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Few studies have examined the succession of plant communities in the alpine zone. Studying the suc-
cession of plant communities is helpful to understand how species diversity is formed and maintained. In
this study, we used species inventories, a molecular phylogeny, and trait data to detect patterns of
phylogenetic and functional community structure in successional plant communities growing on the
mounds of Himalayan marmots (Marmota himalayana) on the southeast edge of the Qinghai-Tibet
Plateau. We found that phylogenetic and functional diversities of plant communities on marmot
mounds tended to cluster during the early to medium stages of succession, then trended toward over-
dispersion from medium to late stages. Alpine species in early and late stages of succession were
phylogenetically and functionally overdispersed, suggesting that such communities were assembled
mainly through species interactions, especially competition. At the medium and late stages of succession,
alpine communities growing on marmot mounds were phylogenetically and functionally clustered,
implying that the communities were primarily structured by environmental filtering. During the medium
and late stages of succession the phylogenetic and functional structures of plant communities on marmot
mounds differed significantly from those on neighboring sites. Our results indicate that environmental
filtering and species interactions can change plant community composition at different successional
stages. Assembly of plant communities on marmot mounds was promoted by a combination of traits that
may provide advantages for survival and adaptation during periods of environmental change.

Copyright © 2021 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Community assemblages are often studied using traditional
taxon-based approaches. However, these approaches neglect to
consider evolutionary history, which is an important factor in
structuring communities (Tucker et al., 2016). A deeper under-
standing of themechanisms that regulate species coexistence can be
achieved by examining both phylogenetic and functional commu-
nity structures (Shooner et al., 2015). For example, the relationships
between the flora of East Asia and North America, which share
commonwoody genera but almost no commonwoody species, will
differ depending on whether researchers examine phylogenetic
diversity or use classic taxon-based approaches (Qian, 2001).
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Plateau, Himalayan marmots (Marmota himalayana) form mounds
. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
censes/by-nc-nd/4.0/).

Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lxh_km@163.com
mailto:14307830@qq.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pld.2021.04.005&domain=pdf
www.sciencedirect.com/science/journal/24682659
http://www.keaipublishing.com/en/journals/plant-diversity/
http://journal.kib.ac.cn
https://doi.org/10.1016/j.pld.2021.04.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.pld.2021.04.005
https://doi.org/10.1016/j.pld.2021.04.005


X. Li, T. Yang and D. Wang Plant Diversity 43 (2021) 275e280
with excavated soil at the entrance of their burrows. These mounds
destroy the natural vegetation of the grassland, and initiate the
process of succession. During the first stage of succession excavated
soil covers plants and greatly changes niches. Over time, the habitat
gradually recovers and plants again occupy the mounds. Despite
this frequent and common occurrence, few studies have examined
plant community.

One approach to identifying the biotic and abiotic factors that
underlie successional systems is to treat succession as a community
assemblage that changes along a temporal gradient (Lebrija-Trejos
et al., 2010; Lohbeck et al., 2014). Along this temporal gradient,
changes in species assemblages alter phylogenetic and functional
diversities of plant communities. Onmarmotmounds, plant species
composition changes significantly at different successional stages.
During early succession, species that survive must struggle against
adverse environmental filters, such as intense sunlight, the stress of
desiccation and infertile soils (Carson and Schnitzer, 2008; Bhaskar
et al., 2014). As community succession progresses, environmental
factors are alleviated, and biotic interactions become major de-
terminants (Leibold et al., 2004; Carson and Schnitzer, 2008).

To understand how plant communities growing on marmot
mounds change, we assessed their phylogenetic and functional
community structure at different stages of succession. We used
community successional composition data sets to address the
following issues: (1) do phylogenetic and functional community
structures change along a successional series on marmot mounds;
(2) do the phylogenetic and functional community structures
change in areas surrounding marmot mounds along a succession
series; (3) do plant communities onmarmot mounds have different
phylogenetic and functional community structures than neigh-
boring plant communities along a succession series; and (4) what
causes changes in community assembly during succession? The
results of this study provide new evidence regarding community
assembly processes during succession in alpine zones on the
northeastern QinghaieTibet Plateau, and provide a new under-
standing of the maintenance of biodiversity in alpine meadows.

