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Abstract
1. The stability of a plant community is defined as its ability to resist and be resilient 

to changes. Plant community stability can be driven by a range of external pertur-
bations as well as by plant community traits. Plant litter traits (species or mass) are 
widely recognized drivers for plant community composition and diversity changes 
in grasslands. Yet, the effects of litter traits on the temporal stability of plant com-
munities in natural grasslands are largely unknown.

2. In this study, a field experiment was conducted at an alpine meadow on the 
Qinghai Tibetan Plateau to quantify the effects of litter from Elymus nutans, 
Kobresia setchwanensis and Ligularia virgaurea on the temporal stability of plant 
community biomass at five different mass levels (0, 100, 200, 400 and 600 g/m2).  
The experiment was conducted over the period from the pre- growth to peak- 
growth stage between 2017 and 2019, during which temporal stability of plant 
community biomass was assessed in relation to plant community characteristics.

3. The effects of litter on temporal stability of plant community biomass were mainly 
driven by the litter mass rather than the litter species. A hump- shaped relationship 
between litter mass and temporal stability of plant community biomass was found, 
with the highest stability under intermediate litter mass treatment (200 g/m2).  
A structural equation model identified that this response was driven by the indi-
rect effects of litter mass on the temporal stability of the biomass of the dominant 
(forbs) and subdominant (grasses) functional groups in the community and the 
asynchrony of plant functional groups.

4. The results of this study demonstrate that plant litter traits are important drivers 
for maintaining plant community stability in natural grasslands, highlighting the 
importance of grassland management decisions (e.g. grazing intensity) relating to 
the quantity and quality of litter accumulation.
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1  | INTRODUC TION

Understanding the mechanisms driving the temporal stability of 
plant community biomass is an important scientific issue in ecol-
ogy (Brown et al., 2016), as the stability of biomass within a plant 
community is crucial for maintaining multiple ecosystem functions 
(Pennekamp et al., 2018). Temporal stability is defined as the ca-
pacity of an ecosystem to dampen environmental perturbations 
over time while retaining ecological functions of interest (Ives & 
Carpenter, 2007; Pimm, 1984), and it can be impacted by various bi-
otic and abiotic factors (Ma et al., 2017; Xu et al., 2015). Across many 
ecosystems, the relationship between ecosystem stability and biodi-
versity has received particular attention (Yang et al., 2012). Multiple 
aspects of biodiversity may impact the temporal stability of ecosys-
tem processes over time (Craven et al., 2018), and the relationships 
between diversity and ecosystem temporal stability can vary with 
ecosystem type (Campbell et al., 2011).

The temporal stability of plant community biomass can be in-
fluenced by multiple ecological drivers. Gross et al. (2014) found 
changes in species richness to be the primary driver of the tempo-
ral stability in biodiversity– stability relationships that respond to 
environmental changes. Several other studies have indicated that 
temporal stability of the dominant species and/or functional groups 
is important in maintaining the stability of ecosystems (Hallett 
et al., 2014; Huang et al., 2020), particularly where the dominant 
species and/or functional groups account for a considerable pro-
portion (approximately 50%– 60% of above- ground biomass) of the 
community (Ma et al., 2017; Xu et al., 2015). The stability of sub-
ordinate species and functional groups contributes relatively less 
to temporal stability of plant community biomass, but still plays an 
important role (Huang et al., 2020; Yang et al., 2017). Greater di-
versity in an ecosystem may enhance temporal stability because of 
the asynchronous responses of different species to environmental 
fluctuations (Hautier et al., 2014; Sasaki et al., 2019) and the variable 
strengths of competition (Loreau & de Mazancourt, 2013). Huang 
et al. (2020) showed that asynchrony of plant species/functional 
groups mediates community biomass stability.

