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Abstract We studied the altitudinal patterns of plant
species richness and examined the effects of geometric
constraints, area, and climatic factors on the observed
richness patterns along the ridge of the Baeckdudaegan
Mountains, South Korea. Rapoport’s altitudinal rule
was evaluated by examining the relationship between
altitudinal range size and midpoint. We also examined
the latitudinal effect on species richness. Plant data were
collected from 1,100 plots along a 200-1,900 m altitu-
dinal gradient along the ridge of the Backdudaegan. A
total of 802 plant species from 97 families and 342
genera were found. The altitudinal patterns of plant
species richness along the ridge of the Baeckdudaegan
depicted distinctly hump-shaped patterns, although the
absolute altitudes of the richness peaks vary somewhat
among plant groups. While the mid-domain effect
(MDE) was the most powerful explanatory variable in
simple regression models, species richness was also
associated with climatic factors, especially mean annual
precipitation (MAP) and temperature (MAT) in multi-
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ple regression models. The relative importance of the
MDE and climatic factors were different among plant
groups. The MDE was more important for woody
plants and for large-ranged species, whereas climatic
factors were better predictors for total and herbaceous
plants and for small-ranged species. Rapoport’s altitu-
dinal rule and a latitudinal effect on species richness
were not supported. Our study suggests that a combined
interaction of the MDE and climatic factors influences
species richness patterns along the altitudinal gradient of
the Baekdudaegan Mountains, South Korea.
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Introduction

Understanding geographical variation in patterns of
species richness and distribution has been of interest to
ecologists and biogeographers for decades (Rosenzweig
1995; Brown and Lomolino 1998; Colwell and Lees
2000), because this knowledge is important for biodi-
versity conservation and sustainable use (Grytnes and
Vetaas 2002). In recent years, studies on the distribution
patterns of species richness across latitudinal and alti-
tudinal gradients and the factors that control these
patterns have become very popular approaches in mac-
roecology (Li et al. 2003; Carpenter 2005; Watkins et al.
2006, Grau et al. 2007). In particular, research in
mountainous areas has played pivotal roles in under-
standing the spatial patterns of species richness and their
ecological determinants. Altitude is one of the most
important factors affecting species richness patterns in
mountain ecosystems, because it drives drastic changes
in climate (temperature, water availability) as well as
overall area. Many studies have documented the altitu-
dinal species richness patterns of plants (Bhattarai and
Vetaas 2003, 2006; Oommen and Shanker 2005; Grytnes
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et al. 2006; Wang et al. 2007), mammals (McCain 2004,
2005, 2007; Rowe 2009), birds (Lee et al. 2004; McCain
2009), and invertebrates (Sanders et al. 2003; Aubry
et al. 2005; Beck and Chey 2008; Liew et al. 2010) and
different patterns have been observed in different taxa
and regions.

Rahbek (1995, 2005) identified three main patterns of
altitudinal richness: (1) a monotonic decrease with
increasing altitude, (2) a plateau at low altitudes, and (3)
a ‘hump-shaped’ distribution with high richness at
intermediate altitudes. Although many studies claimed
the importance and evidence for Rapoport’s altitudinal
rule (Stevens 1992), which has often been used to explain
the first two patterns, the hump-shaped pattern is
reported to be the most common of these altitudinal
patterns. However, the causes of the hump-shaped peak
of species richness and the location of the peak are still
not fully understood (Kluge et al. 2006).

The many hypotheses that have been proposed to
explain the altitudinal patterns of species richness fall
into two broad categories, Rapoport’s altitudinal rule
and those considering climatic and spatial factors.
Rapoport’s altitudinal rule suggests that climates at
higher altitudes are more variable, so species at higher
altitudes must be able to tolerate a broad range of cli-
matic conditions and therefore have larger altitudinal
ranges. Consequently, richness is inflated at low alti-
tudes and species richness decreases with altitude
(Stevens 1992). Climatic factors such as temperature and
precipitation have been commonly correlated with spe-
cies richness along altitudinal gradients (Li et al. 2009).
Climatic factors can control species distributions directly
when they exceed the physiological tolerances of species
and affect photosynthetic activity and biological pro-
cesses directly (Rowe 2009). Several studies have found
that the area of altitudinal bands explained a large
proportion of the variation in species richness (Bachman
et al. 2004; Fu et al. 2004; Kattan and Franco 2004),
similar to the well-known species-area relationships.
Recent studies suggested that the mid-domain effect
(MDE) was highly effective at explaining altitudinal
patterns of species richness (McCain 2004, 2009; Kluge
et al. 2006). The MDE postulates that geometric con-
straints on species ranges within a bounded domain will
yield a mid-domain peak in richness regardless of eco-
logical factors (Colwell and Hurtt 1994; Colwell and
Lees 2000; Colwell et al. 2004b).

Although climatic factors, the MDE, area, and
Rapoport’s altitudinal rule are frequently cited in studies
of species diversity on mountains, a single factor cannot
fully explain the species richness patterns along altitu-
dinal gradients. Recent rigorous comparative studies
suggested that the interactions of multiple factors drive
altitudinal patterns of species richness in mountain
ecosystems (Cardelus et al. 2006; Fu et al. 2006; Kluge
et al. 2006; Watkins et al. 2006; McCain 2007, 2009;
Rowe 2009).

