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Abstract: Understanding patterns of species richness along an altitudinal gradient is one of the central
focuses of ecological research and can offer us insights into the mechanisms of species diversity.
However, few studies have focused on a large scale. Based on the distribution data of 3538 species
collected from the local flora of the entire Qinling Mountains, the patterns of seed plant richness
along the altitude were analyzed; three hypotheses proposed to explain the pattern were tested, and
five methods verifying the applicability of Rapoport’s rule were examined. The results of the research
were as follows: species richness of seed plants along an altitudinal gradient in the Qinling Mountains
displayed a single peak, occurring at 1000~1500 m (R? = 0.67, p < 0.001), and similar patterns were also
observed at the genus and family level; The proportion and density of endemic species were increased
monotonously with altitude; the altitudinal patterns of species richness in the Qinling Mountains
were not fully explained by a single hypothesis such as species area relationship (SAR), mid-domain
effect (MDE) and ecological metabolism theory (MTE), while the interpretation amount of SAR and
MDE was 80.4%, indicating that area and mid-domain effect significantly affect the patterns of plant
species richness in the Qinling Mountains; only the Pagel upper-bound method supported Rapoport’s
rule. However, all species were grouped according to their altitude distribution; most of results of the
species-by-species method, Rohde midpoint method, and Stevens method conformed to Rapoport’s
rule. The test of Rapoport’s rule is obviously affected by the test method, so more advanced and
universal methods are expected to be developed in future.
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1. Introduction

Mountains are ideal for exploring the effects of rising elevation and climate change on
species diversity and abundance because they generate a variety of physical conditions in a
relatively short distance [1-3]. The environmental factors change significantly along the
elevation gradient. For example, montane plant communities throughout the world have
responded to changes in temperature regimes by shifting ranges upward in elevation, and
have made downslope movements to track shifts in climatic water balance [4]. Interaction
of environmental factors exists even at the microenvironment scale of altitude [5]. How does
biodiversity vary along the elevational gradients? The elevational patterns of plant richness
can be explored to advance our understanding on this question and provide insight into
biological conservation. A large number of studies have shown that monotonic decreasing
and single-hump distribution patterns are two kinds of dominant modes of spatial patterns
of biodiversity in the world [6,7]. Rapoport’s rule states that higher latitudinal species had
wider latitudinal ranges than that of lower latitudinal species [8-10]. This phenomenon
has been extended to an altitudinal gradient [11]. Many hypotheses provide a framework
for understanding patterns of species richness and abundance along altitudinal gradients.
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They mainly focus on two factors: space and climate. The species—area pattern for plants
and animals predicted that larger areas generally contained greater species richness [12,13].
Another hypothesis explained that species richness declined and population sizes reduced
at mountain tops [14].

Endemic and rare species show higher vulnerability to global warming because of their
inability to adapt to climate change and thus may become endangered or extinct [15-18].
The formation of endemic species is related to long-term evolutionary adaptation and
geographical differentiation, and endemic plants are suitable to live in an environment with
high survival pressure and low habitat competition due to their sensitivity to environmental
changes [19,20]. In forests, endemic species are rarely distributed in the hard leaf shrubs
and humid meadows with high productivity, on account of their dense vegetation and
high-competition environment [21].

Scale is an important index in ecological research; the definition and selection of spatial
scales are critical to the analysis results [22]. At present, the research on the spatial distribu-
tion pattern of plant species richness in the Qinling Mountains was mostly concentrated in
specific areas [23,24], and there were few studies involving all species in the whole region.
What is the trend of changes on seed plants along an altitudinal gradient in the Qinling
Mountains? In this study, we took the Qinling mountains, which included the natural
regional space of the whole mountain area, as the research object, based on the data of
3538 species. The patterns of seed plant species richness along the altitude were analyzed,
different hypotheses to explain and verify the pattern were tested, and a variety of methods
testing the applicability of Rapoport’s rule in the Qinling Mountains were examined.

