
lable at ScienceDirect

Plant Diversity xxx (xxxx) xxx
Contents lists avai
Plant Diversity
journal homepage: http: / /www.keaipubl ishing.com/en/ journals /plant-d iversi ty /

ht tp : / / journal .k ib.ac.cn
Research paper
Different environmental factors drive tree species diversity along
elevation gradients in three climatic zones in Yunnan, southern China

Xiaoyang Song a, b, Min Cao a, *, Jieqiong Li a, Roger L. Kitching c, Akihiro Nakamura a,
Melinda J. Laidlaw d, Yong Tang a, Zhenhua Sun a, Wenfu Zhang a, Jie Yang a

a CAS Key Laboratory of Tropical Forest Ecology, Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences, 666303, Yunnan, China
b Center of Conservation Biology, Core Botanical Gardens, Chinese Academy of Sciences, Mengla, 666303, China
c School of Environmental & Natural Sciences, Griffith University, Nathan QLD, 4111, Brisbane, Australia
d Department of Environment and Science, Queensland Herbarium, Toowong, Australia
a r t i c l e i n f o

Article history:
Received 19 October 2020
Received in revised form
20 April 2021
Accepted 24 April 2021
Available online xxx

Keywords:
Air temperature
Climate zones
Montane forest
Soil moisture
Seedling
Tree species distribution
* Corresponding author.
E-mail address: caom@xtbg.ac.cn (M. Cao).
Peer review under responsibility of Editorial Offic

https://doi.org/10.1016/j.pld.2021.04.006
2468-2659/Copyright © 2021 Kunming Institute of Bo
is an open access article under the CC BY-NC-ND lice

Please cite this article as: X. Song,M. Cao, J. Li
climatic zones in Yunnan, southern China, P
a b s t r a c t

Elevational patterns of tree diversity are well studied worldwide. However, few studies have examined
how seedlings respond to elevational gradients and whether their responses vary across climatic zones.
In this study, we established three elevational transects in tropical, subtropical and subalpine mountain
forests in Yunnan Province, southern China, to examine the responses of tree species and their seedlings
to elevational gradients. Within each transect, we calculated species diversity indices and composition of
both adult trees and seedlings at different elevations. For both adult trees and seedlings, we found that
species diversity decreased with increasing elevation in both tropical and subalpine transects. Species
composition showed significant elevational separation within all three transects. Many species had
specific elevational preferences, but abundant tree species that occurred at specific elevations tended to
have very limited recruitment in the understory. Our results highlight that the major factors that
determine elevational distributions of tree species vary across climatic zones. Specifically, we found that
the contribution of air temperature to tree species composition increased from tropical to subalpine
transects, whereas the contribution of soil moisture decreased across these transects.

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

Elevational gradients, which encompass suites of changing
environmental conditions (K€orner, 2007), are ideal for assessing
how species respond to habitat gradients and predicting the ef-
fects of climate change on species diversity (Colwell et al., 2008;
Rabasa et al., 2013). Tree species richness on mountains declines
with increasing elevation (Stevens, 1992; Malizia et al., 2020),
although intermediate peaks of species-density/species richness
may be observed along the cline (Lomolino, 2001; Tito et al.,
2020). For instance, research in an Ecuadorian montane rain
forest reported that tree species richness, leaf area index, and tree
basal area increment were highest in valleys along an elevational
e of Plant Diversity.
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gradient (Homeier et al., 2010). Many factors have been found to
affect elevational patterns of species diversity, including climatic
conditions (e.g., temperature, precipitation and humidity)
(Bhattarai and Vetaas, 2003; Crimmins et al., 2011; Homeier et al.,
2010; Liu et al., 2007; Shen et al., 2012; Tito et al., 2020), topog-
raphy (MartinezeCamilo et al., 2018), and soil properties
(Carpenter, 2005; Salas-Morales and Meave, 2012; Irl et al., 2015;
Cuesta et al., 2017). Temperature and water conditions are the
major factors that determine plant species distributions on a large
scale (Box, 1995), but their relative contributions vary across cli-
matic regions (Pausas and Austin, 2001; McCain and Grytnes,
2010). Previous research has shown that patterns of elevational
diversity vary between tropical and temperate mountains in Asia
(Ohsawa, 1995). These differences between climatic zones were
explained by differences in temperature; however, soil moisture
was not examined in these studies, even though it has been
associated with tree species abundance, e.g., in a lowland
dipterocarp forest in Malaysia (Marryanna et al., 2012). A further
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).
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Fig. 1. Locations for the three elevational transects established in tropical (Xishuang-
banna: 800 m, 1000 m, 1200 m and 1400 m), subtropical (Ailaoshan: 2000 m, 2200 m,
2400 m and 2600 m) and subalpine (Lijiang: 3200 m, 3400 m, 3600 m and 3800 m)
forests, Yunnan Province, southwestern China. The DEM map was generated using
ArcGIS 10.1 (www.esri.com).
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study in an Indian forest reserve reported that tree species rich-
ness and diversity indices are strongly correlated with soil
moisture and organic carbon content (Sarvade et al., 2016).
Overall, these results suggest that the factors driving tree species
distribution on mountains vary with latitude, topography and
other variables. Accordingly, mountain tree species diversity at
particular elevations may respond to climate change differently
due to habitat variation along elevational gradients (Corlett and
Westcott, 2013; Song et al., 2016a, b). For these reasons, moun-
tains are natural laboratories in which to examine issues related
to climate change (Tito et al., 2020).

