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ABSTRACT

Aim Whether richness patterns and determinants are consistent between com-
mon and rare species remains controversial, and the answer is fundamental for
the conservation of species in vulnerable habitats. Although effects of climate
and geological history on species richness have been widely explored, their rela-
tive contribution among common and rare species is poorly understood. Here,
using a valuable ornamental plant family Gesneriaceae, we evaluated how con-
temporary climate, habitat heterogeneity and long-term climate change affect
the distribution of rare and common species. Additionally, we identified hot-
spots of Gesneriaceae diversity and evaluated its protection gap in China.

Location China.

Methods Distribution of Gesneriaceae was compiled at a spatial resolution of
50 x 50 km. Species were grouped as rare and common based on the number
of grid cells they occupied, and their richness patterns and hotspots were esti-
mated separately. Generalized linear models and Random Forest were used to
compare effects of different factors on species richness.

Results Richness of Gesneriaceae peaked in south-western China. The Yun-
nan—Guizhou Plateau and Hengduan Mountains were identified as hotspots for
overall and common species, while only the former was hotspot for rare spe-
cies. Temperature seasonality, winter coldness and temperature change since
the Last Glacial Maximum (LGM) dominated species richness patterns, but
their relative effects differed between species range size. Temperature seasonality
had strongest effects on richness of common species, whereas temperature
change since the LGM was strongest for rare species. Neither current nor past
precipitation affects richness patterns significantly.

Main conclusions Gesneriaceae species richness is strongly influenced by tem-
perature changes. Specifically, rare and common species are primarily domi-
nated by long- and short-term temperature changes, respectively. These
findings suggest that most Gesneriaceae species may face high risk under future
climate changes, and hence, more conservation efforts are urgently needed,
especially in Yunnan—Guizhou Plateau, which is hotspot of rare species.

Keywords
biodiversity hotspots, biogeography, change,
endemism, Last Glacial Maximum, range size, winter coldness.
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INTRODUCTION

The large-scale pattern of species richness has intrigued
ecologists and biogeographers since the time of Darwin
(Huston, 1994). Studying the mechanisms of large-scale
species richness patterns not only improves our under-
standing of the evolution of species but also enhances bio-
diversity conservation under global changes (Brown, 1999;
Pennisi, 2005; Kreft & Jetz, 2007). It is generally accepted
that contemporary climate (e.g. environmental energy,
water condition and climate fluctuation) has strong
explanatory power on patterns of species richness (Currie
& Paquin, 1987; Currie, 1991; Svenning & Skov, 2007).
Meanwhile, recent studies suggest that species richness pat-
terns, especially those of rare species with low dispersal
abilities and narrow distribution ranges, may be jointly
influenced by the interaction between modern climate and
long-term climate change (Svenning & Skov, 2007). How-
ever, the relative importance of contemporary and long-
term climate change on species richness patterns is still
controversial (Currie & Paquin, 1987; Currie, 1991; Sven-
ning & Skov, 2007; Araujo et al., 2008).

Geographic range size of species can significantly influ-
ence the patterns of species richness. Previous studies have
shown that species richness patterns are generally deter-
mined by relatively few common species (i.e. wide-ranging
species) (Jetz & Rahbek, 2002; Lennon et al., 2004). Mean-
while, range size can also influence the relative importance
of climatic heterogeneity at different temporal scales (Sven-
ning & Skov, 2007), because species with different range
size differ in their environmental requirements (Magurran
& Henderson, 2003) and functional traits (Cornwell & Ack-
erly, 2010). However, some other studies have shown that
both common and rare species are affected by the same
environmental factors (Currie & Paquin, 1987; Siqueira
et al., 2012). This issue has been well studied on many ver-
tebrate groups (Siqueira et al., 2012; Katayama et al., 2014),
especially birds (Jetz & Rahbek, 2002; Lennon et al., 2004).
However, there are fewer studies on ornamentally valuable
and threatened plant species with narrow climatic adaption
in vulnerable habitats.