2. Data and Methods
2.1. Natural Conditions of the Study Area

Qinling Mountains (104°30'-112°52" E, 32°50'-34°45’ N) are regarded as the natural
boundary of the south and north of China, which have a temperate continental monsoo
climate. They cover about 120,000 square kilometers. The Qinling Mountains have obvious
vertical temperature zones because of its largeness. The average temperature dropped
0.53-0.61 °C for every 100 m of elevation, and airflow was blocked with the mountain,
resulting in a difference of hydrothermal conditions between the north and south slopes.
There was significant heterogeneity in climate and soil nutrients from the foot to the top
of the mountain: the deciduous broadleaved forest belt below 2200 m; coniferous and
broadleaved mixed forest belt at 2200-2600 m; evergreen coniferous forest belt at 2400-3000
m; deciduous coniferous forest belt at 2700-3400 m; alpine shrub meadow belt above the
high altitude of 3300 m [25].

2.2. Datasources

Consulting “Flora of Qinling Mountains” and “List of vascular plants in Shaanxi”, the
information of each plant species was arranged and a database was set up. Endemic species
data in Qinling Mountains were mainly obtained from “Flora of Qinling Mountains”.
According to the statistics, there were 3539 species of seed plants in Qinling Mountains,
belonging to 154 families and 950 genera, including 194 endemic species, accounting for
5.48%, belonging to 46 families and 104 genera.

2.3. Dataanalysis
2.3.1. Analysis of Species Richness along an Altitudinal Gradient

The calculation of species richness adopted the grouping method. The altitude of
Qinling Mountains was divided into 40 elevational bands of 100 m ranging from 200 to
4200 m above sea level. Using geographic information system software (ArcGIS) and
digital elevation model (DEM), the number of pixels in each region was calculated and
the actual land area was ultimately obtained. In order to eliminate the influence of area,
the species density was calculated: D = S/log10A, (D was the species density, S was the
species richness, and A was the area). Based on the meteorological data of 15 stations at
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different altitudes in Qinling Mountains, a linear model of altitude and the mean annual
temperature was established: y = —0.0052x + 16.552 (R? = 0.9785). The prediction of species
richness was realized by using range model.

2.3.2. Predictions of Species Richness along an Altitudinal Gradient

(1) The species area relationship hypothesis (SAR) held that the number of species was
affected by area, and the relationship between them was a power function. Logarithm the
number of species and area: logS = a; + b; x logA (S and A represented the number of
species and actual area at different altitudes respectively, and a; and b; were constants);

(2) The predicted value (PR) and observed value of range model in the spatial con-
straint (the mid-domain effect, MDE) hypothesis were consistent with the linear model.
After logarithmic conversion, the relationship was: logS = a; + e x log (PR) (S was the
number of species at different altitudes, PR was the number of species predicted by range
model, and a, and e, were constants);

(3) Climate hypothesis (ecological metabolic theory, MTE), the logarithm of species
richness was linear with the reciprocal of absolute temperature: logS = a3 + d3 x (1/kT) (S
and T were the number of species and absolute temperature at different altitudes, az and
d; were constants, and k was Boltzmann constant (k = 8.62 x 107° eV x K™1));

(4) The combined action of SAR and MTE: logS = a4 + by x logA +d4 x (1/KkT);

(5) The combined action of SAR and MDE: logS = a5 + bs-logA + e5-log (PR);

(6) The combined action of MTE and MDE: logS = ag + dg-(1/Kt) +e¢-log (PR);

(7) The combined effects of SAR, MTE and MDE: logS = a; + by-logA + dy-(1/Kt) +
ey-log(PR).

According to the seven equations above, covariance analysis and multiple stepwise
regression analysis in analysis of variance were used to compare the relative contribution
and influence of SAR, MTE, and MDE hypotheses in the diversity pattern of seed plant
species in Qinling Mountains. The statistical analysis was all completed in Statistics 10.0.

2.3.3. Verification of Rapoport’s Rule

(1) Species-by-species method: took each species as an independent data point and
counted its species range. It was known that the midpoint of each species along the
altitude distribution range was x-axis, and the midpoint of each species along the altitude
distribution range was y-axis, and the linear regression model was fitted;

(2) Stevens method: counted all species every altitude gradient, and the arithmetic
mean value of their distribution range along the altitude domain was calculated. Took
the mean value as the x-axis, the midpoint of each species as the y-axis, and the linear
regression model was fitted;

(3) Rohde midpoint method: considered the midpoint of the plant species range and
the species whose midpoint appeared in each altitude gradient was counted. We took the
arithmetic mean of the distribution range of each species along the altitude species as the
x-axis, and the midpoint of each species along the altitude distribution range as the y-axis,
the linear regression model was fitted;

