OR “Savanna” AND “Ecosystem
structure” “Food chains” OR “Food web” OR “Trophic levels” OR

“Nutrient levels” OR “Community structure” OR “Species
configuration” OR “Biodiversity” OR “Landscape pattern” OR “Forage
mixes” OR “ecological corridors” OR “Time change” OR “Interannual

variation” OR “Month change” AND “Ecosystem services”

1435

Stability

“Grassland” OR “Meadow” OR “Pasture” OR “Rangeland” OR
“Steppe” OR “Prairie” OR “Veld” OR “Savanna” AND “Ecosystem

stability” OR “Stability assessment” OR “Flexibility” OR “Resistance”
OR “Resilience” AND “Ecosystem services”

295

Total 1730
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4. Prospects
4.1. Key Scientific Issues That Need to Be Addressed

Research on the structure and stability of grassland ecosystems has achieved great
success, but there are still many scientific questions that need to be addressed. Based on
the previous systematic analysis, this paper categorizes the key scientific problems to be
solved in the structure and stability of grassland ecosystem into three aspects: structure
optimization and stability improvement and their relationship.

4.1.1. Structure Optimization

To address the problems of ecological imbalance, food-chain disruption, and multiple
functions in grassland ecosystems, we investigate the interactions between population
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dynamics and community properties through synergistic intra- and inter-species differ-
ences and spatial landscape-scale differences, determine the mechanisms and effects of
biodiversity on the stability of ecosystem functions, and clarify the overall operation of
ecosystems [27].

To address the problem of the relatively homogeneous grassland-ecosystem structure,
this study suggests exploring the maintenance mechanisms of grassland-species allocation
and stability; combining the heterogeneity of grassland functions and spatial patterns;
performing a comprehensive assessment of grasslands in terms of local stand conditions,
climatic habitats, plant functional traits, and other conditions; and targeting the selection of
grass species with high adaptability and resistance to stress for mixed seeding [228].

To address the problem of the optimal configuration of grassland ecological struc-
ture, different grassland management measures can be combined to form an efficient and
integrated management system by organically combining biological, engineering and man-
agement aspects to promote the sustainable development of grassland ecological animal
husbandry. For example, scientific methods such as rotational grazing, rest grazing and
limited-term enclosure, and the use of artificially planted forage instead of grazing. Sus-
tainable grazing management in adaptive multiple paddocks (AMP) can be employed
to incorporate forage and ruminants into regeneration-management planting systems to
strengthen the productivity, stability and resilience of agroecosystems and, thus, improve
ecosystem service capacity.

4.1.2. Stability Improvement

The issue of the low stability of grassland ecosystems, can be explored through the
mechanisms regulating the stability of grassland ecosystems, identify and quantify the
factors affecting the stability of grassland ecosystems, select grass species suitable for local
conditions, increase the diversity of grassland species, improve the resilience of grassland
ecosystems, enhance ecological stability, and further promote the process of grassland
ecological restoration, so as to reduce the ecological vulnerability of grassland and enhance
the resilience and stability of grassland ecosystems [229].

To deal with the problem that the ecological stability index system and evaluation
model have not been unified, it is necessary to establish and standardize the selection
criteria of ecological stability evaluation indexes based on the analysis and summary of
ecological stability research results, to select methods according to the basic attributes of
grassland ecosystems, especially the key variables of ecosystem processes and functions,
and to consider the validity, sensitivity and operability of alternative indexes. The eval-
uation indexes are selected using the expert consultation method, the evaluation index
weights are determined using the hierarchical analysis method, and the mathematical
model is constructed to specify them and quantify the factor percentages [230], so as to
build a scientific grassland-ecosystem stability evaluation index system and promote the
sustainable development of the system [231].

4.1.3. Interaction between Structure and Stability

To address the problem of unclear relationships between the structure and stability of
grassland ecosystems, study is based on the idea of “structure-process-function-services”,
to strengthen the material cycle, energy flow and information transfer process of producer-
consumer-decomposer in grassland ecosystems, to clarify the relationship between grass-
land species allocation and productivity and stability, and to clarify the response mode of
structure and stability. It has been suggested that structure can directly alter the biodiver-
sity of grassland ecosystems and further alter the stability of grassland ecosystems [232].
Therefore, the relationship between structure and stability can be explored through the
medium of biodiversity.

To address the problem of single research methods (e.g., field surveys, field experi-
ments) or models (statistics, modeling) for the structure and stability of grassland ecosys-
tems, remote-sensing research into the process of interannual or monthly changes in
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grassland landscape patterns can be employed, combined with indoor experiments, field
surveys, and field trials for comparative assessment [233,234].

