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Abstract

Background. Controlling Stellera chamaejasme is one of the main methods used to
recover degraded grasslands in the Qinghai-Tibetan Plateau. Limited-We know little
aboutstudies-have-been-condueted-on_ the changes of plant ecological stoichiometry

of plants-during grasslandthis recovery-peried, especially in different plantbiological

organization levels (species, functional group, and community levels).

Methods. Fhis—studyWe investigated the effects of S. chamaejasme removal on
ecological stoichiometry-by-estimating-the-C:N:P stoichiometry in different_biological
organization levels of the ecosystem. Factors influencing the ecological stoichiometry,

such as biomass and soil nutrients, were also investigated.

Results. Our—results—showed—that—fFor the plants that became dominant after S.
chamaejasme removal, N content decreased and their C:N increased. S. chamaejasme
removal significantly affected the nutrient stoichiometry of different functional groups.
In the S. chamaejasme removal sites (SR), Speeifically;—Gramineae m—the—S—

ehamaeiasneremoval-sites{SRy-had-decreased N content and N:P, and increased C:N;
hewever;while forbs had-increased N content, C:P, and N:P, and decreased P content

and C:N;-when-eompared-to-those-at-the-eontrel-site (CK). At the community level,

the N content was lower and the C:N higher in SR communities compared to CK. -

addition,-examination-of plant performanee-showedThere was an increase in biomass
and decline in eemmunityspecies diversity after S. chamaejasme removal. The N

content ef-the-plantat community level eemmunity was positively correlated with soil

total N content. Overall, this-study-found-that-S. chamaejasme removal increasesd the
production and decreasesd the—species diversity of alpine grassland, and
influeneesaffected community composition and the-plant stoichiometry-ef-grassland-

speetes,—funetionalgroups;—the—community,—and_from species to community level-
community—compesition. These results provide insight inte—the—rele—effor the

restoration of S. chamaejasme-dominated grasslands—in—eeelogicalprotection—and-
conservation;. and-the-ecenechustonsFindings from this study will be used-teuseful for

developing effective and sustainable measures for S. chamaejasme control in the
2




43 Qinghai-Tibetan Plateau.
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Introduction

Ecological stoichiometry is used to examine the relationships between organisms and
an ecosystem structure and function, and reflects the dynamic balance of multiple key

elements in an ecological system (Elser et al., 1996, Elser et al., 2000; Sterner &

Elser, 2002).

ecosysten;—C:N:P stoichiometry plays an influentialimportant role in keyregulating
fundamental  ecological  processes, including  but—mnet—hmited——to-
plant—herbivere—predatorrelationshipstrophic interaction (Kagata & Ohgushi, 2006,
Tibbets & Molles, 2005), community assemblyeeesystem-speetfie—compeosition—and-
diversity (Giisewell et al., 2005, Olde Venterink et al., 2003), and-the-eapaeity—ofa-

system—to—plant adaptation to environmental stress (Sardans et al., 2008; Sardans,

Rivas-Ubach & Perniuelas, 2012; Song et al., 2015).

one-or-more-of-theseare sensitive to the changes of soil nutrient availability-elements-

change—in—seil (Sardans, Rivas-Ubach & Perniuelas, 2012). While scholars have
examined the stoichiometric traits of plants in alpine grasslands (Chen et al., 2016;

Fan, Harris & Zhong, 2016), few have studied the stoichiometric response of plants

4
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to community composition change.

C:N:P stoichiometry is species-specific and reflects the ability of a plant to
capture resources under competition (Berendse, 1998; Ehrenfeld, 2003; Vinton &
Burke, 1995). Plant stoichiometric traits can be infhaeneedaffected by its neighboring
species and the richness of the ecosystem (4bbas et al., 2013, Borer et al., 2015; Guiz
et al., 2018). Plant communities can be described using a combination of the
adaptation of a species to a specific environment and inter-species competition (Yang,
Liu & An, 2018). Because there is a wide diversity in innate characteristics between
plant species, such as life-history, physiology, and tissue chemistry, each has a unique
influence on C, N, or P cycling and their stoichiometry in an ecosystem (Ehrenfeld,
2003; Eviner, 2004, Scott, Saggar & MciIntosh, 2001). Aside from their innate
characteristics, plants can influence C, N, and P cycling and stoichiometry by
modifying the biomass, composition and/or activity of the soil microbial community
(Bezemer et al., 2006, Ehrenfeld, 2003, Groffman et al., 1996; Sun et al., 2009). At
the plant community sealelevel, nutrient composition, and stoichiometry is influenced

by the-diversity-of-plants-and-econsumersspecies diversity and composition (4bbas et
al., 2013; Ebeling et al, 2014, Zhang, Han <& Elser, 2011). Stoichiometric

homeostasis describes the capacity of an organism or ecosystem to maintain its
internal elemental balance regardless of resource supply (Borer et al., 2015, Sterner
& Elser, 2002); therefore, it is crucial to examine C:N:P stoichiometry at not only the
species level but also at the community level. Previous studies in high altitude
grasslands have found that net plant—plant interactions will shift from competitive to
facilitative in response to environmental change (Bret-Harte et al., 2004, Callaway et
al., 2002). While plants with different life strategies will compete for limited
resources (water, light, and nutrient) they may also acquire facilitative shelter from
their neighbors against severe climatic events such as solar radiation, strong winds,
and low temperature in alpine grasslands (Klanderud & Totland, 2005; Wang et al.,
2008). Although many studies have focused on the influence of species-species

interactions on plant growth (Callaway et al., 2002; Wang et al., 2008), there has thus

5


ll
This is not the topic of this work. Delete


104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

far been little attention paid to the potential impacts of species on the nutrient cycling
processes in alpine grasslands at all levels from species to functional group and

community.

_species is a serious problem in global grasslands areund-the-

weorld-(Baker, 1986, Shi et al., 2011), and with their greater capacity to capture abiotic

resources sueh-as—nutrientsHeht—waterand-COx-th 5 ) (Baker
1974, Ziska, 2017). Thewr superior competitive ability and toxieity to hvestock means

economietosses{(Fin—et-at—204—Li-et-at—2044—Stellera chamaejasme is a toxic
perennial weed feund-in the eastern alpine grassland of the Qinghai-Tibetan Plateau
(QTP) of China-. which S—efremnefesme-has-beeome-a-dominant-speetes—espectath-in-
heavily-grazed—grassland,—and—ean—seriously threatens alpine grassland productivity
and ecological sustainability (Liu, Long & Yao, 2004; Xing & Song, 2002). S.

chamaejasme-dominated grasslands are spread widely across the plateau and are one

of the main causes of degraded grassland found in the QTP (Song et al., 2018).

Little is therefore known about the

effects of S. chamaejasme removal on ecological stoichiometry, information that will

help in understanding its role in ecological protection and conservation in alpine

6
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grasslands.