(4) Pagel upper limit method: counted the species whose upper limit of the distribution
range along the altitude domain appeared in each altitude gradient, and we took the
arithmetic mean of the distribution range of each species along the altitude domain as the
x-axis, and the midpoint of each species along the altitude distribution range as the y-axis,
the linear regression model was fitted;

(5) Grouping test: all species were divided into 5 groups according to the distribution
range of species domain: (1) 0-200 m; 2) 201-500 m; (3 501-1000 m; (» 1001-2000 m (each
group of the above four groups was accounted for 18-28% of all species); (5) above 2000 m,
the species above 2000 m was accounted for only 3% of all species.
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3. Results
3.1. Altitudinal Species Richness Patterns of Seed Plants in Qinling Mountains

Species richness of seed plants along an altitudinal gradient in the Qinling Mountains
showed a single peak, occurring at 1000-1500 m (Figure 1, R? = 0.67, p < 0.001). Similar
patterns were also observed at the genus (Figure 1, R? = 0.71, p < 0.0001) and family level
(Figure 1, R? = 0.84, p < 0.0001). Species richness of seed plants was first increased and
then decreased with the increase of altitude, and it displayed similar trends for three levels
(species, genus, and family). After logarithmic corrections to the data at species, genus, and
family levels, the goodness of fit was significantly improved (R? = 0.91, p < 0.001). Endemic
species richness in the Qinling Mountains also exhibited a single peak pattern, and the
peak was at 1200-2000 m altitude (Figure 2A, R? = 0.78, p < 0.001). However, the proportion
and density of endemic species increased monotonously with altitude (Figure 2B,C). The
proportion of endemic species was significantly affected by altitude (Figure 2B, R? = 0.53,
p < 0.001). The higher the altitude, the higher the specificity, which was clearly affected by
area. There was an obvious positive correlation between the density of endemic species
and altitude (Figure 2C, R? = 0.86, p < 0.001).
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Figure 1. The altitudinal patterns of richness in Qinling Mountains at species (square), genus (inverted
triangle), and family (circle) levels.

3.2. Explanation of Altitudinal Patterns of Species Richness in Qinling Mountains by
Different Hypotheses

3.2.1. Species—Area Relationship Hypothesis

The area showed a single-peak curve pattern along the altitudinal gradient with
a peak value of 1000-1500 m (7650 km?). The trend of species richness was the same
with the area: species richness increased with altitude below 1000 m; at 1000-1500 m,
although the area decreased gradually, the species richness remained at a high level (about
1568 species); above 1500 m, species richness decreased with the altitude (Figure 3A). In
order to eliminate the influence of area on the patterns of species richness, the changes
of species density at species, genus, and family levels were calculated. Species density at
three levels demonstrated a similar off-peak relationship along a coastal gradient, and the
peak value tended to the low altitude. At a species level, the peak of species density was at
1200-1500 m; at genus level, the peak appeared at 900-1500 m; at family level, the peak
was at 700-1300 m (Figure 3B). The fitting results of the data curve were the same as the
altitudinal patterns of species richness at three levels.
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Figure 2. (A) The altitudinal patterns of endemic species richness in Qinling Mountains. (B) The
proportion of endemic species along an altitudinal gradient. (C) The density of endemic species.
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Figure 3. (A) The altitudinal patterns of species richness and area in Qinling Mountains (B) The
altitudinal patterns of density in Qinling Mountains at species (square), genus (inverted triangle),
and family (circle) levels.
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3.2.2. The Mid-Domain Effect Hypothesis

According to the Range model, the maximum species richness of seed plants was 1194,
which occurred at 1900-2000 m, but the actual size and peak location of species richness
were lower than the predicted value (Figure 4A). The range of species domain was mostly
less than 1000 m, accounting for 68.24% of the total species. A total of 538 species were
in the range of 200 m, accounting for 15.57% (Figure 4B). The species domain range was
unimodal along the altitude gradient, and the region of middle-altitude species was the
largest; high-altitude and low-altitude regions were narrow due to the limitation of species

diffusion (Figure 4C).
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Figure 4. (A) The patterns between predicted species richness and actual species richness with
elevation by range model. (B) Variation in the number of species in different species range. (C) The
patterns of species range with elevation.

