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Identifying physical and ecological boundaries that limit where species can occur is
important for predicting how those species will respond to global change. The island
of Borneo encompasses a wide range of habitats that support some of the highest rich-
ness on Earth, making it anideal location for investigating ecological mechanisms
underlying broad patterns of species distribution. We tested variation in richness and
range-size in relation to edaphic specialization and vegetation zone boundaries using
3060 plant species from 193 families centered around the elevational gradient of Mt
Kinabalu, Borneo. Across species, average range-size increased with elevation, consis-
tent with- Rapoport’s rule. However, plants associated with ultramafic soil, which is low
in nutrient and water availability and often has high concentrations of heavy metals,
had larger range-sizes and greater richness than expected along the elevational gradient,
as compared to a null model with randomization of edaphic association. In contrast,
non-ultramafic species had smaller range-sizes and lower richness than expected. These
results suggest that tolerance of resource limitation may be associated with wider ran-
gesizes, whereas species intolerant of edaphic stress may have narrower range-sizes,
possibly owing to more intense competition in favorable soil types. Using elevation as
a predictor of average range-sizes, we found that piece-wise models with break-points
at vegetation zone transitions explained species distributions better than models that
did not incorporate ecological boundaries. The greatest relative increases in range-size
with respect to elevation occurred mid-elevation, within the montane cloud forest veg-
etation zone. Expansion of average range-size across an area without physical boundar-
ies may indicate a shift in ecological strategy and importance of biotic versus abiotic
stressors. Our results indicate that elevational range-size patterns are structured by
ecological constraints such as species’ edaphic association, which may limit the ability
of species to migrate up or down mountains in response to climate change.
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Introduction

In an era of global change, shifting environmental condi-
tions are affecting plant species’ geographic and habitat dis-
tributions (Allen and Breshears 1998, Morueta-Holme et al.
2013, Tito et al. 2020). Therefore, it is imperative to under-
stand the macroecological drivers of species’ range-sizes
as a means to anticipate how patterns of richness may also
change (Pither 2003, Morin and Lechowicz 2013). Species
distribution patterns are not only affected by biogeographic
and evolutionary history (MacArthur 1965, Janzen 1967,
Lomolino 2001, Mittelbach et al. 2007), but also by their
life history characteristics, such as pollen and seed dispersal
modes, competitive strategy and degree of niche specializa-
tion (Klopfer and MacArthur 1961, Whittaker et al. 1973,
May 1974, Hillebrand 2004, Morin and Chuine 2006,
Russo et al. 2007, Morin and Lechowicz 2013). Greater sta-
bility of resource rich environmental conditions promotes
survival of species with narrower ecological niches (Klopfer
1959, Janzen 1967, Slatyer et al. 2013), often indicated by
smaller range-sizes. However as a tradeoff, smaller-ranged
species may be more sensitive to climate change (Morin and
Chuine 2006). Conversely, larger range-sizes require greater
tolerance of environmental variation, including thermal lim-
its and seasonal extremes (Pither 2003, Morin and Lechowicz
2013, Slatyer et al. 2013, Subedi et al. 2020).

A contentious empirical pattern observed at the mac-
roscale is the monotonic increase in average range-size for
species assemblages with increasing elevation and latitude
for terrestrial ecosystems, or deeper water-depths for ocean ¢
ecosystems, referred to as ‘Rapoport’s rule’ (Stevens 1989,
1992, 1996), noted across a wide array of taxonomic groups
(Lee etal. 2013, Tedersoo et al. 2014) and plant growth forms
(Pither 2003, Zhou et al. 2019, Subedi et al. 2020) However
there is considerable debate as to whether range-size trends
are universal or indicative of underlying ecological mecha-
nisms (Colwell and Hurtt 1994, Lyons and Willig 1997,
Gaston et al. 1998, Weiser et al. 2007, Sizling et al. 2009,
McCain and Bracy Knight 2013, Tomasovych et al. 2016).
Differences in average range-size at opposite ends of an envi-
ronmental gradient are thought to arise because of species’
adaptive responses to variation in habitat conditions. Species
at the poleward portions of a latitudinal gradient experi-
ence pronounced seasonality, whereas species near equatorial
areas experience greater stability of energy input and annual
temperature (Francis and Currie 2003, Hawkins et al. 2003,
Pither 2003). Analogously, on any given mountain, species
observed nearest the summit are often subject to greater diur-
nal temperature variation as compared to species closer to sea
level (Janzen 1967, Stevens 1992), but with differences possi-
ble between mountains (Grubb 1971, Tanner 1977, Kitayama
1992a). Range-size truncation can also be the result of species’
position relative to physical boundaries (i.e. ‘hard’ boundar-
ies), which makes occurrence beyond impossible, such as at
sea-level (Colwell and Hurtt 1994, Sizling etal. 2009). Limits
on range-size can also reflect ecological boundaries (i.e. ‘soft’
boundaries), which are transitions where significant habitat

