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Yoshitaka Oishi1

1Fukui Prefectural University

September 11, 2020

Abstract

Aim: This study examined whether the hypotheses associated with species distribution could substantiate the elevational

patterns of plants. Location: Mount Yatsugatake in central Japan. Taxon: Embryophyte Methods: The species richness of

plant groups (trees, shrubs, herbs, ferns, and bryophytes) was investigated within study plots established at 200-m elevational

intervals from 1800 m to 2800 m. The changes in species richness (alpha diversity) with elevation were analysed in relation

to climatic factors and the hypotheses pertaining to the elevational distribution of plants, i.e., mass effect, mid-domain effect,

and Rapoport’s elevational rule. The elevational patterns of beta diversity, plant functional types, and elevational ranges of

plant groups were examined. Results: The comparison of alpha and beta diversity revealed that the different plant groups

variably responded to elevation; the alpha diversity of trees and ferns decreased, that of herbs increased, whereas that of shrubs

and bryophytes showed a positive and negative quadratic curve, respectively. The beta diversity of shrubs, herbs, and moss

abruptly increased above the subalpine-alpine transition zone. In accordance with these changes, the dominance of evergreen

shrubs and graminoids increased, whereas that of liverworts decreased at the elevation zone. Regarding the elevational ranges,

no plant group showed a wider elevational range at higher elevations. Main conclusions: The elevational patterns of the plant

groups were determined by the climatic factors and their effects on plant-plant interactions. Notably, these interactions were

presented based on the changes in plant functional types, supporting the elevational patterns of plant diversity. Our finding

indicates the importance of studies on elevational patterns using multi-plant groups and multiple indices of plant diversity.

1. INTRODUCTION

Montane ecosystems are seriously threatened by global warming (Dullinger et al., 2012; Engler et al., 2011;
Nogués-Bravo, Araújo, Errea, & Mart́ınez-Rica, 2007), which has caused an upward shift in the distribution of
warm-adapted plants and animals and has decreased the abundance of cold-adapted ones. In the mountainous
regions of Europe, 36–55% of the alpine plant species, 31–51% of the subalpine species, and 19–46% of
the montane species are expected to lose more than 80% of their suitable habitat by 2070–2100 due to
climate change (Engler et al., 2011). Owing to the reduced opportunity for species upward migration, these
predictions suggest a more pronounced influence of global warming on biota at higher elevations (Engler et
al., 2011).

Elevation is the major factor that determines plant diversity in mountainous areas (Bhattarai & Vetaas, 2003;
Grytnes, Heegaard, & Ihlen, 2006; Jiang, Ma, Liu, & Tang, 2018; Körner, 2007; Lee, Chun, Song, & Cho,
2013; Lee & La Roi, 1979; Sánchez-Gonzalez & Lopez-Mata, 2005; Zhou et al., 2019). These patterns are
influenced by multiple factors including climate, local environments, spatial aspects, evolutionary processes,
and biotic interactions (Culmsee & Leuschner, 2013; Grytnes, Heegaard, & Romdal, 2008; Lomolino, 2001;
Song et al., 2020; Sun et al., 2013; Trigas, Panitsa, & Tsiftsis, 2013).

Plant responses to these factors are often explained by several hypotheses such as the mass effect, mid-domain
effect, and Rapoport’s elevational rule. According to the mass effect hypothesis, species that cannot maintain
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viable populations in sink areas populate those adjacent to source areas occupied by larger populations
(Grytnes, Heegaard, & Ihlen, 2006; Shmida & Wilson, 1985). These populations increase species richness,
even to its maximum values around ecotones, where two different communities meet. Unlike this foregoing
theory, the mid-domain effect hypothesis assumes a random distribution of species within a geometrically
constrained domain such as that between the summit and base of a mountain. Consequently, species richness
peaks in the middle of the domain because of the increasing overlap of species distributions towards the
centre (Colwell & Lees, 2000; Colwell, Rahbek, & Gotelli, 2004). Rapoport’s elevational rule postulates that
species at higher elevations can withstand a broad range of climatic conditions occurring across a high range
of elevations (Stevens, 1992).