4.2. The Current Status of Grassland Ecosystem for KDC and Inspiration for Improving the
Ecosystem Service Capacity of Grasslands for KDC
4.2.1. The Current Status of Grassland Ecosystem for KDC

Karst areas are very fragile and prone to ecological degradation due to their unique
binary three-dimensional geological structure, of which karst desertification is an extreme
manifestation of ecological degradation [229]. In the past 30 years, the KDC in southern
China has achieved remarkable results in ecological environment and ecological restoration,
but there is an urgent need to improve the stability of the KDC ecosystem and ecosystem
service function [52,235]. Grasslands of the KDC are dominated by artificial grasslands
and supplemented by improved grasslands, which constitute an important ecosystem
in karst areas [229]. The artificial grasses in the KDC areas mainly include monoculture
Dactylis glomerata L., Lolium perenne L. and Medicago sativa L. Grasslands have a monoculture
planting structure and weak disease resistance, and the resulting artificial grass ecosystem
is extremely fragile. This is mainly due to farmers’ pursuit of high forage yields. Thus,
while the artificial grassland has brought high economic income to farmers for a short
period of time, its ability to provide ecosystem services is gradually diminishing. In
addition, the degraded grassland is dominated by replanting white clover by government
aircrafts. However, due to the overgrazing behavior of farmers in recent years, the replanted
degraded grassland is difficult to recover, and only some grass species that are resistant
to gnawing and trampling are propagated, resulting in the difficult recovery of the grass
species structure of degraded grassland and low stability of the ecosystem.

In the process of KDC and ecological restoration, grass is the pioneer plant for vegeta-
tion restoration and ecological environment improvement [64]. Therefore, optimizing the
structure and enhancing the stability of grassland ecosystems for KDC is of great signifi-
cance for the sustainable development of regional ecological environments and promoting
the virtuous cycle of regional eco-industry.

4.2.2. Inspiration for Improving the Ecosystem Service Capacity of Grasslands for the KDC

Due to its inherent sensitivity and fragility, the ecosystem structure and function of
the grassland ecosystem in the KDC area are improper and the stability of the ecosystem
is poor [236,237]. In the context of promoting the world’s desertification management
and global sustainable greening, how to consolidate and stabilize the effectiveness of
KDC and, at the same time, optimize the structure of desertification-control grassland
ecosystems, guaranteeing the stability of the ecosystem and enhancing the ecosystem
service capacity is a key issue that needs to be solved in the KDC area [238]. In view of
this, based on the premise of sorting out the structure and stability of global grassland
ecosystems, this paper drew on the above key scientific issues of structure optimization,
stability enhancement and the interaction between structure and stability and, combined
with the regional characteristics of karst desertification and the grassland status of KDC,
proposes three insights for the enhancement of the ecosystem service capacity of grassland
in the KDC area.

Adequate Understanding of Ecosystem Structure Optimization Is a Necessary Prerequisite
for the Improvement of Ecosystem Services in Grasslands for the KDC

Although existing pasture cultivation has greatly increased forage production in
the short term [239], it has made an outstanding contribution to KDC. However, the
factors influencing the improvement of ecosystem services are not only determined by
a single factor of production stability, and there is an urgent need to improve grassland
ecosystem services through a variety of specific ways. Grassland ecosystem structure
directly determines grassland ecosystem function and indirectly influences grassland
ecosystem services. Research on multi-component mixes of legume grasses with different
growth habits or morphological characteristics has concluded that the greater the number

191



Plants 2023, 12, 770

of components in the mix, the greater the likelihood of containing key species, and the
greater the potential for community stability, thus achieving a seasonal balance in grassland
output throughout the year and lasting stability in the number of years of use [240]. Similar
experiments have been conducted in KDC areas, for example, the state replanted degraded
grasslands with Trifolium repens L. and encouraged farmers to plant Trifolium repens L.+
Lolium perenne L. or Dactylis glomerata L. + Medicago sativa L. and other measures, which
improved the ecosystem structure of grasslands of KDC to some extent. However, with
the unique geographical environment of karst, seasonal drought and unreasonable human
management, the ecological benefits of degraded and improved grasslands have gradually
decreased [241]. Therefore, the following two points should be considered to enhance
the service capacity of grassland ecosystems: (1) to optimize the planting structure of
grassland ecosystems for rocky desertification management and enrich the spatial species
composition of grassland, and to select stony, drought-tolerant and calcium-loving grasses
for planting in response to the characteristics of karst desertification such as thin soil layers,
easy soil erosion and calcareous lithology; and (2) strengthening research on the benefits of
the structure–process–function–services cascade, so as to clarify the process of maintaining
ecosystem productivity and stability [95].