filtering occurs between adjacent areas or ecological systems
(Gosz 1993), with locations that can fluctuate in time or
space (Allen and Breshears 1998, Fiorentino et al. 2018).

While some factors affecting species’ distributions on
environmental gradients display smooth, continuous varia-
tion (e.g. a linear decline in mean daily temperature with
increasing elevation), other factors can shift in an abrupt
or non-continuous manner (e.g. soil nutrients), which adds
complexity in the identification of ecological boundaries
(Proctor et al. 1988, Fisher et al. 2013, van der Ent et al.
2016, Tito et al. 2020). Vegetation zones often corresponds
with temperature and position of orographically generated
persistent cloud layers that form at particular elevations
(von Humboldt 1849, Holdridge et al. 1971, Gentry 1988,
Kitayama 1992b, Bruijnzeel et al. 1993, Juvik and Nullet
1995, Jarvis and Mulligan 2011), or indicate changes in the
underlying geological substrate (Cain 1944, Whittaker et al.
1973, Tanner 1977, Aiba<and Kitayama 1999, van der
Ent et al. 2016). On tropicl mountains, the lowest eleva-
tion vegetation zones.oft n experience intermittent rainfall,
whereas middle-elevation vegetation zones have more con-
sistent fog immetsion;-and the highest elevation vegetation
zones expe ience infrequent moisture from mist (Vogelmann
1973, Kitay ma 1992b, Juvik and Nullet 1995, Kudo and
Suzuki 2004, Rehm and Feeley 2015). The tree-line is an
ecological boundary since key physiological adaptations (e.g.
freezing tolerance) are needed for species to occur above that
thréshold (Stevens and Fox 1991, Koérner 1998, Rehm and
Feeley 2015). Similarly, the minimum elevation for occur-
rence can reflect a species’ thermal tolerance (Pither 2003,
Feeley et al. 2020), with rising temperatures under climate
change further truncating montane species distribution if
upper elevation limits are fixed.

A less well examined ecological boundary is driven by
variation in lithology, which creates edaphic conditions
that influence plant species composition (Whittaker 1954,
Kitayama et al. 1998, Kruckeberg 2002, Davies et al. 2005,
Russo et al. 2005, van der Ent et al. 2016). For edaphically
specialized species, the insular distribution of suitable soil
patches can act as barriers for establishment. Patchy distri-
bution of edaphic habitats not only leads to high rates of
species turnover and endemism (Whittaker 1954, Harrison
1997, Kruckeberg 2002, Proctor 2003, Rajakaruna 2004,
Isnard et al. 2016, van der Ent et al. 2016), but may also
exacerbate the effects of climate change (Damschen et al.
2011, Rajakaruna 2018, Corlett and Tomlinson 2020). Soil
type can even be a stronger predictor of habitat suitability
than climate for the distribution of plants that specialize on
very infertile soils (Harrison 1997, Fernandez-Going et al.
2012). Even within a given soil type, smaller-scale spatial
variation in soil chemistry can further shape plant species
composition (Proctor et al. 1988, 1998, van der Ent et al.
2014, 2016, 2018a). Edaphic specialization on infertile
soils may be associated with tradeoffs in traits that enable
tolerance of environmental stressors while reducing com-
petitive ability within resource rich habitats (Grime 1977,
Kazakou et al. 2008, Russo et al. 2008, Rajakaruna 2018).