Because S. chamaejasme has become a dominant poisonous plant in degraded
alpine grasslands, many herders utilize removal methods in order to maintain
grassland productivity and ecological function. The relationship between poisonous
plants and forage grass, and the nutrient dynamics of degraded grassland dominated
by poisonous plants has, thus far, received little attention. Our study was conducted
within this context in order to test the following hypotheses regarding S. chamaejasme
removal: 1) it will affect stoichiometric traits in plant leaves; 2) it will elicit different
stoichiometric responses at the species, functional group, and community levels; 3) it
will influence the relationship between the stoichiometric traits of plants and
surrounding environmental factors such as nutrient availability of soil and/or

community composition.
Materials & Methods
Study site

The study was conducted in an alpine grassland at an elevation of 3,230 m in Haiyan
County (N 37°04’, E 100°52"), approximately 125 km northwest of Xining, the capital
city of the Qinghai Province, China. This area has a typical plateau continental
climate, with a mean annual solar radiation of 2,580 h, mean annual temperature of
0.4 to 3.4 °C, and annual precipitation of 277.8 to 499.5 mm (most of which falls
between May and September). Vegetation is typical of an alpine grassland with
Kobresia and Elymus species being the dominant plants in our study area. Other
companion species included Festuca ovina, Poa pratensis, Melissitus ruthenica,
Kobresia humilis, Carex atrofusca, and Lancea tibetica. Local herders use the study
site as a winter rangeland (grazing from September to May) with a heavy grazing
intensity of about 7.94 sheep units per hm? Within the last few decades, S.
chamaejasme has invaded the grassland and gradually become the dominant species
in the study area resulting in the grassland facing serious degradation challenges.

Field experiments were approved by the Haiyan County Grassland Station, Haibei,
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Qinghai (approval number: 2016-NK-136).
Experimental design

In May 2016, three quadrats measuring 40 m x 60 m were fenced off with each block
being 60-80 m apart. In each quadrat, two treatments (Control, CK; S. chamaejasme
removal, SR) were randomly established with four replicates (20 m %X 7 m in size),
eight plots in each quadrat, resulting in a total of 12 plots for both CK and SR. In SR,
S. chamaejasme were artificially removed by pulling out in June 2016, and the soil
which had been carried out was returned to the original site immediately. Plots were
monitored weekly during the growing season to ensure there was no further S.

chamaejasme growth.
Plant sampling and chemical analysis

To estimate the aboveground biomass and community diversity—index, three
quadrats (0.5 m % 0.5 m) were randomly surveyed in each plot at the beginning of
August 2017. Heights of all living plants were measured with a ruler, and plant
coverage for each species were recorded using the step-point method
(Mueller-Dombois & Ellenberg, 1974). All living—(abeveground) plant biomass

(aboveground) was harvested by hand-clipping to ground level, sorted by species,

oven dried at 85 °C for 24 h to a constant mass, and weighed. For the functional group

level, the leaves of all species in each of the half plots; were collected and sorted into

four functional groups (Gramineae, sedges, legumes, and forbs),—were-coHeeted. For
the community level, the green leaves of all species in each of the other half plots
were collected and combined as one replication in each plot. For species level, Elymus
nutans, Poa crymophila, Koeleria litvinowii, Festuca ovina, Stipa aliena, Kobresia
capillifolia, Kobresia humilis, and Carex atrofusca, which together had a-relative
coverage of over 80%, were chosen to investigate the influeneeeffect of S.
chamaejasme removal on plantspecies-level C:N:P stoichiometry. After the survey of
plant composition, in each plot, 30 consistent leaves of each species were collected

and mixed as one sample for further analysis (Lii & Han, 2010). All leaves collected

8
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were oven dried and ground. Soil samples were collected with a soil auger at five
random sites in each plot, then combined into one sample with a separation of 0—10
cm and soil depth of 10-20 cm soil. Soil samples were passed through a 1 mm sieve

after air-drying to analyze nutrient content.

The total soil and plant organic C content was determined using the oil
bath-K>CrO7 titration method - oxidization with dichromate in the presence of H2SO4,
heated at 180 °C for 5 minutes and titration with FeSO4 (Bao, 1999). The total N
content of the soil and plant samples following a Kjeldahl digestion was assayed
using a Nitrogen Analyzer System (Kjeltec 2300 Auto System II, Foss Tecator AB,
Hogands, Sweden); using H2SO4 for digestion, NH3 was captured by H3;BOs and then
titrated by HCI. Total P content was determined using the molybdate blue colorimetric
method (Bao, 1999) using a spectrophotometer (SP-723; Shanghai, China) after
digestion with H>SO4 and H>O,. The levels of NH4*-N and NOs3™ -N in the soil
samples were measured using a FIAstar 5000 Analyzer FOSS TECATOR. The
available P content of the soil was analyzed according to soil agricultural chemistry

methods (Bao, 1999).

Diversity index calculations
The following formulas were used:
(1) Species richness (S) = the number of species in the quadrat;
S
(ii) Shannon-Wiener index (H): H =—ZE InP | in which P; represents the
i=1
relative important values (the average of relative biomass, relative cover, and

relative height) of species i.

S
(iii) Simpson index (D): D=1- ZP,Z ;

i=1

S
PInP
iv) Pielou index (E); E=-%+2— .
(iv) (E) n(s)

Shannon-Wiener index is commonly used in measuring the community species

9
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diversity, Simpson index is used in measuring the dominance status of community,

and Pielou index means the evenness of community (Magurran, 1994).
Statistical analysis

Data analyses were performed using SPSS (version 17.0). Two-way ANOVA was
used to determine the effects of either species and treatments, or functional groups
and treatments on C, N, and P levels, on the ratios of C:N, C:P, and N:P, and
transformed data was used, when necessary, to satisfy the assumptions of ANOVA.
Independent t-tests were used to calculate significance of differences between CK and
S. chamaejasme removal treatments in all parameters. Statistical significance was
defined at the 95% confidence level. A principal component analysis (PCA) to assess
the various effects of treatments on C, N, and P levels and the ratios of C:N, C:P, and
N:P in different species or functional groups. A redundancy analysis (RDA) conducted
in CANOCO 5.0 for Windows was utilized to assess variation ordination of
community stoichiometry traits (contents of C, N, and P, ratios of C:N, C:P, and N:P)
and soil nutrient levels (contents of Organic C, total N, total P, NH4+"-N, NOs™ -N, and

available P in 10-20 cm deep soil).
Results
Species dominance, plant biomass, and diversity

Tn-this-stady—+tThe dominance of E. nutans and P. crymophila inwere increased by SR-
was-signtficantly-higher-thanthatinthe-CIK (P = 0.017, P = 0.042, Table 1), while the
dominance of —Fhe-dominapec-ol-A-lirvinoreli—t-ovina—S—alicna—N—capillif

hmitis-and-C—atrofusea-other species were not-different-between-Cl—andaffected by

SR (P > 0.05, Table 1). Plant aboveground biomass was significantly enhanced byin

SR-was-stentficanthy-higher-than-that-inthe- CK—(P = 0.022, Fig. 1). Additionally;the-
aAboveground biomass of Gramineae was also higher in the SR;—when—cempared-to—

than that in the CK (P = 0.023, Fig. 1)-, whereas that of-Hewever,for forbs_was;-the-

abeveground-biomass-signifieantly decreased after-S—ehamaeiasmeremovalby SR (P
= 0.049, Fig. 1);—and no—sienificant—changes—were—found—betweenr—SR—and—Ck-