Gesneriaceae is a family originated in late Palacocene/
Eocene (Clark et al., 2013), comprising perennial herbs,
shrubs and small trees, and mainly distributed in tropical
areas. The origination time and current distribution of Ges-
neriaceae suggests that the pattern of species richness of this
family may be primarily determined by temperature. This
family contains two subfamilies, Cyrtandroideae (ca. 1900
species) and Gesnerioideae (> 1000 species) (Perret et al.,
2013). Their habitats are mountain forests of mid-elevation
regions with rocks or calcified soil (Li, 1996; Perret et al.,
2013). In China, the family Gesneriaceae is represented by a
single subfamily Cyrtandroideae containing 525 species in 52
genera (Wei et al., 2004). Flowers of Gesneriaceae are highly
diversified and beautiful, so there are many ornamentals in
this family (Wen & Li, 2006). However, floristic investigation

236

has shown that the Gesneriaceae species in China exhibit
typical local endemism. Many species in this family are phys-
iologically and morphologically specialized (Burtt & Bokhari,
1973; Chautems, 2004; Herat & Theobald, 2008) and there-
fore occupy specific and narrower niches (Wei et al., 2004;
Kolehmainen & Mutikainen, 2007). Consequently, these spe-
cies have very small population size (Wen & Li, 2006) and
are likely to become endangered due to habitat destruction
or overexploitation (Dai & Luo, 2009). Current ecological
studies on this family have mainly focused on evaluation of
potential endangerment and population dynamics of certain
genera or species (Wen & Li, 2006), while few studies have
explored the diversity pattern and its underlying mechanisms
in the level of whole China (Zhang, 2012). Therefore, it is
crucial to study the diversity pattern of this family, which
will be conducive to the protection of this family in future
(Li, 1996; Wei et al,, 2004; Wen & Li, 2006; Dai & Luo,
2009).

In this study, we aimed to (1) estimate species richness
patterns and identify diversity hotspots of Gesneriaceae in
China, (2) evaluate the relative effects of contemporary cli-
mate and past climate change on Gesneriaceae diversity, and
(3) compare the primary determinants of species richness for
rare and common species.

METHODS

Distribution of Gesneriaceae in China

County-level occurrence for the 525 species of Gesneriaceae
in China was collected from several sources, including Plants
of Gesneriaceae in China (Li & Wang, 2005), Atlas of Woody
Plants in China (Fang et al.,, 2011), the National Specimen
Information Infrastructure (NSII, http://www.nsii.org.cn/,
accessed in July 2015) and Flora of China volume 18 (Wang
et al., 1998). The nomenclature followed the Flora of China.
The distribution records at only county level were compiled
from these sources and were merged into a single database.
To further improve the quality of the distribution data, the
distribution map of each species was generated and exam-
ined carefully. The records of cultivation were removed from
the database. The county-level distribution maps were then
transferred into gridded distributions with a spatial resolu-
tion of 50 x 50 km. Grid cells with less than half of their
area being inside China along the country border or being
terrestrial along the coast were omitted. In total, 3794 distri-
bution gird cells were used in our analyses.

The range size of species, defined as the number of grid
cells occupied by a species, ranged from 1 to 755. The
frequency distribution of species range size was strongly
right-skewed (see Appendix Figure S2.4 in Supporting
Information). In other words, most Gesneriaceae species
have very narrow distribution ranges, while only a few have
large ranges. The mean and median of species range size
were 32 and 11 grid cells, respectively. To explore the differ-
ences in the richness patterns of rare and common species,
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we ranked all species into an ascending order of range size.
We then categorized the upper 50% and the lower 25% spe-
cies as rare and common species, respectively, following pre-
vious studies (Aratjo et al, 2008). Based on this
classification, we identified 251 species as rare species and
131 as common species. All rare species have range sizes
smaller than 11 grid cells and represented 7.5% of the total
records (1245 of 16,686 records), while common species have
range sizes > 28 grid cells and represented 77.8% of the total
records (12,987 of 16,686 records). In preliminary analysis,
we initially selected 25% threshold for rare species, but it
yielded very low number of records (405 of 16,686), which
led to very low richness of rare species and might induce
high uncertainties in the following statistical analysis. More-
over, we also used 50% and 50% as thresholds for rare and
common species, and the results were all consistent with
those based on 50% and 25% as thresholds for rare and
common species (See supplementary materials Table S1.2).
Therefore, we reported the results based on 50% and 25% as
thresholds for rare and common species in the manuscript
to facilitate comparison with previous findings.