2. Materials and methods

2.1. Study area and sites

The study site is located in an alpine meadow, 30�110N, 99�580E,
around 4200 m, in Litang County, northwestern Sichuan Province,
on the northeastern edge of the QinghaieTibet Plateau. The annual
average temperature is approximately 3.0 �C and the monsoon
season is from May to September.

We divided the community succession process into four stages:
early, medium, late and last. In the early stage, mounds are covered
with soil newly dug by marmots; in the medium stage, alpine
plants cover less than 1/3 of the mounds; in the late stage, alpine
plants cover between 1/3-2/3 of the mounds; in the last stage,
alpine plants cover more than 2/3 of the mounds, which appears
similar to the surrounding area (Fig. 1). We established 24 meadow
plots along the succession gradient. Twelve plots each were
established on marmot mounds and the surrounding areas, with
three plots per stage in each area. To ensure that the mounds were
completely covered, each plot was 2 � 2 m. The distance between
plots was 20e50 m. The identity of vascular plant species and the
number of each species in each plot were recorded to analyze
changes in plant communities throughout succession (sup. 1).

2.2. Constructing phylogenies

Phylogenetic trees with branch lengths (sup. 2) containing all the
plant species in the sites were reconstructed using “V.PhyloMaker”
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in R software (Jin and Qian, 2019). The mega-tree in “V.PhyloMaker”
was a combination of GBOTB for seed plants (Smith and Brown,
2018) and the clades in a previously published phylogeny for pte-
ridophytes (Zanne et al., 2014). The tree was determined by family-
level clades according to APG IV (Angiosperm Phylogeny Group
2016) for angiosperms. Although it is more accurate to use DNA
sequences to construct phylogenetic trees, evidence obtained by
using the APG tree is also credible (Pei, 2012; Qian and Jin, 2021).

2.3. Trait data

We selected six functional traits that may mediate plant re-
sponses to disturbance and succession: life form, leaf texture,
inflorescence type, fruit type, fruit appendages, and plant height
(sup. 3). These traits include taxonomic and quantitative characters.
Taxonomic traits (life form, leaf texture, inflorescence type, fruit
type, fruit appendages) were determined according to Flora of China
(Wu et al., 1994-2013) and field observations. Plant height, a
quantitative trait, was measured at least three times (in September)
in the wild using a meter ruler. These traits may be related to suc-
cessful local establishment and may change along environmental
gradients (McIntyre et al., 1995, 1999; Diaz et al., 2001; Lake and
Leishman, 2004; Wang and Ni, 2005; Prusinkiewicz et al., 2007).

Trait conservatism, or phylogenetic signal, of the traits was
determined according to the method proposed by Maddison and
Slatkin (1991) for categorical traits and using K statistic, as pro-
posed by Blomberg et al. (2003), for the height of the plants. For
categorical traits, phylogenetic signal was determined by testing
whether the minimum number of character state changes was lower
than expected by chance on a phylogenetic tree in which data were
reshuffled 999 times at the tips (Maddison and Slatkin, 1991). Trait
conservatism is indicated when the number of character state
changes is lower than expected by chance, i.e., when closely related
taxa are more similar than expected for the trait (Maddison and
Slatkin, 1991). For qualitative traits, we tested phylogenetic signal
in R v. 3.4.2 (R core Team, 2017), using the function ‘phylo.signal.disc’,
which was made to correspond to Maddison and Slatkin (1991) as
proposed by Enrico Rezende. We used Bloomberg's K to test for
phylogenetic signal in plant height, which is a continuous variable. K
values greater than 1 imply that closely related species are more
similar than expected, which is a strong phylogenetic signal indi-
cating niche conservatism (Blomberg et al., 2003). Significance was
determined using randomization tests with 999 permutations.

