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ABSTRACT

Aim We quantify the elevational patterns of species richness for all vascular
plants and some functional and taxonomic groups on a regional scale on a
tropical mountain and discuss some possible causes for the observed patterns.

Location Mount Kinabalu, Sabah, Borneo.

Methods A data base containing elevational information on more than 28,000
specimens was analysed for vascular plant distribution, taking into account
sampling effort. The total species richness pattern was estimated per 300-m
elevational interval by rarefaction analyses. The same methods were also applied
to quantify species richness patterns of trees, epiphytes, and ferns.

Results Total species richness has a humped relationship with elevation, and a
maximum species richness in the interval between 900 and 1200 m. For ferns and
epiphytes the maximum species richness is found at slightly higher elevations,
whereas tree species did not have a statistically significant peak in richness above
the lowest interval analysed.

Main conclusions For the first time a rigorous estimate of an elevational
pattern in species richness of the whole vascular plant flora of a tropical mountain
has been quantified. The pattern observed depends on the group studied. We
discuss the differences between the groups and compare the results with previous
studies of elevational patterns of species richness from other tropical areas. We
also discuss the methods used to quantify the richness pattern and conclude that
rarefaction gives an appropriate estimate of the species richness pattern.

Keywords
Altitudinal gradient, Borneo, macroecology, Mount Kinabalu, rarefaction,
sampling effort, species diversity, species richness gradient, tropical mountains.

INTRODUCTION

1995, 2005). Relatively few studies have, however, been made
on vascular plants in species-rich areas such as Mount

Mount Kinabalu in Sabah, Borneo probably has one of the
richest floras in the world, with ¢. 5000 species of vascular
plants documented from an area of 1200 km? (Beaman, 2005).
Kinabalu is also the highest mountain in Southeast Asia.
Elevational gradients offer a fascinating challenge for under-
standing broad-scale patterns of species distributions and
patterns of diversity. Owing to the short geographical distances
and large climatic differences, elevational gradients are ideal
for studying broad-scale patterns in diversity. Studies of species
diversity along elevational gradients have become increasingly
popular during the last decade, and our knowledge about
elevational diversity patterns is accumulating rapidly (Rahbek,
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Kinabalu. Most studies from tropical areas have been made
at a local scale, based on field sampling of transects and often
only on a subset of the total flora (Kitayama, 1992, 1996;
Lieberman et al., 1996; Kessler, 2001; Bachman et al., 2004).
Indeed, studies of elevational patterns considering the pattern
of the whole vascular plant flora along the entire elevational
gradient on a tropical mountain, and where sampling effort is
standardized are rare. Rahbek (1995) reviewed the then
available elevational studies and found 12 regional studies of
plants from the Tropics; none of these had attempted to
standardize for sampling effort. The situation 10 years later is
probably similar, and we do not know of any studies that have
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quantified the elevational pattern of the whole vascular flora
on a tropical mountain and accounted for sampling effort.
There are many problems in the estimation of species richness
in tropical areas, because the flora and fauna are often poorly
described and high diversity complicates species identification
(Prance et al., 2000; Phillips et al., 2004). Despite the difficul-
ties of working in remote settings, high-quality data are
increasingly available from projects where taxonomic experts
have investigated the flora of a region. Such a project has now
been completed for Mount Kinabalu. An account of this flora
has been published in five volumes (Parris ef al., 1992; Wood
et al., 1993; Beaman & Beaman, 1998; Beaman et al., 2001;
Beaman & Anderson, 2004), and a data base of this flora has
been prepared with information on all specimens examined,
including elevational data. This detailed information at the
specimen level, with careful species identification, provides a
unique opportunity for the elevational pattern on Mount
Kinabalu to be quantified in a rigorous way. Such studies have
recently been called for to achieve progress in quantifying
and understanding broad-scale patterns of diversity (Gotelli,
2004).

Elevational patterns of parts of the vascular plant species
richness on Mount Kinabalu have been quantified previously
(Kitayama, 1992, 1996; Aiba & Kitayama, 1999; Kessler et al.,
2001). Kitayama (1992, 1996) and Aiba & Kitayama (1999)
used field sampling along transects to quantify the elevational
pattern of tree species richness. They found that richness
decreased exponentially with elevation. Kessler et al. (2001)
sampled plots of 400 m* and counted the number of ferns in
these plots. The results indicated a mid-elevational peak, but
the variance in richness between plots was large and no
statistics were applied.

The aim of this study is to quantify the elevational species
richness pattern of all vascular plants on Mount Kinabalu. To
make the present study comparable with previous studies on
Mount Kinabalu we look at elevational patterns of subsets of
the flora. In addition to looking at trees and ferns, we also look
at epiphytic species because these are thought to constitute a
large component of the diversity in tropical wet forests (Gentry
& Dodson, 1987; Wolf & Flamenco-S, 2003).