10
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ferAboveground biomass of sedges or legumes (P—0-586;-P—=0-632Fig—) was not
affected by SR (P = 0.586, P = 0.632, Fig. 1). In species level, the aboveground

biomass of P. crymophila was significantly higher in the SR, when compared to CK
(P = 0.023, Fig. 1). The biomass of E. nutans, K. litvinowii, F. ovina, S. aliena, K.
capillifolia, K humilis, and C. atrofusca were not different between CK and SR (P >
0.05, Fig. 1). The diversity indices of plants in the SR treatment were significantly
lower than that in CK (P = 0.040, P = 0.018 and P = 0.022 for species richness,
Shannon-Wiener index and Simpson index, Table 2), indicating that S. chamaejasme
removal had a vital impact on plant diversity. The Pielou index showed no significant

difference between CK and SR (P = 0.074, Table 2).
Ecological stoichiometry

For species level, total C content of green leaves varied between species (F = 2.80, P
= (0.012, Table 3), but no significant difference was found between SR and CK (F =
0.00, P = 0.985, Fig. 2a, Table 3). In total, the treatment and species both had
significant impacts on N content (F = 22.17, P < 0.001 and F = 5.15, P < 0.001,
respectively, Table 3), but only species significantly altered P content (F = 22.17, P <
0.001, Table 3). Specifically, significantly lower N contents were observed in the
green leaves of E. nutans, P. crymophila, K. litvinowii, and S. aliena in SR than CK (P
= 0.031, P = 0.002, P = 0.041 and P = 0.014, respectively, Fig. 2c). The total P
content of P. crymophila was significantly higher in SR than CK (P = 0.004, Fig. 2e),
but for C. atrofusca, the total P content was significantly lower in SR than CK (P =
0.016, Fig. 2e). No interaction between the treatment and species was found on the C,
N, and P content (P = 0.596, P = 0.563 and P = 0.061, respectively, Table 3). Species
and treatment both significantly affected the C:N, C:P, and N:P ratio in this study
(Table 3), except the difference was not significant for treatment on the C:P ratio (F =
0.25, P = 0.618, Table 3). Species and treatment interacted, affecting the N:P ratio (F
=3.38, P=10.003, Table 3). The C:N ratio was elevated in P. crymophila, K. litvinowii,
F. ovina, and S. aliena leaves in SR compared to CK (P = 0.002, P =0.033, P =0.047,

and P = 0.049, respectively), and no significant change was seen in the leaves of the
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other species (Fig. 2b). The C:P ratio significantly declined in P. crymophila and
increased in C. atrofusca in SR compared to CK (P = 0.008 and P = 0.036,
respectively), and no significant difference was seen in the other species (P > 0.05,
Fig. 2d). The N:P ratio of P. crymophila and K. litvinowii significantly decreased in
SR compared to CK (P = 0.000 and P = 0.004, respectively), but no difference was

observed in the other species (P > 0.05, Fig. 2f).

At the functional group level, total C content of green leaves varied between
groups (F = 3.36, P = 0.046, Table 4), but no significant difference was found
between SR and CK (F = 0.75, P = 0.401, Fig. 3a, Table 4). There was no significant
interaction between groups and treatments in C content (F = 0.38, P = 0.767, Table 4).
Groups had significant impacts on N and P content (F = 66.79, P < 0.001 and F =
22.01, P < 0.001, respectively, Table 4), but only P content was significantly affected
by the treatment (F = 4.09, P = 0.040, Table 4). The interaction of groups and
treatments was significant for N and P content (F = 7.61, P =0.002 and F = 4.00, P =
0.026, respectively, Table 4). Legumes had the highest N content compared to
Gramineae, sedges, and forbs, and SR treatment did not significantly affect the N
content of legumes (P = 0.124, Fig. 3c). Total N content declined significantly in
Gramineae but increased significantly in forbs in SR compared to CK (P = 0.049 and
P =0.014 for Gramineae and forbs, Fig. 3c). Additionally, forbs had a significantly
lower P content in SR compared to CK (P = 0.013, Fig. 3e), while no significant
difference was seen in Gramineae, sedges, or legumes (P = 0.732, P = 0.356 and P =
0.848, respectively, Fig. 3e). Groups had significant impacts on C:N and C:P ratios (F
= 43.58, P < 0.001 and F = 28.14, P < 0.001, respectively, Table 4), but treatments
had no significant impact on C:N, C:P and N:P (F =0.10, P =0.757 for C:N, F = 2.31,
P = 0.147 for C:P and F = 1.99, P = 0.178 for N:P, respectively, Table 4). The
interaction of groups and treatments was significant for C:N, C:P and N:P (F = 5.36, P
= 0.010 for C:N, F = 3.31, P = 0.047 for C:P and F = 5.80, P = 0.007 for N:P,
respectively, Table 4). In Gramineae, there was no change in the C:P ratio, but the C:N

significantly increased and the N:P significantly declined in SR compared to CK (P =

12
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0.649 for C:P, P = 0.048 for C:N and P = 0.049 for N:P, respectively, Fig. 3b, d, f). In
the leaves of forbs, the C:N ratio was significantly lower but the C:P and N:P ratios
were significantly higher in SR compared to CK (P = 0.032 for C:N, P = 0.010 for
C:P and P = 0.004 for N:P, respectively, Fig. 3b, d, f). There was no significant
difference in the C:N, C:P, and N:P ratios in leaves of sedges or legumes between SR

and CK (P > 0.05, Fig. 3b, d, f).

At the community level, plant leaves had significantly lower total N content and
higher C:N ratio in SR compared to CK (P = 0.047 for N content and P = 0.049 for
C:N, Fig. 4b, c). There was no significant difference in the other parameters at the

community level between SR and CK (P > 0.05, Fig. 4a, d, e, f).
Soil nutrient availability

There was no difference in the organic C content of 0—10 cm deep soil between SR
and CK (P = 0.546); however, C content in 10-20 cm depth soil was significantly
lower in SR compared to CK (P = 0.049, Fig. 5a). There was no difference in the total
N and ammonium N (NH4" - N) content in 0—10 cm deep soil between SR and CK (P
= (0.498 for total N and P = 0.244 for NH4" - N, Fig. 5b, c¢), while in the 10-20 cm
deep soil the total N content was lower and the NH4" -N content higher in SR
compared to CK (P = 0.043 for total N and P = 0.016 for NH4" - N, Fig. 5b, c) and
there was no significant difference in soil nitrate N (NO3™ -N) content at any depth (P
= 0.659 for 0-10 cm and P = 0.240 for 10-20 cm, Fig. 5d). Total and available P
content of 10-20 cm deep soil were lower in SR compared to CK (P = 0.049 for total
P and P = 0.046 for available P, Fig. 5 e, f), but no significant difference was seen in
total P content and available P content at 0—10 cm soil depth (P = 0.647 for total P and

P =0.246 for available P, Fig. Se, ).
Driving factors of plant stoichiometry traits

The PCA analysis showed that the different species and functional groups all showed
varying degrees of changes in their leaf C, N, and P levels, and C:N, C:P, and N:P

ratios between SR and CK (Fig. 6, 7). The first two axes of the PCA account for over

13



328  80% of the variation in species traits across the sites for all eight species with P.
329  crymophila and K. litvinowii showing significant differentiation in the first axis (Fig.
330  6a-h). At the functional group level, all groups besides legumes showed significant
331  differentiation, with S. chamaejasme removal responsible for over 75% variations for

332 all four functional groups (Fig. 7a-d).