Most earlier studies, however, have focused on adult trees,
with seedlings or juveniles receiving less attention (Lenoir et al.,
2009). Because tree seedlings are quite sensitive to their abiotic
environment and play a key role in forest regeneration (Bace
et al., 2012), it is very important to determine where they
occur along elevational gradients and how they respond to
environmental factors (Teketay 1997; Li et al., 2010; Bace et al.,
2012; Song et al., 2016b). Changes in the distribution of seed-
lings driven by climate change, for instance, could help predict
future forest assemblage structure (Laidlaw et al., 2011; Dang
et al., 2013).

A positive spatial relationship between the abundance of
adult tree species and their seedlings is expected since recruit-
ment is largely governed by abundance of reproductive adults
(Comita et al., 2007). Forest canopy composition, however, does
not always match abundance of seedlings in the understory
(Hubbell et al., 1999). For example, the seedlings of most tree
species on Barro Colorado Island in Panama were present in less
than 1% of seedling plots, suggesting strong recruitment limi-
tations (Comita et al., 2007). Many of the most dominant canopy
species were rarely represented as seedlings in the understory in
Mediterranean (P�erez-Ramos and Mara~n�on, 2012) and subtrop-
ical forests (Gong et al., 2011). Overall, how these differences
vary along environmental gradients remains poorly studied
(Song et al., 2016b).

Here, we investigate species composition of adult trees and
seedlings across three elevational gradients that represent typical
tropical, subtropical and subalpine forests in Yunnan Province. We
address the following questions:

(1) What are the elevational differences in species diversity and
composition between adult trees and seedlings within the
elevational gradients in the three forest types?

(2) How does the composition of tree species respond to varia-
tion in major environmental factors (e.g., air temperature
and soil moisture) along with elevational change?

Previous research has posited that montane elevation gradi-
ents of species-density result from the combined effects of four
features: topographical elevational gradients, climatological ele-
vational gradients, geographical isolation, and feedback among
zonal communities (Lomolino, 2001). Thus, we hypothesized that
species diversity will decrease with increasing elevation for both
seedling and adult tree assemblages in all three elevational
transects. Similarly, across all forest types, the dissimilarity of
species composition for both adult trees and seedlings commu-
nities should increase with increasing differences in elevation.
Species composition between seedlings and adult trees should
show large variation and species similarity between adult trees
and seedlings should increase with elevation. We also expect that
soil moisture and air temperature will be the main factors that
drive the elevational species distributions in this region of
monsoonal climates, but the relative contributions of each may
vary across climatic zones.
2