2.4. Diversity indices

We estimated phylogenetic and functional structures along
successional gradients with a net related index (NRI) using the
function ‘ses.mpd’ in Picante package (Kembel et al., 2010). We
calculated NRI as follows:

NRIsample ¼ � 1�MPDsample �MPDrandsample

SD ðMPDrandsampleÞ
NRI is based onmean phylogenetic or functional distance (MPD)

(Webb et al., 2008, 2011), which is the average phylogenetic or
functional relatedness between all possible taxon pairs at one site.
The phylogenetic distance between species pairs was computed
with the function ‘cophenetic’ in the Picante package (Kembel et al.,
2010). Functional dissimilarity between species was computed
with the Gower distance (Leps et al., 2006). NRI was calculated
based on phylogeny (phylogenetic NRI, NRI-P) and on the func-
tional traits (functional NRI, NRI-F). We compared succession on
marmot mounds with succession on anthills common in alpine
regions. For this purpose, we used data from Meng et al. (2011) to



Fig. 1. Four successional stages of Himalayan marmot (Marmota himalayana) mounds: (a) early, (b) medium, (c) late, and (d) last stage.

Table 1
Phylogenetic signal of functional traits of alpine plants on marmot mounds and
neighboring sites.

Traits K Value Changes observed Changes random P-value

Life form 3 3 0.041
Leaf texture 3 5 0.026
Inflorescence type 5 7 0.018
Fruit type 4 4 0.041
Fruit appendages 3 5 0.001
Plant height 1.79346 0.011
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calculate phylogenetic and functional diversities of anthills across
successional stages with the methods described herein.

2.5. Analyses

To identify the phylogenetic and functional structures of plants
along marmot mound successional series, phylogenetic and func-
tional alpha diversities (NRI-P, and NRI-F) were calculated at each
stage of the successional series for the plots onmarmotmounds and
the neighboring area. Phylogenetic and functional structures were
compared between the mounds and neighboring sites along a suc-
cession series to detect whether they showed different patterns. The
species pool used in the analyses included all species in the sites. All
analyses were performed with R software (R core Team, 2017).

3. Results

The number of plant species on marmot mounds ranged from
four to eight, and increased from the early stage to the late stage of
succession. All six traits examined displayed significant phyloge-
netic signal (Table 1). For the categorical traits (life form, leaf texture,
inflorescence type, fruit type, fruit appendages), the minimum
number of character state changes was lower than expected by
chance (P < 0.05). The K-value for plant height was greater than 1
(1.79). These results provide strong evidence for niche conservatism.

Phylogenetic and functional structures (NRI-P and NRI-F) of
plant communities showed a unimodal pattern along the succes-
sion gradients on marmot mounds (Fig. 2). During the early stage of
succession, NRI values were negative, indicating that taxa growing
on marmot mounds were phylogenetically overdispersed; at the
medium and late stages, NRI values were positive, indicating that
277
taxa were phylogenetically clustered. During the last stage, the
values of NRI-P and NRI-F were negative, indicating phylogenetic
overdispersion again (Fig. 2). The phylogenetic structure (NRI-P)
showed no significant differences between the medium and late
stage, whereas the functional structure (NRI-F) showed significant
differences between the medium and late stage. Phylogenetic and
functional structures (NRI-P and NRI-F) showed no significant dif-
ferences between early and last stages; in contrast, phylogenetic
and functional structures of the medium and late stages showed
significant differences from early and last stages (Fig. 2).

Sites neighboring marmot mounds were phylogenetically
overdispersed (NRI-P and NRI-F), and showed no significant dif-
ferences in community structure during the successional series,
except during the medium stage (Fig. 3).