Environmental factors

Habitat heterogeneity was measured by elevation range (Elev)
and Shannon—Wiener index of vegetation diversity (VEGE).
Elev measured the elevation range inside the grid cell. It was
calculated from GTOPO30 digital
(resolution: 3”, resampled to 100 m x 100 m; available at
http://eros.usgs.gov/#/Find_Data/Products_and_Data_Availab
le/gtopo30_info). VEGE was calculated as: VEGE =X
[pi x In (pi)], where pi represents the area proportion of the veg-

elevation model

etation type i in area per grid cell. The vegetation map of China
was extracted from Vegetation Atlas of China (1:1,000,000), in
which the vegetation in China is classified into 573 formations
(China Vegetation Map Editing Committee, 2001).

Mean annual temperature (MAT) and mean temperature
of the coldest quarter (MTCQ) represented environmental
energy. Annual precipitation (MAP), actual evapotranspira-
tion (AET) and moisture index (MI) represented water
availability. Annual range of temperature (ART) and precipi-
tation seasonality (PSN) represented climate seasonality. Cli-
mate data were obtained from the WorldClim website
(http://www.worldclim.org) at the spatial resolution of 1 arc-
min, which were then transformed into a resolution of
50 x 50 km in arcais 10.0 by calculating average of all data
points within each grid cell. MI and AET were calculated
using the method of Thornthwaite & Hare (1955).

The MAT and MAP in the Last Glacial Maximum
(LGM) reconstructed by MIROC-ESM model (Watanabe
et al.,, 2011) were also obtained from the WorldClim web-
site  (http://www.worldclim.org). The data were similarly
transformed to a resolution of 50 x 50 km in arccrs 10.0.
We calculated the absolute values of the difference in
MAT and MAP between the LGM and the present (ie. |
MAT Gy ~ MATpresend] and  [MAPy Gy — MAP pregend)  to
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represent long-term climate change (Tan, and Pa,,) since
the Last Glacial Maximum, following previous studies
(Sandel et al., 2011). The velocity of MAT and MAP since
the LGM (Ty. and Py) was also calculated following the
method of Loarie et al. (2009), which measured the spatial
distance that species must migrate to track climate change
(Loarie et al., 2009).

Data analyses

Species richness was estimated as the total number of species
in each grid cell. Then, the complementary algorithm (Dob-
son et al., 1997; Zhang et al., 2015) was applied to identify
the species richness hotspots of Gesneriaceae in China.
Specifically, the algorithm first selects grid cells with the
highest species richness. Then, it searches for grid cells with
the next highest number of species that are not found in the
selected ones. This process is repeated until all species are
included. Following previous studies (Zhang et al., 2015), the
grid cells covering 90% of all species are finally identified as
species richness hotspots.

The frequency distribution of species richness within grid
cells (Fig. 3) is Poissonian, which is consistent with previous
studies (Faraway, 2006; Wang et al., 2012). Therefore, gener-
alized linear models (GLMs) were used to analyse the rela-
tionships between species richness and environmental
variables. Compared with GLM with Poissonian errors, GLM
with quasi-Poissonian errors could compensate for the
overdispersion in data (Crawley, 2007). Therefore, we used
GLMs with quasi-Poissonian residuals to evaluate the rich-
ness—environment relationship. For each environmental fac-
tor, we developed a GLM and the explanatory power of the
factor was estimated by the adjusted Ridj (%), which is cal-
culated as follows: Ridj (%) = 100 x (1—(residuals deviance/
model DF)/(species richness deviance/residuals DF)).

To eliminate the effects of spatial autocorrelation in sig-
nificance testing, we used modified t-test (Clifford et al,
1989) to test the difference between the real and GLM-pre-
dicted richness patterns. The test creates an effective sam-
ple size that takes into account the spatial structure by
introducing the estimated covariance matrixes for the dis-
tance classes (Dutilleul et al., 1993; Dale & Fortin, 2009)
and then corrects the correlation coefficient between the
real and GLM-predicted richness. The GLM was considered
as significant when the P value of the modified t-test was
< 0.1. For comparison with the GLM analysis, we also
used Random Forest containing all environmental predic-
tors to evaluate the relative importance (represented by
increase in node purity) of environmental predictors in
explaining the patterns of species richness. Random Forest
is not sensitive to spatial autocorrelation (Marmion et al.,
2009) and could also deal with nonlinear relationships
between species richness and predictors (Breiman, 2001;
Feng et al., 2015).