Enhancing Grassland Ecosystem Stability Is an Important Guarantee for Enhancing
Grassland Ecosystem Services in KDC

The more complex the structure of grassland ecosystem, the higher the degree of
its ecological stability, which further affects the multifunctional functioning of grassland
ecosystem and eventually changes the ecosystem service capacity. The existing grassland
ecosystem structure of rocky desertification control is single and the grassland planting is
mainly based on single high-yielding forage grasses, for example, Pennisetum sinese Roxb L.
and Lolium perenne L., which have weak stability, low disease resistance and short yield
supply time, which seriously hinders the sustainable development of local ecosystems and
lacks effective measures to consolidate the achievement of rocky desertification control.
Grassland ecosystem stability is an important factor that limits the sustainable development
of grassland ecosystem productivity. Therefore, we should combine the needs of local farm-
ers, and select suitable grass species for planting; conduct experiments on grass planting
under different rocky desertification habitats; explore the best planting density of grass
species and legume-grass planting ratio; and then improve the plant diversity of grassland
ecosystems and enhance their stability and resilience. At the same time, we should combine
various monitoring means (such as field sampling, drone aerial photography and remote
sensing, etc.), and strengthen the research on the regulation mechanism of grassland ecosys-
tem stability with the guidance of enhancing the sustainability of KDC, so as to improve the
service capacity of the grassland ecosystems of KDC, further enhance its ecological recovery
quality and maintain the sustainable development of the karst ecological environment.

Identifying the Interactions between Grassland Ecosystem Structure and Stability Is an
Important Part of Enhancing Grassland Ecosystem Services

This paper showed that most of the literature focuses on multiple factors of the
structure and stability of grassland ecosystems, but these studies have mainly focused on
unidirectional effects, such as Gschwend et al. and Hu et al. showing that biodiversity can
stabilize productivity through different mechanisms, such as the asynchronous responses
of species to environmental change and stability [242,243]. What is more, exploring the
mutual response mechanisms between grassland planting structures and their productive
and ecological stability is an important element in clarifying the effects of current grass seed
mixes in KDC and local sustainable development. Xu et al. explored the water–fertilizer
coupling mechanism between soil and forage through intercropping in the southern karst
region. The experiments proved that a reasonable intercropping system could coordinate
the relationship between crops and environment and improve soil nutrients, which made a
certain contribution to exploring soil–plant relationships in the grasslands of karst areas and
improving the structure and stability of stone desertification grassland ecosystems [244].
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However, from the perspective of the interaction mechanism of grassland ecosystem
structure and stability, exploration into the changes in the supply of ecosystem service
capacity of grassland managed by karst rock desertification is still lacking. Therefore,
through field control experiments in the context of KDC, the interaction mechanisms of
grassland-ecosystem structure and stability should be clarified in the context of KDC, and
the exploration of above-ground-subsurface material flow and nutrient circulation fluency
should provide important insights to elucidate the trade offs and synergistic relationships
among service flows (Figure 6).
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5. Conclusions

Based on the WOS and CNKI databases, this study systematically reviewed the re-
search progress of grassland-ecosystem structure and stability, and concluded the following:
(1) There is a significant increase in the number of annual publications on the structure and
stability of grassland ecosystems, and the research directions and themes are becoming
increasingly diverse. The research mainly focuses on revealing the mechanisms influencing
species diversity and stability, quantitatively studying the nutrient and productivity of
forage grasses, and the regulatory mechanisms of stability. (2) The spatial pattern of the
study countries is highly consistent with the spatial distribution characteristics of grassland
ecosystems, mainly dominated by countries with wider grassland areas such as China
and the United States. However, the number of national publications in Africa contradicts
the distribution pattern of grasslands. (3) The research on the structure and stability of
grassland ecosystems focuses on the structural characteristics of grassland ecosystems,
structural optimization, ecosystem stability, and the structure–stability relationship and its
influencing factors, in which the grassland-ecosystem structure and structure and stability
influencing factors are the main research directions (4) The key scientific issues that need to
be addressed nowadays were grouped according to whether they addressed structure opti-
mization, stability enhancement, and structure–stability relationship. We should strengthen
the multi-perspective exploration of grasslands under different spatial and temporal con-
ditions, to enhance the functional output of grassland ecosystems from optimizing the
structure of grassland ecosystems, to enhance the stability of grassland ecosystems, and
to form a structure–process–function–services cascade benefit study. Based on the above
conclusions, three insights can be provided for the enhancement of grassland ecosystem
services in the KDC: (i) fully understanding ecosystem structure optimization is a necessary
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prerequisite for karst grassland stability; (ii) enhancing grassland ecosystem stability is an
important guarantee for enhancing grassland ecosystem services in KDC; and (iii) clarifying
the interaction between grassland ecosystem structure and stability is an important link to
enhance grassland ecosystem services.
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