In this study, we examined the distribution of ter-
restrial plants along an altitudinal gradient along the

ridge of the Baekdudaegan Mountains (hereinafter
referred to as ‘the Baekdudaegan’), South Korea. Using
field surveys of plant data, we aimed to (1) explore the
altitudinal patterns of species richness for total, woody,
and herbaceous plants along the ridge of the Baekdu-
daegan; (2) evaluate the effects of the MDE, area, and
two climatic factors (MAP and MAT) on the altitudinal
patterns of plant species richness; (3) statistically eval-
uate the respective contributions of those spatial and
climatic factors; and finally (4) examine the relationship
between altitudinal range size and midpoint to test
Rapoport’s altitudinal rule, and determine whether
species richness patterns are related to latitude.

Methods
Study area

The study transect covered the main ridge of the Bae-
kdudaegan Mountains (35° 15-38° 22N, 127° 28-129°
3’E) in South Korea (Fig. 1). The Backdudaegan con-
sists of about 487 mountains, hills, and peaks along the
Korean peninsula and are a major resource for forest
biodiversity (Korea Forest Research Institute 2003). The
protected area of the Baekdudaegan was designated in
September 2005 by the Korea Forest Service; the total
protected area, including the main ridge, covers
2,634 km? (1,712 km? core area and 922 km?> buffer
zone). The main ridge extends about 650 km from
Hyangnobong Peak (1,287 m above sea level, a.s.l) to
Mt. Jiri (1,917 m a.s.l) in South Korea. Therefore, one
can travel along the ridgelines without crossing any
rivers or streams. The altitudinal gradient of the main
ridge extends from 200 to 1,909 m a.s.l. based on a
digital elevation model (DEM) generated using a mosaic
of 1:25,000 topographical maps produced by the
National Geographic Information Institute that cover
the study area.

The Baekdudaegan in South Korea belongs to a
mountain ecoregion and temperate deciduous forest
biome (Yim and Kira 1975; Shin 2002). The soil consists
of granite, granite gneiss, and highly deformed and
recrystallized sedimentary rocks (Shin 2002). Even
though the natural environment of the Backdudaegan is
not well known because of insufficient survey data, the
Baekdudaegan has many biodiversity hotspots and
offers natural habitats for abundant and varied fauna
and flora. The Korea Forest Research Institute (2003)
reported that a total of 1,477 plant species were distrib-
uted along the Baekdudaegan, accounting for 35.2 % of
the vascular plant diversity on the Korean peninsula.

The vegetation on the Backdudaegan can be catego-
rized into 49 communities, including 7 planted commu-
nities (e.g., the Larix kaempferi community) and 42
natural vegetation communities (e.g., the Quercus
mongolica community). The Korea Forest Research
Institute (2003) divided the Baekdudaegan in South
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Fig. 1 Location, topography, and climate diagrams of the study
area, the ridge of the Baekdudaegan Mountains in South Korea.
Relationships between altitude and a area, b mean annual
precipitation (MAP), ¢ mean annual temperature (MAT), and

Korea into three parts based on characterized plant
community groups: (1) the northern part, characterized
by Acer komarovii and Betula ermanii, (2) the central
part, characterized by Acer pseudosieboldianum and
Fraxinus rhynchophylla, and (3) the southern part,
characterized by Abies koreana and Fraxinus mandshu-
rica. The vegetation on the Baekdudaegan can also be
divided into four major zones along an altitudinal gra-
dient. These altitudinal vegetation zones include (1)
temperate (montane) deciduous broad-leaved and pine
forest (<550 m a.s.l.) dominated by P. densiflora and
Rhus tricocarpha, (2) temperate deciduous broad-leaved
and coniferous mixed forest (550-1,100 m a.s.l.) domi-

d latitude. Area, MAP, and MAT were calculated for each
altitudinal band in an imaginary 100 m-wide transect along the
ridge of the Baekdudaegan

nated by Q. mongolica, Quercus serrata, Pinus koraiensis,
and Abies holophylla, (3) sub-alpine coniferous forest
(1,100-1,600 m a.s.l.) dominated by Taxus cuspidata,
A. koreana, and Abies nephrolepis, and (4) alpine forest
(>1,600 m a.s.l.) dominated by Betula ermanii and
Pinus pumila (Yim 1977; Kong 2008).

Plant data
For field sampling, an imaginary 100 m-wide transect

was established in a north-south direction along the
ridge of the Baeckdudaegan, and the ridge was divided
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into 16 altitudinal bands of 100 m intervals from 200 m
a.sl. to above 1,700 m a.s.l. Although sampling
extended to 1,900 m a.s.l., the 1,700 m and higher range
was considered to be a single band because only a small
number of plots were sampled and few plant species
were observed above 1,700 m a.s.l. Plant data were
collected within every altitudinal band of this 100
m-wide transect from May 2005 to August 2009. Vege-
tation sampling was performed to cover the most com-
mon and specific physiognomic vegetation types in each
100 m altitudinal band. Data were obtained for a total
of 1,100 plots of 400 m>. Within each plot, plants were
surveyed according to the method of Braun-Blanquet
(1965).