All statistical analyses were carried out in R version 3.0
(http://www.r-project.org/).
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RESULTS

The richness of Gesneriaceae species in China was higher in
southern China than in northern China (Fig. 1a), where
water and energy are limited. Complementary algorithm
identified the Yunnan—Guizhou Plateau (23°-27° N; 100°-
110° E) and Hengduan Mountains (22°-32°5' N; 97°-
103° E) as the two hotspots for overall and common species,
which contained more than 90% of the Chinese Gesneriaceae
species (Figs 2a,b & 3a,b). However, the hotspots for rare
species were only located in the Yunnan—Guizhou Plateau
(Figs 2¢ & 3c¢).

Generalized linear models showed that for overall species,
temperature-related variables had stronger explanatory power
than water-related variables. Specifically, ART was the stron-
gest predictor and explained 42.78% (P = 0.014) of the vari-
ance, followed by MTCQ (R* =27.9%, P=0.053), Tano
(R*=2571%, P=0.074) and Tyq (R*=23.46%,
P = 0.056). The effects of elevation range and water availabil-
ity were relatively lower than temperature-related variables
(Table 1). Results based on Random Forest were consistent
with those of GLMs: the four most important variables for
the richness of overall species were ART, Ty, Tano and
MTCQ (Fig. 3).

Common species contributed more to the spatial structure
of species richness patterns than rare species as has been pre-
viously observed in other studies (Jetz & Rahbek, 2002; Len-
non et al., 2004). The best and second best predictors for the
diversity pattern of common species remained ART
(R* =39.71%, P=0.022) and MTCQ (R®=25.74%,
P =0.072), followed by Tyq (R>=23.60%, P = 0.047),
which is consistent with the results for overall species
(Table 1). However, the effect of Tam, (R®=22.81%,
P =0.115) was not significant according to the modified
t-test (Table 1). In contrast to overall and common species,
both GLM and Random Forest analyses showed that Ty,
(R* = 20.22%, P =0.026) was the best predictor for the
diversity patterns of rare species, followed by ART
(R*=12.04%, P=0.035) and MTCQ (R*= 10.54%,
P = 0.044). Ty, elevation range and water availability did
not significantly explain the diversity patterns of rare species
(Table 1). Results for rare species based on Random Forest
were generally consistent with those of GLMs (Fig. 3).

DISCUSSION

Effects of long-term climate change and climate
seasonality

According to climate stability hypothesis, climate fluctuation
is a threat to species, and thus, stable climate tends to
increase species richness of a region (Stevens, 1989). ART
representing seasonal variation in temperature is one of the
major factors for short-term climate stability and is strongly
correlated with the species richness patterns of Gesneriaceae
(Table 1). According to Stevens (1989), the ability of
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environmental tolerances is lower in low latitudes than in
high latitudes, because the temperature seasonality and daily
change in low-latitude regions are not as high as they are in
high-latitude regions. Stable climate also promotes the sur-
vival of species with narrow niches that tend to have narrow
range size (Stevens, 1989). Similarly, Klopfer et al. suggest
that smaller annual range of climatic condition reduces niche
overlap and supports species with narrower niches (Klopfer,
1959; Klopfer & Macarthur, 1960, 1961). Meanwhile, the
high temperature in low-latitude region may shorten genera-
tion time and accelerate speciation, leading to more new spe-
cies (Rohde, 1992; Allen et al., 2006). These findings explain
why most of the rare species were constrained in southern
China where annual range of temperature is low.

We found that temperature anomaly (T,,,) can be an
important factor for overall species and is even the best pre-
dictor for rare species (Fig. 3 and Table 1). Meanwhile, tem-
perature velocity (Ty,) has significant effects on the richness
of overall and common species (Table 1). According to
Milankovitch cycles, glacial cycle forced by astronomical
cycles affects climate (especially temperature) on a time-scale
of 20-100 ka and leads to large changes in species’ geo-
graphic distributions and evolution (Bennett, 1990; Webb &
Bartlein, 1992). The time-scale of Milankovitch cycles
(10-100 ka) is much shorter than most species’ age (1—
30 Ma) (Dynesius & Jansson, 2000). Consequently, Milanko-
vitch cycles provide strong environmental filtering effect dur-
ing the species evolutionary process (Bennett, 1990; Dynesius
& Jansson, 2000; Mittelbach et al., 2007). During the LGM
(25-15 ka), the glaciers covered the largest land area and sea
level was much lower than the present. The temperature
change from this period to the present is one of the strongest
climate changes in the history of the Quaternary, which has
significantly affected modern plant diversity patterns (Sandel
et al., 2011). The adaptation to this long-term climate shifts
is mainly driven by Darwinian natural selection (Bennett,
1990), and regions with high temperature fluctuation will
select species with strong dispersal ability or ‘generalists’
(Sandel et al., 2011). Species with low climatic tolerances or
those that are not able to timely rearrange themselves geo-
graphically in response to climatic fluctuation (e.g. most rare
species) will be filtered out when they spread into areas with
high climate fluctuation (Svenning & Skov, 2007).

