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Abstract: Knowledge about how species richness varies along spatial and environmental gradients
is important for the conservation and use of biodiversity. The Ericaceae is a major component of
alpine and subalpine vegetation globally. However, little is known about the spatial pattern of
species richness and the factors that drive that richness in Ericaceae. We investigated variation in
species richness of Ericaceae along an elevational gradient in Yunnan, China, and used a variation
partitioning analysis based on redundancy analysis ordination to examine how those changes
might be influenced by the mid-domain effect, the species-area relationship, and climatic variables.
Species richness varied significantly with elevation, peaking in the upper third of the elevational
gradient. Of the factors examined, climate explained a larger proportion of the variance in species
richness along the elevational gradient than either land area or geometric constraints. Species richness
showed a unimodal relationship with mean annual temperature and mean annual precipitation.
The elevational pattern of species richness for Ericaceae was shaped by the combined effects of
climate and competition. Our findings contribute to a better understanding of the potential effects of
climate change on species richness for Ericaceae.
Keywords: Ericaceae; variation partitioning; climate; species-area relationship; mid-domain effect

1. Introduction
Variation in species richness along geographical and environmental gradients is a central topic in
the fields of ecology and biogeography because species diversity can influence community stability and
ecosystem functioning [1–3]. Such research is essential for the conservation and sustainable utilization
of biodiversity, especially under the circumstances of global climate change [4]. Species richness in
relation to elevation has received extensive attention [4,5] because short geographical distances can
produce large climatic gradients as the elevation changes [6]. Thus, elevational gradients provide
unique opportunities to test ecological theories and explore the effects of climate change on species
richness, and may help us interpret deviations from latitude-related patterns [5].
Several elevational patterns for species richness have been described, such as monotonically
decreasing patterns with elevation, monotonically increasing patterns, and unimodal/hump-shaped
patterns [3,5,7]; unimodal patterns are more prevalent. In contrast, a study of 118 taxa recorded
from mountain-temperate forests to a woody shrub community and alpine meadows in Slovakia,
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no significant elevational trends were found in species richness [8]. Thus, the elevational patterns of
species richness may vary because of differences in sampling method and taxonomic group [3,5,9].
Multiple drivers, including environmental variables, mountain topography, and evolutionary
history, may interact to affect the elevational pattern of species richness [1,3,10–12]. The mid-domain
effect (MDE) and the species-area relationship (SAR) are two hypotheses related to mountain
characteristics that have been employed to explain elevational patterns [3,13,14]. The MDE hypothesis
states that species richness will peak in the mid-elevation zone because geometric constraints may lead
to a greater overlap of species ranges near the midpoint of a mountain [15]. Although the validity of
the MDE has been confirmed by many studies [11,13], it has failed to predict plant species richness
along a Himalayan elevational gradient [16]. The SAR hypothesis proposes that maximum richness
occurs in elevational zones that cover the largest area because more species can be supported there [17].
Its efficacy in explaining the elevational pattern of species richness has been confirmed by an example
from the palms of New Guinea [17], but the SAR has little effect on frog species richness in the
Hengduan Mountains [13]. This discrepancy among studies may be related to topography because
changes in land areas associated with elevation are not uniform among mountain ecosystems [18].
Environmental variables always change with the position and topography of a mountain, and some
variables, such as temperature and air pressure, tend to vary predictably along elevational gradients [6].
Because plants species exhibit different degrees of physiological tolerances to environmental stresses,
elevational patterns of species richness may be correlated with environmental gradients [4,9,19].
This environment-based hypothesis predicts that species richness will peak at the elevation where the
combination of growing conditions is optimal [9,12]. Water and temperature seem to be the main variables
that explain elevational gradients of richness [4,19]. Low temperature tolerance may limit the distribution
of many plant species [20,21]. For example, a previous study has found that the mean temperature
of the coldest quarter of the year is the strongest predictor of species richness for woody plants in
China [22]. Higher humidity may contribute to a greater richness of plant species at mid-elevations [4,23].
Species richness at low altitude can be limited by precipitation while at high altitudes it is limited by heat,
thus resulting in a high richness at middle altitude [3,24]. However, fern richness shows a unimodal response
along a temperature gradient but a linear response to a moisture gradient in the central Himalayas [25].
These differences may be related to the physiological tolerances of species to environmental stresses.
In addition to temperature and water availability, light is important for plant growth and survival.
Because light capture by understory species is affected by canopy tree species, competition may be
an important factor limiting the number of understory species by affecting seedling recruitment,