We divided the range of altitude into 100 m bands to
examine the relationship between plant species richness
and altitude. Plant data from the same altitudinal band
were pooled, and the number of species observed in each
band was considered to be a measure of richness. All
analyses were conducted for each of three plant groups:
(1) total, (2) woody and (3) herbaceous plant species. As
in Jetz and Rahbek (2002), we also divided the species in
each plant group into the halves with largest and
smallest ranges, respectively. To evaluate sampling
completeness and to control for sampling effort, two
distinct methods of analysis were applied to plant data
from each altitudinal band (Cardelus et al. 2006). In the
first method, a sample-based rarefaction curve (Colwell
et al. 2004a) was computed, and we compared richness
among each altitudinal bands. In the second method, we
computed nonparametric estimates to reduce the bias
caused by undersampling using four incidence-based
estimators, incidence-based coverage estimator (ICE),
Chao2, Jackknifel, and Jackknife2. Nonparametric
species richness estimates and sample-based rarefaction

curves were computed from incidence data using Esti-
mateS software version 8.2 (Colwell 2009).

Unlike many recent studies, we did not use interpo-
lated species richness modified from actual distribution
records. The underlying reason for interpolation is that
gaps in altitudinal distribution are caused by under-
sampling (Kluge et al. 2006). However, several studies
have reported three problems with interpolation (Grytnes
and Vetaas 2002; Diniz-Filho et al. 2003; Kluge et al.
2006). First, it disrupts the crucial control of sampling
area and intensity as species are added that were not in
fact present in the plots. Second, interpolation might
artificially increase richness to a higher degree at inter-
mediate altitudes, because gaps are filled only between
the lower and upper range limits; this basically assumes
that no individuals of a species have been missed beyond
the observed range limits, but that individuals have been
missed at sampling points within the range limits. Third,
species richness at nearby altitudes is more similar than
at distant altitudes, and the resulting spatial autocorre-
lation inflates Type 1 errors. The spurious effects of
autocorrelation increase when using interpolated distri-
bution data. However, many studies on altitudinal
richness patterns used interpolated data, and compari-
sons of such studies with our non-interpolated results
might be difficult. Therefore, we also calculated the
interpolated richness for total, woody and herbaceous
plants (Table 1). Empirical and interpolated richness
patterns showed the same pattern along the altitudinal
gradient and were strongly correlated (total, R> = 0.92;
woody, R® = 0.90; herbaceous, R> = 0.92; P < 0.001
in all cases). Thus, we presented results based only on
the empirical richness values without interpolation in
this study. Plant species checklists for each altitudinal
band are listed in Supplementary Material 1.

Table 1 Empirical, interpolated, and nonparametric [incidence-based coverage estimator (ICE), Chao2, Jackknifel, and Jackknife 2]
species richness estimates for different altitudinal bands along the ridge of the Baekdudaegan Mountains, South Korea

Altitudinal band (m) No. plots Empirical richness

Interpolated richness

Nonparametric estimators®

Woody Herbaceous Total Woody Herbaceous Total ICE Chao2 Jackknife 1 Jackknife 2

200 36 86 102 188 86
300 64 93 100 193 110
400 64 106 134 240 127
500 46 88 107 195 132
600 61 101 117 218 144
700 93 126 158 284 157
800 117 138 234 372 164
900 113 127 237 364 165
1,000 103 133 256 389 166
1,100 72 118 237 355 160
1,200 70 114 252 366 157
1,300 68 111 226 337 139
1,400 75 109 211 320 127
1,500 54 86 153 239 101
1,600 38 73 118 191 74
1,700 26 39 71 110 39
All bands pooled 1,100 248 554 802 248

102 188 245 262 248 283
132 242 263 261 258 291
177 304 337 339 327 375
187 319 289 265 267 302
203 347 310 294 297 334
241 398 384 370 375 418
292 456 552 524 507 581
314 479 509 528 491 568
334 500 540 533 525 596
321 481 502 508 486 560
322 479 557 574 511 604
296 435 501 509 466 545
259 386 441 469 431 499
189 290 344 346 327 378
136 210 331 354 281 344
71 110 147 150 147 167
554 802 938 945 965 1,037

“Nonparametric estimators were used for total plant species only. See Supplementary Material 2 for four nonparametric estimators of
woody and herbaceous plants



Spatial and climatic factors

The two spatial factors used in this study were the MDE
and area. The MDE null model was used to test the
influence of geometric constraints on the spatial patterns
of species richness along an altitudinal gradient. We
used a novel, discrete MDE model based on Colwell and
Hurtt’s (1994) continuous Model 2 that does not necessi-
tate the use of interpolated ranges (Dunn et al. 2006; Fu
et al. 2006). We avoided interpolation because it tends to
inflate richness estimates in the middle of the domain more
than at the limits of the domain, which might spuriously
amplify or even create mid-domain peaks in richness
(Grytnes and Vetaas 2002; Zapata et al. 2003). Range-
Model software version 5 (Colwell 2006) was used for
simulation. The simulation process was repeated 5,000
times, and we used expected mean richness and its 95 %
confidence intervals to assess the effects of geometric con-
straints on the altitudinal gradient of species richness for
each plant group. To test species—area relationships,
we calculated the area of each altitudinal band in the
100 m-wide transect along the ridge of the Backdudaegan.
Calculations were performed using a Digital Elevation
Model (DEM) with 3D analysis in ArcGIS.