Our analysis revealed that the LGM-to-present tempera-
ture change (Ta,,) exhibits marked geographic variation.
The two hotspots of Gesneriaceae, that is the Yunnan—Guiz-
hou Plateau and Hengduan Mountains, have low level of
temperature anomaly (see Figure S2.1). Therefore, it is possi-
ble that many Gesneriaceae species (especially the rare and
endemic ones) surviving in these regions did not face
extreme environmental stress due to stable climate condition,
which largely prevented their immigration as well as change
in adaptive strategies.

Recent studies suggest that dispersal via range shift
(Parmesan & Yohe, 2003) is one of the most important
ways that species respond to climatic changes (Hof et al,
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Figure 1 Gesneriaceae diversity in China: (a) all Gesneriaceae species, (b) common species, (c) rare species. All of the distribution
maps were compiled with equal area projection (Asia North Albers cubic equal area projection) in arcars 10.0 (ESRI, Inc.). [Colour
figure can be viewed at wileyonlinelibrary.com]
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Figure 2 Hotspots of Gesneriaceae richness among different geographic range sizes based on the complementary algorithm. (a) Overall
species, (b) common species, (c) rare species. The colour gradients indicate the proportion of species selected by the complementary
algorithm, and regions with red and yellow spot are identified as hotspots. The grey shade represents the current nature reserves in
China. (d) The relationship between the cumulative area of land sampled and the cumulative number of species that are included. All of
the distribution maps were compiled with equal area projection (Asia North Albers cubic equal area projection) in arcars 10.0 (ESRI,

Inc.). [Colour figure can be viewed at wileyonlinelibrary.com]

2011). However, most of Gesneriaceae species are rare
(Appendix Fig. S1.4) and have very small population sizes
(Wen & Li, 2006) and narrow niches (Welander, 1984; Ren
et al., 2003; Wang & Cronk, 2003; Wei et al., 2004). More-
over, the habitats of most Gesneriaceae species are highly
associated with special bedrock (e.g. limestone soil matrix)
and isolated. These ecological characteristics limit their range
expansion and thus lower their ability to track both past and
future climate changes via dispersal. It is noteworthy that
current global warming is the fastest in the last 50 Ma as
suggested by previous studies (Solomon, 2007), which is 10
times faster than that since the Last Glacial Maximum
(IPCC, 2007). Moreover, the greatly modified landscapes by
human activity will also inhibit dispersal for many species,
requiring them to detour around human-created barriers
and land use change. These previous findings together with
our results suggest that Gesneriaceae species face severe chal-
lenges under future global changes.
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Effects of winter coldness on species diversity

Our results indicated that winter coldness (represented by
MTCQ) was the second best predictor in explaining species
richness patterns. Winter temperature in northern China is
comparatively low (usually below 0 °C), and mean annual
temperature is 8—15 °C. This will likely discourage Gesneri-
aceae to spread northwards. Freezing tolerance hypothesis
(also called tropical niche conservatism hypothesis) suggests
that species richness—climate relationship is rooted in their
ancestral niche (Romdal et al., 2013). This hypothesis pre-
dicts that winter coldness plays more important roles in the
dispersal of tropical species than temperate species (Wang
et al., 2011). The origination of Gesneriaceae can be dated
back to late Palaeocene/Eocene (Clark et al., 2013). This
period represents one of the warmest periods in the earth’s
history in the last 100 Ma. Therefore, the origin environ-
ment may likely force the evolution of a tropical linage
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Figure 3 Results of Random Forest models. Importance values
(y-axis) are represented by the increase in node purity.
Abbreviations of variables: Elev, elevation range; VEGE,
Shannon—Wiener index of vegetation diversity; ART, annual
range of temperature; PSN, precipitation seasonality (coefficient
of variation); MAT, mean annual temperature; MTCQ, mean
temperature of the coldest quarter; MAP, mean annual
precipitation; MI= moisture index based on the method of
Thornthwaite & Hare (1955); AET, actual evapotranspiration;
Tano» MAT anomaly; Ty, MAT velocity; Pano, MAP anomaly;
Py, MAP velocity.