STUDY AREA

Mount Kinabalu is centred at approximately 6°05 N,
116°35” E. Extending to 4094 m above sea level, Kinabalu is
the highest mountain in Southeast Asia. The geology of the
area is complex (Collenette, 1958; Jacobson, 1978). The lower
slopes of the mountain have thick layers of late Cretaceous to
Tertiary sandstones and shales of the Trusmadi and Crocker
Formations. The core of the mountain is a pluton of mainly
hornblende and (granitic) adamellite diapirically emplaced
into the complex of older rocks, and is part of a large batholith
underlying the area. The central part of the batholith was
uplifted during the Pleistocene and constitutes much of the
present mountain, one of the youngest major mountains in the
world. It may still be rising at a rate of about 5 mm a year
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(Tain Choi, 1996). Pleistocene glaciation produced the present
ice-carved topography of the summit area. Intrusive ultramafic
rocks were uplifted with the core and appear rather like a collar
around the mountain at lower and middle elevations. During
the Pleistocene, the summit supported an ice cap of about
5km?® in extent. Deglaciation of the summit occurred
¢. 9200 years ago (Jacobson, 1978).

The mountain has a humid tropical climate, and the mean
annual temperature at sea level is 27.5 °C, with a lapse rate of
0.55 °C per 100 m (Kitayama, 1992; Kitayama et al., 1999).
Precipitation shows a much more erratic pattern, and no
statistically significant simple trends have been found with
elevation (Kitayama, 1992; Kitayama & Aiba, 2002). As a result
of the cloud zone, however, a steeply increasing moisture
gradient is found between 1500 and 2000 m, where the
latter elevational level corresponds to the lower cloud level
(Kitayama, 1992).

METHODS

The first scientific collections of the flora of Mount Kinabalu
were made in 1851 by Hugh Low (Beaman & Anderson, 2004).
Comprehensive works on the Kinabalu flora are Stapf’s (1894)
monumental account, On the Flora of Mount Kinabalu, in
North Borneo and Gibbs’s (1914) work, A Contribution to the
Flora and Plant Formations of Mount Kinabalu and the
Highlands of British North Borneo. The recent enumeration of
the flora is based on inspection of more than 42,000 unique
specimens representing around 5000 taxa. A data base of these
collections has been developed by Beaman and colleagues [see
Beaman (2005) for a description of the data base]. After
removing duplicate specimens and specimens that are unde-
termined (indet. or cf. in the data base; 1589 specimens) 40,264
specimens remain in the data base. Specimens that wait further
examination before being given a species name but that are
clearly different from any of the other species [aff. (755
specimens) and sp. (981 specimens) in the data base] are
included in our analyses. For 29,123 of these collections
elevational data have been recorded. For 5339 specimens
elevation was given as a range and the range was generally
meant to indicate the uncertainty of the collector about the
exact elevation. We did not want to discard such a large
amount of data so we randomly assigned an elevation within
the given range for these species. Specimens with a range larger
than 500 m were not included, resulting in our discarding 665
specimens. The remaining number of specimens, used to
quantify the elevational patterns, was thus 28,458.

When plotting the frequencies of specimens along the
elevational gradient at 100-m intervals a peak was observed for
each 300 m (Fig. 1). This is because of the tendency of
collectors to use round numbers and because many numbers
originally were given in feet (i.e. a peak for each 1000 feet).
Using 300-m intervals produces a much smoother curve when
plotting the frequencies of specimens along elevation (Fig. 1).
We therefore use a 300-m interval when estimating species
richness.
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Figure 1 Number of specimens of vascular plants per 300-m
elevational interval on Mount Kinabalu that are found in the data
base. Total number of specimens is 28,458. The mid-point of
each interval is set along the x-axis. The inset figure shows the
number of specimens per 100-m elevational interval. Observe the
peak in the number of specimens for each 300 m.

When counting species richness per elevational interval the
gradient is divided into segments of 300 vertical m. The first
segment is from 1 to 300 m (300 m is included). The next
segment is then from 301 m up to and including 600 m, and
so on until the last interval, which goes from 3901 m up to the
summit. In the lowest interval, from 1 to 300 m, only 18
specimens have been recorded and assigned an elevation.
Paucity of data for the lowest elevational band means that our
analysis begins at 301 m elevation.

As observed from Fig. 1, the differences in sampling at the
different elevational intervals are large. A direct comparison of
species richness would therefore be meaningless. We want only
to quantify the relative species richness of each elevational
interval, i.e. the elevational richness pattern, and we therefore
use rarefaction methods to estimate the pattern (Fisher, 1999;
Brehm et al., 2003; Wolf & Flamenco-S, 2003). The rarefaction
methodology makes it possible to compare samples that have
different numbers of specimens sampled by randomly drawing
an equal number of specimens from the samples and counting
the number of species drawn from each sample (Gotelli &
Colwell, 2001; Magurran, 2004). Using rarefaction we depict
the species richness pattern in three different ways. First,
rarefaction curves for the different elevational intervals are
shown. Second, we show the pattern of estimated species
richness when drawing an appropriate number of specimens
from each elevational interval. The number of specimens
drawn is a trade-off between how fine-tuned a pattern we are
able to detect, and, because some intervals have few specimens,
how many intervals we can include in our analyses. Third, we
compare elevational intervals pair-wise by estimating by
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rarefaction the species richness of the interval with most
specimens down to the same number of specimens as the
interval with fewest specimens. For the latter approach we also
found a 95% confidence interval. If the observed species
richness of the interval with fewest specimens was outside this
interval we considered the difference statistically significant.
Rarefactions were calculated using ecosim 7.68 (Gotelli &
Entsminger, 2004). For the first two analyses the average of 100
simulations gave stable results and was therefore considered
sufficient. To obtain reliable estimates of the confidence
interval for rarefied species richness in the third analysis we
used 1000 simulations, and in the few cases where the
confidence interval of the rarefied value was exactly equal to
the observed value from the other interval we redid the analysis
with 10,000 simulations.