growth, and survival [26–28]. Although a previous study has suggested that the species richness at
large scales is dependent largely upon climatic variables [29], several studies have also confirmed that
competition plays an important role in regulating regional species pools and species diversity [3,28].
The outcome of competitive exclusion is also correlated with the environment. Competition between
species at low altitudes or in favorable growing conditions may be more intense, and its intensity
may decrease with increasing elevation [26,27]. At low elevations in humid areas, the formation of
hump-shaped pattern of species richness is due to the shaded canopy, which reduces the richness
of understory species [3,24]. The degree to which species extend their ranges downwards is much
influenced by competition, while the upper limits are determined by temperature-related factors [30].
Thus, the geographical pattern of species richness may be a result of the combined effects of the
environment and competition [12,27].
Species richness in relation to elevational gradients may vary among life forms [5,12,24]. For example,
Guo et al. suggested that the elevational peaks of herbaceous species richness are higher than those
for trees [5]. Whereas the richness of woody plants decreases monotonically with elevation at high
elevations in the Qinling Mountains, herbaceous plants present no significant patterns [31]. However,
Wang et al. found that species richness for trees, shrubs, and herbs peak within the same elevational
range [32]. These patterns of species richness are probably related to the ecological properties of different life
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forms. For example, maximum tree height may affect competition for light capture in a vertical gradient [33]
and tree hydraulic characteristics [34].
Here, we focus on the species richness of Ericaceae. This family is widely distributed in temperate
and subarctic regions, and at high elevations in tropical regions, and has a high rate of speciation and
species richness in the Eastern Himalayas and southwestern China [35,36]. Rhododendron, the largest
genus in Ericaceae, is a major component of alpine and subalpine communities [35]. Yunnan Province
in China is recognized as a center of diversification and differentiation for species within Ericaceae,
and it harbors more than 50% of all species in this family in China [36,37]. Because spatial patterns
of species richness differ among taxonomic groups [38], understanding how the richness of plants
in Ericaceae vary with elevation and identifying which factors determine its high species richness
in Yunnan would be useful for biogeographical research and biodiversity conservation. However,
richness in this family has received little attention so far.
In the current study, we investigated the variation in species richness of Ericaceae along a large
elevational gradient in Yunnan Province. We focused on the following questions: (1) How does this
richness vary with elevation? And (2) What are the main factors that explain this elevational pattern?
We hypothesized that: (1) species richness peaks at the mid-elevation zone due to a combined effect
of climatic conditions and mountain geometry, and (2) climatic factors play a more important role in
shaping the elevation-related patterns of species richness for Ericaceae than geometric constraints.
2. Materials and Methods
2.1. Study Area
We investigated the species richness of plants within the family Ericaceae over the entire province
of Yunnan, China (97◦ 320 –106◦ 150 E, 21◦ 90 –29◦ 150 N). Yunnan province in the southwestern part
of the country covers approximately 394,000 km2 at the southeastern edge of the Tibetan Plateau.
The elevational gradient ranges from 76.4 m above sea level in the southeast to 6740.0 m in the
northwest (Figure 1). More than 60% of this area lies in a zone from 1500 m to 3000 m (Figure S1).
Much of the province has mild to warm winters and temperate summers, with obvious wet and dry
seasons. Over 80% of the total annual precipitation occurs between May and October. Mean annual
temperature (MAT) ranges from 5.3 ◦ C to 23.8 ◦ C at 119 meteorological stations, with an elevational
lapse rate of 5.1 ◦ C/1000 m. Mean annual precipitation (MAP) ranges from 573.9 mm to 2305.2 mm.
It does not significantly change below 1600 m, but gradually decreases above 1600 m (Figure S2).
As an important biodiversity hotspot in the world, more than 18,000 species of higher plants grow
there [39]. This province hosts a continuous succession from tropical rain forests, subtropical evergreen
broadleaved forests, subalpine conifer forests, temperate deciduous broadleaved forests, mossy
evergreen dwarf forest, alpine bushes, and meadows (Table S1) [40]. A combination of high species
richness and large elevational gradients over relatively short distances makes this locale an ideal place
to evaluate elevational effects on species richness.
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Climatic data were obtained from the China Meteorological Data Sharing Service System
(http://cdc.cma.gov.cn). The database includes mean annual temperature (MAT), mean temperature
of the coldest month (MTCM), mean temperature of the warmest month (MTWM), mean annual
precipitation (MAP), precipitation of the driest month (PDM), and precipitation of the wettest month
(PWM). Because each meteorological station has an exact location (longitude, latitude, and elevation)
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The species–area relationship was fitted by an Arrhenius’s power function. This function used
the logarithm of both sides of the equation to obtain the following linear equation: log(S) = log(c) + z
× log(A), where S and A were the number of species and the area covered by each elevational band,
respectively. Both c and z were constants.