Although plant community structures (NRI-P and NRI-F) on
marmot mounds did not differ significantly from those in neigh-
boring sites during the early and last stages of succession, com-
munity structures on marmot mounds were significantly different
than those of neighboring sites at the medium and late stages
(Table 2). In addition, plant species diversity was significantly



Fig. 2. (a) Phylogenetic and (b) functional community structure (mean NRI-P, NRI-F, y-axis) on marmot mounds along the successional series. Specifically, NRI <0 indicates
phylogenetic overdispersion, whereas NRI >0 indicates phylogenetic clustering. Letters indicate significant differences (a ¼ 0.01) along succession.

Fig. 3. (a) Phylogenetic and (b) functional community structure (mean NRI-P, NRI-F, y-axis) surrounding marmot mounds (neighboring sites) along the succession series. Spe-
cifically, NRI <0 indicates phylogenetic overdispersion, whereas NRI >0 indicates phylogenetic clustering.

Table 2
Comparison of phylogenetic and functional plant community structures (mean NRI-
P, NRI-F) on marmot mounds and surrounding areas along the successional series.

Stage Mean NRI-P Mean NRI-F

Value difference P-value Value difference P-value

Early stage 0.2325 0.3847 0.1645 0.9706
Medium stage 1.1930 0.0000001 2.2837 0
Late stage 1.2783 0 2.2891 0
Last stage 0.1393 0.8720 0.0890 0.9992

Significantly differences are shown in bold.
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changed by marmot disturbance during the early and last stages of
community succession. Taken together, our results show that the
phylogenetic and functional structures (NRI-P and NRI-F) of plant
communities growing in a successional series on marmot mounds
undergo a circular change.

The phylogenetic and functional structure of plant community
successions on anthills showed a unimodal pattern (Fig. 4). During
278
the first phase of succession, the phylogenetic structure was clus-
tered. In mid-sized and large anthills, the phylogenetic and func-
tional structures were clustered. The phylogenetic and functional
structures of sites neighboring anthills were overdispersed.
4. Discussion

Analyzing the patterns of diversity along community succession
is essential for understanding and predicting how plant commu-
nities respond to environmental changes (Prach andWalker, 2011).
Our results show that phylogenetic and functional structures alpine
plant communities growing on marmot mounds have significant
successional patterns. This trend is probably caused by environ-
mental changes on mounds related to marmot disturbance.

In plant communities growing on marmot mounds, traits were
phylogenetically conserved. The phylogenetic and functional struc-
tures of these communities suggest that environmental filtering
structures these alpine plant communities by selecting for traits



Fig. 4. (a) Phylogenetic and (b) functional community structure (mean NRI-P, NRI-F, y-axis) on anthills along succession series. Specifically, NRI <0 indicates phylogenetic or
functional overdispersion, whereas NRI indicates phylogenetic or functional clustering.
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capable of surviving harsh environmental conditions, thereby pro-
moting the coexistence of closely related species with similar traits
at the medium and late stages of the successional gradient. In these
two stages, the environment (e.g., temperature and humidity) on
the mound changes greatly (Meng et al., 2011). Species that cannot
adapt to this environment are excluded, while species more closely
associated with these environments remain, resulting in phyloge-
netic clustering. Under less stressful conditions, distantly related
alpine plants tend to co-exist on the mounds at the last stage and
away from the mounds, suggesting that these communities are
probably structured by the effects of biotic interactions, such as
competition between alpine plants. In the last stages and away from
the mounds, the environment becomes consistent with the sur-
rounding area. In addition, Himalayanmarmots sometimes abandon
their burrows, which reduces disturbance. Consequently, competi-
tion among alpine plants may become dominant again, leading to
phylogenetic overdispersion.