If rarefaction is to give a correct relative estimate of species
richness it needs to be assumed that the original collections
were made randomly. This is probably not true for any data
based on herbarium material, because conspicuous and
beautiful species tend to be over-represented, and rare species
tend to be more commonly collected than would be expected if
the sampling effort were completely random. However, we
assume that this bias is approximately similar for all the
elevational intervals and therefore will consider the patterns
that appear to be reliable estimates of the ‘true patterns’.

The various subsets of the flora were defined with the aid of
information on the species found in the data base. The same
information can be found in the volumes of the Plants of
Mount Kinabalu (Parris et al., 1992; Wood et al, 1993;
Beaman & Beaman, 1998; Beaman et al, 2001; Beaman &
Anderson, 2004). The previous studies on tree species richness
from Mount Kinabalu have focussed on specimens and
defined as trees all specimens with a certain minimum
diameter at breast height (Kitayama, 1992; Aiba & Kitayama,
1999). Since we do not have this information at the specimen
level we have to base the information at the species level. All
species that have the potential to be trees are defined as trees
in the present study. Likewise, specimens that belong to a
species that is often epiphytic are defined as epiphytes in this
study (including the ferns). Species that are noted to be rarely
or sometimes found as epiphytes are not included in this
category. The third subgroup is the ferns, in which we have
included fern allies.

When establishing an elevational pattern in richness we
acknowledge that elevation itself is not causing any change in
species richness (Hawkins & Diniz-Filho, 2004). Unfortu-
nately, it is difficult to correlate climate or environmental
data directly with the species richness because such data are
limited. We therefore only quantify the relationship between
species richness and elevation, and discuss the importance of
the various climatic and environmental variables subse-
quently. Information on climate is primarily taken from
Kitayama (1992) and Kitayama et al. (1999). Area per 300-m
elevational interval is estimated from information found in
the Global Land Cover Facility, http://www.landcover.org
(USGS, 2004).
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RESULTS

The 28,458 specimens with elevational information represent
3854 species. The species rarefaction curves for each elevational
interval are shown in Fig. 2. For none of the rarefaction curves
is there any sign of complete sampling, indicating that, even in
the elevational interval that has been sampled most intensively
(between 1500 and 1800 m), there are still species to be
discovered. The rarefaction curves in Fig. 2 show that the
intervals between 300 and 1500 m have approximately the
same species richness, and that after that a continuous decrease
is found. For easier comparison of the species richness pattern,
Fig. 3 depicts the rarefied species richness for 250 and 1000
specimens. Estimated species richness based on rarefaction to
250 specimens confirms the impression from the rarefaction
curves that species richness is relatively constant from 300 to
1500 m and thereafter decreases all the way towards the
summit. Estimated species richness based on 1000 specimens
gives a better resolution of what happens at lower elevations,
but because many of the intervals at higher elevations have too
few specimens, the pattern towards the summit is not seen
here. This indicates that the interval from 900 to 1200 m is the
most species-rich and that a slight decrease in species richness
is found towards the two lowermost intervals. A pair-wise
comparison of all intervals, rarefying the number of specimens
in the interval with most species down to the same number of
specimens as the one with fewest individuals, is shown in
Table 1. All comparisons above 1200 m clearly show that
species richness is significantly smaller for all interval steps
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Figure 2 Rarefaction curves for vascular plants on Mount
Kinabalu. The legend refers to the elevational interval (in metres)
for the different curves. The uppermost and lowermost elevational
intervals had too few specimens to show visible lines. The curves
are the average result of randomly sampling the specimens 100
times for each elevational interval. Note that the intervals between
300 and 1500 m have very similar curves and are therefore difficult
to separate on this figure.
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Figure 3 Estimated species richness of vascular plants per 300-m
interval by rarefaction of specimens down to 250 specimens (filled
squares) and 1000 specimens (open circles). The estimates are
averages of 100 rarefactions for each elevational interval. The
intervals with no estimates had fewer than 250 or 1000 specimens,
respectively, so estimates for these intervals could not be obtained.

taken towards higher elevations. Below 1200 m the picture is
more complex. Rarefied species richness of the interval from
600 to 900 m is higher, but not significantly higher, than that
of the lowermost interval analysed (from 300 to 600 m).
Rarefied species richness in the interval from 900 to 1200 m is
not significantly different from species richness in the interval
from 600 to 900 m but it is significantly higher than what is
found for the lowermost interval. This means that the
rarefaction analyses demonstrate that there is a statistically
significant humped elevational pattern of species richness on
Mount Kinabalu, although the hump is very weak, and we are
not able to say if the peak is in the interval between 600 and
900 m or in the interval between 900 and 1200 m.