However, plant groups show disparate responses to elevation, and even plants within a single group have
dissimilar elevational distributions across different areas (Bhattarai & Vetaas, 2003; Bruun et al., 2006; Grau,
Grytnes, & Birks, 2007; Grytnes, Heegaard, & Ihlen, 2006; Lee et al., 2013; Lee & La Roi, 1979; Miyajima,
Sato, & Takahashi, 2007; Sanchez-Gonzalez & Lopez-Mata, 2005; Zhou et al., 2019). These diverse responses
indicate that the applicability of the aforementioned hypotheses may depend on the plant group and growth
area. This highlights the importance of examining the elevational distribution of multi-plant groups in areas
with erratic climate and diverse vegetation in understanding the drivers of plant diversity.

The mountainous areas of Japan experience strong winds and heavy snowfall due to the influence of jet
streams and winter monsoons (Manabe, 1957; Riehl, 1962; Ueda, Kibe, Saitoh, & Inoue, 2015). This
climate allows a single Japanese stone pine tree species (Pinus pumila Regel) to become dominant, owing
to its resistance to wind and snow, at the subalpine-alpine transition zone (Okitsu, 1984). According to
the mass effect hypothesis, this is a considerable change from the expected plant distribution, because the
subalpine-alpine transition zones often harbour high species richness consisting of co-existing alpine and
subalpine plants, resulting in hump-shaped patterns of species richness along these elevations (Grytnes,
2003; Grytnes, Heegaard, & Ihlen, 2006). However, this hump-shaped pattern has become suppressed due to
the dominance of stone pine trees shading out other plants. These patterns further question the applicability
of the hypotheses for predicting the elevational patterns of plants.

In this study, we investigated the elevational distribution of multi-plant groups in the Yatsugatake Mountains
of Japan to determine whether the pertinent elevation hypotheses mentioned (i.e. mass effect, mid-domain
effect, and Rapoport’s elevational rule) could substantiate the existing elevational patterns of the plant groups
occurring there. The applicability of these hypotheses was examined based on the comparison between the
actual elevational patterns of the plant groups and those expected by the following hypotheses:

Hypothesis 1: If the elevational patterns of plants follow the mass effect hypothesis, the highest species
richness will be located around ecotones such as the intermediate zone between the subalpine and alpine
zones.

Hypothesis 2: If the mid-domain effect hypothesis is applied to the elevational patterns of the plants, the
distribution patterns will correspond to those expected by the random distribution of species between the
summit and base of a mountain.

Hypothesis 3: If the distribution of plant species can be explained by Rapoport’s elevational rule, alpine
species will exhibit larger elevational ranges than species at lower elevations.

Hypothesis 4: If the three elevational hypotheses do not apply to the observed patterns of plant distribution,
other factors such as climate will largely determine their distribution.

2. MATERIALS AND METHODS

2.1 Study site

The study was conducted in the Yatsugatake Mountains in central Japan. The highest peak of these moun-
tains is the 2899-m summit of Mount Akadake (35deg58.259’N, 138°22.223’E). The vegetation in the Yat-
sugatake Mountains is classified into the following four types: temperate deciduous forest dominated by
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Quercus crispula and Larix kaempferi below ˜1800 m; subalpine conifer forest dominated by Tsuga di-
versifolia , Abies veitchii , andAbies mariesii f. hayachinensis at ˜1800–2600 m; alpine dwarf pine scrub
dominated byP. pumila at ˜2600–2800 m; and alpine meadow with turf-rock vegetation at ˜2800–2900 m.
The subalpine-alpine ecotone at ˜2700 m is widely covered byP. pumila . The highest and lowest mean
temperatures, obtained from the nearest weather station at 1350 m, are 19.2 °C in August and -5.3 degC in
January, respectively, and the mean precipitation is 1439.9 mm/year (Japan Meteorological Agency, 2018).