In vegetation ecosystems, litter accumulation has been identified 
as a critical factor that affects all the above- mentioned drivers for 
plant community diversity (Loydi et al., 2013; Phillips et al., 2016). 
Plant litter is a pivotal link between above- ground and below- ground 
ecological processes, has a substantial cascading effect on plant– soil 
biogeochemical cycling and is an important driver for changes in 
community structure and functions in ecosystems (Xiao et al., 2015). 
Conversely, litter accumulation may alter the relative dominance of 
plant functional groups (Hou et al., 2019) and community composi-
tion (Letts et al., 2015), impact the interactions among competing 
species (Holdredge & Bertness, 2011) and potentially therefore has 
a considerable influence on temporal stability of plant community 
biomass.

Both litter mass and litter species are important in determining 
the effects of plant litter on plant community characteristics. The 
meta- analysis by Xiong and Nilsson (1999) indicated that litter mass 

is a good predictor for the effects of litter on most vegetation vari-
ables. Moreover, their analysis indicated that the negative effects of 
plant litter generally outweigh the positive ones over study periods 
that are mostly less than three to four seasons. Letts et al. (2015), 
however, reported litter- plant feedbacks can both promote and in-
hibit shifts in vegetation composition. The differences in physical and 
chemical properties (Chomel et al., 2016) of different litter species 
influence seedling and plant establishment in grasslands (Hovstad & 
Ohlson, 2008; Loydi et al., 2015). The variation in physical properties 
of litter species can result in different light, temperature and mois-
ture conditions for plants underneath litter layers (Hou et al., 2019). 
The chemical differences may produce differences in decomposi-
tion, nutrient availability, allelopathy and plant community structure 
(Facelli & Pickett, 1991). Forbs litter may exert a stronger chemical 
effect on vegetation because more phytotoxins and nutrients may 
be released in a short period, whereas grasses litter can have a 
weaker chemical effect because of its slower rate of decomposition 
(Xiong & Nilsson, 1999).

In the present study, the aim was to demonstrate the potential 
impacts of litter on temporal stability of plant community biomass in 
an alpine meadow of the Qinghai Tibet Plateau (QTP). The QTP is the 
highest elevation ecoregion in the world, with an area of 2.5 million 
km2 and an average elevation of over 4,000 m. Approximately 65% 
of the QTP is covered by alpine meadows, and livestock grazing is the 
main land use (Chen et al., 2013). Recently, the alpine meadows of the 
QTP have experienced varying degrees of degradation as a result of 
livestock overgrazing. There are concerns that this issue, which man-
ifests as fast- spreading unpalatable forbs such as Ligularia virgaurea 
rather than palatable perennial grasses or sedges, is detrimental 
for biodiversity and has harmful consequences for the functioning 
and stability of the ecosystem (Dong et al., 2013). The cessation of 
grazing is the proposed approach to restoring degraded grasslands, 
which would likely alter the composition of plant communities and 
therefore the species composition of plant litter, in turn leading to 
an increase in litter biomass (Zou et al., 2016). Such changes to the 
composition and accumulation of litter can result in variation in lit-
ter turnover, thereby altering ecosystem processes such as nutrient 
cycling (Hong et al., 2021) and plant community characteristics (Zou 
et al., 2016), which could potentially then impact upon temporal sta-
bility of plant community biomass (Isbell et al., 2009). However, little 
is known about the impact of litter on temporal stability of plant 
community biomass in the alpine meadows of the QTP.

This study reports the results of a 3- year field experiment that 
was carried out to investigate the influence of litter species and 
litter mass on temporal stability of plant community biomass in 
an alpine meadow on the QTP. Three different litter types from 
three dominant species that represent different functional groups 
(Elymus nutans— grass, Kobresia setchwanensis— sedge and Ligularia 
virgaurea— noxious forb) with five levels of litter mass were em-
ployed. Elymus nutans and Kobresia setchwanensis were the most 
dominant palatable grass and sedge at the experimental site, re-
spectively, whereas Ligularia virgaurea was the fastest- spreading 
noxious forb at our experimental site, as well as in alpine meadows 
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in the QTP in general. Previous studies have shown that impacts of 
litter mass and species can decrease the species dominance (Zou 
et al., 2016), species richness (Zhang et al., 2019) and asynchrony of 
plant functional groups (Huang et al., 2020) and increase the vari-
ability of the community biomass (Xiong & Nilsson, 1999). These 
factors are important determinants of temporal stability of plant 
community biomass (Wu et al., 2020; Zhou et al., 2019). Therefore, 
we hypothesized in this study that litter species, litter mass and 
their interaction would significantly impact temporal stability of 
plant functional groups and community biomass through cascad-
ing effects on plant community characteristics such as dominance 
of plant functional groups, species richness, variability of commu-
nity biomass and asynchrony of plant functional groups. Based on 
the observations of previous studies that examined litter impacts 
on plant community characteristics, we predicted the net effect 
of litter addition would result a reduction of temporal stability of 
plant community biomass and that the effect of Ligularia virgaurea 
litter addition would be stronger.

