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ABSTRACT

Plant litter can greatly alter community compositional dynamics and variability of intraspecific interactions in
grasslands, and thus the overall ecosystem structure and functions. However, whether plant activity can be
driven by plant litter to modify plant community heterogeneity remains poorly explored. We investigate the
responses of plant community heterogeneity to litter addition as well as their associated mechanisms. Here we
conducted a three-year field experiment in a Tibetan alpine meadow to explore the effects of multiple plant litter
addition (five mass levels and three species) on plant communities. We found that the effect of litter manipu-
lation on plant community heterogeneity was mainly driven by litter mass rather than litter species. Higher litter
mass manipulation significantly enhanced plant community heterogeneity, which was mainly determined by the
niche breadth of forbs and the distribution patterns of functional composition rather than plant diversity. Our
findings provide significant insights for understanding the effects of plant litter on grassland ecosystem dynamics
to maintain the structure and function of ecosystems. Furthermore, this study suggests that reasonable man-
agement practices (e.g., moderate grazing in non—growing seasons) may be pivotal in achieving sustainability of

grassland systems through plant litter dynamics.

1. Introduction

Spatial heterogeneity in plant community distribution is an intrinsic
feature of terrestrial ecosystems, and is especially critical for maintain-
ing community stability and ecosystem services (Turner et al., 2013;
Massé Jodoin and Guichard, 2019). Plant community heterogeneity is
regarded as a vital indicator of ecosystem functioning across diverse
grassland ecosystems, including productivity, biodiversity and com-
munity structure and succession (Loreau et al., 2013; de Souza Jtnior
et al., 2014; Sun et al., 2017). Exploring the heterogeneity of grassland
plant community is of great significance in understanding the formative
mechanism of that plant community under substantial environmental
changes. The heterogeneity of plant community is the consequence of
ecological selective processes via environmental perturbations and bi-
otic interactions (Ma et al., 2017; Wubs and Bezemer, 2018). Plant
community heterogeneity may be largely driven by species reordering
and shifts in functional groups within the community (Cleland et al.,

2013; Leffler et al., 2016) and is closely associated with biodiversity and
species asynchrony (Song et al., 2020). Moreover, abiotic factors (e.g.,
nutrients, moisture, etc.) of the soil microenvironment also mediate
plant community heterogeneity (Baer et al., 2005; Ulrich et al., 2014).
Hence, plant litter that alters the community compositional dynamics
and/or the variability of population interactions in grassland ecosystems
may have the potential to promote plant community heterogeneity.
Plant litter plays a key role in maintaining the stability of grassland
ecosystems (Ma et al., 2022). It can regulate plant species composition
(Letts et al., 2015) and alleviate stoichiometric limitation of the soil
microenvironment (Xiao et al., 2015). In these ways, it can change the
structure and function of grassland ecosystems, such as by altering plant
diversity, community productivity and plant asynchrony (Shen et al.,
2016; Ma et al., 2022). In addition, changes in plant growth and inter-
specific interactions in response to litter manipulation could ultimately
modify plant community compositional dynamics via distinct effects on
different functional groups and/or species (Wang et al., 2010). These
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community properties indicate the contribution of plant litter to plant
community heterogeneity, although the driving mechanisms still remain
unknown.

In general, the performance and competitive interactions of plants
within communities change more strongly under environmental per-
turbations (Ravenek et al., 2016; Partzsch, 2019). These responses may
lead to variations in distribution patterns of plant biomass and popula-
tion variability, which underpin plant spatial structure and are likely to
shape plant community heterogeneity. To explore plant community
heterogeneity under plant litter disturbance regimes, we therefore need
to determine how the population best adapt to physical and biological
conditions, which play an important role in community compositional
dynamics. Understanding the level of heterogeneity that maximizes
maintenance in a grassland ecosystem is vital when adopting a reason-
able management strategy to realize optimal ecological and service
functions.

The Tibetan Plateau is the most sensitive ecoregion to environmental
change in the world (Chen et al., 2013). The alpine meadows of the
Tibetan Plateau are currently undergoing dramatic anthropogenic
environmental change, especially that causing the reverse succession of
the community, involving decreases in sedge—dominated communities
and increases in those dominated by undesirable toxic plants (Wang
et al., 2022). The shift in community composition is a significant change
that can result in ecological consequences to both— the composition and
accumulation dynamics of plant litter. Because of the different chemical
constituents of species, shifts in plant community composition and
structure greatly increase or decrease litter accumulation (Wang et al.,
2020Db). Previous studies have found that plant seedling establishment
(Donath and Eckstein, 2012), community properties and ecosystem
functions are not only responsive to the increase of litter mass but also
highly dependent on litter types (Mariotte et al., 2016; Ma et al., 2021).
We may therefore expect litter manipulation to affect plant community
heterogeneity at a large spatial scale in alpine meadows. Understanding
the mechanism of this process will help to indicate the properties and
functions of the ecosystem that may be attributed to regulation by
grassland litter under various management strategies.