2.2 Field survey

Twelve 10 m x 10 m study plots were established at 200-m elevational intervals from 1800 m to 2800 m,
extending from the east to the west of the Yatsugatake Mountains. The plants in each plot were identified
based on the taxonomic groups: trees, shrubs, herbs, ferns, and bryophytes. Ferns and bryophytes included
both epiphytic and terrestrial species. Epiphytic species were recorded up to 2.0 m from the ground.

To examine the influence of climate on plant diversity, temperature and relative humidity (RH) were mea-
sured in each plot at ˜5 cm above the ground at 4-h intervals throughout the year, obtained using HOBO
U23 Pro v2 temperature/relative humidity data loggers (Onset Computer Corporation, Bourne, MA, USA).
To reduce the influence of sunlight on the measurements, the data loggers were covered by a CO-RS1 solar
radiation shield (Onset Computer Corporation). Based on the measurements of temperature and RH, the
following climatic variables were calculated: mean annual temperature (Tempann), mean temperature during
the growing season (Tempgrow), mean temperature during the snow season (Tempsnow), mean annual RH
(RHann), mean RH during the growing season (RHgrow), mean RH during the snow season (RHsnow), and
the duration of the snow season (snow cover). The series of snow-cover days with over 90% RH was defined
as the snow season. This definition was based on a primary experiment that buried the data loggers under
a snow pack. The remaining days were defined as the growing season.

2.3 Statistical analyses

The alpha diversity, beta diversity, dominance of plant functional types, and elevational range of each
plant group, as well as the total number of plants, were calculated to examine the validity of the existing
hypotheses. Alpha diversity was defined as the species richness of each plant group within a plot, and its
correlation with the elevation was fitted by generalised linear models (GLMs) with log-link function and
Poisson distribution. Both the linear and second-order polynomial models were constructed, and the final
model was selected as that with significant coefficients and higher Akaike information criterion (AIC) values.
If no model had significant coefficients, then that with the lowest AIC value was adopted. The influence
of climatic factors on plant diversity was also analysed using GLMs with log-link function and Poisson
distribution. The explanatory variables used in these models were measured as the climatic factors having
a stronger correlation with alpha diversity (r > 0.5). Beta diversity was evaluated using the βsin index,
considering that this metric excellently performs under various criteria (Koleff, Gaston, & Lennon, 2003).
The βsin index was calculated between adjacent plots as follows:

βsin =1 − a
(min[b, c] + a) (1)

where, a is the total number of species found in both plots;b is the number of species found in the focal plot;
and cis the number of species found in the other plot.

The elevational patterns associated with alpha and beta diversity were further discussed in relation to
changes in plant functional types. Plant functional types are groups of species that respond similarly to
environmental and biotic changes (Duckworth, Kent, & Ramsay, 2000). These responses were used to
characterize the elevational patterns of plant groups (Bruun et al., 2006; Sánchez-González & López-Mata,
2005; Zhou et al., 2019). This study classified trees, shrubs, herbs, and bryophytes into the following functional
types: evergreen and deciduous trees, evergreen and deciduous shrubs, forbs and graminoids, and mosses and
liverworts, respectively. The dominance of plant functional groups was calculated as the ratios of the species
richness of each functional type to the total species richness of the plant group. The dominance was then
plotted against elevation.
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To test the applicability of the mid-domain effect to elevational distribution, the discrepancy between the
observed results and those predicted by the mid-domain effect was determined using the null model, which
was based on the discrete mid-domain effect model (Colwell & Hurtt, 1994). The predicted mean species
richness was calculated by 9999 Monte Carlo simulations with the RangeModel software version 5.0 (Colwell,
2006). The predicted values were plotted against elevation and correlated with the observed alpha diversity
using Pearson’s correlation.

Finally, the applicability of Rapoport’s elevational rule to elevational distribution was examined based on
the elevational range of each plant group. The elevational range was defined as the mean difference between
the highest and lowest elevations of all the recorded species in each plot and was calculated as follows:

Elevational range =
∑n

i=1 (Hi − Li)

n (2)

where, n is the total number of species recorded in a plot;Hi is the highest elevation where the i th species
was recorded; and Li is the lowest elevation where the i th species was recorded. The highest and lowest
elevations were based on herbarium specimens (Nagoya University Museum; NUM-Bt) collected in central
Japan (Chubu, Kinki, and Kanto regions), plant diversity databases (Biodiversity centre of Japan, 2018),
and plant survey reports from the studied region (Akiyama, 1983, 1984; Hattori, 1958; Inoue, 1981; Kodama,
1971, 1972; Masuzaki & Katagiri, 2010; Takaki, Amakawa, Osada, & Sakuma, 1970).