Forests 2018, 9, 511

6 of 15

The species-area relationship was fitted by an Arrhenius’s power function. This function used
the logarithm of both sides of the equation to obtain the following linear equation: log(S) = log(c) + z
× log(A), where S and A were the number of species and the area covered by each elevational band,
respectively. Both c and z were constants.
A variation partitioning analysis, based on redundancy analysis (RDA) ordination, allowed us
to determine the independent and shared influences of multiple complementary sets of variables on
species richness [46]. We used the “varpart” function of the library “vegan” [47] in the R package
3.4.0 for Windows [48] to determine the contributions of the SAR, the MDE and climate to explain
elevational patterns of richness. That function uses an adjusted R2 to assess the partitions explained
by the variables and their combinations. The response variable was the presence/absence of species
in 22 elevational bands [1]. The explanatory matrices were species richness predicted by the SAR
and the MDE, and the environmental matrix containing seven variables (MAT, MAP, PET, PDM,
PWM, MTCM, and MTWM). Prior to the analysis, the presence/absence values of species were
Hellinger-transformed because such a species matrix contains many zeros [49]. Meanwhile, we also
applied the variation partitioning method to explore the relative importance of temperature (including
MAT, MTCM, and MTWM) and water availability (MAP, PET, and PDM) toward species richness.
Shared variation can be negative due to either suppressor variables or two closely correlated predictors
that have strong influences on response variables with opposite signs [50].
To investigate how species richness might vary along elevational and climatic gradients, we ran
generalized linear models (the “glm” function in R) to determine the relationships between richness
and elevation, and climatic variables. Species richness was used as the response variable while the
elevation and climatic variables were the explanatory variables. Before the “glm” function was used,
we tested the data distribution of the response variable by using the “ks.test” function and found that
these response variables followed a Normal distribution. The elevational peaks of richness for all
species, shrubs, and trees were fitted by generalized linear models. We estimated adjusted R2 value for
each model. A Wilcoxon test was used to determine the elevational difference between shrubs and
trees. All statistical analysis were conducted with the R package 3.4.0 for Windows [48].
3. Results
3.1. Elevational Patterns of Species Richness
The elevational patterns of richness were decidedly hump-shaped, and the elevational peaks
estimated by polynomial models for all species, shrubs, and trees were 2815 m, 3045 m, and 2454 m,
respectively (Figure 3). The mean elevation was significantly lower for trees than for shrubs (Figure S3).
Multivariate modeling showed that both elevation and life form had significant impacts on species
richness, and it revealed an interaction between these two factors (Table 1). Among these models,
the model of MAT combined with PET had the lowest AIC value and the highest R2 value, and best
explained the species richness of Ericaceae.
Table 1. Regression coefficients of the multivariate models for the main variables explaining species
richness. P-values for all models were less than 0.001. MAT, mean annual temperature; MAP, mean
annual precipitation; PET, potential evapotranspiration; AIC, Akaike information criterion.
Intercept