2. Materials and methods

2.1. Study site

Yunnan Province in southern China lies in the transitional re-
gion between the Hengduan Mountains and Asian tropics. It is
mostly an uplifted, high elevation region with a terraced topog-
raphy stretching from the northwest (maximum elevation at
6740 m) to the south (minimum at 76 m). The whole of Yunnan
Province experiences a monsoonal climate, which leads to distinct
rainy seasons (MayeOctober) and dry seasons (NovembereApril).
Three major climatic zones are recognized in accordance with the
three basal terrains: subalpine (ca. 3000 m), subtropical (ca. 2000
m) and tropical (ca. 600e800 m) (Zhu, 2012; Li et al., 2015. Li et al.,
2016b). Correspondingly, the vegetation in this province also
comprises three regional types: montane coniferous forest on the
QinghaieTibet Plateau; subtropical evergreen broad-leaved forest;
and tropical forest (Li and Walker, 1986; Wu et al., 1987). In
2011e2012, we established four elevational belts in each transect
established at the Xishuangbanna National Nature Reserve (tropical
climate: 800 m, 1000 m, 1200 m and 1400 m), Ailaoshan National
Nature Reserve (subtropical climate: 2000 m, 2200 m, 2400 m and
2600 m), and Yulong Snow Mountain Nature Reserve (subalpine
climate: 3200 m, 3400 m, 3600 m and 3800 m) (Fig. 1; details of
each location and elevational transect are provided in Supporting
Information Appendix S1). These elevational transects represent
typical tropical (Xishuangbanna), subtropical (Ailaoshan) and
subalpine (Lijiang) forests in this province. Within each elevational
belt, we set up five 20 m � 20 m replicate plots that were spaced
approximately 200 m from each other to maximize the indepen-
dence of samples. Plots were established in areas without obvious
signs of anthropogenic disturbances or major canopy gaps that
would have confounded the observed distribution of trees and
seedlings in these sites.

http://www.esri.com
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To survey seedlings, five 1 m � 1 m seedling quadrats were
established at the four corners and center of each 20 m� 20m plot.
In total, we surveyed 20 plots and 100 seedling quadrats in each
elevational transect.
2.2. Data collection

Within each plot, all trees with a diameter at breast height
(DBH) � 5 cm (hereafter referred to as adult trees; Song et al.,
Fig. 2. Soil moisture (per unit volume) in dry (April 2015) and rainy (October 2015) seasons a
standard errors ( ¼ Dry season, ¼ Rainy season). Lowercase letters indicate differences b
vations in the rainy season. ** indicates significant difference between seasons at each elev

3

2016b) were measured, tagged and identified in 2011 and 2012.
Within each of the seedling quadrats, all stems less than 1 cm of
stem diameter (measured near the ground; hereafter referred to as
seedlings; Song et al., 2016a) weremeasured, tagged and identified.
Seedlings were surveyed in 2015 at the end of the rainy season
(October). For adult trees, we recorded 2602 individuals of 239
species; for seedlings, we recorded 3668 individuals of 215 species
(excluding 27 individuals that could not be identified to species)
(details of species list in Tables S1eS6). A more detailed description
of the tropical transect is in Song et al. (2016b).
t each of the four elevational belts in each elevational transect. Error bars correspond to
etween elevations in the dry season. Capital letters indicate differences between ele-
ation (P < 0.01).
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Soil moisture was measured at the end of dry season (April
2015) and the rainy season (October 2015) on the same dates when
the seedlings were surveyed (following several days without rain-
fall, so that the soil moisture data would not be affected by occa-
sional rainfall), using a conductivity probe (Theta probe
MPMe160B, ICT International Proprietary Limited, Armidale,
Australia), which is widely used to measure typical soil moisture in
forest and agricultural systems (Swella et al., 2015; Song et al.,
2017). In each seedling quadrat, we measured soil moisture at a
depth of 5 cm at five randomly selected points and calculated the
average soil moisture in each quadrat. We recorded hourly air
temperatures from January to December, 2015 using a
thermoelogger (DS1923 Hygrochron iButton, Maxim, CA, USA).
These data were published earlier in Song et al. (2016a) and Li et al.,
2016a respectively, but we present them again here for the sake of
providing the soil moisture variation during our seedling sampling.
Temperature loggers (iButtons) were placed in PVC tubes (with
slots for ventilation) to avoid direct solar radiation, and one logger
was placed at 1.3 m (breast height on a tree trunk) in each plot, so
that we had five replicates for each elevation in total. We assumed
that these data would represent the ambient temperature in the
understory where the seedling quadrats were located, although a
few of loggers were lost during our observation period. We calcu-
lated the monthly mean air temperature for each elevational belt
based on data collected by the data loggers maintained until the
end of December 2015, when temperature monitoring was termi-
nated. For each plot, elevation was determined using a GPS device
(GARMIN GPSMAP 60CSX, Garmin Corporation, USA). Slope and
aspect were determined using an HRB DQYe1 geologic compass
(Harbin Optical Instrument Factory, China).
Fig. 3. Mean monthly air temperature in 2015 at the four elevational belts in the three
elevational transects.
2.3. Data analysis

