
lable at ScienceDirect

Plant Diversity 42 (2020) 386e392
Contents lists avai
Plant Diversity
journal homepage: http: / /www.keaipubl ishing.com/en/ journals /plant-diversi ty /

ht tp: / / journal .k ib.ac.cn
Research paper
Distribution patterns of clonal plants in the subnival belt of the
Hengduan Mountains, SW China

Yongqian Gao a, b, 1, Jinxuan Zheng c, 1, Xiangqun Lin b, **, Fan Du a, *

a Faculty of Forestry, Southwest Forestry University, 300 Bailong Road, Kunming, 650224, Yunnan, PR China
b Yunnan Forestry Technological College, 1 Jindian, Kunming, 650224, Yunnan, PR China
c Forest Inventory and Planning Institute of Yunnan Province, Kunming, 650051, Yunnan, China
a r t i c l e i n f o

Article history:
Received 18 February 2020
Received in revised form
27 June 2020
Accepted 28 June 2020
Available online 18 July 2020

Keywords:
Alpine
Clonal reproduction
Hengduan mountains
Sexual reproduction
Subnival belt
* Corresponding author.
** Corresponding author.

E-mail addresses: 421731956@qq.com (X. Lin), km
Peer review under responsibility of Editorial Offic

1 These two authors contributed equally.

https://doi.org/10.1016/j.pld.2020.06.006
2468-2659/Copyright © 2020 Kunming Institute of Bo
is an open access article under the CC BY-NC-ND lice
a b s t r a c t

Clonal reproduction (i.e., production of potentially independent offspring by vegetative growth) is
thought to provide plants with reproductive assurance. Thus, studying the evolution of clonal repro-
duction in local floras is crucial for our understanding of the adaptive mechanisms plants deploy in
stressful environments such as alpine regions. In this study, we characterized clonal plant species in the
subnival belt of the Hengduan Mountains (a global biodiversity hotspot with extreme environmental
conditions in southwest China), in order to determine the effects of sex system, growth form, and ele-
vational distribution on clonality. We compiled clonality data of angiosperm species belonging to 41
families in the subnival belt of the Hengduan Mountains using published information. Of the 793 species
recorded in the region, 47.92% (380 species) are clonal species. Both sex system and growth form had
significant effects on the occurrence of clonal reproduction: unisexual species (79.79%) were more likely
to be clonal than bisexual species (43.63%), and herbaceous species (51.04%) were more likely to be clonal
than woody species (16.67%). Compared with non-alpine-endemic species (44.60%), alpine-endemic
species (58.33%) showed a significantly higher proportion of clonal reproduction. Further logistic
regression analysis showed a positive association between incidence of clonality and elevational range,
indicating that species distributed at high elevations are more likely to be clonal. Furthermore, the
elevational gradients in clonality were contingent on sex system or growth form. This study reveals that
plants in the subnival belt of the Hengduan Mountains might optimize their probability of reproduction
through clonal reproduction, a finding that adds to our growing understanding of plant's adaptations to
harsh alpine environments.

Copyright © 2020 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 pollinators to reproduce, high elevations pose an additional chal-
Sexual reproduction is one of the most important life-cycle
stages in determining plant distribution, abundance, and popula-
tion dynamics (Stieha et al., 2014). Plants growing at high eleva-
tions are challenged by hostile environmental conditions, including
reduced atmospheric pressure, low temperatures, short growth
seasons and low soil nutrient availability, increased ultraviolet ra-
diation, as well as abundant and prolonged snow cover (K€orner,
2003). For flowering plants, especially those that depend on
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lenge: at high elevations, pollinator diversity, abundance, and ac-
tivity decrease (Arroyo et al., 1985; Bingham and Orthner, 1998).
Compared with the disadvantages of sexual reproduction in
stressful environments, clonal reproduction (i.e., production of
potentially independent offspring by vegetative growth) has been
demonstrated to be advantageous. Clonal growth enables plants to
uptake nutrition from multiple sites through horizontal organs
(Evans and Cain, 1995), share limited resources among ramets
(Alpert, 1996), store resources in below-ground clonal structures to
persist through cold seasons (Venn and Morgan, 2009), and in-
crease floral displays, thus attracting more pollinators (Zhang and
Zhang, 2006). Importantly, clonal reproduction provides a safe
alternative to risky seed production and recruitment (Callaghan
and Emanualson, 1985). Consequently, clonal reproduction is
thought to play an important role in population establishment and
maintenance in stressful environments (e.g., Grace, 1993; K€orner,
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2003; Evette et al., 2009), and higher proportions of clonal repro-
duction are predicted to occur in cold environments (e.g., alpine
regions) than in temperate environments (e.g., lowlands) (Klime�s
et al., 1997; Stamati et al., 2007). Despite recent progress, an
improved understanding of the evolutionary adaptations of clonal
reproduction requires the use of standardized methodologies to
conduct comparative studies of different floras (Klime�sov�a et al.,
2011; Klime�sov�a and Dolezal, 2011).