Ultramafic soils are an example of highly infertile envi-
ronments recognized globally for distinct plant communi-
ties with high rates of endemism (Proctor et al. 1988, 1998,
Anacker 2011, Isnard et al. 2016, van der Ent et al. 2016,
Galey et al. 2017). The term ultramafic soil is sometimes
synonymous with ultrabasic (Proctor et al. 1988, Aiba and
Kitayama 1999) or serpentine soil (Kruckeberg 2002, Proctor
2003, Brady et al. 2005) based on similarity of rock type from
which they are derived, or grouped with unusual substrates
with ‘extreme edaphic’ conditions (Rajakaruna 2004, 2018,
Damschen etal. 2011, Corlett and Tomlinson 2020). Tropical
ultramafic ecosystems differ from temperate counterparts
based on degree of weathering from rain and temperature,
elemental composition and organic matter (Galey et al. 2017,
van der Ent et al. 2018b). Ultramafic soils are challenging to
plant growth, as they tend to have reduced water retention,
high deposits of heavy metals (e.g. nickel) and nutrients that
are either limited (e.g. nitrogen or phosphorous), or in such
excess (e.g. magnesium), that they require specialized physi-
ological adaptations (Jenny 1980, Kruckeberg 2002, Proctor
2003, van der Ent et al. 2016). Vegetation on ultramafic soil
is often reduced in stature, with plants exhibiting ‘serpentine-
syndrome’ marked by stunted growth and reduced productiv-
ity (Jenny 1980, Aiba and Kitayama 1999, Kruckeberg 2002,
Brady et al. 2005, van der Ent et al. 2016). However, there
can be similarities of biomass or foliar characteristics of ultra-
mafic and non-ultramafic communities in areas with com-
pounding of abiotic stressors, or when the severity of edaphic
stressors is mitigated via either greater resource efficiency or
by other habitat characteristics that synthesize to help offset
soil associated limitations (Grubb 1977, Aiba and Kitayama
1999, Kitayama and Aiba 2002, Isnard et al. 2016, van der
Ent et al. 2016, Galey et al. 2017). Further ecological filter-
ing can occur within areas of sparse vegetation which leads
to elevated soil temperatures, high exposure stress, erosion
and low soil moisture (Kruckeberg 2002, Brady et al. 2005,
Ivald Cacho and Strauss 2014). Adaptations to ultramafic
soil may facilitate expansion into other ¢ ological niches with
very limited resource availability, suchias former mining sites
(van der Ent and Edraki 2018) or granite massifs (Kudo and
Suzuki 2004).

The goal of our study was to investigate how elevational
patterns of species richness and range-size in the north-
ern Bornean flora are structured by ecological boundaries
defined by vegetation zonation and edaphic association.
The study region included the tallest mountain in Southeast
Asia, Mt Kinabalu (4095 m a.s.l.), a center of botanical
research for more than a century (Stapf 1894, Meijer 1963,
Steenis 1964, Cockburn 1978, Beaman and Beaman 1990,
Kitayama 1992b, Kudo and Suzuki 2004, Beaman 2005,
Grytnes and Beaman 2006, Argent et al. 2007, Aiba et al.
2015, van der Ent et al. 2016). While there is extensive
knowledge about plant diversity of Mt Kinabalu (Beaman
and Beaman 1990, Grytnes and Beaman 2006), especially
for communities associated with ultramafic soil, how veg-
etation zonation and edaphic specialization shapes macro-
ecological patterns of species richness and range-size is less

explored. We assembled a dataset of 3060 vascular plant spe-
cies from 193 families and compiled their elevational occur-
rences and edaphic associations, based on information from
botanical monographs, scientific literature and comprehen-
sive herbarium databases. We used model selection and null
models to test whether vegetation zone boundaries and spe-
cies’ edaphic associations were important determinants of
elevation-driven patterns in species richness and elevational
range-size.