Dividing the species up into different life-forms reveals some
interesting patterns. Tree species richness has a pattern rather
similar to the total species richness, but here the maximum
species richness is found to be slightly below that found for
total species richness, as the interval from 600 to 900 m has the
highest estimated richness (Fig. 4). This interval cannot,
however, be separated from the lowermost elevational interval
analysed (Table 2). Above the 600 to 900 m band there is a
statistically significant decrease in species richness all the way
to the summit. This means that we are not able to demonstrate
statistically that there is a humped pattern in tree species
richness along the elevational gradient on Mount Kinabalu. In
the topmost interval there are 13 specimens representing eight
species. Note that these specimens are not necessarily trees but
belong to species that have the potential to become trees.

For the epiphytes the pattern is clearly humped (Fig. 4). The
interval from 1200 to 1500 m has a significantly higher rarefied
species richness than the lowermost interval (Table 3). Com-
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Figure 4 Estimated species richness of trees, ferns, and epiphytes
per 300-m interval by rarefaction of specimens down to 110
specimens, which corresponds to the lowest number of specimens
in the interval between 300 and 600 m for ferns. The two other
groups and all other intervals are therefore rarefied down to this
number of specimens for comparability. The intervals with no
estimates had fewer than 110 specimens for the respective group,
so estimates for these intervals could not be obtained.

paring the interval from 1200 to 1500 m with the two intervals
below gave the same value for the lower confidence interval as
the observed value for both of the other two intervals (177
species for 600-900 m and 317 species for 900-1200 m). This
means that these intervals are close to being significantly
different. Redoing the analyses with 10,000 simulations gave a
significant difference between the 900-1200 m interval and the
1200-1500 m interval, but the same result for the comparison
with the 600-900 m interval. This occurs even though Fig. 4
shows that the interval from 600 to 900 m probably has lower
species richness than the interval from 900 to 1200 m. The
reason for this discrepancy is the lower sampling size in the
interval from 600 to 900 m, which increases the uncertainty in
the rarefied estimate. Above 1500 m there is a statistically
significant decrease in rarefied species richness with each
elevational step, apart from the step between the two highest
intervals analysed. At this step the richness does decrease but it
is not statistically significant (although it is close to being
significant). Redoing the analysis with 10,000 rarefactions did
not alter this conclusion (Table 4).

A humped pattern is also observed for the ferns. The three
intervals between 900 and 1500 m have significantly higher
richness than any other intervals. At the same time there is no
significant difference between these three intervals as judged by
the rarefaction analyses. Both above and below these three
intervals the species richness decreases. A statistical compar-
ison of the two lowermost intervals has not been made because
they have the same number of specimens, but the lowermost
interval has fewer species than the interval above, indicating a
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steady decrease from the three intervals with most species. The
interval from 1500 to 1800 m reveals an irregularity in the
continuous decrease above 1500 m. The reason for this is
probably related to sampling, but when looking at the 222
specimens found in this interval we were not able to identify
any more specific cause for this irregularity.

DISCUSSION

This is the first study to quantify the regional elevational
species richness pattern of the whole vascular plant flora on a
tropical mountain while accounting for sampling effort. More
than 28,000 unique herbarium specimens identified by
specialists form an exceptionally high-quality data set for the
study of regional elevational species richness patterns in the
Tropics.

Rarefaction analyses are employed to correct for sampling
effort, and, despite the fact that the data are not derived from
random collection (random sampling being ideal for rarefac-
tion analyses — Gotelli & Colwell, 2001; Magurran, 2004), the
data are internally consistent. Although the lack of randomness
puts some restrictions on how the data can be treated for
macroecological analyses, we believe that these data, and
herbarium data in general, are suitable for quantifying
elevational patterns in species richness. Actually, the data used
here are probably more random with respect to elevation than
those of many other data sets, because the collectors’
knowledge about prior collections is in most cases limited.
An alternative way of treating such data would be to
interpolate the species as present at all intervals between the
observed extreme elevations. Such treatment has been dem-
onstrated to create artificially humped patterns (Grytnes &
Vetaas, 2002). Extrapolation of species richness by, for
example, Chao estimators or abundance-based coverage
estimator (ACE) has been applied in some studies (Brehm
et al., 2003; Wolf & Flamenco-S, 2003). Extrapolations were
also tried here, but we abandoned the approach because the
estimates turned out to be very dependent on the number of
individuals included. The reason for the failure of these
methods is probably related to the high species diversity of the
area and to the fact that the sampling size is not large enough
for such a high-diversity area to give reliable estimates (Colwell
& Coddington, 1994). As the aim of this paper was primarily to
quantify species richness patterns, i.e. the relative number of
species in each elevational interval and not the absolute
number, we found that rarefaction gave sensible estimates of
the patterns. Consequently, we consider rarefaction to be the
best way to quantify regional richness patterns in species-rich
and underexplored areas, i.e. in most of the Tropics.