These hypotheses were tested using piecewise structural equa-
tion modelling (SEM). The SEM tested whether litter mass, litter 
species and their interaction altered the temporal stability of plant 
community biomass via changes in the dominance of plant functional 
groups, species richness, variability of community biomass, tempo-
ral stability of forbs and grasses, and asynchrony of plant functional 
groups. The specific questions that this paper seeks to answer are as 
follows: (a) Do the litter species, the litter mass and their interactions 
have a significant impact upon temporal stability of plant community 
biomass in the QTP’s alpine meadows? (b) Does litter mass or species 
composition have a greater impact on stability, in which the impact 
will be more pronounced in litter of Ligularia virgaurea? (c) What are 
the mechanisms driving the impacts of litter on temporal stability of 
plant community biomass?

2  | MATERIAL S AND METHODS

2.1 | Study site

The research was conducted at an alpine meadow site at the north-
eastern boundary of the QTP, located in Hongyuan County, China 
(31°47′N, 102°33′E; 3,485 m a.s.l). The study site belongs to the 
continental monsoon climate, in which the annual growth season 
occurs from the end of April to early October (with the middle of 
August as the period of peak growth), and the vegetation has an av-
erage coverage of more than 80%. The long- term (1961– 2013) mean 
annual temperature is 1.5°C, and the mean annual precipitation is 
747 mm— 80% of which falls during the growing season, when the 
average relative humidity is 60%– 70%. The soil at the site is classi-
fied as Mat Cry- gelic Cambisols (Chinese Soil Taxonomy Research 
Group, 1995). The vegetation types were Cyperus, Poaceae and di-
cotyledon forbs. Cyperus species are mainly Scirpus pumilus, Carex 
thibetica and Kobresia Setchwanensis. Poaceae species are mainly 
Deschampsia caespitosa and Elymus nutans. Common dicotyledon 

forbs include Saussurea hieracioides, Aster tataricus, Anemone rivu-
laris, Anemone trullifolia, Ligularia virgaurea, Potentilla fragarioides. 
The alpine meadows at the site were subjected to year- round free- 
grazing by yak.

2.2 | Experimental design

The experimental area at the study site was a moderately degraded 
grassland. Since 2014, yak have been free grazing the area during 
the winter. The experimental plots were established in 2017 within 
a 50 × 50 m area that was fenced to exclude grazing. The plots were 
arranged in a randomized block design with four replicates for each 
treatment. Each plot had dimensions of 2 × 2 m and were arranged 
in blocks. The buffer zone between adjacent plots was at least 1 m. 
Treatments were randomly assigned to the plots. The treatments in-
cluded litter from three dominant species at the study site (E. nutans 
[grass], K. setchwanensis [sedge] and L. virgaurea [noxious forb]) and 
five litter mass levels for each litter species (0 [control], 100, 200, 
400 and 600 g/m2). In late April (before seedlings start to emerge) 
of each year (2017, 2018 and 2019), all of the above- ground stand-
ing litter and fallen material were removed from each plot, and the 
appropriate litter mass from the litter species was distributed evenly 
over each plot. Plant litter samples used in the treatments were col-
lected in the preceding year from an adjacent field after plant tissue 
senescence. The litter samples were air- dried for 1 month and then 
stored at room temperature for 4 months before being manually cut 
into lengths of about 1 cm using a hay cutter. Subsamples of the lit-
ter from each species were oven- dried at 65°C to a constant mass to 
calculate the moisture correction factor, and were then accurately 
weighed to assess the initial litter quantity before being added to 
the plots.