Material and methods

Database of species elevational distributions and
edaphic associations

We assembled a database of all vascular plant species (trees,
forbs, grasses, orchids and ferns) occurring in an area
encompassing Mt Kinabalu,» Mt Tomboyukon and the
Crocker Range, within the Sabah region of northern Borneo
(Malaysia). Northern Borneo is a global center of biodiversity
(Barthlott etal. 1996, Galey et al. 2017), estimated to support
over 8000 species, of which more than 5000 species occur
within Mt Kinabalu Park (Beaman 2005, van der Ent et al.
2014,-2015, 2016). Ultramafic soil within Sabah totals
3500 km?, or 4.6% of the regional landmass (Proctor et al.
1988);-with discontinuous distribution from 400 to 2950 m
as.l./(van der Ent et al. 2014, 2015, 2018a). Species prefer-
ring ultramafic soil (2854 species; van der Ent et al. 2016)
may represent more than half of the plant richness of Mt
Kinabalu Park, but this estimate may reflect more intensive
sampling of atypical environments (McCain and Grytnes
2010). Species restricted to ultramafic soils include Nepenthes
rajah (Nepenthaceae), Rinorea bengalensis (Violaceae) and
Phyllanthus balgooyi (Phyllanthaceae), with the latter two
having physiological means to hyperaccumilate heavy metals
at levels toxic to most plants (Proctor 2003, van der Ent et al.
2014, 2016, 2018a). Other ultramafic associated flora asso-
ciated include Rhododendron, podocarps, ferns and orchids
(Aiba and Kitayama 1999, Argent 2006, Kitayama et al.
2011, van der Ent et al. 2014, Aiba et al. 2015). Some spe-
cies, such as Rhododendron ericoides (Ericaceae), are restricted
to ultramafic soil within mid-elevation shrublands, or
exposed granite near the summit (Argent 20006), yet absent
from non-ultramafic soil positioned between these two areas
(Fig. 1a-b).

For species’ elevational range-size we used the Sabah Parks
herbarium database (Beaman 2005), which included 21 861
notes on elevation out of > 100 000 occurrence records que-
ried. We also used 15 764 records from the Global Biodiversity
Information Faculty (GBIF) for Malaysia, subsetted to match
the Sabah Parks species list (<www.GBIEorg> (27 January
2018) GBIF Occurrence Download <hteps://doi.org/10.1
5468/dl.j7dfvv>), which helped represent species occur-
rence beyond the park boundaries. Information on elevation
was also gathered from literature (Meijer 1963, Argent et al.
2007, van der Ent et al. 2014). The geographic area of this
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Figure 1. Examples of vegetation of Mt Kinabalu. The first image
(a) is of mid-elevation stunted forest and shrublands on ultramafic
soil (- 3000 m), and (b) is exposed granite with limited vegetation
near the summit (- 4000 m). Both sites shown support Rhododendron
ericoides, a species absent from more nutrient rich soils positioned
between these two sites.

study encompasses the greater Mt Kinabalu region, but it is
possible that some species were sampled from adjacent areas.

To ensure data quality we excluded occurrence records
that were: 1) without elevation, 2) were not identified to the
species level or 3) potentially duplicated. Records flagged
as extreme outliers, or with elevation noted as a rough esti-
mate, were manually evaluated. Nomenclature errors were
corrected using the Taxonomic Name Resolution Service
(Boyle et al. 2013). For each species with at least two occur-
rences, we summarized elevation minimum and maximum
as meters above sea level (m a.s.l.). We also excluded spe-
cies with a single elevation record, as two observations are
needed to calculate range-size, and species with a range-size
of zero, because this can indicate under-sampling or possible
nomenclature error. The final dataset-accounting for eleva-
tion included 34 148 records with an av rage of 11 records
(range of 2-126) per species.

For edaphic association, we categorized species as: 1)
ultramafic specialists, 2) ultramafic tolerant species and 3)
species with no association with ultramafic soil. First, we
queried occurrence record descriptions using string match-
ing of the term ‘ultramafic’, ‘ultrabasic’ or ‘serpentine.” Next,
we made a qualitative distinction between ultramafic spe-
cialists and tolerant species, based on summaries within the
Sabah Parks database (Beaman 2005), which corresponded
with "The Plants of Mount Kinabalu' v1:5 monograph
series (Parris et al. 1992, Wood et al. 1993, Beaman and
Beaman 1998, Beaman et al. 2001, Beaman and Anderson
2004), and notes from other literature (Stapf 1894, Meijer
1963, Aiba and Kitayama 1999, Argent et al. 2007, van der
Ent et al. 2014, 2018b, Aiba et al. 2015). We defined ‘ultra-
mafic specialists’ as species that predominately or exclu-
sively occur on ultramafic soils; analogous to ultramafic
‘obligate association’ or ‘preferential’ by van der Ent et al.
(2014). We also referred to specialist keywords including

‘indicator species,” ‘hyperaccumulators’, ‘extreme,” or ‘espe-
cially’ or ‘often’ on ultramafic soil. It is possible for outlier
ultramafic specialists to occur on other infertile soil types or
high elevation areas where ultramafic soil is absent (> 3000
m a.s.l.). We defined ‘ultramafic tolerant’ as species that
occasionally, but not predominantly, occur on ultramafic
soil; analogous to ‘facultative’ species by van der Ent et al.
(2014), or by keywords ‘sometimes, ‘probably,” or ‘possi-
bly’” occurring on ultramafic soil. Ultramafic tolerant species
may have an opportunistic or ruderal life history strategy
(Grime 1977), occurring at sites with natural or anthropo-
genic disturbance (e.g. edges of roads, mudslides, post-fire
areas). ‘Non-ultramafic association’ was defined as species
that are edaphic generalists with no known soil affiliation,
that are repelled by ultramafic soil, or that are associated
with other soil types.