Two climatic factors, including mean annual precip-
itation (MAP) and temperature (MAT), were also
investigated with respect to species richness. We used
digital climate maps produced by the Korea Meteoro-
logical Administration and National Center of Agrom-
eteorology to extract the meteorological parameters for
each altitudinal band. MAP data were 1981-2009 and
MAT data were from 1971 to 2008. The spatial resolu-
tion of the raster data was 270 m for MAP and 30 m for
MAT. MAP and MAT were calculated for each altitu-
dinal band in the 100 m-wide transect along the ridge of
the Baekdudaegan.

To test the effects of individual factors (the MDE,
area, MAP, and MAT) on altitudinal patterns of plant
species richness, we performed simple ordinary least
squares (OLS) regression of empirical species richness
for each plant group. Multiple OLS regressions were
also computed to explore multivariate explanations for
altitudinal patterns of plant species richness. In addition
to OLS regressions, we computed simple and multiple
conditional autoregressive (CAR) models. Recent stud-
ies have recommended autoregressive models, because
they avoid inflation of type I errors and invalid param-
eter estimates due to spatial autocorrelation, and they
identify the predictive power of the hypotheses for
explaining geographic richness patterns of different taxa
(Jetz and Rahbek 2002; Fu et al. 2006; Marini et al.
2010). OLS and CAR models were performed with SAM
version 4.0 (Rangel et al. 2010).

Rapoport’s altitudinal rule

To examine the relationship between the altitudinal
ranges of plant species and altitude, we calculated the
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altitudinal range size of a species as the difference
between its maximum and minimum altitudes. To
overcome statistical non-independence of spatial data,
we used the ‘midpoint method’ as a measure of central
tendency (Rohde et al. 1993), and the altitudinal mid-
point was calculated as the mean of maximum and
minimum altitudes at which the species was recorded.
The relationship between altitudinal range size and
midpoint was evaluated using simple regression analysis
as well as second-order polynomial models. When the
relationship between both variables is positive, Rapo-
port’s altitudinal rule is predicted.

Latitudinal effect

Although we presumed that the altitude was the main
gradient for determining plant species richness patterns
along the Baekdudaegan ridge, we could not rule out a
latitudinal effect on species richness, because of the long
latitudinal range of the study area (almost 3°). Thus, we
divided the range of latitude into seven 0.5° bands to
examine the relationship between species richness and
latitude. Plant data from the same latitudinal band were
pooled, and the number of species in each band was
considered to be a measure of richness. Simple regres-
sion analysis was used to evaluate the relationship
between the two variables. A statistically significant
relationship between the two variables would indicate
the existence of a latitudinal effect.

Results
Altitudinal richness patterns of plant species

A total of 802 plant species belonging to 97 families and
342 genera were recorded from 1,100 plots along the
altitudinal gradient of the Baekdudaegan ridge. More
than half of these species were herbaceous (69 %; 62
families, 249 genera, and 554 species), while woody
species account for 31 % (47 families, 99 genera, and
248 species) (Table 1 and Supplementary Material 1).
Interpolated richness and nonparametric estimators
(ICE, Chao2, Jackknifel, and Jackknife?) were similar
to the patterns of empirical richness, but the interpolated
and nonparametric numbers of species were somewhat
higher in each altitudinal band (Table 1 and Supple-
mentary Material 2). Woody and herbaceous plant
species had different contributions to total species rich-
ness patterns. There was a higher correlation coefficient
between total and herbaceous plant species than total
and woody plant species (total vs woody, R*> = 0.80,
P < 0.001; total vs herbaceous, R> = 0.97, P < 0.001).
Overall species richness of total, woody and herbaceous
plants showed hump-shaped patterns with maximum
richness between 800 and 1,100 m a.s.l. (Fig. 2). The
peak in overall woody species richness was at lower
altitudes than that of total or herbaceous overall species
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Fig. 2 Empirical species richness, predicted richness (computed
from 5,000 randomizations), and the 95 % confidence intervals for
the predicted mid-domain effect (MDE) richness as a function of

richness. When plant species were partitioned into two
range-size categories, large-ranged and small-ranged
species contributed to overall species richness patterns
with different magnitudes (Fig. 2). There were higher
correlation coefficients between overall and lar%e—ranged
species richness (total, R> = 0.95; woody, R® = 0.97;
herbaceous, R> = 0.97; P < 0.001 in all cases) than
between overall and small-ranged species richness (total,
R*> = 0.81: woody, R?> = 0.73; herbaceous, R> = 0.87:
P < 0.001 in all cases). The MDE null model showed
deviation of the empirical species richness from simu-
lated richness (Fig. 2). The analysis revealed that more
than 40 % of the data points fell outside the 95 %
confidence interval of the MDE null model for overall
species richness (50, 44 and 81 % for total, woody, and
herbaceous plants, respectively). These large deviations
were also observed for large-ranged (38, 38 and 63 % for
total, woody and herbaceous plants, respectively) and
small-ranged (56, 31 and 63 % for total, woody and
herbaceous plants, respectively) species richness. How-
ever, the relationship between empirical and predicted

altitude for total (a—c), woody (d-f), and herbaceous (g—i) plant
species and for overall (a, d, g), large-ranged (b, e, h), and small-
ranged (c, f, i) species

richness was correlated significantly for all plant groups
(Table 2).