One natural laboratory for studying plant evolution is the sub-
nival belt of the Hengduan Mountains (Sun et al., 2014). The
Hengduan Mountains are located at the southeastern region of the
Qinghai-Tibet Plateau; because of its high levels of endemism and
species diversity, this region has been designated one of the 36
most important global biodiversity hotpots (Myers et al., 2000;
Hrdina and Romportl, 2017). The alpine subnival belt (i.e., highest
vertical zone of vegetation) is characterized by extreme environ-
ments, such as low temperatures, strong wind, frequent precipi-
tation, intense ultraviolet radiation, and low insect abundance and
activity (He et al., 2006; Wang, 2006). Although the subnival belt of
the Hengduan Mountains experiences the same environmental
characteristics as other subnival belts around the world, it is home
to probably the most abundant subnival flora, with two or three
times the number of plant species than any other known subnival
belt (K€orner, 2003; Xu et al., 2014). Furthermore, plants growing in
these areas frequently exhibit specialized adaptations to the
extreme environments, represented by ‘cushion’, ‘glasshouse’ or
‘downy’ plants (Tsukaya and Tsuge, 2001; Sun et al., 2014). How-
ever, most previous studies on reproductive adaptation of plants in
this region have mainly focused on sexual reproduction (Peng et al.,
2012; Sun et al., 2014), and information on clonal reproduction is
strikingly scarce. Furthermore, the few studies available have
mostly been conducted at the intra-specific level (e.g. Lu et al.,
2007; Fan and Yang, 2009), whereas no study has been conduct-
ed at the community level or at relatively large scales, which is
particularly important for understanding the adaptive strategies of
plants (Hegland and Totland, 2005; Xu et al., 2020).

In this study, we aimed to characterize the clonal plant species
in the subnival belt of the Hengduan Mountains. Previous studies
have reported that plants with different sex systems may experi-
ence different levels of pollination limitation. For instance, because
unisexual flowers rely on pollen vectors for pollination, they are
more likely than bisexual flowers to receive insufficient pollen
(Vamosi and Queenborough, 2010). In response to stronger polli-
nation limitation, plants with unisexual flowers may evolve higher
level of clonal reproduction for reproductive assurance. In addition,
prolonged longevity in woody plants may compensate for reduced
mate assurance (Arroyo and Squeo, 1990), thereby potentially
mitigating the selective pressure for clonal reproduction. Thus, we
determined whether clonality evolved at randomly or differently in
various sex systems and growth forms. In general, species native to
high-stress environments tend to have more adaptations or toler-
ance than species native to lower-stress habitats (Caldwell et al.,
1982). Thus, we also determined whether the incidence of clon-
ality is correlated with the elevational distribution of plants.