Our final dataset included 3060 species, from 879 gen-
era and 193 families (availabl' on Dryad). Most species were
categorized as having a noniultramafic edaphic association,
representing 1895 species. (62% of the total richness), fol-
lowed by 641 (21%) ul ramafic tolerant species, and 524
(17%) ultramafic: pecialist species (Supporting information).
Taxonomic dist ibution at the family level was relatively even,
in that mos: families had at least one species represented
within each edaphic association category (Supporting infor-
mation). As we limited the dataset to species with at least two
records to'reduce bias, as described above, our analyses do not
n cess rily capture rare nor under-collected species.

Species richness and elevation range-size patterns
with respect to ecological boundaries

Following Stevens (1992), elevational range-size (extent) was
calculated as the difference between maximum and mini-
mum elevations for each species (without rounding), assum-
ing species occurred continuously between those two points.
We partitioned the elevational gradient (0 — 4095 m a.s.l.)
into 100 m bins, for a total of 41 elevation bins. Within each
bin, individual species were either present (1) or absent (0),
with the sum representing species richness. Average range-
size in each bin was calculated as the sum of range-size values
for species present, divided by richness. Across the gradient,
we estimated the peak in richness as the bin with the greatest
number of species.

To evaluate whether elevational richness and range-size
patterns of species differed by edaphic associations, we used a
null model. Species’ edaphic association was randomly shuf-
fled 1000 times without replacement, and species richness
and range-size in each bin were calculated at each iteration
to produce null distributions. The total number of species
in each edaphic association was kept constant, as were the
paired values for species elevation minimum and maximum.
Whether the species richness or range-size was significantly
smaller or larger than expected by chance was determined
based on the rank of the observed value for richness or range-
size relative to the lower 2.5% and upper 97.5% confidence
intervals of the null distribution of values for that bin.
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The elevational gradient of Mt Kinabalu includes multiple
vegetation zones (at least three) but with inconsistent descrip-
tions of their boundaries (Stapf 1894, Meijer 1963, Cockburn
1978, Kitayama 1992b, van der Ent et al. 2016). The first
vegetation zone at low-elevations encompasses lowland dip-
terocarp and hill forests, with oxisol soils and tropical climate
(Kitayama 1992b). The second vegetation zone at mid-ele-
vations groups together lower montane and upper montane
forests, with spodosol/histosol soils and warm (comparable to
temperate climate in terms of annual thermal index) climate
in an area overlapping the cloud belt (Kitayama 1992b). Mid-
elevation habitat is sometimes subdivided; however, we opted
to merge lower/upper montane habitats because the transi-
tion is gradual. The third vegetation zone at high-clevations
includes subalpine and alpine scrublands, with inceptisol to
entisol soils underlain by granitic rock, with cool (compa-
rable to polar climate) marked by occasional freezing events
(Kitayama 1992b).

To quantify how vegetation zonation and edaphic spe-
cialization affected variation in elevational range-sizes as a
function of elevation, we fit a series of linear regression and
piece-wise models separately for each edaphic association
(non-ultramafic, ultramafic tolerant, ultramafic specialists).
The first model (‘no boundaries model’) was the simplest,
using linear regression with elevation as the predictor and
no vegetation zonation. The no boundaries model was also
fit using all 3060 species for comparison to other studies on
Rapoport’s rule. The second model (‘fixed boundaries model’)
allowed for comparisons of slope by piece-wise section, with
the assumption of identical vegetation zone boundaries across
edaphic associations.