We found that species richness along an elevational gradient
on Mount Kinabalu, from 300 to c. 4000 m, shows a weak
hump. Maximum species richness is observed in the interval
from 900 to 1200 m. A moderate decrease in species richness is
found in the two elevational intervals below 900 m, but a
steeper, progressive, decrease in species richness is found in the
intervals above 1200 m. Relatively few studies have looked at
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Elevational species richness patterns on Mount Kinabalu, Borneo
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at least in the lower part of the mountain. Kitayama (1992)
compared species richness patterns of different sized plots
from 600 to 3400 m. At 600 m he found 153 species, at 800 m
richness was reduced to 102 species, and at 1200 m that
richness was further reduced to 79 species. A very similar trend
for tree species richness was observed by Aiba & Kitayama
(1999). Even though the lowermost interval is not covered in
either of these two studies, it is evident that they found a much
clearer increase in species diversity towards the lowermost
elevations studied than is indicated in the present study. There
are two possible explanations that may account for this
difference in observed pattern between the previous studies
and this study. First, the use of rarefaction may mask the
differences in the number of rare species along the altitudinal
gradient, and rarefaction analyses will in addition dampen
differences in richness as diversity becomes very high. Second,
scale has been demonstrated several times to have a profound
effect on how we perceive species richness patterns and on
what factors are important at the different scales (Rahbek &
Graves, 2001; Whittaker et al., 2001; Rahbek, 2005). While the
observed pattern based on plot sampling at a fine scale may
reflect local-scale processes such as species interactions, the
observed pattern in the present study, meant to represent all
species found in an elevational interval, may be more a
reflection of the effects of evolutionary history and dispersal
than of local processes.

There are a few other studies looking at elevational patterns
in tree species richness in the Tropics. Lieberman et al. (1996)
correlated tree species richness with elevation in Costa Rica
and found that diversity peaked at 300 m. Their study was
based on sampled plots of 1 ha, but they were also able to
account for the number of specimens in the plots and found
that the conclusion remained the same when the higher
number of stems at 300 m was accounted for. Whittaker
(1977, using data from Yoda, 1967) found a monotonically
decreasing trend in tree species richness with elevation in
subtropical Nepal, except for one plot at the lowest elevation
(at ¢. 250 m judging from the figure shown in Whittaker,
1977), which had fewer species than the plots above (at
¢. 1100 m). Bhattarai & Vetaas (2003) investigated the richness
pattern between 100 and 1500 m in the same area and found
indications of a hump at 700 m when looking at tree species
richness. Lovett (1999) counted the number of species per 20
individual trees and found no elevational trend in richness on
Tanzanian mountains. Owing to the relatively few studies that
contain enough data from the lowermost portions of eleva-
tional gradients in the Tropics, it is difficult to draw any
general conclusions, but it seems likely that a peak in tree
species richness is found somewhere not far from the bottom
of the elevational gradient, at least in areas with relatively high
humidity (Givnish, 1999).

Epiphytes have maximum species richness on Mount
Kinabalu in the interval from 1200 to 1500 m. Ferns show a
similar pattern and have maximum species richness in the
same elevational interval. Many ferns are epiphytes, so it is not
surprising that these show a similar pattern (on Mount
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Kinabalu, 236 of 609 fern species are epiphytes). As reported
by Gentry & Dodson (1987) in their pantropical analysis of
epiphytes, around two-thirds of the epiphytes are orchids on
Mount Kinabalu (619 epiphytic orchid species out of 963
epiphytic species). The elevational richness pattern of epi-
phytes from Mount Kinabalu agrees well with that from a
similar study of epiphytic elevational diversity from Chiapas in
Mexico, where similar methods were used to estimate the
elevational pattern in diversity (Wolf & Flamenco-S, 2003). In
the Chiapas study, the highest diversity was found between
1000 and 1500 m. Similar results were found in two studies of
neotropical epiphytes (Kiiper et al., 2004; Kromer et al., 2005;
Cardelts et al., 2006). Gentry & Dodson (1987) compared
different areas in the tropical Andes and found indications of a
hump in the cloud zone between 2000 and 2500 m. They
emphasized the importance of high moisture for high species
diversity of epiphytes. On Mount Kinabalu, the peak in species
richness of epiphytes is found ¢. 500 m below the lower level
of the cloud zone. The cloud zone on Mount Kinabalu
is considered to be the zone with the highest moisture
(Kitayama, 1992). The peak in epiphytic richness on Mount
Kinabalu therefore does not coincide with the zone with
highest moisture as predicted by Gentry & Dodson (1987).
However, a modifying factor that might be responsible for
lowering the elevational peak in epiphyte richness is the
number of niches available for the epiphytes. As observed in
this study, the number of tree species decreases rapidly with
elevation above 1500 m, reducing the heterogeneity of habitats
for the epiphytes. The height of the canopy also shows a clear
decrease with elevation (Kitayama, 1992). This may counteract
the effect of moisture, giving a peak in richness below the zone
with highest moisture.