2. Materials and methods

2.1. Study region

The Hengduan Mountains, a core region of the Sino-Himalayan
Floristic Region, is located at the eastern edge of the Qinghai-Tibet
Plateau, the highest and youngest plateau in the world (Wu, 1988;
Zhang et al., 2009). This area stretches between 24�840 to 34�800N
and 96�820 to 104�830E, and covers 364,000 km2 that encompass
northwestern Yunnan, western Sichuan, southwestern Tibet,
southern Qinghai and southwestern Gansu (Li, 1987, Fig. 1). In
contrast with other mountains and rivers in China, six mountain
chains and rivers cross the region from north to south. The climate
in this area is mainly affected by the southwest monsoon as well as
plateau monsoon, with distinct dry (from October to mid-May) and
wet (from mid-May to October) seasons (Zhang et al., 2009). Our
study covered the subnival belt of the Hengduan Mountains, which
is the transition zone between alpine meadows and the permanent
snowline, with an average elevation usually above 4300 m.
Representative climatic conditions of the subnival belt of the
Hengduan Mountains, according to a meteorological station in the
Baima SnowMountains (28�230N, 99�010E, 4290m a.s.l.), include an
annual average air temperature of �1.0 �C, and yearly precipitation
between 680 and 790mm,withmeans of 30mm inMay,130mm in
June, and 500 mm between July and September (Wang, 2006).

2.2. Data collection

We compiled a list of all of the angiosperm species occurring in
the study area, mainly based on Peng et al. (2012) and Xu et al.
(2014). Varieties and subspecies were treated as independent
species. In total, 793 angiosperm species were included in our
dataset. The number of species analyzed in this study accounted for
more than 80% of all angiosperms in the subnival belt of the
Hengduan Mountains (Peng et al., 2012; Xu et al., 2014).

We categorized plant species into clonal plants and non-clonal
plants based on morphological characters described in Flora of
China (Wu et al., 1994e2012). Species were designated as clonal if
they are capable of producing new and potentially independent
ramets through vegetative reproduction (i.e., species were catego-
rized as ‘clonal’ if they were described by the term/s ‘rhizome’,
‘rhizocarp’, ‘sarment’, ‘tiller’, ‘stolon’, ‘runner’, ‘turion’, ‘leaf bud’,
‘caudex’, ‘perennating root’, ‘lateral stem’, ‘root stucker’, ‘rootstock’,
‘underground bud’, ‘bulb’, ‘pseudobulb’, or ‘creep’; species lacking
these features were categorized as ‘non-clonal’). For example, Aster
flaccidus Bge., which is described as having a ‘long, slender, some-
times stoloniferous’ rhizome, was categorized as clonal. This is a
commonly used method in identification of plant clonality (e.g., Ye
et al., 2014, 2016; Zhang et al., 2018).

Information on the sex system and growth form for each species
are available from a published data set (Peng et al., 2012). We
classified each plant species into one of two growth-form cate-
gories: herbaceous plants or woody plants. Both dioecious and
monoecious flowers depend on pollen vectors for pollination. In
addition, there were a small number of species for each (dioecious
plant: 46 species; monoecious plant: 48 species). Therefore, species
were classified as bisexual (hermaphroditic) or unisexual
(including dioecious and monoecious species). In addition, we
collected data on elevational range for each species from Xu et al.
(2014), complemented by data from the Chinese Virtual Herbari-
um, published papers, and personal communications with experts.
We considered a species clonal at all elevations between its upper
and lower limits if it was classified as clonal following Bhatta et al.
(2018). We used distribution, elevation, and habitat to divide each
species into one of two types: alpine-endemic species or non-
alpine-endemic species. Alpine-endemic species only occur in
zones above the timber line. Non-alpine-endemic species occur in
zones above and below the timber line. The timber line in the
Hengduan Mountains varies widely, from 3800 m in western
Sichuan to 4600 m in southeastern Tibet (Wang et al., 2004).

2.3. Data analyses

The distribution of clonality according to sex systems (bisexual
vs. unisexual), growth-forms (woody vs. herbaceous), and



Fig. 1. The geographical location of the Hengduan Mountains, SW China.

Y. Gao et al. / Plant Diversity 42 (2020) 386e392388
distribution ranges (alpine-endemic vs. non-alpine-endemic) was
compared using G-test.