Lifeform

Elevation

MAT

MAP

PET

−132.83
816.91
1199.63
914.41
−93.16
−116.35
−316.60
−142.50
−547.20

150.42
−811.15
−1347.50
−1002.73
−51.62
-

0.20
-

−39.44
−21.53
−18.22
40.18
10.72
-

−0.89
−0.02
−0.05
0.46
0.61

−0.79
0.49
0.47
0.39
0.83

Interaction Adjusted R2 (%)

AIC

−0.20
39.93
1.11
1.02
−0.04
−0.02
−0.0007

210.5
210.1
215.3
210.9
204.2
203.1
202.7
184.8
218.0

77.82
77.91
72.02
77.05
83.64
83.94
84.24
93.01
68.37
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3.2. Explanatory Powers of the MDE, the SAR, and Climate for Elevational Patterns of Richness
Temperature (MAT, MTCM, and MTWM) and water availability (MAP, PDM, and PWM) had
significant effects on species richness (Figure 3, Tables 1 and 2), with the explanatory power being higher
for the former than for the latter when all species, shrubs, and trees were considered (Figures 3 and 4).
In addition, richness was significantly influenced by temperature seasonality but not by precipitation
seasonality (Table 2). Although species richness presented unimodal patterns along temperature gradients,
it peaked at a higher MAT level for trees than for shrubs (Figure 3).
Table 2. Explanatory powers (R2 ) of climatic variables with species richness for all species, and for
trees and shrubs in Ericaceae evaluated by polynomial models. ** p < 0.01; *** p < 0.001.
Environmental Variable

All Species

Shrubs

Trees

Temperature of the coldest month
Temperature of the warmest month
Temperature seasonality
Precipitation of the driest month
Precipitation of the wettest month
Precipitation seasonality