The data collected from each of the five seedling quadrats in
each plot were aggregated before analysis. We calculated the

relative abundance (RA ¼ Ai=
PS

i¼1Ai; where Ai is the abundance of
species i; GreigeSmith, 1983) of both adult trees and seedlings in
each elevational belt. Species diversity was characterized using
species richness (the number of species), Shannon Index (H0 ¼ �
PS

i¼1Pi ln Pi, where S is the total number of species, and Pi is the
proportional abundance of species i) and the Simpson Index (Ds ¼
1�PS

i¼1P
2
i ) (Magurran 1988). Hill number was calculated for each

plot to get the effective number of species (Chao et al., 2014). Linear
regression was used to examine the relationship between species
richness and elevation across the three elevational transects. The
non-parametric KruskaleWallis test (Conover, 1999) was adopted
to examine whether the diversity indices differed among eleva-
tional belts. The BrayeCurtis similarity Index was used to calculate
the similarity between adult tree and seedling composition in each
plot. Linear regression was then used to test the changes of simi-
larity along elevations.

KruskaleWallis tests were also used to examine the elevational
differences in soil moisture in dry and rainy seasons for each ele-
vational transect. Paired sample t-tests were used to assess differ-
ences in soil moisture between rainy and dry seasons in each
elevational belt.

Differences in community composition of adult trees and
seedlings (using the data from the rainy season) among elevational
belts in each transect were examined using non-metric multi-
dimensional scaling (NMDS) ordination with 10 random restarts
(Minchin, 1987), based on the BrayeCurtis index (Bray and Curtis,
4

1957). One depauperate seedling sample from 2000 m, with less
than five individuals, appeared as an outlier, which resulted in
clustering of all other samples in the ordination. We therefore
removed this outlier from the subsequent ordination analysis.
Permutational multivariate analysis of variance (PERMANOVA) was
used by comparing the observed similarity with a null model
generated randomly 999 times to test if the species composition of
adult trees and seedlings was significantly different from one
another across the four elevational belts in each transect
(Anderson, 2001; McArdle and Anderson, 2001). We tested the
associations between environmental variables and species
composition using the envfit function in the “vegan” R package. We
fitted the regression of environmental factors and the ordination,
then used 999 permutations to test for significance. Six environ-
mental characters served as the potential explanatory variables: (1)
elevation, (2) dry season soil moisture, (3) rainy season soil mois-
ture, (4) minimum monthly temperature, (5) slope and (6) aspect
(sine-transformed). To assess the sensitivity of tree species to
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elevation, we also calculated the proportion of species that
occurred only in a single elevational belt.

All analyses were performed using the R packages agricolae (De
Mendiburu, 2017) and vegan (Oksanen et al., 2018) in R 3.5.0 (R
Core Team, 2018).
3. Results

3.1. Elevational and seasonal variation of soil moisture and air
temperature

Significant differences in soil moisture were found across the
elevational belts and between seasons within each transect. As
expected, soil moisture was significantly lower in the dry season
than in the rainy season, but followed the same trends as the rainy
season across all elevational belts (Fig. 2). In the tropical transect,
soil moisture was the highest at the lowest elevational belt (800 m)
in both the rainy and dry seasons. In the subtropical transect, soil
moisture was the highest at 2200 m. In the subalpine transect, soil
moisture increased with elevation (Fig. 2).

Mean monthly air temperature showed distinct seasonal vari-
ation in the three transects, with higher air temperature in the rainy
season (May to October) than in the dry season (November to April)
(Fig. 3). In the tropical transect, air temperatures from January
through March were higher at 1000 m, 1200 m and 1400 m than at
Fig. 4. Species richness of adult trees (closed circles) and seedlings (open circles) at each
elevation.
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800 m, but this trend was reversed from April through December.
In contrast, in the subtropical and subalpine transects, air tem-
perature generally decreased with elevation.
3.2. Species diversity and species composition in relation to
environmental variables

In the tropical and subalpine forests, species richness, Shannon
index and the Simpson index for both adult trees and seedlings
decreased significantly as elevation increased, whereas in the
subtropical forests measures of diversity were not correlated with
elevation (Table S7 and Fig. 4). Although there was an apparent
increase in seedling species richness species in the subtropical
transect, it was not statistically significant.