We used logistic regression analysis to determine the relation-
ship between clonality and elevation (see Pincheira-Donoso et al.,
2017; Song et al., 2020). For this analysis, the elevation for each
occurrence was extracted and the species’ mean value was used
(Chen et al., 2017). Clonality data was modeled as a binary response
variable (0 ¼ absence of clonality, 1 ¼ presence of clonality) with
logit link function (Pincheira-Donoso et al., 2017). First, to test for
an overall association between elevation and incidence of clonal
reproduction, we performed a simple logistic regression analysis
using the full dataset where elevation predicted clonality. Second,
to test whether elevational gradient of clonality depended on sex
system or growth form, multiple logistic regressions were per-
formed where clonality was predicted by elevation, sex system,
growth form, and their interaction. If the interaction was signifi-
cant, univariate logistic regressions with elevation as a predictor
separately were performed to quantify the elevational pattern of
clonality in each sex system or each growth form. Model selection
was conducted based on the Akaike Information Criterion (AIC
value). We also examined the relationship between incidence of
clonal reproduction and elevation in the context of phylogeny
following Chen et al. (2017). We constructed a 793-species phylo-
genetic tree following the approach of Qian and Jin (2016) and used
phylogenetic logistic regression analysis to test for correlations.

All statistical analyses were conducted in the R computation
platform (version 3.3.3) (R Development Core Team, 2017).
3. Results

In total, 793 species in 41 families of angiosperms in the subnival
belt of the Hengduan Mountains were included in the data set we
examined. Across the 41 families of angiosperms, 15 (36.59%) were
exclusively clonal, 8 (19.51%) were exclusively non-clonal. The
remaining 18 (43.90%) were families with clonal and non-clonal
plants, i.e., 33 (80.49%) families had the ability to reproduce clon-
ally. Of 131 genera, 57 (43.51%) were exclusively clonal, 47 (35.88%)
were exclusively non-clonal, and the remaining 27 (20.61%)
included both clonal and non-clonal plants, i.e., 84 (64.12%) genera
had the ability to reproduce clonally. The overall proportion of
species with clonal reproduction was 47.92% (380 clonal species).

Of all species, 699 produced bisexual flowers (88.15%) and 94
species produced unisexual flowers (11.85%). Clonality was signif-
icantly associated with sex systems (Table 1). Species with uni-
sexual flowers had a significantly higher proportion of clonality
than those with bisexual flowers.

There were 721 herbaceous species (90.92%) and 72 woody
species (9.08%). The distribution of clonality differed significantly
among growth forms (Table 1). Clonal reproduction was more
represented among herbaceous plants and less represented among
woody plants.

Based on their distributional range, elevation and habitat, 192
species (24.21%) were found to be endemic to the alpine zone and
601 species (75.79%) were also found in lower elevations. Although
these species co-occurred in the subnival belt, alpine-endemic



Table 1
The association of clonal reproduction with growth form, sex system, and distri-
bution range in the subnival species of the Hengduan Mountains, SW China.

Group of traits Percentage (%) G P

Growth form
Herbaceous 51.04 33.87 <0.001
Woody 16.67

Sex system
Bisexual 43.63 45.67 <0.001
Unisexual 79.79

Distribution range
Alpine-endemic 58.33 11.03 <0.01
Non-alpine-endemic 44.60
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species had a significantly higher proportion of clonality than non-
alpine-endemic species (Table 1). We further analyzed the rela-
tionship between clonality and elevational distribution range. A
simple logistic regression showed a significantly positive associa-
tion between incidence of clonality and elevation range (Fig. 2).
Furthermore, such association did not change when the evolu-
tionary relationships between species were considered (parameter
a ¼ 0.02; Appendix S1; Ives and Garland, 2010). When considering
categorical factors (sex system, growth form) and their interactions
with elevation in themultiple logistic regression analyzes, the best-
fit model (AIC ¼ 966, compared to AIC ¼ 970 of the full model)
detected a significant elevation � sex system and a significant
elevation � growth form (Table 2), indicating that elevation gra-
dients in clonal reproduction were contingent on sex system or
growth form. In a separate regression analysis of clonality on
elevation, a significantly positive relationship between clonality
and elevation was detected in unisexual plants, but this relation-
ship was marginally significant in bisexual plants; furthermore, a
steeper elevational gradient in incidence of clonal reproduction
was found in plants with unisexual flowers in comparison with
their bisexual counterparts (slope: 0.002 vs. 0.0003; Fig. 3ab). In a
separate regression analysis of clonality on elevation, the proba-
bility of clonal reproduction increased towards high elevations for
herbaceous plants, but no significant gradient was found for woody
plants (Fig. 3cd).
Fig. 2. The relationship between transition in clonal mode (0 ¼ absence of clonality,
1 ¼ presence of clonality) and elevation in all angiosperms in the subnival belt of the
Hengduan Mountains. The fitted line displays the predicted probability of clonality as
fit by logistic regression mode.
4. Discussion