To investigate the responses of plant community heterogeneity,
variability of population interactions and biodiversity across scales to
litter manipulation and their associated mechanisms, we carried out a
three—year field experiment in an alpine meadow with five litter addi-
tion mass levels (from 0 to 600 g m~2) and three litter species (Elymus
nutans, Kobresia setchwanensis and Ligularia virgaurea). The three selected
litter species belong to three functional groups—grass, sedge and
perennial forb —that differ in their reproductive and dispersal proper-
ties, as well as their dominant ecological role in the community. We
hypothesized that litter manipulation would strongly affect plant com-
munity heterogeneity because of multiple litter-induced direct or indi-
rect effects on plant community compositional dynamics and
interspecific interactions. Specifically, to test this hypothesis, we
addressed two major questions: (a) how does plant community hetero-
geneity change in response to litter manipulation, and how do changes
differ among litter species? and (b) what are the underlying mechanisms
governing the effects of litter manipulation on plant community
heterogeneity?

2. Materials and methods
2.1. Study site and experimental design

Our research was carried out in an alpine meadow (31°47’ N, 102°33
E; 3485 m a.s.]) at the eastern Tibetan Plateau in Hongyuan county,
Sichuan Province, China. The climate is continental cool-temperate
monsoon with mean annual precipitation is 747 mm (mainly falling in
the growing season from May to September) and the mean annual
temperature is 1.5 °C (1961-2013). The soil is classified as Cambisols
(Food and Agricultural Organization taxonomy). The dominant and
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most common plant species are Kobresia setchwanensis, Elymus nutans,
Ligularia virgaurea, Carex thibetica, Scirpus pumilus, Saussurea hieracioides,
Anemone trullifolia, Anemone rivularis, and Potentilla anserina.

The litter manipulation experiment was carried out from 2017 to
2019, following a randomized block design. There were five litter
addition levels (0 (control), 100, 200, 400, and 600 g m’2) and three
individual litter species (E. nutans, K. setchwanensis and L. virgaurea) of
different functional groups, with four replicates for each treatment. All
the treatments were randomized to plots (2 x 2 m each, separated by 1
m buffers) in each block. Plant litter was manipulated annually in late
April during 2017-2019. The added litter of each plot was broadcast
uniformly by hand. Plant litter samples applied in all experimental plots
were collected in the preceding year, air—dried and clipped into roughly
1 cm pieces. To avoid potential environmental effects, all plots were
cleared of dead tissues before litter was added. The litter mass appli-
cation was based on the maximum grassland productivity in the
enclosed area (about 400 g m~2) of the study site and litter amounting
to < 250 g m ™2 showed positive effects on seedling survival (Loydi et al.,
2013). The litter treatment levels were adjusted (0, 1/4, 1/2 and 3/2) by
the maximum quantity of litter. The detailed experimental design has
also been presented in Ma et al. (2021).

2.2. Field sampling and measurements

Above-ground biomass was annually sampled in middle of August of
2017-2019, by clipping all plants tissues at the soil surface in a 0.5 x
0.5 m? strip, which was randomly placed in each plot. The collected
plant was sorted into species, oven—dried (65 °C for 48 h), and then
weighed. Plants were classified into five functional groups: three for-
bs-annual, perennial (non—nitrogen fixing) and legumes (nitrogen
fixing), and two graminoids—grasses and sedges based on their life and
functional forms.

2.3. Data analyses

Plant community heterogeneity (PH) was measured as the mean
dissimilarity in functional composition among samples at a site (Collins,

1992), defined as: PH = 1—plant community similarity (PS), PS= 1 —

S
0.5 |pa — D), where p, and pp are the proportional biomass of the
i-1

functional group p in a pair of sampling quadrats, and S is the total
number of groups. We used biomass—based metrics to calculate plant
diversity across scales. Plant functional group diversity index (FDI =

k
— Y " pilnp;) as the metrics of alpha diversity at local community scale,
i

where P; is the proportional biomass of functional group i, summed for
all the functional groups measured. The beta diversity was defined as:

4 4
Psimp = Vsimp/ Asimps where Asimp = VIZ(kIZI’ﬁ), Ysimp = 1/2(12 klpil)z,
—1 i i =1