with low tolerance for coldness, which plays an important
role in determining the richness pattern of Gesnerioideae.
Meanwhile, based on fossil flora of the Northern Hemi-
sphere, Chaney (1940) suggested that during Eocene, the
northern boundary of tropical and subtropical plants in the
Northern Hemisphere advanced northwards (Chaney, 1940).
At present, many Gesneriaceae species (including all 25
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endemic genera in China) are located in the Eocene tropics
(Li, 1996), and this also suggests that the ancestors of this
group were well adapted to tropical climate, but not tem-
perate climate. Winter coldness therefore significantly limits
the northward distribution of this group because of their
tropical niche conservatism.

These findings are consistent with previous studies on the
physiology of Gesneriaceae species. For example, previous
physiological study on genus Titanotrichum (Gesneriaceae)
has shown that the flowering inflorescences do not predomi-
nate over bulbil inflorescences (i.e. vegetative growth) until
temperature is increased to 23 °C, and seed propagation
capacity of plants is inhibited by low temperature (Wang &
Cronk, 2003). Similarly, another study on genus Aeschynan-
thus (Gesneriaceae) found that low temperature delayed the
time of the first flower and eventually decreased the propor-
tion of flowering plants of this genus in the local floras
(Welander, 1984). These studies suggest that Gesneriaceae
species have difficulties to colonize regions with low winter
temperature due to the effects of winter temperature on
reproduction.

Effects of geographic range size on species richness
patterns

Notably, the relative importance of long-term climate change
and climate seasonality is different. Existing studies have
shown that geographic patterns in species richness are mainly
contributed by common (wide-ranging) species (Jetz & Rah-
bek, 2002; Lennon et al., 2004) because the larger number of
distribution records of common species has a disproportion-
ate contribution to the species richness counts. Our study
showed similar results that overall and common species share
similar patterns of species richness and their most important
explanatory variables are contemporary climate, including
ART and MTCQ. In contrast, temperature anomaly is the
strongest predictor for the diversity of rare species, and this
is a major and important deviation from common species.
Long-term climate stability is able to preserve more
genotypes that control specialized adaptation. These geno-
types usually indicate species with low vagility (low disper-
sal ability and propensity) (Jansson, 2003), and therefore,
such species are more likely to have small range sizes
(Dynesius & Jansson, 2000; Jansson, 2003). Using distribu-
tion data of 55 tree species in the non-glaciated parts of
Europe, Svenning & Skov (2007) found that trees with
restricted distributions failed to fully occupy climatically
suitable areas during the post-LGM range expansions due
to lack of dispersal abilities (Svenning & Skov, 2007; Sandel
et al., 2011). Thus, it is hard for rare species to spread out
of their hotspots, even in the presence of appropriate habi-
tats elsewhere (Dynesius & Jansson, 2000; Svenning, 2003),
and this can particularly explain the reduced correlation
between modern climate gradients and species richness pat-
terns. Most rare species in Gesneriaceae exhibit local ende-
mism (Ren et al., 2003; Wei et al., 2004). Hence, compared
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Table 1 The coefficients of determination (de-, %) of the generalized linear models (GLMs) between species richness of Gesneriaceae
and selected climatic variables. Modified t-test (Dutilleul et al., 1993) was used to examine the significance for all variables. *P < 0.1;

**P < 0.05. Species richness was logl0-transformed prior to analyses. The coefficients of determination (R

number of variables in each model to make them comparable.