The proportion of angiosperm species with clonal reproduction
in the subnival belt of the Hengduan Mountains is 47.92%, which is
significantly higher than that in Ladakh (26.7%; Klime�s, 2003), an
alpine region adjacent to our study region, and also higher than
that in Australia (9.4%; Zhang et al., 2018). These differences may to
a large extent be attributed to environmental differences. For
example, although Ladakh has a similar latitude (33�N) and
elevation (4180e5970 m a.s.l.) to our study region, its mean annual
precipitation (115 mm) is significantly lower, as it is rarely affected
by the warm andwetmonsoon (Miehe et al., 2001). Based on large-
scaled horizontal analyses that spanned all of China from the tro-
pics to the temperate zones, Ye et al. (2014) found that clonality was
positively associated with precipitation. Similarly, Klime�sov�a and
Dolezal (2011) stated that aquatic habitats were more favorable
for clonal reproduction, because plants can become fragmented
and transported via water current and easily re-root. Thus, the arid
environment in Ladakh may, to some extent, limit the evolution of
clonality. In addition to lower precipitation, Zhang et al. (2018)
proposed that the relatively low proportion of clonal species in
Australian flora might be attributed to their unusual taxonomic
composition, such as the preponderance of fire-prone vegetation
(e.g. sclerophyll woodland), as it is difficult for these plant species
to reproduce clonally (Bond and Midgley, 2001). Compared to
subnival floras in the Alps and Caucasus (c. 70e90%; reviewed by
Klime�sov�a and Dolezal, 2011), the subnival flora in our study region
had a much lower proportion of species with clonal reproduction.
The reason for such a pattern is not yet clear. One possible expla-
nation for this pattern is that the higher-latitude subnival belts of
the Alps and Caucasus have harsher environments, which might
result in stronger selection for clonal reproduction. Another
possible reason for the higher proportion of clonal plants in the
subnival belt of Caucasus might be attributed to the higher pro-
portion of plants that easily reproduce clonally, such as Allium L.
plants (Stearn, 1978). Thus, further studies comparing environ-
mental condition and species composition between these floras
should be conducted to improve our understanding of the selective
agents on clonal reproduction.

Both sex system and growth form had significant influences on
the incidence of clonal reproduction: unisexual species included
higher proportions of clonal species than bisexual species; and
herbaceous species included higher proportions of clonal species
than woody species. Although various abiotic factors (e.g., low soil
fertility, cold weather and wet habitat) can affect clonal repro-
duction (Zhang et al., 2018), the differences in incidence of clonality
between sex system and growth form may mainly be attributed to
different selective pressures for reproductive assurance. Plants with
different sex systems have been widely thought to have different
levels of pollination limitation (Larson and Barrett, 2000). For
instance, because bisexual plants can self-pollinate, they have an
advantage over unisexual plants when pollinators are absent
(Crawford, 1989; Zhang and Li, 2008; Song et al., 2014). In contrast,
unisexual flowers completely depend on vectors for cross-
pollination. In addition, although clonal growth can increase flo-
ral display and thus enhance pollinator attraction, it can also bring a
fitness cost due to geitonogamy, particularly for bisexual plants
(Zhang and Zhang, 2006). Thus, the selection for clonal reproduc-
tion should be stronger in unisexual plants than in bisexual plants.
The same causal pathway can be used to explain the difference in
incidence of clonality between growth forms. Woody plants live
longer than herbaceous plants. This increased longevity of woody
plants may compensate for reduced pollination service (Pannell
and Barrett, 1998), thereby potentially reducing selection for
clonal reproduction as a mode of reproductive assurance.



Table 2
Logistic regression of elevation, sex system, growth form, and their interaction
against clonality in the subnival species of the Hengduan Mountains, SW China.