3.2.3. Explanatory Quantity of Different Hypotheses

If only one of the three hypotheses was used to explain species richness, the interpre-
tation of SAR was 69%, MTE was 14.3%, and MDE alone was 79.4% (Table 1). According to
the covariance analysis, the interpretation amount of SAR and MTE was 95.9%, that of SAR
and MDE was 87.1%, and MTE and MDE was 97.6%. Combining the three hypotheses, the
interpretation amount was as high as 98.9%, which could explain most of the changes in
species diversity (Table 1).

Single-factor fitting could only understand the applicability of the single hypothesis
to the altitudinal patterns of species richness in the Qinling Mountains, and which were
disturbed by other factors. When the independent contributions of the three hypotheses
were calculated by variance separation and multiple stepwise regression, the independent
explanatory amounts of SAR, MDE, and MTE were 1.27%, 2.96%, and 11.8%, respectively.
When SAR and MDE were combined, the common explanatory amount reached 80.4%
(Figure 5), indicating that area and mid-domain effect significantly affect the patterns of
plant species richness in the Qinling Mountains.
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Table 1. Interpretation of the three hypotheses on the species diversity of seed plants in Qinling
Mountains (R?).

Hypothesis R?
SAR 0.689
MTE 0.143
MDE 0.794
SAR + MTE 0.959
SAR + MDE 0.871
MTE + MDE 0.976
SAR + MTE + MDE 0.989

Figure 5. The relative contributions of the three hypotheses to explain the patterns of species
richness. a, b, and c represent independent effects of SAR, MTE, and MDE; d, e, and f represent the
interactions between them; g represents the combined effect of the three factors and u represents the
unexplained quantity.

3.3. A Test of Rapoport’s Rule with Altitude
3.3.1. A Test of Rapoport’s Rule by Four Methods

The results of the species-by-species method showed that the species domain distri-
bution range was significantly correlated with altitude. With the increase in altitude, the
species domain range first increased and then decreased, belonging to a single peak pattern
(Figure 6A, R%2=0.14, p < 0.0001); all species within each altitude gradient at 400-3800 m
were counted by the Stevens method, and the distribution range of species increased along
the elevation exhibiting a single peak at 2000-2100 m. Among them, the high data error
was at low altitude and high altitude (above 3800 m) (Figure 6B, R? = 0.76, p < 0.0001).
According to the Rohde midpoint method, the distribution range of species of each altitude
gradient also demonstrated a single peak pattern, with the peak at 2000-2100 m, while the
vertical distributed amplitudes of these species had large differences (Figure 6B, R?= 0.89,
p <0.0001). The Pagel upper limit method was used to display all species at the upper limit
of the distribution range along the altitude. Below 3800 m, the domain range increased
monotonically with altitude (Figure 6B, R? = 0.68, p < 0.0001). There were many errors
because few species data were above 3800 m.
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Figure 6. (A) The altitudinal patterns of species range in cross-species method. (B) The altitudinal
patterns of species range in Stevens methods, Rohde’s midpoint method, and Pagel’s method.

3.3.2. A Test of Rapoport’s Rule by Grouping Method

After grouping, the results of the species domain distribution range using the species-
by-species method are: 0-200 m (R2 =0.25, p < 0.0001), 201-500 m (R2 =0.0337, p < 0.0001),
501-1000 m (R? = 0.0157, p < 0.001), 10012000 m (R? = 0.081, p < 0.0001), and above 2000 m
(R? =0.011, p < 0.01). The species domain range of each group increased monotonously
with altitude (Figure 7A). In the Stevens method after grouping, there was no significant
difference at 0-200 m due to the dispersion of data. The species range at 201-500 m
(R? = 0.325, p < 0.001), 501-1000 m (R? = 0.167, p < 0.01), 1001-2000 m (R? = 0.67, p < 0.0001),
and above 2000 m (R? = 0.405, p < 0.0001) increased monotonically along the altitude
(Figure 7B). After grouping, the results of the Rohde midpoint method were not ideal.
The species range of 0-200 m, 501-1000 m (R? = 0.082, p =0.06), 1001-2000 m (R = 0.049,
p = 0.14), and above 2000 m had little correlation with altitude, and only 201-500 m (R2=0.2,
p < 0.005) monotonically increased with the elevation (Figure 7C). After grouping, the
statistical results of the Pagel upper-bound method showed that the species distribution
range had no significant relationship with altitude of 0-200 m, and the data were scattered
and the goodness of fit was not high. The species domain range of 201-500 m (R? = 0.279,
p <0.001), 501-1000 m (R? = 0.398, p < 0.0001), 1001-2000 m (R? = 0.589, p < 0.001), and
above 2000 m (R? = 0.815, p < 0.0001) increased significantly with altitude, and the goodness
of fit increased gradually (Figure 7D).
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Figure 7. The altitudinal patterns of species range after grouping in cross-species method (A), Stevens
method (B), Rohde’s midpoint method (C), and Pagel’s method (D).