2.3 | Plant community monitoring

In mid- May of each year, a standard 0.5 × 0.5 m quadrat was per-
manently established within each plot. In June to August (from the 
pre- growth to the peak- growth stage) of each year, the plant spe-
cies within each quadrat were recorded. Species richness in each 
plot was estimated by the total number of plant species detected 
in the permanent quadrat. During the same timeframe, 0.5 × 0.5 m 
quadrats were randomly placed within each plot, and the biomass 
at ground level within each plot was clipped in the middle of June, 
July and August. The clipped plants were sorted into forbs, grasses, 
legumes and sedges, and oven- dried at 65°C to a constant weight 
to estimate the biomass of community and functional groups. All 
plant species were classified into the four above- mentioned plant 
functional groups, in which forbs were classified as the ‘dominant 
functional group’ (accounting for 60.1% of the plant community 
biomass) and grasses were classified as the ‘subordinate functional 
group’ (accounting for 23.1% of the plant community biomass). 
Sedges accounted for 13.6% of the plant community biomass and 
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legumes— whose responses to litter treatments were negligible— 
accounted for only 3.2%. Hence, the responses of legumes to litter 
were not considered for further analysis in this study.

2.4 | Plant community data analysis

The temporal stability of plant community biomass in this study was 
defined as the ratio of μ/σ, where μ is the temporal average above- 
ground biomass of a plot over the sampling period, and σ is the tem-
poral standard deviation in the above- ground biomass of a plot over 
the sampling period (Hautier et al., 2014; Tilman et al., 2006). The 
same method was used to calculate the temporal stability of the 
biomass of plant functional groups. The asynchrony of plant func-
tional groups (1 − φ) for each plot was estimated according to Gross 
et al. (2014):

where η is the synchrony of plant functional groups, and Yi is the above- 
ground biomass of plant functional group i in a plot of n functional 
groups over the sampling period. The degree of plant biomass variabil-
ity was estimated by the response ratio (100 × (treatment − control)/
control), and Simpson's dominance index was used to estimate plant 

functional group biomass (Smith & Wilson, 1996). The data collected 
over the 3 months of each year from an individual plot were averaged 
and used for statistical analysis.

2.5 | Structural equation modelling

Piecewise SEM was used to explore how litter treatments affected 
temporal stability of plant community biomass through its impact on 
plant community characteristics. First, an a priori conceptual model 
with hypothetical relationships was constructed that contained all 
possible cascading pathways (Figure 1), assuming that litter mass, lit-
ter species and their interaction alter the temporal stability of plant 
community biomass via changes in the dominance of plant functional 
groups, species richness, variability of community biomass, tempo-
ral stability of forbs and grasses, and asynchrony of plant functional 
groups. The data were standardized by z- transformation and the plot 
was used as the random effect. The model was repeatedly simplified 
by sequentially eliminating non- significant pathways until ultimately a 
final optimized model was obtained. Only those variables with a vari-
ance inflation factor of <5 were included in the same model. We used 
directed separation tests, Fisher's C statistic and AIC (Akaike infor-
mation criteria), to assess the goodness- of- model fit (Shipley, 2013). 
The SEM analyses were performed using the PIECEWISESEM package 
(Lefcheck, 2016) in r version 4.1.0 (R Core Team, 2021).