Although the species accumulation curves (sample-
based rarefaction curves) for all altitudinal bands failed
to reach asymptotes, these curves indicated clear mid-
altitudinal peaks between 800 and 1,300 m for total,
woody, and herbaceous plants (Fig. 3 and Supplemen-
tary Material 3).

Richness patterns with spatial and climatic factors

The simple OLS and CAR models yielded similar results
for all plant groups. Based on simple linear regressions,
total, woody, and herbaceous species richness were
correlated strongly with the MDE and area. Further-
more, the explanatory powers of the MDE and area
were less for small-ranged species than for large-ranged
species and overall (Table 2).

The multiple OLS and CAR models also showed
similar results across all datasets except for large-ranged
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Table 2 Simple ordinary least squares (OLS) and conditional autoregressive (CAR) models for explained variables and species richness of
total, woody, and herbaceous plants overall and for large-ranged and small-ranged species along the ridge of the Baeckdudaegan, South Korea

Variable OLS model CAR model
¢ AIC RrR? t AIC R
Total Overall MDE 6.267"" 174 0.73 5947 189 0.47
Area 5.09" 178 0.65 4.81 194 0.31
MAP —0.67 195 0.03 ~1.01 197 0.17
MAT —0.43 195 0.01 —0.46 194 0.32
Large-ranged MDE 7.46 158 0.80 6.85 " 171 0.66
Area 6.60"" 161 0.76 5.88™" 177 0.50
MAP -1.25 182 0.10 —1.46 186 0.14
MAT 0.21 183 <0.01 0.10 184 0.21
Small-ranged MDE 3347 153 0.44 3317 164 0.18
Area 2.55 156 0.32 2.63" 166 0.09
MAP 0.45 162 0.01 —0.11 162 0.29
MAT —1.72 159 0.18 —1.56 155 0.53
Woody Overall MDE 6.50""" 134 0.75 6.24"" 139 0.74
Area 574" 136 0.70 4.89"" 147 0.57
MAP —2.26" 151 0.27 —2.30" 158 0.14
MAT 1.10 154 0.08 0.86 159 0.09
Large-ranged MDE 6.08""" 127 0.73 6.13"" 126 0.80
Area 629" 127 0.74 55177 135 0.67
MAP —2.67 141 0.34 —2.64 150 0.17
MAT 1.49 146 0.14 1.22 151 0.07
Small-ranged MDE 3.65" 102 0.49 311" 112 0.32
Area 2.97" 105 0.39 2.49" 113 0.24
MAP —0.90 112 0.06 —1.11 116 0.11
MAT —0.12 113 <0.01 —0.18 114 0.18
Herbaceous Overall MDE 5117 169 0.65 497" 183 0.36
Area 4227 173 0.56 4247 187 0.21
MAP —0.12 186 <0.01 —0.56 186 0.23
MAT -1.01 185 0.07 —0.96_ 181 0.44
Large-ranged MDE 6.34 153 0.74 5.97 168 0.49
Area 536" 156 0.67 527" 173 0.32
MAP —0.43 174 0.01 —0.79 176 0.20
MAT —0.63 174 0.03 —0.63 172 0.37
Small-ranged MDE 2.80" 143 0.36 2.63" 151 0.22
Area 2317 145 0.28 2.34" 154 0.10
MAP 0.54 150 0.02 —0.03 149 0.31
MAT —1.81 147 0.19 —1.61 143 0.54

Magnitudes of r-values indicate the importance of each variable in the models. Model fit was assessed using the Akaike information

criteria (AIC), and smaller values indicate better fits

MDE Mid-domain effect, M AP mean annual precipitation, M AT mean annual temperature, AIC Akaike information criteria

* P < 0.05 ** P < 0.0L; ** P < 0.001

total species, although the absolute magnitudes of the
parameters varied somewhat between the two models
(Table 3). The multiple regression models with all fac-
tors (model A) included the MDE, MAP, and MAT and
explained more than 80 % of the variation in overall
species richness of total, woody, and herbaceous plants.
Area was the weakest predictor for explaining the vari-
ation in overall richness. A second model (model B)
excluded the MDE but included area, MAP, and MAT
and explained more than 80 % of the variation in
overall species richness of total, woody, and herbaceous
plants. Although there were several exceptions, the
explanatory powers of climatic factors (MAP and MAT)
were higher for total and herbaceous plant species, while
the MDE was more important for woody plant species.
When the species data were divided into large- and
small-ranged species, the effects of the MDE and

climatic factors in multiple regression models showed
different patterns between the two different range-size
groups. The explanatory powers of the MDE for large-
ranged species were higher than for small-ranged spe-
cies, whereas MAP and MAT were better predictors
than the MDE for small-ranged species.

Rapoport’s altitudinal rule

The simple linear regression analysis between altitudinal
range size and midpoint showed no significant rela-
tionships for any plant group. A second-order polyno-
mial regression model showed maximum altitudinal
ranges at intermediate altitudes, with minimum range
sizes at extreme altitudes. The explanatory powers of
simple regressions were lower than those of quadratic
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polynomial regressions (Fig. 4). These analyses do not
support Rapoport’s altitudinal rule.