Fern species richness was analysed earlier at a regional scale
on Mount Kinabalu using the same data set as used in the
present study but with a different treatment of data (Parris
et al., 1992; Kessler et al., 2001). These studies found that fern
species richness peaks at ¢. 1500 m, as also found in this study,
but their finding of a very steep decrease in species richness
below 1500 m is not supported by the analyses made here.
Kessler et al. (2001) acknowledge that the steep decrease
towards lower elevations in their study is probably related to
differences in sampling intensities. With rarefaction analyses we
find very similar species richness from 900 to 1800 m. Reducing
the number of specimens to the lowest number (330) found in
any of the three intervals results in 189 species (900-1200 m),
194 species (1200-1500 m), and 194 species (1500-1800 m),
respectively. Kessler et al. (2001) also performed field sampling
of ferns along the elevational gradient on Mount Kinabalu,
which also revealed a humped pattern, but owing to the high
variation in species richness between samples it is difficult to
estimate the exact location of maximum species richness. Other
studies of ferns similarly find a humped pattern, and when
other plant groups are included it is generally the case that the
peak in fern species richness is at a higher elevation than that in
the other groups (Kessler, 2001; Bhattarai & Vetaas, 2003;
Bhattarai et al., 2004; Watkins et al., 2006).
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The main finding in this study is that, based on the elevational
distribution of more than 28,000 specimens, the total species
richness has a humped pattern with a peak in the lower part of
the elevational gradient. Similar patterns are observed when
looking at fern species richness and epiphytic species richness
separately. The species richness of trees, however, shows a
monotonically decreasing trend from the lowermost elevations
to the summit. More specific analyses are needed to elucidate
the potential factors that cause these patterns.

ACKNOWLEDGEMENTS

We would like to thank H.J.B. Birks, Mark Bush, Michael
Kessler, Ole R. Vetaas, and two anonymous referees for
valuable comments on earlier versions of the manuscript, and
Mads Olander Rasmussen for help with GIS. J.A.G. received
financial support from the Norwegian Research Council, and
J.H.B. received support from grants from the US National
Science Foundation.

REFERENCES

Aiba, S. & Kitayama, K. (1999) Structure, composition and
species diversity in an altitude-substrate matrix of rain forest
tree communities on Mount Kinabalu, Borneo. Plant Ecol-
ogy, 140, 139-157.

Bachman, S., Baker, W.J., Brummitt, N., Dransfield, J. & Moat,
J. (2004) Elevational gradients, area and tropical island
diversity: an example from the palms of New Guinea.
Ecography, 27, 299-310.

Beaman, J.H. (2005) Mount Kinabalu: hotspot of plant
diversity in Borneo. Biologiske Skrifter, 55, 103—127.

Beaman, J.H. & Anderson, C. (2004) The plants of Mount
Kinabalu. 5. Dicotyledon families Magnoliaceae to Wintera-
ceae. Natural History Publications (Borneo), Kota Kinabalu,
in association with Royal Botanic Gardens, Kew.

Beaman, J.H. & Beaman, R.S. (1998) The plants of Mount
Kinabalu. 3. Gymnosperms and non-orchid monocotyledons.
Natural History Publications (Borneo), Kota Kinabalu, in
association with Royal Botanic Gardens, Kew.

Beaman, J.H., Anderson, C. & Beaman, R.S. (2001) The
plants of Mount Kinabalu. 4. Dicotyledon families Acanth-
aceae to Lythraceae. Natural History Publications (Borneo),
Kota Kinabalu, in association with Royal Botanic Gardens,
Kew.

Bhattarai, K.R. & Vetaas, O.R. (2003) Variation in plant
species richness of different life forms along a subtropical
elevation gradient in the Himalayas, east Nepal. Global
Ecology & Biogeography, 12, 327-340.

Bhattarai, K.R., Vetaas, O.R. & Grytnes, J.A. (2004) Fern
species richness along a central Himalayan elevational gra-
dient, Nepal. Journal of Biogeography, 31, 389-400.

Brehm, G., Siissenbach, D. & Fiedler, K. (2003) Unique ele-
vational diversity patterns of geometrid moths in an Andean
montane rainforest. Ecography, 26, 456—466.

Journal of Biogeography 33, 1838-1849

Elevational species richness patterns on Mount Kinabalu, Borneo

Cardelus, C.L., Colwell, R.K. & Watkins, J.E. (2006) Vascular
epiphyte distribution patterns: explaining the mid-elevation
richness peak. Journal of Ecology, 94, 144—156.

Collenette, P. (1958) The geology and mineral resources of the
Jesselton—Kinabalu area, north Borneo. Memoir 6. Geological
Survey Department, British Territories in Borneo, Kuching,
Sarawak.

Colwell, R.K. & Coddington, J.A. (1994) Estimating terrestrial
biodiversity through extrapolation. Philosophical Transac-
tions of the Royal Society of London Series B, Biological Sci-
ences, 345, 101-118.

Colwell, R.K. & Hurtt, G.C. (1994) Nonbiological gradients in
species richness and a spurious Rapoport effect. The
American Naturalist, 144, 570-595.

Colwell, R.K., Rahbek, C. & Gotelli, N.J. (2004) The mid-do-
main effect and species richness patterns: what have we
learned so far? The American Naturalist, 163, E1-E23.

Currie, D.J.,, Mittelbach, G.G., Cornell, H.V., Field,
R., Guégan, J.-F., Hawkins, B.A., Kaufman, D.M., Kerr,
J.T., Oberdorff, T., O’Brien, EIM. & Turner, J.R.G. (2004)
Predictions and tests of climate-based hypotheses of broad-
scale variation in taxonomic richness. Ecology Letters, 7,
1121-1134.