1 − � = 1 − (1∕n)
∑

i

Corr

(

Yi ,
∑

j≠ i

Yj

)

,

F I G U R E  1   Hypothetical causal model for structural equation modelling (SEM) exploring the effects of litter mass, litter species, the 
interaction of litter mass and litter species, dominance of plant functional groups, species richness, variability of community biomass, 
asynchrony of plant functional groups and temporal stability of forbs and grasses on community temporal stability in the litter manipulation 
experiment. Black arrows are hypothesized paths
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2.6 | Statistical analysis

A linear mixed- effects model (REML procedure) was used to test 
the effects of litter species, litter mass, year and their interactions 
on species richness, dominance of plant functional groups, and 
plant biomass variability of the community and functional groups. 
The effects of litter species, litter mass and their interactions on 
temporal stability of plant community biomass were also assessed 
by linear mixed- effects model (REML procedure). Litter species, 
litter mass and year were used as fixed effects, and ‘plot’ as the 
random effect. Differences were considered to be statistically sig-
nificant at p < 0.05. All statistical analyses were carried out in r 
version 4.1.0 (R Core Team, 2021) using the ‘lme’ function in the 
lme4 library package.

3  | RESULTS

3.1 | Effects of litter manipulation on temporal 
stability of plant community biomass

In contrast to our hypothesis (Figure 1), the final SEM predicted that 
only the litter mass has a significant impact on temporal stability of 
plant community biomass. The litter species and ‘mass × species’ 
interaction pathways on temporal stability of plant community bio-
mass were not significant to include in the final model (Figure 2). The 
SEM explained 77% of the variance of temporal stability of plant 
community biomass with direct effects from the temporal stability 
of forbs biomass (path coefficient = 0.79; p < 0.001), temporal sta-
bility of grasses biomass (path coefficient = 0.50; p < 0.001) and 
asynchrony of plant functional groups (path coefficient = 0.27; 
p < 0.001). According to the SEM, the best predictor of temporal sta-
bility of plant community biomass is the temporal stability of forbs 
biomass, which is itself indirectly impacted by litter mass through 
species richness, dominance of plant functional groups, variability of 
community biomass and asynchrony of plant functional groups. The 
temporal stability of grasses biomass is also indirectly impacted by 
litter mass through the dominance of plant functional groups. The 
asynchrony of plant functional groups is indirectly impacted by litter 
mass through the variability of community biomass.

Statistical analysis by the linear mixed- effects model analysis 
(Figure 3A) confirmed a significant (p < 0.01) effect of litter mass on 
temporal stability of plant community biomass. The effects of litter 
species and their interaction with litter mass on temporal stability of 
plant community biomass were not significant. The response of tem-
poral stability of plant community biomass to litter mass was hump- 
shaped; it increased with increasing litter mass up to 200 g/m2 and 
decreased with further increases in litter mass. The lowest tempo-
ral stability of plant community biomass was observed at the high-
est litter mass treatment of 600 g/m2. The effects of litter on the 
temporal stability of forbs and sedges biomass were non- significant 
(Figure 3B,D), whereas a significant effect of litter mass on the 
temporal stability of grasses biomass was observed (p < 0.01). The 

temporal stability of grasses biomass was significantly lower in the 
600 g/m2 treatment compared to the control (Figure 3C).

3.2 | Plant community response to litter 
manipulation

Over the 3- year experimental period, litter treatments had signifi-
cant effects on plant community characteristics (Figure 4; Table S1). 
There was a significant effect of litter mass and litter species 
(p < 0.001 for both) on species richness (Figure 4A). The species rich-
ness decreased with increasing litter mass, and the 400 and 600 g/
m2 treatments showed significantly lower (p < 0.05) species richness 
compared to the control. The plant species richness was significantly 
lower (p < 0.05) in plots treated with L. virgaurea litter compared 
to those treated with E. nutans or K. setchwanensis litter (Figure 4A). 
The effect of litter mass on the dominance of plant functional groups 
varied with litter species (P- value for mass ×species interaction 
<0.05) (Figure 4B). The asynchrony of plant functional groups was 
significantly (p < 0.05) impacted by litter species, and there was a 
significant difference between that in the plots treated with E. nu-
tans litter compared to those with K. setchwanensis litter (Figure 4C). 
Plant community biomass showed a significant (p < 0.001) negative 
response to litter species and litter mass (Figure 4D), and the re-
sponse was greater in the 400 and 600 g/m2, and L. virgaurea litter 
treatments.