idj) have been adjusted for the

Overall Common Rare
No. of species 520 131 251
Variables Ry Slope SE R Slope SE R Slope SE
Heterogeneity
Elev (m) 4.96 0.0002 1.00E-05 5.17 0.0002 1.00E-05 0.57 —0.0001 3.00E-05
VEGE 11.31%%* 0.6761 1.59E-02 11.77%* 0.6377 1.81E-02 0.11 0.0618 6.50E-02
Climatic seasonality
ART (°C) 42.78%* —0.1236 1.55E-03 39.71%* —0.1091 1.74E-03 12.04%* —0.0735 7.37E-03
PSN (mm) 1.08 —0.0048 3.70E-04 1.53 —0.0053 4.20E-04 0.34 0.0028 1.65E-03
Environmental energy
MAT (°C) 15 0.0658 1.43E-03 13.73 0.0575 1.58E-03 8.29% 0.0535 6.87E-03
MTCQ (°C) 27.90% 0.077 1.21E-03 25.74% 0.0677 1.35E-03 10.54*%* 0.0517 5.75E-03
Water availability
MAP (mm) 12.01 0.0007 2.00E-05 10.92 0.0006 2.00E-05 1.98 0.0003 7.00E-05
MI (unitless) 8.4 0.006 1.50E-04 8.62 0.0057 1.70E-04 0.12 —0.0007 7.50E-04
AET (mm) 10.47 0.0014 3.00E-05 8.85 0.0012 4.00E-05 6.44 0.0011 1.50E-04
Historic climate change
Tano (°C) 25.71% 0.4052 6.36E-03 22.81 0.35 7.13E-03 20.22%%* 0.3756 3.00E-02
Tye (m yrfl) 23.46* —0.0024 5.00E-05 23.6%* —0.0021 6.00E-05 1.82 —0.0008 2.30E-04
Pino (mm) 0.47 0.0002 3.00E-05 2.05 0.0004 3.00E-05 6.38 —0.0005 7.00E-05
Py (m yrfl) 3.38 —0.0065 3.20E-04 3.14 —0.0055 3.50E-04 0.25 —0.0023 1.67E-03

Elev, elevation range; VEGE, Shannon—Wiener index of vegetation diversity; ART, annual range of temperature; PSN, precipitation seasonality

(coefficient of variation); MAT, mean annual temperature; MTCQ, mean temperature of the coldest quarter; MAP, mean annual precipitation;
MI, moisture index based on the method of Thornthwaite & Hare (1955); AET, actual evapotranspiration; Ta,,, MAT anomaly; Ty, MAT veloc-

ity; Pano» MAP anomaly; Py, MAP velocity.

to ART, Tan, was a superior explanatory factor for rare
species, which means there might be a low range filling in
rare species of Gesneriaceae. The different effects of Ta,,
and Ty, on rare and common species richness may also
suggest that rare Gesneriaceae species may not be able to
track climate changes due to their low dispersal ability and
their special requirement for limestone soil matrix (Welan-
der, 1984; Ren et al, 2003; Wang & Cronk, 2003; Wei
et al., 2004). Similarly, previous studies found that the dis-
tributions of rare species of European reptiles and amphib-
ians (Aradjo et al., 2008), plants (Normand et al, 2011),
insects (Hortal et al, 2011) and Chinese woody plants
(Wang et al., 2012) have not tracked the climate changes
since the LGM due to dispersal limitation. Together, these
findings suggest that rare species may face higher extinction
risks induced by climate change than common species.
Meanwhile, a recent study on the community-level thermal
tolerance of ocean fish and invertebrate species found that
the sea surface temperature exceeds the current community
temperature index (CTI) in tropical/subtropical oceans and
future warming may lead to elevated environmental temper-
ature relative to CTI (Stuart-Smith et al., 2015). Due to the
difficulties in tracking climate changes and lower thermal
breadth, rare species may therefore suffer more from the
increase in environmental temperature.

Effects of elevation range and water availability

In our study, explanatory power of elevation range was very low
for all range size categories, especially for rare species, suggesting
that elevation range may not be a critical driving factor of Ges-
neriaceae species richness (Table 1). As MTCQ was the limiting
factor, it indicates that Gesneriaceae species mostly prefer com-
paratively warmer habitats, and hence, high-elevation region with
cool climate is probably not favourable for the distribution of
this group. Therefore, our results did not show a significant
effect of elevation range on diversity of Gesneriaceae species.
Effects of water availability and precipitation seasonality on
diversity patterns were relatively weak compared to energy. A
possible reason might be that the demand for water shows
obvious differences among species in this family. For exam-
ple, some species need high moisture for growth, while others
can be highly resistant to drought (Wei ef al., 2004). These
differences in water utilization strategy among various species
could be attributed to their distribution in variable habitats.

Geological differences between two hotspots of
Gesneriaceae

We found two distribution centres for common species, both
located in south-west China (Fig. 2b,c, also see Fig. 1b,c).
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The first diversity centre was located in the Yunnan—Guizhou
Plateau and the second in Hengduan Mountains. However,
the diversity of rare species only peaked in the former. These
hotspots contained most grid cells with over 40 species per
grid cell and covered about 90% of the total species richness.