NMDS ordination and PERMANOVA analysis revealed clear and
significant (p < 0.01) elevational differences in species composition
for both adult trees and seedlings in all transects (Fig. 5). In the
tropical transect, ordinations showed a notable separation between
the ‘low’ elevations (800 and 1000m) and the ‘high’ elevations (1200
and 1400 m). In the subtropical transect, although there was no
significant difference in species diversity (Table S7), species
composition was more similar between the two higher elevations
(2400 m and 2600 m) than other paired elevations for both adult
trees and seedlings (Fig. 5c and d). For both adult trees and seedlings
in the subalpine transect, species composition showed continuous
elevation in three elevational transects. Lines indicate significant correlations with



Fig. 5. NMDS ordinations based of BrayeCurtis index similarity matrices of adult (left) and seedling (right) assemblages across the three elevational transects. Different elevational
belts are represented by the following symbols: tropical transect, ¼ 800 m, ¼ 1000 m, ¼ 1200 m, ¼ 1400 m; subtropical transect, ¼ 2000 m, ¼ 2200 m, ¼ 2400 m,
¼ 2600 m; subalpine transect, ¼ 3200 m, ¼ 3400 m, ¼ 3600 m, ¼ 3800 m. The symbols are the same for both adults and seedlings. Environmental variables include elevation,

slope, aspect, soil moisture in the dry season (SMD), soil moisture in the rainy season (SMR), and minimum monthly temperature (MinT).
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change from low to high elevations, with the number of species
decreasing with elevation (Tables S5 and S6).

Elevation was one of the main environmental variables for
explaining the variation of species composition for adult trees and
for seedlings (Fig. 5). For the tropical transect, the variation in species
composition of both adult trees and seedlings was better explained
by soil moisture (Fig. 5a and b). In the subtropical transect, minimum
monthly temperature was better than other environmental variables
in explaining the variation of species composition of both adult trees
and seedlings (Fig. 5c and d). In the subalpine transect, minimum
monthly temperature and soil moisture both showed significant
effects in explaining the elevational variation of species composition
of adult trees and seedlings (Fig. 5e and f).

3.3. Differences in species distribution patterns between adults and
seedlings

In the tropical transect, the BrayeCurtis similarity between adult
trees and seedlings decreased with elevation. In the subtropical
transect, the similarity did not show significant correlation with
elevation. For the subalpine transect, the similarity between adult
trees and seedlings increased with elevation (Fig. 6).

We found that dominant adult tree species were not necessarily
as common as seedlings at some elevations (Table 1). In the tropical
and subtropical forests, many species of Fagaceaewere abundant as
adults but very rare as seedlings (e.g., Lithocarpus truncatus (King ex
J. D. Hooker) Rehder et E. H. Wilson at 1200 m and 1400 m,
Claoxylon khasianum Hook. F at 2000 m, Lithocarpus hancei (Ben-
tham) Rehd. at 2200 m, Lithocarpus xylocarpus (Kurz) Markgraf at
2400 m and Castanopsis wattii (King ex J. D. Hooker) A. Camus at
2600 m). In subalpine forests, Abies georgei Orr was abundant as
adult trees across elevations, but seedlings were rare or absent at a
low elevation (3400 m) (Table 1). In contrast, Abies forrestii C. C.
Rogers had a high number of seedlings at the 3600 m, even though
at this elevation its adult trees were not abundant. Nevertheless,
some species were very abundant at both the adult and seedling
stage (e.g., Pittosporopsis kerrii Craib at 800 m and A. georgei at
3600 m and 3800 m).

The proportions of seedling and adult tree species that were
restricted to only one elevation decreased from the tropical (adult
tree, 72.97%; seedling, 66.44%) to subtropical (adult tree, 55.84%;
seedling, 54.72%) to subalpine (adult tree, 47.06%; seedling, 40.00%)
transects (Table 2). Only a small proportion of species was
distributed at three or more elevational belts, and the proportion
Fig. 6. The similarity in species composition (BrayeCurtis index) between adult trees and
correlations between composition of adult trees and seedlings.
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increased from tropical (adult tree, 2.70%; seedling, 4.03%) to sub-
tropical (adult tree, 23.38%; seedling, 18.87%) to subalpine (adult
tree, 23.53%; seedling, 26.67%) transects.
4. Discussion