Latitudinal effect

Simple linear regression analysis between species rich-
ness and latitude showed no significant relationships for
any plant group (Fig. 5). Furthermore, the relationships
between mean latitudinal range size of plant species and
latitude were also not significant (Supplementary
Material 4). These analyses do not support the latitu-
dinal effect on plant species richness patterns along the
ridge of the Baekdudaegan.

Discussion

In this study, we explored altitudinal patterns of plant
species richness at a regional scale using a large primary
data set. Previous studies showing altitudinal patterns of
species richness can be divided into two main groups of
spatial scales: local and regional (Romdal and Grytnes
2007). Many previous studies aimed to explain mecha-
nisms at very large regional scales, such as country and
continent scales (Jetz and Rahbek 2002; Grau et al.
2007, Wang et al. 2007; McCain 2009; Rowe 2009;

Alexander et al. 2011) using secondary distribution data
from the literature associated with the study areas. The
studies at regional scales cover larger areas and larger
fractions of the total biota because they combine data
from numerous collecting efforts (Karger et al. 2011).
Basically, regional-scale studies, including our study,
presume that the large-scale study area is a closed and
massive mountain system from a macroecological per-
spective. Therefore, they focus on the altitudinal effect
and consider that the effect of latitude on species rich-
ness is either not significant or extremely small (Marini
et al. 2010). Indeed, in our study, plant species richness
did not show significant relationships with latitude, nor
was the relationship between mean latitudinal range size
and latitude significant for any plant group. These
results support the assumption that latitude is not a
significant gradient for plant species richness patterns, at
least along the ridge of the Backdudaegan. Moreover,
most studies on the relationship between species richness
and latitude have been performed for wide latitudinal
ranges of more than 10° at the continent or hemisphere
scales (Stevens 1989; Buckley et al. 2003; Cruz et al.
2005).

The altitudinal patterns of species richness and their
underlying causes have long been controversial issues in
ecology and biogeography (Wang et al. 2007). Many
studies have suggested that species richness peaks at



75

1000 > d ssx 100 > d %% :S0°0 > d =
SIJ 10)39q 91BOIPUI SANJBA IS[[BWS PUB ‘D[ Y}
SuIsn passasse sem 11J [OPOJA “S[OPOU AU} UT 9[qBLIBA [OBD JO 0due}IodwI 9y} 9)edIpul SaN[BA-7 JO SOPNITUSEIA "HIA Y} POPNIOXA g [9POW [IYM ‘S9[qBLIBA PauTe[dXa [[B POpN]oul Y [OPOIA

60 160 880 16°0 980 160 680 $6°0 880 w60 16°0 $6°0 A
6cl €el Pl ¢cl LS LST Lyl vl 991 991 9¢1 oSt DIV
V99— 869 10— 68— Ovy— g8 99— L ers— Ll 88— 68T ! LVIA
eV ST L 8LS— 6L ST9— WSLE— 88— wele= 09— L S8v— 609 68v—  9T9— ! dVIN
SS0 6v'0— 18°0 Ly'0— 4 981 s SETV €91 LI0E LO'T LTSE L6°0 1 BAIY
- €61 - €61 - 3€°€ - W7CE - VS - wSL7E 1 JAW  Snoadeqloy
L0 €L0 L9°0 Lo LLO €60 ¢80 ¥6°0 8L°0 60 80 60 d
801 €1l €01 901 6¢1 LTI 9¢l 911 4! 9¢1 9¢l 8¢l DIV
W (4 LLOE— T4 LLOT— 81— 89'1— Sv'l— 91— L0€C— 99— JTT— W85~ ! LVIN
) WS I L0°€— NTT— I8 S0CT— LSLT— LE8T— 5 Yo R 70 ! dVIA
S0 6L°0— 80 69°0— I9°€ 6L'1 280 6L'1 LL8T ¥'0 W€ Lv'0 7 BaIy
- 'l - Se'l - sV Y - 00V - 0 - Wl ! ddN Apoom
160 60 160 ¥6°0 £€8°0 60 98°0 ¥6°0 98°0 €60 68°0 96°0 !
6¢€l1 vl cel 0¢l 691 Y91 651 [43! 8L1 €L1 891 651 DIV
e OV L— L 9€8— 8L, 68— LS0€— Y J0E— W89 L 8Y— W9 16—, T99— ! LVIN
w109 VOl 89— 08— La0e— L€~ L6°C— WOLE— WYy— 86— LEY— 909~ ! dVIN
001 €80~ 9C'1 80— S0 89°1 4 961 WST'E L6°0 S9°€ €60 1 BIATY
- FoC - 09T - 08¢ - w19°€ - 4 - 00 ! HAN [e10L
q \4 4 v 4 \4 d v q \4 q \4
AVO ST10 AVO ST10 AVO ST10
posuri-[[ewi§ paSuei-o81e] [I2ENNe) S9[qRLIBA