0.840 ***
0.905 ***
0.662 ***
0.497 **
0.758 ***
0.036

0.781 ***
0.826 ***
0.632 ***
0.478 **
0.734 ***
0.026

0.838 ***
0.911 ***
0.667 ***
0.604 ***
0.691 ***
0.065

The partitioning analysis showed that the MDE, the SAR, and climate together explained 54.66%,
52.84%, and 58.44% of the variance for all species, shrubs, and trees, respectively, with climate
accounting for the largest proportion (Figure 5). When all species were considered, the individual
contributions of the SAR, the MDE, and climate were 5.91%, 3.64%, and 17.93%, respectively.
By comparison, the total contributions (including independent and shared effects) of the SAR, the MDE,
and climate were 18.73%, 12.22%, and 46.49%, respectively. Finally, the explanatory powers of the SAR,
the MDE, and climate were higher for trees than for shrubs.
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We found that the elevational patterns of species richness in Ericaceae was influenced by climate,
the species-area relationship, and the mid-domain effect. However, for trees, shrubs, and all species
combined, both the independent contribution and total contribution of climate to species richness were
obviously higher than those of the MDE and the SAR. Other researchers have confirmed that climate
contributes more than geometric constraints to the hump-shaped pattern of richness along geographic
gradients [13,19]. The skew in maximum richness toward higher elevations may indicate the strong
influence of climate [10]. Climate potentially affects the metabolism and survival of an organism and,
therefore, its geographical distribution [53]. The explanatory power of climate on species richness was
higher for trees than for shrubs. This was in line with other data about woody plants in China [22]
and reflected functional and physiological differences between trees and shrubs [34,54]. Tree and
shrub distributions are associated with environmental gradients [55]. For example, the spatiotemporal
variation in soil water availability and species drought resistance may have roles in determining
species distribution [56]. Thus, our study indicated that climate might be an important driver for
elevational patterns of species richness in Ericaceae, and the distributions of trees were more sensitive
to environments than shrubs.
The important roles of temperature and water availability in explaining elevational gradients of
species richness have been validated previously [4,42]. Here, we found that the explanatory powers of
MAT, MTCM, and MTWM were higher than those of MAP, PDM, and PWM. Previous studies have
suggested that the interrelationship between water and energy controls the physiological activities
and biomass accumulation of plants, which determines the geographical pattern of species diversity.
Species richness of plants can increase with precipitation, but water becomes ice under too low
temperature conditions and is easily evaporated under high temperature conditions, which affects the
normal physiological processes of plants. Thus, species diversity and energy have a hump-shaped
pattern [3,57]. These indicated that the effects of temperature and precipitation on species richness in
Ericaceae were coupled.
The freezing-tolerance hypothesis has been validated in a study of species richness for woody
plants [22]. We noted that, when compared with temperature seasonality, MTCM and MTWM had
relatively larger explanatory powers on species richness. Although many Rhododendron species are
very tolerant of low temperatures [58], cold climates at high altitudes may slow soil formation,
the physiological activities and growth of plants [51]. Embolisms that are induced by freezing
conditions can reduce the hydraulic conductivity of species in Rhododendron, possibly blocking water
transport from the roots to the leaves [58]. Extremely cold temperatures can represent a boundary
for the survival of Rhododendron species [20]. Here, we found that species richness of plants
within Ericaceae peaked at a lower temperature for shrubs than for trees. Wang et al. reported
a negative correlation between elevation and plant height in their study of 42 rhododendrons on
the Tibetan Plateau [59]. Shorter plants may help compensate for the difficulty in supplying water
to leaves [34] and enhance the adaptability of plants to lower temperatures at higher elevations.
In addition, the energy-diversity hypothesis states that each population needs a certain amount of
energy to maintain its survival and reproduction, and species richness can be affected by the energy
per unit area [3,53,57]. In the case of unrestricted water, there is a globally consistent relationship
between species richness and temperature for angiosperms [60]. Here, we found a close relationship
between MAT and species richness, and the combination of MAT and PET could better explain the
elevational patterns of species richness in Ericaceae. These indicated that the energy change along the
elevational gradient and temperature filtering may be the main factors affecting species distribution
and richness for Ericaceae in Yunnan.
Water availability is another major correlate for the elevational patterns of species richness [3,25],
and can regulate the relationship between species diversity and temperature [60]. Under the condition
of adequate moisture, the species richness of trees and shrubs are closely related to MAT, while under
the condition of insufficient water, the richness of woody plants is positively correlated with
precipitation [3]. A previous study has noted that the highest richness for most organisms in the
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American Southwest is found at mid-elevations due to the lack of water at lower elevations [23].
Here, we found that species richness for Ericaceae was significantly correlated with MAP, PDM,
and PWM, although the relative importance of water availability in explaining the elevational pattern
of richness was smaller than temperature. Rhododendron ferrugineum L. is thought to be particularly
affected by short periods of scarce rainfall, which negatively affects leaf gas exchange [61]. Snow cover
during winter provides protection for the plants at high elevation. A reduction in snow cover
may increase the frequency and intensity of the freeze-thaw process [62]. Thus, water availability
contributed to the humped-pattern of richness for the Ericaceae along an elevational gradient.