4
where k; is the ratio of total biomass of the local community [ to that of
the aggregate community (i.e., aggregation of the four quadrats) at the
larger scale, P; is the proportional biomass of species i in the local
community [ (Wang and Loreau, 2016; Liang et al., 2021). We used the
response ratio of plant biomass to assess the resistance of plant com-
munities to litter treatment. The higher the absolute value of response
ratio, the lower the resistance of plants to litter manipulation. The de-
gree of resistance was defined as the formula: resistance = In (B;i/By),
where B, By is the biomass of treatment i and control, respectively. The

f
niche breadth (B;) of functional group was assessed as: B; = 1/(>_ pizj),
i=1

where Pj; is the proportional biomass of functional group i in treatment j
(Levins, 1968). To test how litter manipulation affects plant community
composition, the plant community structure was visualized by
nonmetric multidimensional scaling (NMDS) ordinations that were
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based on the Bray—Curtis dissimilarity matrices using the vegan package
in R (Oksanen et al., 2013), a two—dimensional space to illustrate the
differences in plant species composition among litter manipulation
treatments. To examine the relationship and interactions between
interspecific plant species, co—occurrence network analyses based on
spearman’s rank was performed using biomass data of species level of
plant communities (Wu et al., 2021).

Linear mixed—effects model was performed to determine the effects
of year, litter mass, litter species and their interaction on plant com-
munity heterogeneity, functional group diversity, biomass ratio and
resistance, in which litter species, litter mass and year as fixed factors
and plot nested within blocks as random effects. The effects of litter
mass, litter species and their interaction on beta diversity and niche
breadth were also assessed by linear mixed-effects model, in which litter
species and litter mass as fixed factors and year as random effects. All
statistical analyses were performed using the “predictmeans” and “lme
4” packages in R 4.1.0 (R Core Team, 2021). Differences were consid-
ered to be statistically significant at P < 0.05, and further differences
among treatments were investigated by using the Tukey HSD test. In
addition, we used piecewise structural equation modelling (SEM) to
explore the mechanistic pathways via which litter manipulation influ-
enced plant community heterogeneity (Shipley, 2013) by R version
4.1.0 using the “piecewiseSEM” package (Lefcheck, 2016).

3. Results
3.1. Plant community heterogeneity response to litter manipulation

Plant community heterogeneity was significantly higher under 600 g
m 2 litter mass addition compared with 100 and 200 g m~? litter mass
addition (P < 0.001), while the litter species had no effect (P > 0.05)
(Table S1; Fig. 1a). In addition, plant community structure significantly
differed among the litter mass addition levels and litter species (Fig. 2).
The plant communities in the plots that were subjected to high levels of
litter manipulation (400 and 600 g m~2) were different from the com-
munities with low levels (Fig. 2b).

3.2. Beta diversity and functional group diversity response to litter
manipulation

Beta diversity was significantly lower in plots treated with
L. virgaurea treated plots than in those with K. setchwanensis (P < 0.05;
Fig. 1b), while the litter mass addition levels had no effect (P > 0.05).
The functional group diversity index was significantly increased in the
400 g m~2 litter treatment compared with the 200 g m ™2 litter treatment
(P < 0.05), and the effect was greater with K. setchwanensis (P < 0.001)
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(Table S1; Fig. S1). Beta diversity and functional group diversity were
largely dependent on litter mass and litter species (all P < 0.01; Fig. 1b
and S1).

3.3. Biomass distribution patterns, resistance and niche breadth response
to litter manipulation

As expected, our results showed that the ratio of below-ground/
above-ground biomass (P < 0.05) and graminoids/forbs biomass (P <
0.001) increased with increasing litter mass addition levels (Table S1;
Fig. 3). The effect of litter species on the graminoids/forbs biomass ratio
was significantly lower in plots treated with L. virgaurea than in those
treated with E. nutans and K. setchwanensis (P < 0.01; Fig. 3b), although
below-ground/above-ground biomass ratio had no effect (P > 0.05;
Fig. 3a).

The resistance of both the plant community and annual forbs
decreased with increasing litter mass addition levels (all P < 0.001;
Figs. S2a and b). The resistance of plant community was significantly
lower in litter species treated with L. virgaurea (P < 0.001; Fig. S2a),
while the resistance of annual forbs was significantly higher in litter
species treated with K. setchwanensis (P < 0.05; Fig. S2b). The effect of
litter mass on the resistance of perennial forbs and sedges varied with
litter species (all P < 0.05; Figs. S2c and f). Litter manipulation did not
affect the resistance of grasses and legumes (P > 0.05; Figs. S2d and e).