Plant community composition on marmot mounds changes
during succession. In theory, phylogenetic clustering in a commu-
nity is caused by an increase in related species (Norden et al., 2012),
or a decrease in distantly related species. Phylogenetic over-
dispersion, in contrast, is caused by a decrease in related species
(Norden et al., 2012) or an increase in distantly related species.
During the early stages of succession on the marmot mounds,
marmots directly decrease the number of plants of Kobresia pyg-
maea (C.B. Clarke) C.B. Clarke by burying the plants under the
mound. However, K. pygmaea, which is a dominant species and a
monocotyledonous plant, increased from 1.66 in themiddle stage to
9.33 in the late stage. Thus, phylogenetic and functional structures
showed a trend toward overdispersion. At the medium stage,
K. pygmaea remained rare due to marmot disturbance on the
mounds. Instead, at this stage Potentilla tatsienluensis Th. Wolf.,
Potentilla saundersiana Royle and other dicotyledonous species were
dominant. The decrease in distantly related species and the increase
in closely related species led to highly clustered phylogenetic and
functional structures. At same time, the phylogenetic and functional
structures differed between the mounds and the neighboring sites,
likely because marmot activity was more concentrated on the
mounds than on the neighboring sites. At the late stage, dicotyle-
donous species also dominated, but K. pygmaea returned to the
mounds and became common. The phylogenetic and functional
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structures showed clustering, but they showed a tendency towards
overdispersion. During this late stage, the phylogenetic and func-
tional structures of plant communities on marmot mounds differed
significantly from those on neighboring sites. In the last stage,
K. pygmaea again became the dominant species and P. saundersiana
and P. tatsienluensis, which are closely related, were less common
than in the medium and late stages. Therefore, a decrease in related
species and an increase in distantly related species resulted in
overdispersion of phylogenetic and functional structures. Along the
successional gradient, neighboring sites were disturbed little
because Himalayan marmots eat few plants that grow around their
burrow; therefore, the phylogenetic and functional structures of
neighboring plant communities, whichwere overdispersed, showed
almost no difference during the stages of succession.

In alpine regions, plant communities commonly undergo suc-
cession on anthills. On the marmot mounds, plants are basically
buried during the first stage of succession; in contrast, plants that
grow on anthills are not completely buried during the first stages of
succession because anthills are built slowly (King,1977). The patterns
of phylogenetic and functional structure in plant communities
growing on anthills are similar to those of plant communities
growing on marmot mounds. Both show a unimodal pattern of
community succession. In the first phase of plant succession on
anthills, the phylogenetic structure is clustered, whereas the first
stage of plant succession on marmot mounds is phylogenetically
overdispersed. In mid-sized and large ant-hills, the plant phyloge-
netic and functional structures are clustered,which is consistent with
our findings on the middle and late stages of plant succession on
marmot mounds. Sites neighboring anthills are relatively stable in
favorable environments. Phylogenetic and functional community
structures show overdispersion at these neighboring sites, similar to
the patterns of phylogenetic and functional structures away from
marmotmounds. Studies onphylogenetic diversity consistently show
a similar unimodal pattern along successional gradients: at the me-
dium and late stages, when the environment is harsh, plant com-
munities become clustered; during the last stage, when the
environment is favorable, plant communities become overdispersed.
Harsh environmental conditions are expected to filter numerous
lineages that are not adapted to changing habitats, leaving those
species that can tolerate abiotic conditions, thereby resulting in the
coexistence of related species and leading to phylogenetic clustering.
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Favorable environments encourage the competition between related
species, leaving distantly related species in the community, and
leading to phylogenetic overdispersion.

5. Conclusions

This study shows that different ecological drivers can change
community assemblages during plant community succession on
the mounds of Himalayan marmots (Marmota himalayana). Phylo-
genetic and functional community structures changed greatly on
marmot mounds, but were relatively stable away from the mounds
during succession and showed significance differences during the
medium and late stages. Phylogenetic and functional clustering in
themiddle and late successional stages indicate that environmental
filtering is an important force for structuring alpine plant com-
munities in extreme habitats, whereas phylogenetic and functional
overdispersion in the early and last successional stages suggest that
biotic interactions result in the co-existence of distantly related
species under more favorable conditions. Thus, based on a combi-
nation of traits that lead to community assemblages along an
environmental gradient, plants can survive during temporal dy-
namic processes.
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