A larger land area may contribute to higher species diversity because increased space can
accommodate more species and support greater habitat heterogeneity [9,14]. Although some previous
studies have found that area effects can account for a substantial portion of the variability in elevational
diversity patterns [13,14,17], it is a poor predictor of elevational fern diversity in Costa Rica [11].
This may be because the impact of area on species richness can be counteracted by some environmental
factors associated with elevation [6]. Our data showed that over 18% of the variation in species
richness for Ericaceae along the elevational gradient was explained by the SAR, but this was shared by
climatic factors. Thus, land area had some influence on the elevational pattern of species richness for
Ericaceae, even though it contributed more to species richness for trees than for shrubs. Our finding
demonstrated that the extent to which SAR explained elevational species richness depended upon the
life form of the studied taxa.
The geometric characteristic of mountains has a critical role in shaping elevational patterns [11,17].
The influence of the MDE on species richness has previously been demonstrated [11,15,17]. A previous
study has suggested that MDE is an important factor explaining the elevational pattern of species
richness for Ericaceae in Gaoligong mountains [52]. However, we found that the explanatory power
of the MDE was smaller than that of climate, or of the SAR. Meanwhile, a large portion of the MDE
was shared with climate. Similarly, the MDE has not proven to be a main mechanism determining the
richness of vascular plants in Crete [14]. In fact, the extent to which the MDE can effectively explain
spatial patterns of richness differ among various studies due to the interaction of mountain mass
effects with climatic factors [10,11,19]. Thus, for the family Ericaceae in Yunnan, the MDE was not
a key mechanism that explained the elevational pattern of species richness.
Last, competition may serve as a filter preventing species from colonizing a site, therefore affecting
local species diversity [3,28,63,64]. The environment determines community composition not only
via survival, but also by influencing competition. Patterns of species richness across gradients depend
on the interaction between individual species’ range of tolerance and competition [64]. Here, although
we found that climate was the most important driver of elevational pattern of species richness in
Ericaceae, the role of competition could not be ignored. Below 1600 m, there was no significant
change in precipitation along the elevational gradient, but species richness increased with elevation.
This indicated that below 1600 m, precipitation was not responsible for the variation in species richness.
Previous studies have confirmed that at lower altitudes, water and heat resources are sufficient and
productivity is high, but competition for light resource is intense [26–28], and a dense canopy may
buffer climate effects [65]. In fact, the maximum canopy height of main vegetation types below 1600 m
in Yunnan are almost above 20 m (Table S1), but only <10 species in Ericaceae have a maximum height
of more than 15 m [37,41]. Maximum tree height in part reflects the ability of plants to compete for
light resource [33]. Because of their low statures, the growth and diversity of most species in Ericaceae
are depressed by competition from tall trees at low elevations, and only a few species (in the genus
Agapetes) grow as epiphytes in tropical rainforest, tropical monsoon forest, and montane rainforest.
With increasing elevation, competition from other tree species is gradually weakened, and many
species, such as Cassiope and Rhododendron, are species-rich, and may dominate mossy evergreen dwarf
forests and alpine shrub lands [52]. At higher elevations (>3000 m), the growth and distribution of
plants in Ericaceae is limited by lower temperatures. Our study supported the idea that observed
elevational gradients in species richness results from a combination of ecological and evolutionary
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processes, rather than from the independent effect of one overriding force [9,11,12]. Species diversity
within Ericaceae was regulated by the competition from other tree species at lower elevations, by the
reduced competition and suitable climates at middle elevations, and by the decreased temperature
and energy at higher elevations.
5. Conclusions
The species richness within Ericaceae of Yunnan Province in China varied significantly along
an elevational gradient, presenting a humped pattern showing that species richness peaked in the
upper third of the elevational gradient. We confirmed that the species richness for Ericaceae along
the elevational gradient was influenced by multiple interacting factors. Climate explained a larger
proportion of the variance in observed richness, but the elevational pattern of species richness for
Ericaceae reflected the combined effects of the environment and competition.
We have found that climate had an important role in explaining the elevational pattern of species
richness. However, the effects of environmental factors on physiology and productivity in Ericaceae are
still unclear, and a deep understanding is lacking about the relationship between richness and climate.
Therefore, it will be interesting to conduct field research that explores synthetically the variations in
plant physiology, productivity and species richness along elevational gradients.
Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/9/511/s1,
Figure S1: Land area associated with each elevational band, Figure S2: Variations in mean annual temperature
and mean annual precipitation with elevation (A,C), and monthly temperature and precipitation at different
elevations (B,D) based on the records of 119 meteorological stations between 1961 and 2004 in Yunnan. The value
in parenthesis shows the elevations at each meteorological station, Figure S3: Mean elevation of trees and shrubs
with Ericaceae in Yunnan. The elevational difference between trees and shrubs was tested by a Wilcoxon test,
Table S1: Elevations, dominant species and canopy heights of main vegetations in Yunnan, Table S2: Number of
species and life form in each genus of the family Ericaceae in Yunnan, Table S3: Bivariate relationships (r) among
explanatory variables.
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