Litter mass manipulation weakened the niche breadth of annual
forbs (P < 0.05; Fig. 4a), but did not change the niche breadth of grasses,
legumes and sedges (P > 0.05; Fig. S3). The effect of litter mass on the
niche breadth of perennial forbs varied with litter species (P < 0.05;
Fig. 4b).

3.4. Interactions among plant species in response to litter manipulation

The ecological networks of the litter treatments were analyzed to
evaluate the interaction of plant communities (Fig. S4). The networks of
control, treatments of E. nutans (600 g m’z), K. setchwanensis (200, 400
g m~2) and L. virgaurea consisted of 45-48 nodes and 138-165 edges,
showing a high level of inter—community correlation. Other treatment
networks showed a similar structure of plant community (consisting of
43-51 nodes and 104-129 edges).

Keystone species in plant networks were altered by litter manipula-
tion (Fig. S4). In the control/K. setchwanensis (100 g m~?) networks, a
higher number of connections between the dominant sedge species
C. thibetica and S. pumilus and other species indicated that C. thibetica
and S. pumilus played a vital role in the plant network (Figs. S4a and f).
However, in other treatments, different forb species—mainly
S. hieracioides, P. anserina and A. rivularis played a crucial role in the
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Fig. 1. The effects of litter manipulation on plant community heterogeneity (a) and beta diversity (b). Values are means =+ SE. Different letters indicate significant
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community (Fig. S4b—e, g—m).

3.5. Main drivers of plant community heterogeneity

The SEM analysis (Fig. 5) suggested that litter mass manipulation
mediates plant community heterogeneity mainly through changes in
graminoids/forbs biomass ratio and niche breadth of annual forbs,
which were respectively positively (path coefficient = 0.33) and nega-
tively (path coefficient = —0.22) correlated with plant community
heterogeneity. In addition, plant community heterogeneity was also
negatively (path coefficient = —0.59) associated with niche breadth of

perennial forbs.
4. Discussion

Plant community compositional dynamics and population variability
have great potential to reveal the underlying mechanisms of plant
community heterogeneity in response to environmental change (Collins
et al., 2017). In our study, plant community heterogeneity was lower
when conditioned by low—levels of plant litter manipulation. Our re-
sults further showed that the distribution patterns of functional
composition and niche breadth rather than plant diversity promoted
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plant community heterogeneity under plant litter manipulation.
Collectively, the study indicated that the alpine meadow was regulated
by plant litter mass accumulation and population—specific properties,
which implied that this ecologically important system may be vulner-
able to plant litter dynamics under diversified grassland management
strategies.

Our study demonstrated that plant litter manipulation could change
distribution patterns of functional composition by changing the niche
breadth of annual forbs and the resistance of the plant community,
thereby altering plant community heterogeneity (Fig. 5). We also found
that the niche breadth of annual forbs and perennial forbs strongly and
directly affected plant community heterogeneity (Fig. 5). Importantly,
plant litter shifts interactions among plant species, which, in turn, affect
the community functional patterns that determine plant community
heterogeneity. This may be explained by the greater variety of species
interactions within the heterogeneous communities (Fig. S4). Moreover,
the effect of plant community heterogeneity in our study was more likely
due to changes in functional group asynchrony (Ma et al., 2022). These
results were thus consistent with previous findings that species spatial
distribution patterns (Cleland et al., 2013) and species asynchrony (Song
et al., 2020) are largely associated with plant community heterogeneity.
Contrary to our expectations, we found that, while plant diversity varied
significantly, it did not affect plant community heterogeneity (Figs. 1
and 5 and S1). This was partly due to the fundamentally higher

biodiversity in the study, whereas plant community heterogeneity was
more sensitive to low diversity (Liu et al., 2016). In addition, the soil
nutrient environment was generally stimulated by the dynamics of plant
litter (Sun et al., 2018), which led to the replacement of plant species
adapting to these soil changes (van der Putten et al., 2013). This affected
the utilization rate of resources by plants, indirectly regulated the spatial
distribution pattern of populations and enhanced the heterogeneity of
plant communities (Ulrich et al., 2014).