Variable Z-value P

Elevation 2.36 <0.05
Sex system 2.11 <0.05
Growth form 2.03 <0.05
Elevation � sex system �2.31 <0.05
Elevation � growth form �2.27 <0.05
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We found a significantly higher proportion of clonality in
alpine-endemic species than in co-occurring non-alpine-
endemic species. This is consistent with the idea that the more
often organisms are exposed to unfavorable environmental
conditions, the more able they are to adapt to and/or tolerate
Fig. 3. The relationships between transition in clonal mode (0 ¼ absence of clonality, 1 ¼
woody species (d) in the subnival belt of the Hengduan Mountains. The fitted lines display
these conditions (e.g., Barnes et al., 1987). Thus, it is not sur-
prising that alpine-endemic species had higher levels of clonality
than did species distributed from the alpine zone to lower ele-
vations. The effect of elevational distribution on clonality was
further supported by our logistic regression analyses, which
showed a highly significant increase in the incidence of clonal
reproduction with increasing elevation. There are obvious envi-
ronmental gradients in Hengduan Mountains, and higher eleva-
tion ecosystems can experience harsher environments, including
lower temperatures, stronger ultraviolet radiation, shorter
growth season and lower pollinator abundance and activity (He
et al., 2006; Wang, 2006). Thus, in contrast to some previous
studies (e.g., de Kroon and Knops, 1990; Klime�sov�a and Dolezal,
2011), our results support the idea that clonal reproduction is
associated with high elevational habitats (K€orner, 2003; Evette
presence of clonality) and elevation in unisexual (a), bisexual (b), herbaceous (c), and
the predicted probability of clonality as fit by logistic regression modes.
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et al., 2009). The difference in incidence of clonality between sex
systems or between growth forms should be especially pro-
nounced in species distributed at high elevations, because se-
lection for clonal reproduction to compensate for failure of sexual
reproduction should be stronger in unisexual or herbaceous
plants (see above). As expected, the elevational gradients in
clonality were contingent on sex system or growth form. It is
worth noting that the different pattern of clonality between
growth forms, particularly the lack of a significant elevational
gradient in clonality in woody plants, may result from their
relatively small elevational range and/or relatively small number
of species sampled. Therefore, future studies sampling a range of
woody plant species along a wide elevational range are needed to
fully understand the evolution of clonality. Nevertheless, our
study further supports the idea that biological characteristics
(e.g., plant growth form) should be considered in quantifying
geographical gradients in clonality (and other traits) (Moeller
et al., 2017; Zhang et al., 2018).

Note that, in our study, when a species was considered clonal,
it just meant that this species had the potential to reproduce
independent offspring by vegetative growth. Compared to clonal
reproduction, sexual reproduction in most plant species has a
distinct priority, particularly for maintaining population genetic
diversity and adapting to changeable environments (Zhang and
Zhang, 2006). For example, a study on Polygonum viviparum L.
showed that more resources were allocated to sexual reproduc-
tion compared with vegetative reproduction in harsher envi-
ronments (Fan and Yang, 2009). Consequently, further studies
determining the relative importance of clonal reproduction vs.
sexual reproduction between growth forms, sexual systems, and
elevation ranges are particularly crucial for understanding the
evolution of clonal reproduction (Dorken and Eckert, 2001).
5. Conclusion

The adaptive strategies of plants that live in the harsh envi-
ronmental conditions of the subnival belt of the Hengduan
Mountains have been well studied (Sun et al., 2014). For example,
previous studies have shown that this region harbors a high pro-
portion of plants with specialized phenotypes, bisexual flowers,
and generalized flowers (e.g. Tsukaya and Tsuge, 2001; Peng et al.,
2012; Song et al., 2013). To this list, our study adds information
about asexual reproduction, a crucial part of plant adaptations.
Previous studies have found clonality was associated with various
unfavorable environmental conditions, including low or high
temperatures, high soil moistures, and low nutrient availability
(Klime�s et al., 1997; Klime�sov�a et al., 2011; Ye et al., 2014). Further
studies that explore the mechanisms that underlie patterns of
clonal reproduction are particularly important to understanding
the likely responses of alpine ecosystems to climate change in the
subnival belt of the Hengduan Mountains.
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