333  RDA analysis showed that approximately 80% of the variations had been explained
334 and that S. chamaejasme removal had a significant influence on the plant N content
335 and C:N ratio (Fig. 8). The content of organic C, total N, and available P in soil were
336 positively correlated with the N content of leaves, but negatively correlated with the
337  C:N ratio of the community. Total P content in the soil was positively correlated with

338  the C:P and N:P ratios of the community and negative correlation with leaf P content.
339  Discussion

340  Elemental stoichiometry ratios are used as proxies for elemental C, N, and/or P use
341  efficiencies (Castellanos et al., 2018). Our results showed that S. chamaejasme
342 removal could influeneceaffect the ecological stoichiometry of plants at all levels, from
343 species level to functional group and community level (Fig. 2, 3, 4 and Table 3, 4).
344  These changes were closely related to species dominatiennce, biomass, and

345  community diversity, and soil nutrient availability (Fig. 1, 5 and Table 1, 2).
346  Species level response

347 S. chamaejasme removal from degraded grasslands distinctly changed plant
348  dominance. Besides K. humilis and C. atrofusca, all importance values of the other
349  studied species increased by varying amounts after S. chamaejasme removal, and
350  there was a significant difference between the values of E. nutans and P. crymophila
351  (Table 1). In addition, the aboveground biomass of P. crymophila increased in SR
352 compared to CK (Fig. 1). S. chamaejasme removal may significantly enhance the
353  competitive potential of these species via increasing available space, which allows
354  them to inhibit the growth of their competitors (Niinemets, Valladares & Ceulemans,

355  2003). The variation in plant—plant interaction responses to neighbor removal results
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from resource reallocation induced by different nutrient utilization strategies (Wang et
al., 2016). In a terrestrial ecosystem, nutrient availability is one of the most limiting
factors of plant growth, and thus nutrient use strategies will help determine plant
distribution and dominance (Giisewell et al., 2005). The nutrient contents of green
tissues could reflect the efficiency of nutrient utilization. Low nutrient concentrations
in green tissues are considered to be an efficient mechanism of nutrient conservation
and utilization (Carrera, Sain & Bertiller, 2000). Sistla and Schimel (2012) showed
that a high C content in green tissues led to higher nutrient use efficiency. In our study,
nutrient contents and C levels were species-specific (Fig. 2a). The N content of four
species, E. nutans, P. crymophila, K. litvinowii, and S. aliena, decreased and the C:N
ratio increased following S. chamaejasme removal (Fig. 2b, c). This result may help
explain the increased dominance of these six species and also suggests that they may
have developed a N storage strategy in response to neighbor removal in which more N
is transported to the reproductive organs during the reproductive growth process or to
the roots before the wilt period begins. Therefore, the leaf N content was maintained

at a low level in August (Rong et al., 2015).

Tilman (/982) speculated that at the resource competition scale, species with low
nutrient element concentrations were more suitable for growing in nutrient poor
environments. In our study, the N:P ratio of most species (except P. crymophila in CK
and C. atrofusca in SR) at both the CK and SR sites were lower than the threshold of
10:1 (Guisewell, 2004), suggesting that N is limited, rather than P, in this alpine
grassland (Fig. 2f). In a N poor environment, enhancing the efficiency of N utilization
is an important strategy to increase species dominance, and species with lower N
concentrations should have a competitive advantage over other species in N-restricted
environments (Fan, Harris & Zhong, 2016, Tilman, 1997). The N:P ratio of P.
crymophila in CK and C. atrofusca in SR were between 10 and 20, which means that
there was N and P co-limitation. This could partly explain the increase in the P
content of P. crymophila and the decrease of P content in C. atrofusca after S.

chamaejasme removal. Overall, these results show that plants could develop a nutrient
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utilization strategy in response to S. chamaejasme removal.
Functional group level response

Following S. chamaejasme removal, we saw that the biomass of Gramineae plants
rapidly increased, but the biomass of forbs decreased (Fig.1). Previous studies have
found that both competition and facilitation exist between individual plants due to the
various microclimatic impacts induced by neighboring vegetation (Chu et al., 2009,
Klanderud & Totland, 2005; Wang et al., 2008). Our study shows that the interaction
between Gramineae and S. chamaejasme was competitive, yet between forbs and S.
chamaejasme it was facilitative. S. chamaejasme may provide protection for
neighboring forbs against severe climatic conditions such as high solar radiation,
strong winds, or low temperatures (Klanderud & Totland, 2005) and when it is
removed, the growth of forbs may be inhibited by Gramineae plants because of their

greater competitive ability (Wang et al., 2016).

Differences in nutrient uptake and conservation strategies across growth forms
and functional groups have also been previously observed (A4erts, 1996, Yuan & Chen,
2009). The nutrient element contents in plant leaves are continually affected by the
plant’s structural features and growth regulation (Baldwin et al., 2006). Our results
were consistent with those observations. Legumes had the highest N content and
lowest C:N ratio compared to Gramineae, sedges, and forbs, which had no significant
change after S. chamaejasme removal (Fig. 3b, c¢). In Gramineae, the N content
decreased and the C:N ratio increased after S. chamaejasme removal. This suggests
that the increase in the biomass of Gramineae may be due to their higher utilization
efficiency of N and is in accordance with the “dilution theory,” where nutrient
element concentration may be diluted in plant bodies when there is a rapid increase in
plant biomass (Rong et al, 2015; Sardans & Perniuelas, 2008). The light:nutrient
hypothesis states that the C:N ratios of plants are higher in bright environments
because of the increased gains in photosynthetic C at any N concentration (Sterner et
al., 1997, Sterner & Elser, 2002). Following S. chamaejasme removal, environmental

light levels may increase, therefore, species, such as those in Gramineae, will rapidly
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increase in biomass and have a lower C:N ratio. After S. chamaejasme removal, the N
content increased and the C:N ratio declined in forbs (Fig. 3b, c¢), which could be
explained by the utilization efficiency theory that states that a lower efficiency of N
usage results in less biomass. This may also be related to the increase of soil
extractable inorganic N content (NH4'-N, for example, Fig. 5b) after S. chamaejasme
removal (Ehrenfeld, 2003) and it also suggests that the ability of forbs to absorb N, in

order to maintain growth and adapt to a more severe environment, has been enhanced.

The P level of an organism is partly driven by the allocation of P to ribosomal
RNA, which is related to the increase in its growth rate (Hessen et al., 2007; Song et
al., 2015; Vrede et al., 2004). In our study, the total P content of forbs decreased after
S. chamaejasme removal (Fig. 3e), which may be partly explained by the measured
decrease of the biomass of the forbs. After S. chamaejasme removal, the P content
decreased and the C:P ratio increased in forbs (Fig. 3d) and the growth rate decreased.
This agrees with the Growth Rate Hypothesis (GRH) that a higher plant growth rate is
usually accompanied by lower C:N or C:P ratios (Elser et al., 1996; Hessen et al.,
2007; Vrede et al., 2004). Previous studies in natural ecosystems have confirmed that
plant biomass growth is limited by leaf N:P ratios (Das, Dang & Shivananda, 2006;
Van Duren & Pegtel, 2000). After S. chamaejasme removal, the N:P ratio of
Gramineae declined while that of the forbs increased (Fig. 3f). The variation of
autotrophs in the C:N:P composition ratio has interspecific and intraspecific
components. Some analyses of the percentage of N and P of photosynthetic biomass
showed that the P increased faster than N in a rapidly growing organism (Elser et al.,
2000; Nielsen et al., 1996). This theory was reflected in the Gramineae, which had a
faster growth rate and lower N:P ratio after S. chamaejasme removal. As for the forbs,
the increased N:P ratio may be related to the increased availability of N in the soil
following S. chamaejasme removal (Fig. 5b). Some studies have shown that N
availability increased the N:P ratio of plants (Giisewell et al., 2005), which may

explain the decline of the biomass of forbs after S. chamaejasme removal.