4  | DISCUSSION

Natural grasslands host a diverse range of plant species with a vari-
ety of life strategies that respond to multiple perturbations over time 
to maintain ecosystem stability. The present study demonstrates 
that plant litter— an important plant community trait— can impact the 
temporal stability of plant community biomass in grasslands. This re-
sponse is mainly driven by the indirect effects of litter mass on the 
temporal stability of the biomass of forbs and grasses (the dominant 
and subdominant functional group in the community), and the asyn-
chrony of plant functional groups (Figure 2). Results also showed 
that manipulating the litter mass can potentially help to maintain a 
greater temporal stability of plant community biomass. Specifically, 
a hump- shaped relationship was found between litter mass and 
temporal stability of plant community biomass (Figure 3A), with the 
highest temporal stability of plant community biomass observed in 
the intermediate litter treatment of 200 g/m2. This finding is consist-
ent with Xiong and Nilsson (1999), who concluded that positive ef-
fects of litter on vegetation occur where the litter quantity is below 
200 g/m2.

Although previous studies have demonstrated the importance of 
plant diversity and the heterogeneity of plant functional groups on 
ecological stability (Huang et al., 2020; Zhou et al., 2019), the present 
study makes some notable further advances. First, to the best of our 
knowledge, this study is the first in which the impacts of multi- level 
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litter manipulation (litter species, litter mass and their interaction) on 
temporal stability of plant community biomass have been assessed. 
Previous studies have examined the responses of temporal stability 
of plant community biomass to external perturbations such as cli-
mate warming (Ma et al., 2017), grazing (Li et al., 2020) and nitrogen 
deposition (Zhou et al., 2020). Second, while most previous stud-
ies on the temporal stability of plant community biomass of grass-
lands were examined only during the peak plant growth stage, our 
study covered the full plant growth period from the pre- growth to 
peak- growth stage, which can better reveal the stability of grassland 

community dynamics. Third, it has been demonstrated here that, 
under litter manipulation, the responses of the temporal stability of 
dominant and subdominant functional group biomass are more im-
portant for the temporal stability of plant community biomass than 
the asynchrony of plant functional groups, which is in contrast to the 
observations reported by Zhou et al. (2019).

The temporal stability of forbs biomass was found in this study 
to be the main contributor to the variation in temporal stability of 
plant community biomass (Figure 2), and this can be attributed to the 
substantial plant community biomass (60.1%) and species richness 

F I G U R E  2   A piecewise structural equation model to illustrate the pathways of litter mass effect on temporal stability of community 
biomass. Numbers next to arrows indicate the standard path coefficient of each pathway. Arrow width is proportional to the strength of the 
relationship. Black and grey solid arrows represent significant positive and negative pathways, respectively. Grey dashed arrows indicate 
non- significant pathways but critical to final model fit. R2 indicates the proportion of variance explained for each dependent variable in the 
model. *p < 0.05, **p < 0.01, ***p < 0.001. Fisher's C = 21.199, p = 0.732 and AIC = 103.199

F I G U R E  3   Effects of litter mass on 
temporal stability of biomass of plant 
community (A), forbs (B), grasses (C) and 
sedges (D). Letters indicate significant 
differences at p < 0.05 (**p < 0.01. ns, not 
significant). Values are mean ± SE
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(70.5%) accounted for by forbs in the experimental community. Many 
forb species are relatively sensitive to perturbations owing to their 
weak ability to acquire resources under litter manipulation (Wang 
et al., 2010). At our experimental site, the forbs functional group in-
cluded a morphologically and phylogenetically diverse group of spe-
cies containing Asteraceae, Ranunculaceae and 12 other different 
families, which may have differential susceptibility to perturbations 
under litter treatments, thereby impacting the temporal stability of 
plant community biomass. In contrast, Zhou et al. (2019) reported 
that temporal stability of plant community biomass was not signifi-
cantly correlated with the temporal stability of forbs biomass, de-
spite forbs being the dominant functional group in the community, 
in a climate change simulation experiment conducted at an alpine 
meadow site on the QTP.