3. RESULTS

3.1 Species richness, elevational distribution, and climatic factors

A total of 260 plant species (20 tree species, 17 shrubs, 49 herbs, 11 ferns, and 163 bryophytes) were found
in the study area. The species richness per plot (mean ± standard deviation) of the trees, shrubs, herbs,
ferns, and bryophytes was 5.00 ± 1.81, 2.50 ± 2.32, 9.42 ± 5.14, 2.00 ± 1.86, and 41.00 ± 17.00, respectively
(Table S1).

The Pearson’s correlation analysis between climatic factors and elevation showed that elevation was positively
correlated with the snow cover (r = 0.769; p < 0.01) but negatively correlated with Tempann (r = -0.862;
p< 0.01) and Tempgrow (r = -0.822;p < 0.01). In contrast, no significant correlations were observed between
elevation and the RH variables (RHann, RHgrow, and RHsnow).

3.2 Alpha diversity

The alpha diversities of the plant groups exhibited different responses to elevational distribution (Figure
1). All the coefficients, except that for ferns, in the GLMs were significant. Both the total and tree alpha
diversities linearly decreased with elevation (Figure 1a, 1b), whereas that of herbs increased (Figure 1d).
The alpha diversities of shrubs and bryophytes were fitted by second-order polynomial and that of shrubs
showed a positive quadratic curve with the highest value at an elevation of 2800 m (Figure 1c), whereas that
of the bryophytes showed a negative quadratic curve displaying a hump-shaped pattern with higher values
at ˜2000 m (Figure 1f). Notably, the alpha diversity of herbs increased with elevation overall; however, a
lower value was recorded at one 2800 m-plot where the stone pine trees dominated.

The results for alpha diversity and climatic factors obtained using GLMs are shown in Table 1. The variable
Tempann and Tempsnow had significant positive effects on the alpha diversities of trees and ferns. The alpha
diversity of shrubs was negatively correlated with RHgrow, whereas that of herbs was positively correlated
with the snow cover and that of bryophytes was positively correlated with RHgrow.

3.3 Beta diversity

When beta diversity (based on the Bsin index) was plotted against elevation (Figure 2, Table S2), the
βsinindices of shrubs and ferns were not calculated in several plots because of the zero denominator in the
fraction of βsin (Figure 2c, 2e). Although βsin for the total number of species gradually increased with
elevation (Figure 2a), those for shrubs and herbs strongly increased above the subalpine-alpine transition
zone (Figure 2c, 2d).
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3.4 Functional types

All dominance results of plant functional types presented clear changes at 2600–2800 m (Figure 3, Table S3).
The dominance of evergreen trees and liverworts decreased in this elevation range (Figure 3a, 3d), whereas
that of evergreen shrubs and graminoids increased (Figure 3b, 3c).

3.5 Mid-domain effect

Species richness (alpha diversity) was predicted based on the mid-domain effect to examine the applicability
of this hypothesis to the sampling site (Figure 1, Table S4). In all the plant groups, the correlations between
the observed species richness and those predicted with the mid-domain effect were not significant (total: r
= 0.160,p = 0.62; trees: r = -0.031, p = 0.92; shrubs:r = -0.738, p < 0.01; herbs: r = -0.074,p = 0.82;
ferns: r = 0.110, p = 0.74; and bryophytes: r = 0.276, p = 0.38). Thus, the elevational patterns of alpha
diversity in all the plant groups were different from those predicted with the mid-domain effect.

3.6 Elevational range

The mean elevational range of each plant group was calculated and plotted as a function of elevation (Figure
4, Table S5). The results showed that none of the plant groups had a wider elevational range at higher
elevations.