Community level response
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In most terrestrial ecosystems, N and P are the main elements that control plant
growth (derts & Chapin, 1999). The stoichiometric ratios of C:N:P in plant leaves and
litter in many ecosystems have been widely used as indicators to estimate nutrient
limitations on plant growth, primary productivity, and litter decomposition (Gusewell,
2005; Tessier & Raynal, 2003; Zhan et al., 2017). Our results showed that the N:P
ratio in the alpine grassland community did not change after S. chamaejasme removal
(Fig. 4f), which indicates that in a short time S. chamaejasme removal has little
influence on nutrient limitation in this ecosystem. The average N:P ratio was 7.88 at
CK and 6.98 at SR. These values are both < 10 and therefore suggest that N was the
limiting nutrient in this alpine grassland. The N content of the community declined
and the C:N ratio increased after S. chamaejasme removal (Fig. 4b, c). The
aboveground biomass at SR was significantly higher than in CK, indicating that the
plants in this community have adapted to S. chamaejasme removal by increasing their
N utilization efficiency. A previous study has shown that improving the ability to use
an element in the environment where the element is limiting is important for plant
growth in nutrient poor soils (Zilman, 1997). The decreases in the N utilization
efficiency of forbs resulted in a decrease in biomass (Fig. 1), which helps to explain
the plant community composition changes after S. chamaejasme removal. In this
study, plant diversity was shown to significantly decrease after S. chamaejasme
removal (Table 2). Some studies have shown that N availability increases the body
N:P ratio and reduces the species diversity of communities (Giisewell et al., 2005,
Roem & Berendse, 2000, Seastedt & Vaccaro, 2001). Our results showed that there
was no significant change in the N:P ratio of the community between CK and SR;
however, the available N (NH4"-N) content of the soil increased and the N:P ratio
increased significantly after S. chamaejasme removal. The decline of community
diversity seen in this study may therefore be attributed mainly to the reduction of

species richness in the forbs group.

From the population level to the functional group level, and then on to the

community level, the variation of N and P concentrations and C:N:P ratios gradually
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decreased and stabilized. This may relate to grassland ecosystem homeostasis, where
the differences among species are balanced out with a greater number of species in the
higher vegetation levels (Fan, Harris & Zhong, 2016). This implies that the influence
of S. chamaejasme removal on ecosystem level stoichiometry may be inhibited by

inertia effects.
Factors driving leaf nutrient stoichiometry

It is well known that plants and soil are interdependent (Silva & Batalha, 2008) and
there are an increasing number of reports that show that the nutrient traits of plant
cannot be separated from the dynamics of soil nutrient availability (Eskelinen, Stark
& Mannisto, 2009; Li et al., 2014). The occurrence of weeds is highly related to soil
properties (Korres et al., 2017; Walter, Chritensen & Simmelsgaard, 2002). In S.
chamaejasme-dominated grasslands, the organic C content in the soil decreased
significantly after S. chamaejasme removal (Fig. 5a). This result was consistent with
previous work. For example, S. chamaejasme increases the organic C content of soil

because of the greater plant production and litter input or the higher microbial

biomass (Sun et al., 2009). The-resubts-ot-this-study-showed-that-the-organie C-content-

community-After S. chamaejasme removal, the total N, P, and available P content of
the soil decreased (Fig. 5c, e, f). This may be due to the fast growth rate of the grasses,
which requires greater N and P uptake in the absence of competition from S.
chamaejasme. The content of NH4'-N in soil increased significantly after S.
chamaejasme removal (Fig. 5b). S. chamaejasme is widely distributed throughout
alpine grasslands creating islands of fertility, as determined by greater soil nutrient
availability (Sun et al., 2009). Therefore, when S. chamaejasme has been removed,
the soil nutrients gathered by the plants may be released from these “fertility islands,”
which was reflected by the change of NH4"-N content observed in the results (Fig. 5b).
Because of the longer and more widely distributed root system of S. chamaejasme
(Guo & Wang, 2018, Sun et al., 2009), the significant changes seen in soil nutrient

levels resulting from S. chamaejasme removal were mostly at the 10-20 cm depth
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rather than surface soil. As most of the changes in soil nutrient levels after S.
chamaejasme removal appeared at the 10-20 cm soil depth the nutrient traits of this

depth were used in the RDA.

The leaf trait-environment relationship is used to explain and predict the
underlying mechanisms of leaf nutrient trait variation, environmental change, and to
identify the nutrient limitations in an ecosystem (Giisewell, 2004, Kerkhoff et al.,
2005; Zhang et al., 2019). Our results showed that S. chamaejasme removal could
positively influence the community soil NH4"-N levels and C:N ratio and negatively
influence the soil organic C, total N, available P, and leaf N contents (Fig. 8). It is well
known that plant nutrient concentrations will often reflect soil nutrient conditions
(Han et al., 2011; Ordoriez et al., 2009). Consistent with this, in S. chamaejasme
removal sites, plant N content decreased and plant C:N increased with decreasing soil
total N. Our results showed there was a negative relationship between soil NH4"-N
and plant N, and a positive relationship between soil NH4"-N and plant C:N (Fig. 8).
This may be due to different forms of available N (NH4"-N or NO3™-N) being used by

different plants.
Conclusions

This study was the first to investigate the effect of S. chamaejasme removal on the
stoichiometric traits of plants in alpine grasslands. Different species were shown to

have different nutritional and stoichiometric responses to S. chamaejasme removal-as-

seep-in-thetr-C-Ne-and-Plevels-and-CN-CP-and-N-P-ratios. Firstly, the species that
showed an increased dominance after S. chamaejasme removal had a lower N content
and higher C:N ratio. Secondly, at the functional level, Gramineae had a lower N
content and N:P ratio, and a higher C:N ratio in SR compared to CK. In forbs, the N
content, C:P ratio, and N:P ratio increased, and P content and C:N ratio decreased
after S. chamaejasme removal. These results were related to the increase in the
biomass of Gramineae and the decrease in the biomass of the forbs. Lastly, at the
community level, the N content was lower and the C:N ratio higher in SR than in CK,

which may account for the observed biomass increase and decline in community
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diversity. Plant N content was positively correlated with the soil total N content and
negatively with the NHs"-N content. Overall, this study has shown that S.
chamaejasme removal influeneesaffects the stoichiometric traits of species, functional
groups, and the community, and will also affect the dominance of species and
community composition. This study presents the analysis of results obtained from one
year of data collection. More systematic studies need to be carried out in alpine S.
chamaejasme-dominated grasslands in order to reveal the influence of longer time
periods and other factors, such as microorganisms, climate, and grazing, or the impact
of other alternative measures such as fertilization and grazing prohibition on the

recovery of S. chamaejasme-dominated degraded grassland.
Acknowledgments

The authors would like to thank Zengzeng Yang, Zengtao Qi, and Yan Liu for their
help collecting samples and analyzing data. We also thank the editor from MogoEdit
for the language modification. At last, we appreciate Dr. Alison Haughton, editor in
chief from Weed Research, for the constructive advice on the manuscript during the

revising process.
References

Abbas M, Ebeling A, Oelmann Y , Ptacnik R, Roscher C, Weigelt A, Hillebrand
H. 2013. Biodiversity effects on plant stoichiometry. PLoS One 8:¢58179 DOI
10.1371/journal.pone.0058179.

Aerts R. 1996. Nutrient resorption from senescing leaves of perennials: are there

general patterns? Journal of Ecology 84:597-608 DOI 10.2307/2261481.

Aerts R, Chapin FSIII. 2000. The mineral nutrition of wild plants revisited: a
re-evaluation of processes and patterns. Advances in Ecological Research,

30:1-67 DOI 10.1016/S0065-2504(08)60016-1.

Bai YF, Wu JG, Clark CM, Pan QM, Zhang LX, Chen SP, Wang QB, Han XG.

2012. Grazing alters ecosystem functioning and C:N:P stoichiometry of

21


ll
Delete


557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

grasslands along a regional precipitation gradient. Journal of Applied Ecology
49:1204-1215 DOI 10.1111/.1365-2664.2012.02205..x.

Baker HG. 1974. The evolution of weeds. Annual Review of Ecology and Systematics
1:1-24 DOI 10.1146/annurev.es.05.110174.000245.