Fisher, B.L. (1999) Improving inventory efficiency: a case study
of leaf-litter ant diversity in Madagascar. Ecological Appli-
cations, 9, 714-731.

Gentry, A.H. & Dodson, C.H. (1987) Diversity and biogeo-
graphy of Neotropical vascular epiphytes. Annals of the
Missouri Botanical Garden, 74, 205-233.

Gibbs, L.S. (1914) A contribution to the flora and plant for-
mations of Mount Kinabalu and the Highlands of British
North Borneo. Journal of the Linnean Society, Botany, 42, 1—
240.

Givnish, T.J. (1999) On the causes of gradients in tropical tree
diversity. Journal of Ecology, 87, 193-210.

Gotelli, N.J. (2004) A taxonomic wish-list for community
ecology. Philosophical Transactions of the Royal Society of
London Series B, Biological Sciences, 359, 585-597.

Gotelli, N.J. & Colwell, R.K. (2001) Quantifying biodiversity:
procedures and pitfalls in the measurement and comparison
of species richness. Ecology Letters, 4, 379-391.

Gotelli, N.J. & Entsminger, G.L. (2004) EcoSim: null models
software for ecology, Version 7. Acquired Intelligence Inc. &
Kesey-Bear, Burlington, VT 05465, USA. http://home-
pages.together.net/~gentsmin/ecosim.htm.

Grytnes, J.A. (2003a) Species-richness patterns of vascular
plants along seven altitudinal transects in Norway. Ecogra-
phy, 26, 291-300.

Grytnes, J.A. (2003b) Ecological interpretations of the mid-
domain effect. Ecology Letters, 6, 883—888.

Grytnes, J.A. & Vetaas, O.R. (2002) Species richness and alti-
tude: a comparison between simulation models and inter-
polated plant species richness along the Himalayan
altitudinal gradient, Nepal. The American Naturalist, 159,
294-304.

1847

© 2006 The Authors. Journal compilation © 2006 Blackwell Publishing Ltd



J. A. Grytnes and J. H. Beaman

Hawkins, B.A. & Diniz-Filho, F.J.A. (2004) “Latitude” and
geographic patterns in species richness. Ecography, 27, 268—
272.

Jacobson, G. (1978) Geology. Kinabalu: Summit of Borneo (ed.
by M. Luping, C. Wen and E.R. Dingley), pp. 101-110.
Sabah Society Monograph, Kota Kinabalu.

Kessler, M. (2001) Patterns of diversity and range size of
selected plant groups along an elevational transect in the
Bolivian Andes. Biodiversity and Conservation, 10, 1897—
1921.

Kessler, M. (2002) The elevational gradient of Andean plant
endemism: varying influences of taxon-specific traits and
topography at different taxonomic levels. Journal of Bioge-
ography, 29, 1159-1165.

Kessler, M., Parris, B.S. & Kessler, E. (2001) A comparison of
the tropical montane pteridophyte floras of Mount Kina-
balu, Borneo, and Parque Nacional Carrasco, Bolivia. Jour-
nal of Biogeography, 28, 611-622.

Kitayama, K. (1992) An altitudinal transect study of the
vegetation on Mount Kinabalu, Borneo. Vegetatio, 102, 149—
171.

Kitayama, K. (1996) Patterns of species diversity on an oceanic
versus a continental island mountain: a hypothesis on spe-
cies diversification. Journal of Vegetation Science, 7, 879—-888.

Kitayama, K. & Aiba, S. (2002) Ecosystem structure and pro-
ductivity of tropical rain forests along altitudinal gradients
with contrasting soil phosphorous pools on Mount Kina-
balu, Borneo. Journal of Ecology, 90, 37-51.

Kitayama, K., Lakim, M. & Wahab, M.Z. (1999) Climate
profile of Mount Kinabalu during late 1995—early 1998 with
special reference to the 1998 drought. Sabah Parks Nature
Journal, 2, 85-100.

Korner, C. (2000) Why are there global gradients in species
richness? Mountains might hold the answer. Trends in
Ecology and Evolution, 15, 513-514.

Kromer, T., Kessler, M., Gradstein, S.R. & Acebey, A. (2005)
Local-scale diversity patterns of vascular epiphytes along an
elevational gradient in the Andes. Journal of Biogeography,
32, 1799-1809.

Kiiper, W., Kreft, H., Nieder, J., Koster, N. & Barthlott, W.
(2004) Large-scale diversity patterns of vascular epiphytes in
Neotropical montane rain forests. Journal of Biogeography,
31, 1477-1487.

Lieberman, D., Lieberman, M., Peralta, R. & Hartshorn, G.S.
(1996) Tropical forest structure and composition on a large-
scale altitudinal gradient in Costa Rica. Journal of Ecology,
84, 137-152.

Lomolino, M.V. (2001) Elevational gradients of species-den-
sity: historical and prospective views. Global Ecology &
Biogeography, 10, 3—13.

Lovett, J.C. (1999) Tanzanian forest tree plot diversity and
elevation. Journal of Tropical Ecology, 15, 689—694.