4.1. Effects of environmental variables on tree species composition

Our study suggests that the elevational distribution of tree
species is significantly affected by soil moisture at lower eleva-
tions and by air temperature at higher elevations. Typically, the
distribution of plant species tracks changes in water availability
along elevational gradients (Crimmins et al., 2011). Studies in the
Himalayas (Bhattarai and Vetaas, 2006) and Hengduan Moun-
tains (Liu et al., 2007) also suggest that water availability is a key
factor affecting patterns of species richness of woody plants. The
dominant role of soil moisture regimes in defining plant di-
versity distribution has been highlighted by a few studies in
tropical forests (Givnish, 1999; Engelbrecht et al., 2007; Bonetti
et al., 2017). Previous studies have reported that the spatial
distributions of tree species in seasonal tropical forests, espe-
cially in the dry season, are largely shaped by water availability
(Engelbrecht et al., 2007; Comita and Engelbrecht, 2009;
Esquivel-Muelbert et al., 2017). In the tropical forests of Hainan
Island, rainfall is a limiting factor for plant dynamics across
large-scale elevational gradients (Ali et al., 2019), especially for
tree seedlings in the understory, which are more sensitive to
water availability in the dry season than in the rainy season
(Comita and Engelbrecht, 2009). In the tropical seasonal rain
forest surveyed in this study, on the other hand, fog drip con-
tributes around 5% of the annual precipitation, with 86% of fog
drip occurring in the dry season. Fog drip to the forest floor ac-
counts for 33e49% of the total precipitation in the dry season,
providing significant amounts of moisture during the dry
months (Liu et al., 2004, 2008).

In our tropical transect, species diversity decreased during
the dry season in parallel with decreasing soil moisture across
elevations (Fig. 2). The ordinations also showed that species
compositions for both adult trees and seedlings were closely
related to soil moisture in the tropical transect (Figs. 5a and 5b).
Air temperatures from January through March, however, were
much lower at 800 m than at high elevations (1000, 1200 and
1400 m) (Fig. 3). This so-called temperature inversion in
seedlings along elevations for each of the three transects. Lines indicate significant



Table 1
The five tree species having the most abundant adult numbers with the relative abundance of their seedlings at each elevational belt.

Tropical transect

800 m 1000 m 1200 m 1400 m

Adults Seedlings Adults Seedlings Adults Seedlings Adults Seedlings

Garcinia cowa 3.4 1.5
Mezzettiopsis creaghii 6.8 2.3
Parashorea chinensis 14.4 8
Pittosporopsis kerrii 16.4 19 8.8 4.7
Baccaurea ramiflora 4.8 0.8 4.4 0
Metadina trichotoma 5.1 0
Actinodaphne henryi 4.8 1.6
Aporusa yunnanensis 11.8 2.8 22.5 4.0
Castanopsis echidnocarpa 18.4 64.9 8.4 19.7
Castanopsis mekongensis 10.7 0 36.4 0.5
Lithocarpus truncatus 13.9 0 25.2 0
Wendlandia tinctoria 8.6 0
Schima argentea 10.7 0
Lithocarpus vestitus 6.4 0

Subtropical transect

2000 m 2200 m 2400 m 2600 m

Adults Seedlings Adults Seedlings Adults Seedlings Adults Seedlings

Ficus henryi 3.1 0
Melia toosendan 6.1 0
Lithocarpus truncatus 6.6 5.4
Claoxylon khasianum 22.4 0
Manglietia insignis 10.7 0 7.3 0
Lithocarpus hancei 12.6 0.7
Camellia assamica 11.5 8.1
Michelia floribunda 6.9 0
Rhododendron leptothrium 6.9 0 18.6 0 10 0
Lithocarpus xylocarpus 18 0.7
Eurya quinquelocularis 13.6 0
Eurya paratetragonoclada 7.3 0
Vaccinium duclouxii 5.7 2.1
Castanopsis wattii 25.8 0
Camellia forrestii 10 4.7
Eriobotrya bengalensis 7.9 7.9
Schima noronhae 5.8 0

Subalpine transect

3200 m 3400 m 3600 m 3800 m
Adults Seedlings Adults Seedlings Adults Seedlings Adults Seedlings

Rhododendron yunnanense 8.1 0.4
Acanthopanax evodiaefolius 20.1 0
Sorbus rufopilosa 17.4 0 10.5 0
Abies forrestii 32.2 2.7 7 49.2 3.6 0
Quercus pannosa 5.4 3.5 19.2 1.6 4.2 0.5
Rhododendron siderophyllum 29.1 0
Abies georgei 16.9 0 69.7 82.2 95.3 79.6
Rhododendron vernicosum 6.7 0.5
Larix potaninii var. macrocarpa 6.7 0
Lonicera tangutica 2.3 0
Salix delavayana 1.6 0
Acer forrestii 0.8 0
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mountainous areas has been observed in other studies (Jiang,
1981; Liu et al., 2016). The inconsistent temperature pattern
through the year in the tropical transect may be the reason that
temperature does not appear to be a strong driver of patterns of
elevational diversity (Fig. 3).