In our experiment, the addition of litter reduced the biomass 
production of forbs (Figure S1a) without altering its temporal stabil-
ity (Figure 3B), which suggests that the litter treatments decreased 
its temporal variation. The treatments with larger additions of litter 
mass (400 and 600 g/m2) resulted in higher variability in commu-
nity biomass (Figure 4D) and reduced dominance of plant functional 
groups (Figure 4B), thus impacting the stability of forbs biomass and 
thereby the temporal stability of plant community biomass. This was 
evident from the results of the SEM, in which litter mass showed a 
direct negative impact on species richness, the variability of com-
munity biomass and the dominance of plant functional groups, and 
an indirect negative impact on the asynchrony of plant functional 

groups, which then significantly influenced the stability of forbs 
(Figure 2).

Grasses, which constituted the subdominant functional group in 
our experimental site, accounted for 23.1% of the total plant com-
munity biomass and there was a significant impact on temporal sta-
bility of plant community biomass (Figure 2). Other previous studies 
have also observed that the temporal stability of subordinate spe-
cies influences the temporal stability of plant community biomass 
(Ma et al., 2020; Yang et al., 2017). At high levels of litter mass addi-
tion (600 g/m2), the temporal stability of grasses biomass was signifi-
cantly lower than in the control (Figure 3C), and the SEM identified 
that this effect was driven indirectly via litter mass impacting the 
dominance of plant functional groups (Figure 2).

The SEM also identified the asynchrony of plant functional groups 
as another key driver of temporal stability of plant community biomass 
(Figure 2). Specifically, litter mass was found to affect the asynchrony 
of plant functional groups by altering the variability of community 
biomass (Figure 2), with the larger litter mass treatments increas-
ing the biomass variability of forbs and sedges to a greater extent 
(Figure S1a,c) but stabilizing that of grasses (Figure S1b). This may 
have resulted in a greater variability of community biomass (Figure 4D) 
and probably caused a high degree of asynchrony in plant functional 
groups (Figure 2). Different plant species possess different functional 
traits, and their responses to litter disturbances can also be different 
(Loreau & De Mazancourt, 2008), leading to asynchronous responses 
to litter. Zhou et al. (2019) and Huang et al. (2020) reported that the 

F I G U R E  4   Effects of litter species and mass on species richness (A), dominance of plant functional groups (B), asynchrony of plant 
functional groups (C) and biomass response ratio of community (D). The letters indicate significant differences at p < 0.05 (*p < 0.05, 
***p < 0.001. ns, not significant). Values are mean ± SE. E. nut– E. nutans, K. set– K. setchwanensis and L. vir– L. virgaurea
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asynchrony of plant functional groups was the key determinant for 
temporal stability of plant community biomass in their study site, 
rather than climate change or nitrogen addition. A positive relationship 
between temporal stability of plant community biomass and species 
asynchrony has also been reported previously by Wu et al. (2020), 
while Yang et al. (2017) reported a negative effect of daytime warming 
on temporal stability of plant community biomass in a semi- arid tem-
perate steppe, partly due to its positive effect on species asynchrony. 
Other studies have reported no effect (Sasaki et al., 2019) or a negative 
effect (Chi et al., 2019) of species asynchrony on temporal stability of 
plant community biomass.

The present study revealed that the litter mass treatments in 
our experimental plots significantly impacted the species richness 
(Figure 4A), thereby impacting the temporal stability of plant com-
munity biomass (Figure 2)— a finding that has also been observed 
in several previous studies (Huang et al., 2020; Kohli et al., 2019). 
However, in our study, the effect of species richness on temporal 
stability of plant community biomass was indirect, by changing the 
temporal stability of forbs biomass (Figure 2). This is perhaps attrib-
utable to the very little variation in species richness that occurred 
(disappearance of only one or two rare species out of a total 30 spe-
cies per 0.25 m2) under the higher litter mass addition treatments 
(Figure 4A). The high diversity in our experimental plots may have re-
sulted in a poor relationship between temporal stability of plant com-
munity biomass and species richness, as studies on biodiversity and 
the functioning of ecosystems typically show the strongest relation-
ships at lower levels of species richness (Venail et al., 2015). Several 
previous studies have also shown plant diversity to not be the main 
factor maintaining temporal stability of plant community biomass in 
natural grasslands (Ma et al., 2020; Sasaki & Lauenroth, 2011). In 
contrast, Zhou et al. (2020) showed that high species richness con-
tributed to a higher temporal stability of plant community biomass. 
In the present study, it was found that greater litter mass addition 
reduced the species richness (Figure 4A), probably due to the sup-
pression of seedling establishment by reduced species recruitment 
(Mariotte et al., 2016; Zhang et al., 2019) and limited light availability 
affecting species recruitment (Liu et al., 2018).