BAIOY YINOS ‘uedoepnpoeg 9yj jo aZpu oY)
Suore seroads paguel-[jews pue pagueI-a3Ie] 10J pue [[eIoA0 sjue[d snoadeqIay pue ‘Apoom ‘[ej0} Jo ssauyoLl saroads pue sojqerrea paure[dxa 10y sppow YD pue SO [dnnA € dqeL



~J
(o)}

1800 - 1800 1800
— —— R'<001,P=098 b
‘__E' 1600 | === R'=086P<0001| 1600F —— R’ <001, P= 080 1600+ R7<001.P=099
@ 1400 | wool = R*= 087, P<000 1400} ==~ R =085 P<0001 T
~N
» 1200 b 1200 | [ 1200
1]
© 1000 } ] 1000 | 2 1000}
& = P '
= 800} bt T 800 | ~ 800+ I T
= o | 1-.( \J ~1~ ¥~
2 600t l; N 600 s !...L - 600 - [ - S
£ ] 1 ' > n P | I~
S aof RN [w H 400 | y1l HHl 400 AT1T1 u ;\{
s 1 1 \ ’ % s \‘}
= 200t + 1 200 T e 200 / 1
< ':i | == }‘\i I(){ L ot { 1 \{
0 - 0 L : . 3
0 200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 BOO 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800

Altitudinal midpoint (m)

Fig. 4 Relationship between altitudinal range size and midpoint of
a total, b woody, and ¢ herbaceous plant species to test Rapoport’s
altitudinal rule. The straight and the dotted curved lines show the

500
®
[ ]
400 °
L]
a .
Q
c .
< 300+
(8] v [ ]
= v v
e — JR—
2 v v
O 200 v
(5] v
Q. o
0 e 6—--Q o ________ ° ____
o
100 o
® Total plants, R%= 0.003, P=0.912
O Woody plants, R? = 0.029, P=0.715
0 v H(lerbaceous plants, Rf <0.001,P= 0.972‘ .
35 36 37 38

Latitude (degrees)

Fig. 5 Relationship between species richness of total, woody, and
herbaceous plants and latitude along the ridge of the Baekduda-
egan

intermediate altitudinal zones (Colwell and Lees 2000;
Sanders 2002; McCain 2004), and some studies indicated
that species richness decreases monotonically with
increasing altitude (Stevens 1992). Our study also
showed that plant species richness peaked at interme-
diate altitudes along the ridge of the Baeckdudaegan,
even though the absolute altitudes of the richness peaks
varied somewhat among the three plant groups (total,
woody, and herbaceous) and two range-size groups
(large- and small-ranged species). At the most general
level, our study adds to the growing evidence that plant
species richness exhibits a strong hump-shaped altitu-
dinal pattern in mountainous areas. This hump-shaped
distribution has been explained as reflecting an optimal
combination of spatial factors, such as the MDE and
area (Wang et al. 2007), and climatic factors, including
water and temperature (Bhattarai and Vetaas 2003;
Kluge et al. 2006). The relative influence of each of these
determinants of richness may vary among altitudinal
gradients and taxa. Below we discuss how the MDE,
area, climatic factors, and Rapoport’s altitudinal rule
may influence altitudinal patterns of plant species rich-
ness along the ridge of the Backdudaegan.

simple linear and the second-order polynomial regression models,
respectively

Spatial factors: the MDE and area

Although the empirical species richness deviated greatly
from the MDE null model, the MDE was the most
powerful factor in the simple linear regression and
accounted for a significantly large proportion of the
altitudinal patterns of total, woody, and herbaceous
species richness in our study. In a recent work, Acharya
et al. (2011) reported that, like other plant groups
(Carpenter 2005; Kluge et al. 2006; Grau et al. 2007;
Ah-Peng et al. 2012), tree species richness in the eastern
Himalayas deviated greatly from that predicted by the
MDE null model. The large deviation may be due to a
large proportion of singletons and doubletons, i.e.,
species present in only one or two samples, respectively
(Ah-Peng et al. 2012). The degree of deviation may also
suggest that other factors (ecological, historical, and
evolutionary) could explain the observed distribution
pattern (Acharya et al. 2011). In our study, total and
herbaceous plants had more singleton and doubleton
species than woody plants (36, 27, and 41 % for total,
woody, and herbaceous plants, respectively). Therefore,
we suggest that these singletons and doubletons are
likely to result in larger deviations for total and herba-
ceous plants than for woody plants.

Many studies have documented that the MDE is an
important factor influencing species richness patterns
along altitudinal gradients (Colwell and Lees 2000;
Bachman et al. 2004; McCain 2004; Oommen and
Shanker 2005; Cardelus et al. 2006; Watkins et al. 2006).
The MDE presumes that hard boundaries cause more
overlap of species ranges toward the center of a bounded
geographical domain (Colwell et al. 2004b) and predicts
a hump-shaped richness pattern with maximum richness
at the intermediate altitudes of the mountain ecosystem
(McCain 2004). Along the ridge of the Backdudaegan,
woody plant richness was correlated more strongly with
the MDE using multiple regression models than were
total or herbaceous plant richness. Also, the explanatory
power of the MDE was stronger for large-ranged species
than for small-ranged species in each of the three plant
groups (total, woody and herbaceous species). Our
results suggested that the MDE is a robust predictor of



woody species richness and is effective in explaining
altitudinal woody plant richness patterns. These results
also confirmed the prediction of the MDE hypothesis
that small-ranged species will show less of an MDE peak
than large-ranged species (Jetz and Rahbek 2002; Colwell
et al. 2004b; Cardelus et al. 2006; Dunn et al. 2006; Fu
et al. 2006; Kluge et al. 2006; Watkins et al. 20006).