Magurran, A.E. (2004) Measuring biological diversity. Blackwell
Science Ltd, Oxford.

McCain, C.M. (2005) Elevational gradients in diversity of small
mammals. Ecology, 86, 366—372.

1848

O’Brien, EIM. (1993) Climatic gradients in woody plant spe-
cies richness: towards an explanation based on an analysis of
southern Africa’s woody flora. Journal of Biogeography, 20,
181-198.

Odland, A. & Birks, H.J.B. (1999) The altitudinal gradient of
vascular plant species richness in Aurland, western Norway.
Ecography, 22, 548-566.

Parris, B.S., Beaman, R.S. & Beaman, J.H. (1992) The plants of
Mount Kinabalu. 1. ferns and fern allies. Royal Botanic
Gardens, Kew.

Phillips, P.L., Martinez, R.V., Vargas, P.N., Monteagudo, A.L.,
Zans, M.E.C., Sanchez, W.G., Cruz, A.P., Timana, M., Yli-
Halla, M. & Rose, S. (2004) Efficient plot-based floristic
assessment of tropical forests. Journal of Tropical Ecology, 19,
629—-645.

Prance, G.T., Beentje, H., Dransfield, J. & Johns, R. (2000) The
tropical flora remains undercollected. Annals of the Missouri
Botanical Garden, 87, 67-71.

Rahbek, C. (1995) The elevational gradient of species richness:
a uniform pattern? Ecography, 18, 200-205.

Rahbek, C. (2005) The role of spatial scale and the perception
of large-scale species-richness patterns. Ecology Letters, 8,
224-239.

Rahbek, C. & Graves, G.R. (2001) Multiscale assessment of
patterns of avian species richness. Proceedings of the National
Academy of Sciences USA, 98, 4534—4539.

Rosenzweig, M.L. (1995) Species diversity in space and time.
Cambridge University Press, Cambridge.

Stapf, O. (1894) On the flora of Mount Kinabalu, in North
Borneo. Transactions of the Linnean Society of London, Bot-
any, 4, 69-263.

Tain Choi, D.L. (1996) Geology of Kinabalu. Kinabalu: Sum-
mit of Borneo, a revised and expanded edition (ed. by K.M.
Wong and A. Phillipps), pp. 19-29 The Sabah Society in
association with Sabah Parks, Kota Kinabalu.

USGS (2004) Reprocessing by the GLCF. (1, 3, 30) Arc second
SRTM elevation, reprocessed to GeoTIFF, Version 1.0. The
Global Land Cover Facility, College Park, MD.

Watkins, J.E., Cardelis, C., Colwell, R.K. & Moran, R.C.
(2006) Species richness of ferns along an elevational
gradient in Costa Rica. American Journal of Botany, 93,
73-83.

Whittaker, R.H. (1977) Evolution of species diversity in land
communities. Evolutionary Biology, 10, 1-67.

Whittaker, R.J., Willis, K.J. & Field, R. (2001) Scale and
species richness: towards a general, hierarchical theory
of species diversity. Journal of Biogeography, 28, 453—
470.

Wolf, J.H.D. & Flamenco-S, A. (2003) Patterns in species
richness and distribution of vascular epiphytes in Chiapas,
Mexico. Journal of Biogeography, 30, 1689-1707.

Wood, J.J., Beaman, R.S. & Beaman, J.H. (1993) The plants
of Mount Kinabalu. 2. Orchids. Royal Botanic Gardens,
Kew.

Yoda, K. (1967) A preliminary survey of the forest vegetation
of eastern Nepal. II. General description, structure and

Journal of Biogeography 33, 1838-1849

© 2006 The Authors. Journal compilation © 2006 Blackwell Publishing Ltd



Elevational species richness patterns on Mount Kinabalu, Borneo

ﬂOl‘lSth. composition of sample plots Fhosen f1.‘om dlnffere.nt SUPPLEMENTARY MATERIAL
vegetation zones. Journal of Art and Science. Chiba University
National Science, 5, 99—-140. The following supplementary material is available for this
Zapata, F.A., Gaston, K.J. & Chown, S.L. (2003) Mid-do- article online from http://www.Blackwell-Synergy.com:

main models of species richness gradients: assumptions, . . . .
P & P Appendix S1 A short discussion of the potential effects of

methods and evidence. Journal of Animal Ecology, 72 h . R
J f g ’ climate and area on the elevational species richness pattern.

677-690.

BIOSKETCHES

John Arvid Grytnes is a postdoctoral researcher at the University of Bergen. His research interests are all aspects of species richness
patterns at different spatial scales. His current projects focus mostly on elevational richness patterns and problems in quantifying and
interpreting these patterns.

John H. Beaman is an Honorary Research Fellow in The Herbarium at The Royal Botanic Gardens, Kew. With a number of
collaborators he recently completed an inventory of the flora of Mount Kinabalu, a project extending over 22 years, and published in
five volumes, listing about 5000 species.

Editor: Mark Bush

Journal of Biogeography 33, 1838-1849 1849
© 2006 The Authors. Journal compilation © 2006 Blackwell Publishing Ltd