Baker HG. 1986. Patterns of plant invasion in North America. In: Mooney HA,
Drake JA, ed. Ecology of biological invasions of North America and Hawaii.
Berlin: Springer, 44-57.

Baldwin DS, Rees GN, Mitchell AM, Watson G, Williams J. 2006. The short-term
effects of salinization on anaerobic nutrient cycling and microbial community
structure in sediment from a freshwater wetland. Wetlands 26:455-464 DOI

10.1672/0277-5212(2006)26.

Bao SD. 1999. Methods for soil and agricultural chemistry. Beijing, Chinese

Agricultural Press (in Chinese).

Berendse F. 1998. Effects of dominant plant species on soils during succession in
nutrient-poor ecosystems. Biogeochemistry 42:73-88 DOI
10.1023/a:1005935823525.

Bezemer TM, Lawson CS, Hedlund K, Edwards AR, Brook AJ, Igual JM,
Mortimer SR, Van Der Putten WH. 2006. Plant species and functional group

effects on abiotic and microbial soil properties and plant-soil feedback responses

in two grasslands. Journal of Ecology 94:893-904 DOI 10.2307/3879581.

Borer ET, Lind EM, Ogdahl EJ, Seabloom EW, Tilman D, Montgomery RA,
Kinkel L. 2015. Food-web composition and plant diversity control foliar
nutrient content and stoichiometry. Journal of Ecology 103:1432-1441 DOI
10.1111/1365-2745.12461.

Bret-Harte MS, Garcia EA, Sacre VM, Whorley JR, Wagner JL, Lippert SC,

Chapin FSII. 2004. Plant and soil responses to neighbour removal and

22



583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

fertilization in Alaskan tussock tundra. Journal of Ecology 92:635-647 DOI
10.2307/3599724.

Callaway RM, Brooker RW, Choler P, Kikvidze Z, Lortie CJ, Michalet R,
Paolini L, Pugnaire FI, Newingham B, Aschehoug ET, Armas C, Kikodze D,
Cook BJ. 2002. Positive interactions among alpine plants increase with stress.

Nature 417:844-848 DOI 10.1038/nature00812.

Carrera A, Sain C, Bertiller M. 2000. Patterns of nitrogen conservation in shrubs
and grasses in the Patagonian Monte, Argentina. Plant and Soil 224:185-193
DOI 10.1023/a:1004841917272.

Castellanos AE, Llano-Sotelo JM, Machado-Encinas LI, Ldépez-Pifia JE,
Romo-Leon JR, Sardans J, Peiiuelas J. 2018. Foliar C, N, and P stoichiometry

characterize successful plant ecological strategies in the Sonoran Desert. Plant

Ecology 219:775-788 DOI 10.1007/s11258-018-0833-3.

Chen YL, Chen LY, Peng YF , Ding JZ, Li F, Yang GB, Kou D, Liu L, Fang K,
Zhang BB, Wang J, Yang YH. 2016. Linking microbial C:N:P stoichiometry to
microbial community and abiotic factors along a 3500-km grassland transect on
the Tibetan plateau. Global Ecology and Biogeography 25:1416—1427 DOI
10.1111/geb.12500.

Cheng W, Sun G, Du LF, Wu Y, Zheng QY, Zhang HX, Liu L, Wu N. 2014.
Unpalatable weed Stellera chamaejasme L. provides biotic refuge for
neighboring species and conserves plant diversity in overgrazing alpine

meadows on the Tibetan Plateau in China. Journal of Mountain Science

11(3):746-754 DOI 10.1007/s11629-013-2729-y.

Chu CJ, Wang YS, Li Q, Zhao LQ, Ren ZW, Xiao S, Yuan JL, Wang G. 2009.
Effects of traits, species identity and local environmental conditions on the
assessment of interactions: insights from an alpine meadow community. Journal

of Plant Ecology 2:135-141 DOI 10.1093/jpe/rtp014.

23



610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

Cornwell WK, Cornelissen JH. 2013. A broader perspective on plant domestication
and nutrient and carbon cycling. New Phytologist 198:331-333 DOI
10.1111/nph.12219.

Daufresne T. 2004. Optimal nitrogen-to-phosphorus stoichiometry of phytoplankton.
Nature 429:171-174 DOI 10.1038/nature02454.

Ebeling A, Meyer ST, Abbas M, Eisenhauer N, Hillebrand H, Lange M, Scherber
C, Vogel A, Weigelt A, Weisser WW. 2014. Plant diversity impacts
decomposition and herbivory via changes in above-ground arthropods. PLoS

ONE 9:¢106529 DOI 10.1371/journal.pone.0106529.

Ehrenfeld JG. 2003. Effects of exotic plant invasions on soil nutrient cycling

processes. Ecosystems 6:503-523 DOI 10.2307/3658994.

Elser JJ, Dobberfuhl DR, MacKay NA, Schampel JH. 1996. Organism size, life
history, and N:P stoichiometry. Bioscience 46:674—-684 DOI 10.2307/1312897.

Elser JJ, Fagan WF, Kerkhoff AJ, Swenson NG, Enquist BJ. 2010. Biological
stoichiometry of plant production: metabolism, scaling and ecological response

to global change. New Phytologist 186:593—-608 DOI 10.2307/27797587.

Elser JJ, Sterner RW, Gorokhova E, Fagan WF, Markow TA, Cotner JB,
Harrison JF, Hobbie SE, Odell GM, Weider LJ. 2000. Biological
stoichiometry from genes to ecosystems. Ecology Letters 3:540-550 DOI
10.1111/5.1461-0248.2000.00185.x.

Eskelinen A, Stark S, Mannisto M. 2009. Links between plant community
composition, soil organic matter quality and microbial communities in

contrasting tundra habitats. Oecologia 161:113—-123 DOI 10.2307/40310119.

Eviner VT. 2004. Plant traits that influence ecosystem processes vary independently

among species. Ecology 85:2215-2229 DOI 10.2307/3450286.

Fan JW, Harris W, Zhong HP. 2016. Stoichiometry of leaf nitrogen and phosphorus

of grasslands of the Inner Mongolian and Qinghai-Tibet Plateaus in relation to
24



637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

climatic variables and vegetation organization levels. Ecological Research 31:

821-829 DOI10.1007/s11284-016-1392-5.

Groffman PM, Eagan P, Sullivan WM, Lemunyon JL. 1996. Grass species and soil
type effects on microbial biomass and activity. Plant and Soil 183:61-67 DOI
10.1007/BF02185565.

Giisewell S. 2004. N:P ratios in terrestrial plants: variation and functional significance.

New Phytologist 164:243-266 DOI 10.1111/j.1469-8137.2004.01192 x.

Giisewell S, Bailey KM, Roem WJ, Bedford BI. 2005. Nutrient limitation and
botanical diversity in wetlands: can fertilization raise species richness? Oikos

109:71-80 DOI10.1111/5.0030-1299.2005.13587 .x.

Guiz J, Ebeling A, Eisenhauer N, Hacker N, Hertzog L, Oelmann Y, Roscher C,
Wagg C, Hillebrand H. 2018. Interspecifc competition alters leaf stoichiometry
in 20 grassland species. Oikos 127:903-914 DOI 10.1111/01k.04907.

Guo LZ, Wang K. 2018. Research progress on biology and ecology of Stellera
chamaejasme L. Acta Agrestia sinica. 26:525-532 DOI
10.11733/;.1ssn.1007-0435.2018.03.001 (in Chinese with English abstract).