Area is a crucial factor determining altitudinal species
richness patterns and can have both indirect and direct
effects on species richness (Connor and McCoy 1979;
Rahbek 1995). In our study, area was an important
predictor of total, woody, and herbaceous plant species
richness in simple regression models. However, area was
a weak predictor of richness patterns in multiple
regression models with the MDE from for all plant
groups except for small-ranged woody species. This
apparent contradiction may be due to the special rela-
tionship between the MDE and area. Because the MDE
and area are highly correlated (R* > 0.55, P < 0.001 in
all cases), the area effect may be substituted by the MDE
in the multiple regression models. Therefore, we suspect
that the effect of area was masked by the strength of the
MDE, at least for the plant species in this study.

Climatic factors: MAP and MAT

Two climatic factors, MAP and MAT, were correlated
only weakly with species richness patterns along the
altitudinal gradients in simple regression models. How-
ever, in the multiple regression models, the two climatic
factors contributed strongly to empirical richness pat-
terns, especially for total and herbaceous plants, along
the altitudinal gradients. Climate is an obvious factor
controlling species distribution and richness in many
areas, especially for vascular plants (Fang and Lech-
owicz 2006). Along the ridge of Baekdudaegan, the
combined effects of precipitation and temperature may
limit species richness at both extremes of the gradient,
but in different ways: at lower altitudes by a reduction of
humidity through high temperatures and at higher alti-
tudes by low temperatures (Kluge et al. 2006; ZenHua
et al. 2007). We concluded that an optimal range of
temperature and precipitation exists at intermediate
altitudes along the ridge of the Backdudaegan and that
favorable climate conditions at intermediate altitudes
may lead to higher total and herbaceous plant species
richness, because optimal climatic conditions lead to
maximum productive energy available in the mountain
ecosystem (Bhattarai et al. 2004; Kluge et al. 2006;
ZenHua et al. 2007). Furthermore, McCain (2007) pro-
posed a climatic model and advocated that appropriate
climate conditions (e.g., precipitation and temperature)
at the intermediate altitudes might contribute to the
hump-shaped patterns. The intermediate altitudes may
provide the best combinations of heat and water for
plant growth and consequently allow a rate of higher
resource use and the co-existence of more species
(McCain 2007). Furthermore, when the species data

7

were divided into large and small-ranged species, the
relative contributions of the two climatic factors in
multiple regression models were higher for small-ranged
than large-ranged species. Fu et al. (2006) found that
climatic factors were more important than spatial fac-
tors for small-ranged species.

Rapoport’s altitudinal rule

Our results did not support Rapoport’s altitudinal rule
(Fig. 3). Because the plant species along the ridge of the
Baekdudaegan that occurred at the lowest and highest
mean altitudes tended to have smaller altitudinal ranges,
and because only species at intermediate altitudes had
large altitudinal ranges, an alternative and complemen-
tary explanation for the empirical pattern seen is the
random placement of species’ altitudinal ranges along an
altitudinal gradient, like the MDE. In any case, species
ranges result from complex interactions among many
factors, such as physiological traits, the complex evolu-
tionary history of speciation and dispersal, and con-
straints resulting from continent shape (Webb and
Gaston 2003). No general trends appear to exist for
Rapoport’s altitudinal rule for all biological organisms,
suggesting that the factors determining range size are
complex and remain poorly understood (Grau et al.
2007).

Conclusion

Along the ridge of the Baekdudaegan, plant species
richness had distinctly hump-shaped patterns along the
altitudinal gradient, even though the absolute altitudes
of the richness peaks varied somewhat among total,
woody, and herbaceous plants. The MDE and climatic
factors had good explanatory power and were the main
potential factors determining the richness patterns of
plant species in the regression analyses. The MDE was
the most important explanatory factor for woody plants
and for large-ranged species, whereas the combined
interaction of the climatic factors was important pre-
dictors for total and herbaceous plants and for small-
ranged species. Furthermore, Rapoport’s altitudinal rule
and latitudinal effect were not supported for any plant
groups. Even though the MDE and climatic factors were
the primary drivers of the best simple and multiple
regression models, discrimination among these factors
was not possible through a simple comparison of the
regression coefficients, because both the MDE and cli-
matic factors were correlated strongly with plant species
richness. Many studies have reported that altitudinal
species richness patterns can be influenced by a series of
climatic, spatial, and historical factors (Grytnes and
Vetaas 2002; Rahbek 2005; Cardelus et al. 2006; Li et al.
2009; Acharya et al. 2011). In this study, we evaluated the
relationships among spatial and climatic factors and the
altitudinal richness patterns of plant species. However,
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historical evolutionary factors were not considered. Fur-
ther study on the influence of evolutionary history,
including historical contingency and niche conservatism,
might help researchers gain a better understanding of the
factors controlling the altitudinal distribution of plant
communities from a macroecological perspective.
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