4. Discussion and Conclusions
4.1. Species Richness along an Altitudinal Gradient in Qinling Mountains and the Explanatory
Power of Different Hypotheses

The species richness of vascular plants showed a hump-shaped pattern along the
elevational gradient in the Gyirong Valley [26]; Namgail et al. [27] found a unimodal
relationship between plant species richness and altitude at a single mountain as well as at
the scale of the entirety of Ladakh. The results in this study were consistent with previous
studies: the species richness along the altitude gradient in the Qinling Mountains presented
a unimodal pattern, with the maximal being at 1000-1500 m. It showed a similar trend
at three classification levels (species, genus, and family) in different altitude gradients.
Considering the area, species density at three levels demonstrated a similar off-peak, and
the peak tended to the low altitude (below 1500 m). There were many possible reasons
for exhibiting a unimodal pattern with a single peak of species richness. These can be
grouped into three categories: historical hypotheses invoking processes occurring across
evolutionary time scales [28], climatic hypotheses based on current abiotic conditions [29],
and spatial hypotheses of area and spatial constraint (mid-domain effect) [30-33]. In this
paper we examined the two spatial hypotheses to which elevational diversity may be
responding: (1) climatic hypotheses, (2) spatial hypotheses, and their combined effect. The
results showed that the single hypothesis could not fully explain the pattern of species
richness on the altitudinal gradient of the Qinling Mountains. The pattern was affected by a
variety of factors, of which SAR and MDE account for 80.4%. It shows that area and spatial
constraints may be the main factors affecting the altitude pattern of species richness in the
Qinling Mountains. The comprehensive effects of area and spatial constraint determine
most of the changes in species richness; that is, the spatial hypothesis is more suitable to
explain the vertical distribution pattern of plant diversity in the Qinling Mountains.
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4.2. Endemic Species Richness Patterns along an Altitudinal Gradient in Qinling Mountains

Endemic species are closely related to biodiversity conservation, but there are few
studies on the altitudinal pattern of endemic species richness [34]. Species richness and the
proportion of endemic species of all species were found to be related to altitude in Ecuador
and Crete [35,36]. The results in this study also showed that the percentage and density of
endemic species in Qinling Mountains increased monotonously with altitude, which may
be due to three reasons: (I) isolation increases with altitude, and vulnerability is weakly
but significantly correlated with both altitude and isolation [37,38]; (II) the survival area
of species decreases gradually with altitude, which can cause population fragmentation,
and local population is fragmented, accelerating differentiation between species [39]; (III)
the formation of endemic species is closely related to climate change, which can act as an
evolutionary filter. Species adapted to the existed climate change usually have a wider
altitudinal range [40,41].

4.3. A Test of Rapoport’s Rule

In this paper, a variety of methods were used to test whether the altitudinal pattern
of seed plant species in the Qinling Mountains conformed to Rapoport’s rule. Only the
Pagel upper-bound method supported this law. For all gradients and species within the
species domain, the range of species domain increased monotonously along the altitude,
which was consistent with the previous research [42,43]. When considering the upper limit
of altitudinal distribution of both narrow and wide species, the error would lead to more
high-altitude species [44,45]. In Rapoport’s rule, the species that live at high altitudes had a
wide range of climate tolerance and wider distribution. In the species-by-species method,
the Rhode midpoint method, and the Stevens method, the species domain range showed a
single peak pattern along the altitude, which generally did not support Rapoport’s rule in
this area. However, all species were grouped according to their altitude distribution, the
medium domain effect was partially eliminated, and the grouping test reflected the linear
trend in Rapoport’s rule.

5. Conclusions

To sum up, the data used in this study are based on the floristic database. Although the
contents of the data are sufficient, there may be some errors, especially in the altitude range
of species distribution, and the data that come from the collected samples may affect the
accuracy and applicability of the results. The test of Rapoport’s law is obviously affected
by the test method, so more advanced and universal methods are expected to be developed
in future.
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