4. DISCUSSION

In this study, we investigated the elevational distribution of multi-plant groups in the Yatsugatake Mountains
to determine whether pertinent elevation hypotheses could substantiate the existing elevational patterns of
the plant groups occurring there. The plant groups showed different responses to the elevational gradients
and climatic factors in the study site. Regarding the elevational changes in alpha diversity, none of the plant
groups exhibited elevational patterns corresponding to those expected based on mass and mid-domain effects.
The elevational range of all the plant groups did not increase with elevation, disproving the application of
Rapoport’s elevational rule to the distribution of plant groups in the study site. In contrast, the alpha
diversity of all the plant groups was significantly affected by the climatic factors.

4.1 Elevational patterns of plants

Contrary to the expected elevational patterns by mass effect, the alpha diversity of all the plant groups,
except that for the shrubs, did not clearly show the highest values at the subalpine–alpine ecotone (ca.
2600–2800 m). Instead, these patterns were largely explained by climatic factors. These associations were
examined in relation to the ecology of each plant group.

The alpha diversity of trees decreased with elevation (Figure 1b), and this elevational pattern was explained
by Tempann. These results are supported by a previous study that the elevational range of trees can be de-
termined by temperature, which strongly affects their physiochemical activities (Körner, 2003). This obvious
influence of Tempann on tree diversity may have led to the relatively constant changes in the beta diversities
as compared to those of other plant groups (Figure 2), because Tempann linearly decreases with elevation.

Similar to the results for trees, the alpha diversity of ferns also decreased with elevation (Figure 1e), which
was attributed to Tempsnow in the GLM. These results are consistent with previous reports that fern species
richness decreased at higher elevation and lower temperature in central Japan (Tanaka & Sato, 2013, 2014).

In contrast to the results for the trees and ferns, the alpha diversity of the herbs was positively correlated
with elevation (Figure 1d). Given that snow cover positively affected herb diversity in the GLM, the species
richness of the herbs increased with environmental changes related to snowfall, such as soil moisture and
canopy closure. It has been known that long periods of snow augment soil moisture (Hardy et al., 2001), which
is essential for the proliferation of herbs in arctic-alpine habitats (Litaor, Williams, & Seastedt, 2008; Nabe-
Nielsen et al., 2017; Roux, Aalto, & Luoto, 2013). Snow cover may decrease canopy closure by suppressing
tree canopy growth (Song, Hogan, Brown, Cao, & Yang, 2017), which increases light intensity and reduces
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the accumulation of litter on the forest floor. These changes enhance herb species richness by guaranteeing
the photosynthesis and germination of herbs (Speziale, Ruggiero, & Ezcurra, 2010).

However, the positive effects of snow cover on herb richness may be reduced at subalpine–alpine transition
zone where a shrub species (P. pumila ) densely grows near the ground, since they shade out herbs. This
effect explains the lower species richness of herbs at one 2800-m plot where the stone pine trees cover almost
the entire plot. In fact, herbs at this plot were recorded in small areas uncovered by the stone pine trees;
as a result, the herb layer mainly consisted of graminoids (Table S3), which prefer to grow in open areas
(Roberts & Zhu, 2002; Thomas, Halpern, Falk, Liguori, & Austin, 1999).

The beta diversity of the herbs presented the highest values around the subalpine–alpine ecotones (Figure
2d). This is because shade-tolerant species dominate below the forest boundary, whereas species that can
tolerate low temperatures (Jiang, Ma, Liu, & Tang, 2018) and light stress (e.g., graminoids growing in open
areas between shrubs) prevail above it.

The alpha diversity of the shrubs rapidly increased from the subalpine–alpine to the alpine zone (Figure
1c). This elevational pattern was explained by the RHgrow in the GLM. Considering that canopy closure
diminishes shrub diversity (Speziale, Ruggiero, & Ezcurra, 2010) and intensifies air humidity (Jung et al.,
2017), RHgrow may be selected in the GLM as a surrogate that represents the negative influence of canopy
closure on shrub richness. Accordingly, this change in canopy closure from dense to open may be attributed
to the rapid increase in the beta diversity of the shrubs around the subalpine–alpine transition zone (Figure
2c).