The elevation range is higher in Hengduan Mountains
than in the Yunnan—Guizhou Plateau (see Appendix
Figure S2.1). However, this difference in elevation range
seems to have no effect in the diversity patterns of com-
mon and rare species (Table 1). The differences in geologi-
cal history between these two regions could possibly be
the reason for uneven accumulation of species with vari-
able range sizes.

Ancestral range analyses and molecular dating indicate
that the ancestors of Gesneriaceae diverged from its sister
clade during the Late Cretaceous (Perret et al., 2013). The
Yunnan—Guizhou Plateau might be an important diversifi-
cation centre for Gesneriaceae and many other groups of
angiosperms in the Northern Hemisphere during this per-
iod (Wu & Wang, 1957). Hence, it is possible that strong
evolutionary radiation of Gesneriaceae might have taken
place in the Yunnan-Guizhou Plateau, while Hengduan
Mountains suffered strong Himalayan orogeny and experi-
enced more glaciation than the Yunnan—Guizhou Plateau
(Wu, 1988; Li & Li, 1993). Therefore, higher concentration
of rare species in the Yunnan—Guizhou Plateau can be
linked to a long-term climate stability considering the fact
that rare species are highly sensitive to climate change
events.

Gesneriaceae family contains many very rare and valuable
ornamental species. However, in the recent days, most spe-
cies of this family are facing high risk of extinction due to
overexploitation. The two hotspots of species diversity identi-
fied here therefore could serve as conservation priorities for
the future conservation of Gesneriaceae species. More
importantly, our analysis suggested that the hotspots of
Gesneriaceae diversity differ between range sizes. Both Yun-
nan—Guizhou Plateau and Hengduan Mountains are hotspots
for the common species and the whole family, while rare
species are only located in the former (Fig. 2b,c, also see
Fig. 1b,c). This discrepancy in hotspots of varying range sizes
may be related to different geological history of the two
regions and is vital for conservation for this family.

It is noteworthy that the planning of the existing network
of nature reserves in China is mainly based on total species
diversity, and rarely considers the difference in the hotspots
of rare vs. common species. For example, Hengduan Moun-
tains harbours a larger number of plant species than the
Yunnan—Guizhou Plateau, leading to more nature reserves in
the former (see Appendix Figure S2.3 and Table S1.3). How-
ever, many highly specialized Gesneriaceae species are
restricted to the karst habitat in the Yunnan—Guizhou Pla-
teau, which suggests that there is a serious protection gap for
this family in this area. Therefore, more conservation effort
in the karst habitat in the Yunnan—Guizhou Plateau is
needed in future.
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CONCLUSIONS

The south-western China harbours most species of Gesneri-
aceae and the Yunnan—Guizhou Plateau and Hengduan
Mountains are two hotspots of this family, which can serve
as conservation priorities for future conservation planning.
Climatic stability, winter coldness and long-term climate
change were the most important determinants for the diver-
sity patterns of this group, while the relative importance of
contemporary climate and long-term climate change on spe-
cies diversity varies across species with different range size.
The importance of LGM-to-present climate change on spe-
cies diversity is greater for rare species than for common
species, indicating that rare species are probably still associ-
ated with their glacial refugia.

Our study indicated that Gesneriaceae species are sensitive
to climatic fluctuation at both short- and long-term scales.
With rapid economic proliferation and urbanization, intense
exploration on mountains and constant land use change in
south-west China, the habitats of Gesneriaceae and other rare
species are continuously being destructed. Global climate
change in future is also likely to expose Gesneriaceae species
to high extinction risk due to their difficulties to track cli-
mate changes and their special requirement for limestone soil
matrix. Although the Yunnan—Guizhou Plateau harbours
more rare species than the Hengduan Mountains, there are
less nature reserves in the former, which indicates that more
conservation effort is urgently needed in the Yunnan—Guiz-
hou Plateau. Studies such as this are very crucial to under-
standing the mechanism driving diversity of rare species and
hence creating action plans to sustainably conserve the
depleting resources.
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ent predictors.

Table S1.2 The coefficients of determination (Ridj, %) of the
generalized linear models (GLMs) between species richness
of Gesneriaceae and selected climatic variables.

Table S1.3 Nature reserves located in the two hotspots of
Gesneriaceae in China.

Figure S2.1 Patterns of environmental factors in China.

Figure S2.2 Correlations between environmental factors and
species richness with different range size.

Figure S2.3 Comparison of the number and area of nature
reserves in the two hotspots of Gesneriaceae in China.
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Figure S2.4 Frequency distribution histogram showing num-
ber of records for each species.
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