The SEM did not identify litter species as having a significant 
impact on plant community characteristics or temporal stability of 
plant community biomass. However, the linear mixed- effect model 
analysis of direct effects indicated litter responses to plant commu-
nity characteristics were stronger under L. virgaurea than E. nutans 
or K. setchwanensis litter addition (Figures 3 and 4; Figure S1). This 
observation is consistent with our hypothetical prediction and pos-
sibly related to the different decomposition rates of the three litter 
species. It was estimated from a separate litter bag experiment (data 
not presented) that the mass losses of L. virgaurea, E. nutans and K. 
setchwanensis were 49.6%, 23.3% and 36.1%, respectively, during 
late April to mid- August. The faster decomposition rates associated 
with L. virgaurea litter may have facilitated higher light availability for 
seedlings and released more secondary compounds or toxins to the 
soil (Saito et al., 2015), which potentially affected the composition of 
the plant communities (Shi et al., 2018).

The present results have great significance for maintaining com-
munity stability in alpine meadows located on the QTP, which are 
becoming increasingly vulnerable to degradation via external per-
turbations. Grazing exclusion is the recommended practice for re-
storing degraded grasslands, but a limitation of this approach would 
be substantial litter mass accumulation, which has been shown to 
instigate negative impacts on grassland community characteristics 
(Zou et al., 2016). The result of the present study— that greater lit-
ter mass negatively impacted temporal stability of plant community 
biomass— reinforces this finding. However, it was also found that 
a litter mass accumulation up to 200 g/m2 would be beneficial in 
terms of enhancing temporal stability of plant community biomass. 
Therefore, one could argue that rational grazing to facilitate bene-
ficial levels of litter accumulation would enhance plant community 
stability. In support of this argument, Loydi et al. (2013) also reported 
positive effects of low and medium litter accumulation (<500 g/m2) 
on seedling emergence and enhanced seedling survival at low litter 
accumulation (<250 g/m2) in grassland ecosystems.

The encroachment of unpalatable and poisonous plant species 
in alpine meadows on the QTP is considered to be a serious threat 
in terms of grassland degradation (Xie et al., 2014). A high propor-
tion of poisonous plants in grassland plant communities will result in 
greater litter mass accumulation as animals avoid ingestion of these 
plants. In the present study, it was found that higher litter mass 
and litter from L. virgaurea— a dominant poisonous plant found on 
the QTP— had a strong impact on plant community characteristics. 
Therefore, we can speculate that one possible mechanism by which 
the rapid spread of poisonous plants in alpine meadows facilitates 
grassland degradation is the negative feedback of their litter to the 
plant community stability. These findings highlight the importance 
of considering litter feedback effects on grassland community sta-
bility in grazing management decisions.

5  | CONCLUSIONS

This study demonstrated that plant litter is an important but pre-
viously unrecognized mechanism regulating the temporal stability 
of plant community biomass of alpine meadows on the QTP. The 
functional group stability of forbs and grasses and the asynchrony of 
plant functional groups were found to be the key drivers regulating 
temporal stability of plant community biomass, as compared to plant 
diversity and variability of community biomass. Our study provides 
important empirical evidence for the potential role of litter effects 
in the temporal stability of dominant/subdominant plant functional 
groups, and thus suggests a positive litter dynamics feedback cycle 
that serves as valuable information when developing sustainable 
grassland management strategies.
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