For subtropical and subalpine transects, NMDS ordinations
indicated that species distribution of both adult tress and seedlings
was most strongly affected by air temperature. Previous studies in
these regions have implied that tree species at higher elevations
prefer cool and wet habitats (Wu et al., 1987), whereas those at
lower elevations are more drought tolerant (Jiang, 1980). According
to Li et al. (2016) the climatic variable that overwhelmingly controls
8

the distribution of temperate coniferous forests (i.e., subalpine
coniferous forest in the present study) in Yunnan is the minimum
temperature of the coldest month.

Besides climate, many other abiotic factors have been reported
to affect tree species composition, such as topography and soil
characters (Carpenter, 2005; Irl et al., 2015; MartinezeCamilo
et al., 2018). In mountain ecosystems of central Europe, elevation
and valley depth have been shown to be the most important
predictors of tree species distribution. Geomorphometric vari-
ability has been found to influence patterns of species occurrence
and biomass, contributing to higher species diversity (Dyderski
and Pawlik, 2020). Consistent with these findings, the elevational



Table 2
Proportions of adult and seedling tree species distributed at each of the four
different elevational belts in the three transects.

Tropical transect Subtropical transect Subalpine transect

Adults Seedlings Adults Seedlings Adults Seedlings

Elevational belt 1 72.97% 66.44% 55.84% 54.72% 47.06% 40.00%
Elevational belt 2 24.32% 29.53% 20.78% 26.42% 29.41% 33.33%
Elevational belt 3 2.03% 3.36% 14.29% 15.09% 23.53% 20.00%
Elevational belt 4 0.68% 0.67% 9.09% 3.77% 0.00% 6.67%

X. Song, M. Cao, J. Li et al. Plant Diversity xxx (xxxx) xxx
species composition in the subalpine transect was significantly
affected by slope and aspect, in addition to the minimum monthly
temperature (Fig. 5).
4.2. Species diversity patterns along elevations

Tree species richness, the Shannon index and the Simpson index
all decreased significantly with increasing elevation in tropical and
subalpine forests for both adult trees and seedlings (Table S7 and
Fig. 4). A similar trend has been reported in studies in other tropical
forests in Malesia (Van Steenis, 1984), the central Bolivian Andes
(Kessler, 2000), in Mt. Kilimanjaro (Hemp, 2006), the Cordillera
Central (Martin et al., 2011), and in Sulawesi (Brambach et al., 2017).
The elevational diversity patterns we observed for the subtropical
transect differed from those of subtropical forests in eastern Nepal,
which showed hump-shaped patterns for shrub and tree species
richness along a more extensive and continuous elevational
gradient (100e4300 m) (Bhattarai and Vetaas, 2003). Hump-
shaped species diversity patterns have been found in other subal-
pine regions in Yunnan, such as in Yulong Snow Mountain
(2900 me4200 m; Feng et al., 2006), Meili Snow Mountain
(2100 me5100 m; Feng, 2013) and Haba Snow Mountain
(1600 me4300 m; Tao et al., 2011). These studies all showed that
tree species diversity was highest between 3300 and 3800 m.
However, those studies also pointed out that the lower tree species
richness at low elevations could be a consequence of human
disturbance (Feng et al., 2006, 2013; Tao et al., 2011). These findings
suggest that our subalpine transect shows a more natural biological
pattern than those of previous studies.
4.3. Inconsistent abundance of adult trees and their seedlings

The composition and relative abundance of adult tree species
differed from that of seedling species in the three transects (Table 2
and Fig. 6). This discrepancy between adult tree and seedling spe-
cies may have several explanations. For instance, the understory
environmental conditions (e.g., light availability and soil proper-
ties) may limit seedling establishment of canopy species (Yavitt and
Wright, 2008; Rueger et al., 2009; Myster, 2012). Strong ecological
filtering or competition may occur during the transition from
seedlings to adults (Calcagno et al., 2006; Baldeck et al., 2013;
Wright et al., 2014), which affects the demographic dynamics of
seedling recruitment, and hence the instability in seedling
composition over time. Conspecific negative density dependence
(Janzen, 1970; Connell, 1971; Comita et al., 2014) and mast seeding
(Pearse et al., 2016) may also be responsible for the absence of
conspecific seedlings in the forest understory.