Much research on plant litter effects on biodiversity has focused on
plant alpha diversity, which has produced varied results depending on
different grassland types (Letts et al., 2015; Mariotte et al., 2016; Zhang
etal., 2019). In particular, our study has reported that litter addition had
positive effects on the plant functional group index and that the effects
varied with litter species (Fig. S1). This may be attributed to shifts in
variability of plant population interactions, which were strongly asso-
ciated with different plant growth dynamics (inhibited or promoted) of
functional types (Fig. 4, S2 and S4). Additionally, the shifts in the gra-
minoids/forbs biomass ratio and niche breadth of perennial forbs were
likely to have a greater effect on maintaining plant functional group
diversity under litter manipulation (Fig. 5). As predicted, we also
observed that plant litter maintained the community beta diversity
(Fig. 1b), which may be due to the stronger changes in niche breadth of
perennial forbs (Fig. 5). Another possible explanation was that litter
manipulation weakened the stature of dominant species/functional
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groups and enhanced the stature of rare species/functional groups,
increasing the common species in the communities (Figs. 3 and 4 and
S4). This may have led to more marked effects on community beta di-
versity, as indicated in some previous studies of arid and semiarid
grasslands (Yang et al., 2014), and semi-natural grasslands (Ohara et al.,
2015).

Spatial distribution patterns of functional composition in plant
communities were expected to follow as a consequence of the functional
composition and species trait variability within communities, such as
the changes in allocation of plant population and the differentiation of
vegetation ecotypes (Browning et al., 2014; Sun et al., 2017). As ex-
pected, manipulating the plant litter greatly shifted the spatial distri-
bution patterns of functional composition (Fig. 3), indicating that litter
promoted plant growth divergence. Forbs and graminoids were the two
main plant functional groups in our study site, and the increased ratio of
graminoids/forbs above-ground biomass in high litter mass treatments
could be attributed to the lower resistance of forbs (annual and peren-
nial), the higher resistance of sedges and stable resistance of grasses
(Figs. S2 and 5). Another possibility was that higher niche breadth of
forbs (annual and perennial) and stable niche breadth of graminoids
(grasses and sedges) may be more advantageous for the grami-
noids/forbs above-ground biomass ratio (Figs. 4 and 5 and S3). Like-
wise, the below-ground/above—ground biomass ratio was highest in the
maximum litter mass treatment in our study, presumably because of
greater changes in the physical environment above—ground associated
with less biomass, which did not affect below—ground biomass (Mari-
otte et al., 2016; Ma et al., 2021). Remarkably, the changed resistance
and niche breadth of plant functional groups, which were likely due to
the changed competition hierarchy of the competing species within the
communities were greatly disturbed by plant litter (Fig. S4). Plant litter
had particularly strong impacts on community environmental resources,
allowing plants with competitive advantages for optimal acquisition of
space resources to become keystone species (Ravenek et al., 2016;
Partzsch, 2019), thereby changing interspecific competition and coex-
istence (Fig. S4) and facilitating resistance and niche breadth shifts in
plant functional groups.

In our study, ecological functioning and species interaction responses
to litter manipulation were characterized by litter species effecting
diverse changes in plant communities, however, these effects were
stronger under the poisonous perennial forb—L. virgaurea treatment.
Generally, forbs are relatively easier to be decomposed by microbes
compared with grasses (Liu et al., 2018), in a process which can release
more allelochemicals into the soil (Saito et al., 2015) and increases
competition for above—ground resources (e.g., light and radiation)
(Zhang et al., 2019), which further contributes to coexistence and
competitive interactions of plants at the population level.

Notably, researches have increasingly recognized the importance of
exploring optimum management strategies to maintain the stability of
grassland ecological functions. Grassland degradation is understood to
allow the spread of unpalatable plants (Li et al., 2014), and enclosure is
widely recognized as an effective practice both to curb grassland
degradation and quickly restore degraded grassland (Wang et al.,
2020a). In turn, higher above-ground biomass produced in these
grassland systems could result in a thicker litter layer, which will greatly
impact plants performance and competitive interactions and regulate
community ecological functioning, thereby regulating plant community
heterogeneity. We therefore propose that controlling litter accumulation
through the management practice of moderate grazing in non—growing
periods is important to weaken the negative effects of litter and achieve
sustainability of grassland systems.

5. Conclusions
In conclusion, our study showed that plant litter manipulation pro-

moted plant community heterogeneity in the alpine meadow, and the
effect was enhanced with increasing litter mass addition levels rather
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than by litter species. The distribution patterns of functional composi-
tion and niche breadth variability of annual/perennial forbs were
strongly linked to plant community heterogeneity. Our experiment
highlights the importance of understanding variations in plant com-
munity properties and ecological functioning when evaluating litter
effects on plant community heterogeneity, which since these factors
have vital implications for maintaining the structure and function of
grassland ecosystems. These findings indicate that grassland ecosystems
can be characterized by plant litter dynamics, and that reasonable
management practices may be particularly pivotal in achieving sus-
tainability of grassland systems.
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