Han WX, Fang JY, Reich PB, Ian Woodward F, Wang ZH. 2011. Biogeography
and variability of eleven mineral elements in plant leaves across gradients of

climate, soil and plant functional type in China. Ecology Letters 14:788—796
DOI'10.1111/5.1461-0248.2011.01641 .x.

Hedin LO. 2004. Global organization of terrestrial plant-nutrient interactions.
Proceedings of the National Academy of Sciences of the United States of
America 101:10849—-10850 DOI 10.1073/pnas.0404222101.

Hessen DO, Jensen TC, Kyle M, Elser JJ. 2007. RNA responses to N- and
P-limitation; reciprocal regulation of stoichiometry and growth rate in
Brachionus. Functional Ecology 21:956-962 DOI
10.1111/j.1365-2435.2007.01306.x.

25



664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

Jiang CM, Yu GR, Li YN, Cao GM, Yang ZP, Shen WP, Yu WT. 2012. Nutrient
resorption of coexistence species in alpine meadow of the Qinghai-Tibetan

Plateau explains plant adaptation to nutrient-poor environment. Ecological

Engineering 44:1-9 DOI 10.1016/j.ecoleng.2012.04.006.

Jin L, Zhang GQ, Wang XJ, Dou CY, Chen M, Lin SS, Li YY. 2011. Arbuscular
mycorrhiza regulate inter-specific competition between a poisonous plant,
Ligularia virgaurea, and a co-existing grazing grass, Elymus nutans, in Tibetan

Plateau  alpine  meadow  ecosystem.  Symbiosis  55:29-38  DOI
10.1007/s13199-011-0141-3.

Jo BG, Park NJ, Jegal J, Choi S, Lee SW, Jin H, Kim SN, Yang MH. 2018. A new
flavonoid from  Stellera  chamaejasme L. stechamone, alleviated
2,4-dinitrochlorobenzene-induced atopic dermatitis-like skin lesions in a murine

model. International Immunopharmacology 59:113-119 DOI
10.1016/j.intimp.2018.04.008.

Kagata H, Ohgushi T. 2006. Nitrogen homeostasis in a willow leaf beetle Plasiodera
versicolora, is independent of host plant quality. Entomologia Experimentalis et

Applicata 118:105-110 DOI 10.1111/5.1570-7458.2006.00377 x.

Kerkhoff AJ, Enquist BJ, Elser JJ, Fagan WF. 2005. Plant allometry, stoichiometry
and the temperature-dependence of primary productivity. Global Ecology and
Biogeography 14:585-598 DOI 10.1111/j.1466-822x.2005.00187.x.

Kim M, Lee HJ, Randy A, Yun JH, Oh SR, Nho CW. 2017. Stellera chamaejasme
and its constituents induce cutaneous wound healing and anti-inflammatory

activities. Scientific Reports 7:42490 DOI 10.1038/srep42490.

Klanderud K, Totland O. 2005. The relative importance of neighbours and abiotic
environmental conditions for population dynamic parameters of two alpine plant
species. Journal of Ecology 93:493-501 DOI
10.1111/j.1365-2745.2005.01000.x.

26



691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

Koerselman W, Meuleman AF. 1996. The vegetation N:P ratio: a new tool to detect
the nature of nutrient limitation. Journal of Applied Ecology 33:1441-1450 DOI
10.2307/2404783.

Korres NE, Norsworthy JK, Brye k, Skinner Jr V, Mauromoustakos A. 2017.
Relationships between soil properties and the occurrence of the most
agronomically important weed species in the field margins of eastern

Arkansas-implications for weed management in field margins. Weed Research

57:159-171 DOI 10.1111/wre.12249.

Li YY, Dong SK, Liu SL, Wang XX, Wen L, Wu Y. 2014. The interaction between
poisonous plants and soil quality in response to grassland degradation in the
alpine region of the Qinghai-Tibetan Plateau. Plant Ecology 215:809-819 DOI
10.1007/s11258-014-0333-z.

Liu Y, Long RJ, Yao T. 2004. Research progress on Stellera chamajasme L. in
grassland. Pratacultural Science 21:55-61 DOI
10.3969/}.issn.1001-0629.2004.06.017 (in Chinese with English abstract).

Liu RT, Zhao HL, Zhao XY, Drake S. 2011. Facilitative effects of shrubs in shifting
sand on soil macro-faunal community in Horqin Sand Land of Inner Mongolia,
Northern China. European Journal of Soil Biology 47:316-321 DOI
10.1016/j.ejsobi.2011.07.006.

Lii XT, Han XG. 2010. Nutrient resorption responses to water and nitrogen
amendment in semi-arid grassland of Inner Mongolia, China. Plant and Soil

327:481-491 DOI 10.1007/s11104-009-0078-y.

Lu RK. 2000. Method of Soil Agricultural Chemistry Analysis. Beijing: Chinese

Agricultural Science and Technology Press (in Chinese).

Magurran AE. 1994. Measuring biological diversity. Environmental and Ecological

Statistics 1:95-103 DOI 10.1007/BF02426650.

Naeem S, Li SB. 1997. Biodiversity enhances ecosystem reliability. Nature

27



718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

390:507-509 DOI 10.1038/37348.

Nielsen SL, Enriquez S, Duarte CM, Sand-Jensen K. 1996. Scaling maximum
growth rates across photosynthetic organisms. Functional Ecology 10:167-175
DOI 10.2307/2389840.

Niinemets U, Valladares F, Ceulemans R. 2003. Leaf-level phenotypic variability
and plasticity of invasive Rhododendron ponticum and non-invasive Ilex
aquifolium co-occurring at two contrasting European sites. Plant Cell and

Environment 26:941-956 DOI 10.1046/j.1365-3040.2003.01027..x.

Olde Venterink H, Wassen MJ, Verkroost WM, de Ruiter PC. 2003. Species
richness-productivity patterns differ between N-, P-, and K-limited wetlands.

Ecology 84:2191-2199 DOI 10.1890/01-0639.

Ordoiiez JC, Van Bodegom PM, Witte JPM, Wright 1J, Reich PB, Aerts R. 2009.
A global study of relationships between leaf traits, climate and soil measures of
nutrient fertility. Global Ecology and Biogeography 18:137-149 DOI
10.1111/5.1466-8238.2008.00441 .x.

Roem WJ, Berendse F. 2000. Soil acidity and nutrient supply as possible factors
determining changes in plant species diversity in grassland and heathland
communities. Biological Conservation 92:151-161 DOI

10.1016/S0006-3207(99)00049-X.

Rong QQ, Liu JT, Cai YP, Lu ZH, Zhao ZZ, Yue WC, Xia JB. 2015. Leaf carbon,
nitrogen and phosphorus stoichiometry of Tamarix chinensis Lour. in the
Laizhou Bay coastal wetland, China. Ecological Engineering 76:57—65 DOI
10.1016/j.ecoleng.2014.03.002.

Sardans J, Pefiuelas J. 2008. Drought changes nutrient sources, content and
stoichiometry in the bryophyte Hypnum cupressiforme Hedw. growing in a
Mediterranean forest. Journal of  Bryology 30:59-65 DOI
10.1179/174328208X281987.

28



745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

Sardans J, Pefiuelas J, Estiarte M, Prieto P. 2008. Warming and drought alter C
and N concentration, allocation and accumulation in a Mediterranean shrubland.

Global Change Biology 14:2304-2316 DOI 10.1111/5.1365-2486.2008.01656.x.

Sardans J, Rivas-Ubach A, Pefiuelas J. 2012. The elemental stoichiometry of
aquatic and terrestrial ecosystems and its relationships with organismic lifestyle

and ecosystem structure and function: a review and perspectives.