We found that adult tree and seedling composition was similar
in transects with high moisture (Figs. 4 and 6). Soil moisture has
been shown to play a key role in the seedling establishment of tree
species (Comita and Engelbrecht, 2009; Gong et al., 2011). As a
result, the relatively high soil moisture at certain elevations may
allow more seedlings of tree species to survive in the understory,
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while the relatively low soil moisture at other elevations may limit
the recruitment of many tree species.

The different composition of adult trees and seedlings, on the
other hand, may also be an indicator of future changes in forest
vegetation type (P�erez-Ramos and Mara~n�on, 2012). Although the
composition of canopy tree species may remain stable for an
extended period, the seedlings in the understorymay already exhibit
changes in response to climate change or other human disturbances
(Lenoir et al., 2009; Lloret et al., 2009). Dang et al. (2013) suggested
that low recruitment rates of a subalpine fir species (Abies fargesii) at
low and middle elevations is due to the impacts of climatic warming
in central China. In the subalpine transects of our study, the relative
abundance of the seedlings of A. georgei was lower at low elevations
than at high elevations (Table 1). This could be partially attributed to
relatively higher air temperature at lower elevations in Yulong
Mountain (Xin et al., 2013).

4.4. Implications for climate change

In the present study, species composition showed considerable
variability across elevations in all transects (Fig. 5), and most tree
species were restricted to a narrow zone at lower elevations
(Table 2). Southwestern China is predicted to be drier and hotter in
the future (Fan et al., 2011; Fan and Thomas, 2013); therefore, those
species unable to shift their elevational ranges to remain in suitable
climates face the greatest risk of extinction (Corlett and Westcott,
2013). Moreover, compared with the subtropical and subalpine
transects, species in the tropical transect had a greater number of
species restricted to a narrow zone and might thus face a larger
proportion of biodiversity loss (Table 2).

In the tropical transect, our results suggest that the low soil
moisture at high elevations in the late dry season, rather than air
temperature, may limit the upward migration of low-elevation tree
species. Species at low elevations are likely to be more drought
sensitive than those at high elevations (Song et al., 2016a).
Accordingly, under the local dry-hot trend scenario (He and Zhang,
2005; Fan et al., 2011; Fan and Thomas, 2013), while drought-
sensitive tree species at low elevations may have “retracted” ele-
vational distributions or may become locally extinct, drought-
tolerant species at high elevations may expand their distribution
to lower elevations (Ledo et al., 2009; Crimmins et al., 2011). In the
future, the tropical seasonal rainforest at low elevations may be
replaced by mountain evergreen broad-leaved forest originating
from higher elevations (Song et al., 2016a).

In subalpine forests, local climate warming and drought may
favor the hot- and drought-tolerant tree species at lower elevations,
expanding their distributions to high elevations. At high elevations,
the distribution of tree species that do not tolerate dry and hot
environmental conditions may progressively shrink to higher ele-
vations. In our study, A. forrestii trees are very abundant at 3200 m,
but at 3400 m A. forrestii seedlings are most abundant. In contrast,
A. georgei trees outnumber A. forrestii trees at 3400 but no seedlings
were found at that elevation, which suggests that A. forrestii is
moving upward and potentially replacing A. georgei at lower ele-
vations. This suggests that subalpine species in general will move
upward in response to climate change and alpine species may face
local extinction. Thus, species at high elevation may be confronted
with a high extinction risk due to habitat loss and upward expan-
sion of low elevation species as a consequence of local climate
warming.

5. Conclusion

In this study, we found that the relative effects of air tempera-
ture and soil moisture on elevational distribution of adult trees and
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their seedlings varied across tropical to subtropical to subalpine
zones. Soil moisture has the largest impact on tropical species
distribution, whereas air temperature plays the biggest role in
determining subalpine species distribution. Our results suggest
that when assessing the impact of climate change on tropical for-
ests, we should not only consider increases in temperature, but
more importantly, increases in drought conditions.
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