Only the bryophytes showed a hump-shaped change in alpha diversity with increasing elevation (Figure 1f).
The GLM results demonstrated that this pattern could be attributed to RHgrow, which is consistent with
the results of a previous report suggesting that water stress is a major determinant of bryophyte diversity
(Grau, Grytnes, & Birks, 2007). Therefore, alpha diversity was the highest in the subalpine zone with the
highest RH. The higher beta diversity of bryophytes around the subalpine–alpine ecotones (Figure 2f) is
discussed with the changes in functional types in the following section.

4.2 Functional types and plant–plant interactions

The elevational patterns of plant diversity are further discussed in relation to plant functional types. Ev-
ergreen shrub species (P. pumila ) began to dominate at the subalpine–alpine ecotone (ca. 2600–2800 m)
instead of evergreen conifer trees. These changes are displayed by the increase in the dominance of evergreen
shrubs accompanied by the decrease in that of evergreen trees (Figure 3a, 3b). In accordance with these
changes, the dominance of graminoids increased, whereas that of liverworts decreased at these elevations
(Figure 3c, 3d). These associations can be attributed to the improved light availability and reduced humid-
ity owing to the change from a close to an open canopy. Graminoids dominate open forests (Roberts & Zhu,
2002; Thomas, Halpern, Falk, Liguori, & Austin, 1999) and are more resistant to drought stress than forbs
(Rosbakh et al., 2017), whereas liverworts are more vulnerable to drought stress (Grau Grytnes, & Birks,
2007; Jan & Wolf, 1993) and are more shaded-adapted (Marschall & Proctor, 2004) than mosses. Given the
characteristics of these functional types, the reduced canopy caused the increase in light availability (except
for under the P. pumila cover) and drought stress at the subalpine–alpine ecotone, leading to the changes in
the functional types of herbs and bryophytes. These changes in plant functional types support the increase
in the beta diversity of herbs and bryophytes at 2600–2800 m (Figure 2d, 2f).

4.3 Mass effect on elevational patterns

Among all the plant groups, only the shrubs clearly showed the highest alpha diversity around the subalpine–
alpine transition zone (Figure 1), which contradicts the expected patterns based on mass effect (Hypothesis
1). These results may be explained by the combined influence of plant-plant interactions and climatic factors,
as the dominance of stone pine trees in the transition zone inhibits the establishment of small plant species
by shading and curbs the increase in the species richness, as discussed in section 4.1.

4.4 Applicability of hypotheses for elevational patterns
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The results of the discrete mid-domain effect model revealed that the alpha diversity of all the plant groups
differed from those expected by the mid-domain effect hypothesis (Figure 1). Furthermore, we found no
relationship between the elevational range and alpha diversity of all the plant groups, and none of the plant
groups had a wider elevational range in the alpine area (Figure 4), which contradicted those expected by
Rapoport’s elevational rule.

The lack of applicability of the mid-domain effect and Rapoport’s rule to elevational patterns is attributed
to the simple assumptions of these hypotheses; the former excludes any effects of gradients on expected
patterns (Colwell, Rahbek, & Gotelli, 2004), whereas the latter fails when species distribution is affected
by the interaction of several factors including climate (Bhattarai & Vetaas, 2006; Grau, Grytnes, & Birks,
2007). Specifically, in the study area, strong winds and heavy snowfall at higher elevations increased the
differences in climate between lower and higher elevations. These differences can enhance the influence of
climate and the related plant-plant interactions on the elevational patterns of plants.

4.5 Determinants of plant elevational patterns

In summary, this study showed that the changes in the elevational distribution of plants groups in the
Yatsugatake Mountains were different from those predicted with the pertinent hypotheses but were rather
directly and indirectly influenced by climate and its effect on plant-plant interactions. Therefore, our results
correspond to Hypothesis 4, indicating that the applicability of hypotheses for predicting plant elevational
patterns largely depends on the environment in the targeted study site.