Biogeochemistry 111:1-39 DOI 10.1007/s10533-011-9640-9.

Scott NA, Saggar S, McIntosh PD. 2001. Biogeochemical impact of Hieracium
invasion in New Zealand’s grazed tussock grasslands: sustainability implications.

Ecological Applications 11:1311-1322 DOI 10.2307/3060922.

Seastedt TR, Vaccaro L. 2001. Plant species richness, productivity, and nitrogen and

phosphorus limitations across a snowpack gradient in alpine tundra, Colorado,

USA. Arctic Antarctic and Alpine Research 33:100—106 DOI 10.2307/1552283.

Shi XM, Li XG, Wu RM, Yang YH, Long RJ. 2011. Changes in soil biochemical
properties associated with Ligularia virgaurea spreading in grazed alpine

meadows. Plant and Soil 347:65—78 DOI 10.1007/s11104-011-0818-7.

Silva DMD, Batalha MA. 2008. Soil-vegetation relationships in cerrados under
different  fire  frequencies.  Plant and  Soil  311:87-96  DOI
10.1007/s11104-008-9660-y.

Sistla SA, Schimel JP. 2012. Stoichiometric flexibility as a regulator of carbon and
nutrient cycling in terrestrial ecosystems under change. New Phytologist

196:68-78 DOI 10.1111/j.1469-8137.2012.04234 x.

Song ML, Chai Q, Li XZ, Yao X, Li CJ, Christensen MJ, Nan ZB. 2015. An
asexual Epichloé endophyte modifies the nutrient stoichiometry of wild barley
(Hordeum brevisubulatum) under salt stress. Plant and Soil 387:153—165 DOI
10.1007/s11104-014-2289-0.

Song ML, Wang YQ, Bao GS, Yin YL, Liu SC, Yang YW, Yang M, Wang HS.

29



772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

2018. Effect of different management methods on the community structure and
forage quality in Stellera-dominated degraded grassland. Pratacultural Science
35:2318-2326 DOI 10.11829/5.issn.1001-0629.2017-0674 (in Chinese with

English abstract).

Sterner RW, Elser JJ. 2002. Ecological Stoichiometry: the Biology of Elements from

Molecules to the Biosphere. Princeton: Princeton University Press.

Sterner RW, Elser JJ, Fee EJ, Guildford SJ, Chrzanowski TH. 1997. The light:
nutrient ratio in lakes: the balance of energy and materials affects ecosystem

structure and process. American Naturalist 150:663—684 DOI 10.1086/286088.

Sun G, Luo P, Wu N, Qiu PF, Gao YH, Chen H, Shi FS. 2009. Stellera
chamaejasme L. increases soil N availability, turnover rates and microbial

biomass in an alpine meadow ecosystem on the eastern Tibetan Plateau of China.

Soil Biology & Biochemistry 41:86-91 DOI 10.1016/j.5011bi0.2008.09.022.

Tibbets TM, Molles MC. 2005. C:N:P stoichiometry of dominant riparian trees and
arthropods along the Middle Rio Grande. Freshwater Biology 50:1882—1894
DOI10.1111/j.1365-2427.2005.01465 .x.

Tilman D. 1982. Resource competition and community structure. Princeton:

Princeton University Press.

Tilman D. 1997. Community invisibility, recruitment limitation, and grassland

biodiversity. Ecology 78:81-92 DOI 10.2307/2265980.

Van Duren IC, Pegtel DM. 2000. Nutrient limitations in wet, drained and rewetted
fen meadows: evaluation of methods and results. Plant and Soil 220:35-47 DOI

10.1023/A:1004735618905.

Vinton MA, Burke IC. 1995. Interactions between individual plant species and soil
nutrient status in  shortgrass steppe. Ecology 76:1116-1133 DOI
10.2307/1940920.

von Oheimb G, Power SA, Falk K, Friedrich U, Mohamed A, Krug A,
30



799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

Boschatzke N, Hardtle W. 2010. N:P ratio and the nature of nutrient limitation
in  Calluna-dominated  heathlands.  Ecosystems  13:317-327  DOI
10.1007/s10021-010-9320-y.

Vrede T, Dobberfuhl DR, Kooijman S, Elser JJ. 2004. Fundamental connections
among organism C:N:P stoichiometry, macromolecular composition, and growth.

Ecology 85:1217-1229 DOI 10.1890/02-0249.

Walter AM, Chritensen S, Simmelsgaard SE. 2002. Spatial correlation between
weed species densities and soil properties. Weed Research 42:26-38 DOI
10.1046/j.1365-3180.2002.00259.x.

Wang HS, Gang CW, Zhou QP, Li N, Zeng H. 2008. Study on control technique of
Stellera chamaejasme using herbicide “Langdujing”. Chinese Qinghai Journal
of Animal and Veterinary Sciences 38:16-18 DOI
10.3969/}.issn.1003-7950.2008.02.006 (in Chinese with English abstract).

Wang HS, Bao GS, Wang YQ, Yin YL, Yang YW, Liu SC, Zhu XL, Song ML.
2018. Effect of different grassland managements strategies on grass productivity
in Stellera-dominated degraded grassland. Pratacultural Science 35:2561-2567
DOI 10.11829/}.1ssn.1001-0629.2018-0202 (in Chinese with English abstract).

Wang J, Luo P, Yang H, Mou CX, Mo L. 2016. Different responses of alpine plants
to nitrogen addition: effects on plant-plant interactions. Scientific Reports

6:38320 DOI 10.1038/srep38320.

Wang YS, Chua CJ, Maestre FT, Wang G. 2008. On the relevance of facilitation in
alpine meadow communities: An experimental assessment with multiple species

differing in their ecological optimum. Acta Oecologica — International Journal

of Ecology 33:108-113 DOI 10.1016/j.actao.2007.10.002.

Xing F, Song R. 2002. Population distribution pattern and dynamics of poisonous
Stellera chamaejasme on grassland. Pratacultural Science 19:16—19 DOI

10.3969/}.i1ssn.1001-0629.2002.01.004 (in Chinese with English abstract).

31



826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

Yang Y, Liu BR, An SS. 2018. Ecological stoichiometry in leaves, roots, litters and
soil among different plant communities in a desertified region of Northern China.

Catena 166:328-338 DOI 10.1016/j.catena.2018.04.018.

Yuan ZY, Chen HYH. 2009. Global-scale patterns of nutrient resorption associated
with latitude, temperature and precipitation. Global Ecology and Biogeography
18:11-18 DOI110.1111/5.1466-8238.2008.00425.x.

Zhang GM, Han XG, Elser JJ. 2011. Rapid top-down regulation of plant C:N:P
stoichiometry by grasshoppers in an Inner Mongolia grassland ecosystem.

Oecologia 166:253-264 DOI 10.1007/s00442-011-1904-5.

Zhang XL, Zhou JH, Guan TY, Cai WT, Jiang LH, Lai LM, Gao NN, Zheng YR.
2019. Spatial variation in leaf nutrient traits of dominant desert riparian plant

species in an arid inland river basin of China. Ecology and Evolution

9:1523-1531 DOI 10.1002/ece3.4877.

Zhou SJ, Huang ZJ, A R. 1998. Preliminary study on the allelopathy of Stellera
chamaejasme. Grassland of China 4:52-55 DOI
10.3321/}.issn:1673-5021.1998.04.014 (in Chinese with English abstract).

Ziska LH. 2017. Could recent increases in atmospheric CO> have acted as a selection
factor in Avena fatua populations? A case study of cultivated and wild oat

competition. Weed Research 57:399—405 DOI 10.1111/wre.12271.

32