Our findings demonstrated that the plant groups responded differently to different elevational gradients.
These differences may amplify the effects of climate change in montane ecosystems. In particular, given
that the plant diversity on the subalpine-alpine transition zone was based on the balance of plant-plant
interactions, this ecotone may be vulnerable to climate change.

Previous studies reported that plant–plant interactions change the alpha diversity of plant groups among
elevations (Bruun et al., 2006; Stehn, Webster, Glime, & Jenkins, 2010; Sun et al., 2013); this study went one
step further and revealed that these interactions affect the beta diversity and dominance of plant functional
types. These results imply the importance of studies on elevational patterns using multi-plant groups and
multiple indices of plant diversity (e.g, alpha and beta diversity and functional types) to comprehend the
interactions among plant groups. Specifically, given that plant functional types consist of those species with
similar characteristics and are applied to other areas with different flora, our results linked to functional
types can be useful to understand the mechanisms that shape plant diversity along elevations.

TABLE 1. Relationships between the alpha diversity of different plant groups and climatic factors in the
Yatsugatake Mountains in central Japan, obtained using generalised linear models.

Plant Group Explanatory Variable Estimate Standard Error z-Value p-Value

Total Tempann 1.33 × 10-1 4.58 × 10-2 2.91 0.00357
RHann 1.26 × 10-1 3.92 × 10-2 3.22 0.00127
Tempsnow -5.73 × 10-2 4.03 × 10-2 -1.42 15.5
Intercept -2.94 × 10-1 7.72 -3.81 < 0.001

Trees Tempann 2.06 × 10-1 9.48 × 10-2 2.18 0.0296
Intercept -5.54 × 10 2.62 × 10 -2.11 0.0347

Shrubs RHgrow -2.34 × 10-1 6.89 × 10-2 -3.39 < 0.001
Intercept 2.24 × 10 6.28 3.57 < 0.001

Herbs Snow cover 1.54 × 10-2 4.91 × 10-3 3.15 0.00165
Intercept -4.14 × 10-1 8.63 × 10-1 -4.80 × 10-1 0.632

Ferns Tempsnow 3.60 × 10-1 1.64 × 10-1 2.20 0.028
Intercept -9.70 × 10 4.45 × 10 -2.18 0.0294

Bryophytes RHgrow 1.05 × 10-1 1.84 × 10-2 5.74 < 0.001
Intercept -6.10 1.72 -3.55 < 0.001
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Coefficients of generalized linear models and their significance are presented: Tempann, mean annual tem-
perature (°C); Tempsnow, mean temperature in the snow season (°C); RHann, mean annual relative humidity
(%); RHgrow, mean relative humidity in the growing season (%); and Snow cover, snow cover period (days).

FIGURE LEGENDS

Figure 1. Elevational changes in the alpha diversity of plant groups in the Yatsugatake Mountains in central
Japan: (a) total, (b) trees, (c) shrubs, (d) herbs, (e) ferns, and (f) bryophytes. The calculated alpha diversity
based on the mid-domain effect is denoted by an asterisk (*). In illustrating the alpha diversity, generalised
linear models were used to explore the pertinent changes with elevation. When the coefficient was significant,
a regression curve was added to the illustration, and a 95% confidence interval was calculated and coloured.

Figure 2. Elevational changes in the beta diversity (βsin indices) of plant groups in the Yatsugatake Moun-
tains in central Japan: (a) total, (b) trees, (c) shrubs, (d) herbs, (e) ferns, and (f) bryophytes.

Figure 3. Elevational changes in the dominance of plant functional types in the Yatsugatake Mountains of
central Japan: (a) evergreen trees, (b) evergreen shrubs, (c) graminoids, (d) liverworts.

Figure 4. Elevational changes in the distribution range of plant groups in the Yatsugatake Mountains in
central Japan: (a) total, (b) trees, (c) shrubs, (d) herbs, (e) ferns, and (f) bryophytes.

Figure 1.

8



P
os

te
d

on
A

u
th

or
ea

11
S
ep

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

98
64

36
.6

27
66

01
9

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Figure 2.
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Figure 3.
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Figure 4.
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