With started with natural history observations of vegeta-
tion zone transitions at ~ 1200 and 2800 m a.s.l. by Kitayama
(1992b), but with a search of possible breakpoints nearby.
We fic piece-wise regressions separately for each edaphic
association and compared models with/low.and high eleva-
tion breakpoints, chosen among possible values every 100 m
from 900 to 1500 m a.s.l. and from 2500 to 3100 m a.s.l.
The most supported breakpoints: for each transition were
averaged, with the final fixed boundaries model breakpoints
placed at 1500 and 2700 m a.s.l. The third model, the ‘Auid
boundaries model,” allowed the data to determine the posi-
tion of vegetation zone boundaries for each edaphic associa-
tion. We identified the best fit breakpoints for each edaphic
association using the R package strucchange (Zeileis et al.
2001). The fluid boundaries model had no predetermined
number or position of breakpoints, but we required that each
vegetation zone span at least 600 m. For each edaphic asso-
ciation we used Akaike’s information criterion (AIC) to select

the best model (Akaike 1974).

Results

Across 3060 vascular plant species, the peak in species rich-
ness was in the 1200 m a.s.l. elevation bin, where 1811 species
(59%) occurred (Fig. 2). Species from both non-ultramafic
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Figure 2. Variation in species richness (left ordinate) and elevation
range-size in meters (right ordinate) of 3060 plant species with ele-
vation on the island of Borneo. Range-size values represent the
mean (point) and + one stan ard error (bar) across species for each
100 m elevation bin.

and ultramafic tolerant edaphic associations also displayed a
peak in richness at 1200 m a.s.l. (Fig. 3), with 1065 non-
ultramafic species (56%) and 414 of the ultramafic toler-
ant species (65%). occurring there. For ultramafic species,
the peak in richness was at a higher elevation, 1500 m a.s.l.
(Fig."3), with 360 species (69%).
Within an elevation bin, richness for non-ultramafic spe-
cies was - ignificantly lower than predicted by the null model
Fig.:3). In contrast, ultramafic tolerant and specialist species
displayed greater richness than expected (Fig. 3) across most
of the gradient. Non-ultramafic species had significantly
smaller range-sizes than null model expectations in every ele-
vation bin (Fig. 4a), whereas ultramafic tolerant and specialist
species tended to have larger range-sizes across the gradient
(Fig. 4b—c).
Across all 3060 species, average range-size was 962.3 +
617.7 m (min=5 m, max=3690 m), but with deviation
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Figure 3. Variation in species richness of vascular plants along an
elevation gradient on the island of Borneo, for species categorized in
three edaphic associations. Observed values are shown as points,
and ribbons, represent 95% confidence intervals based on a null
model that randomized edaphic associations. Filled and unfilled
points indicate observed values that differed and did not differ sig-
nificantly from null model predictions, respectively.
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the null model.

from the mean most apparent at oppesite.ends of the eleva-
tion gradient. Species positioned. near se'-level had smaller
range-sizes whereas species. towards ‘the summit of Mt
Kinabalu had larger range-sizes, thus lending general sup-
port for Rapoports rule (linear regression, F=177.6, df=39,
adjusted R*=0.82, p < 0.001). Across the gradient, the pat-
tern of range-size variation was relatively consistent at lower
elevations (slope near zero), followed by a rapid increase in
average range-sizes starting at -~ 1600 m a.s.l. (steep posi-
tive slope), and then values plateauing at higher elevations
(Fig. 2).

Piece-wise models that accounted for vegetation zones
(Aixed boundaries model, fluid boundaries model) were
always more supported than the model that did not account
for vegetation zones (no boundaries model), regardless of
edaphic association. However, the best fit models differed in
the quantity and position of breakpoints representing vegeta-
tion zone boundaries (Table 1, Fig. 4a—c; Supporting infor-
mation). For non-ultramafic species, the fixed boundaries
model had the most support, with pre-assigned breakpoints
at 1500 and 2700 m as.l. (Table 1, Fig. 4a, Supporting

information). For ultramafic tolerant species, the fluid
boundaries model was selected, with fitted breakpoints at
600, 1800 and 3400 m a.s.l. (Table 1, Fig. 4b, Supporting
information). For ultramafic specialists, the fluid boundar-
ies mModel was also selected, but with breakpoints at 1400
and 3300 m as.l. (Table 1, Fig. 4c, Supporting informa-
tion). Overall, non-ultramafic species tended to have smaller
range-sizes, with abrupt changes in slope across different por-
tions of the elevation gradient (slope of —0.09 across low-
elevations, 0.61 middle-elevations, —0.22 high-elevations),
shown in Fig. 4a and in the Supporting information. In con-
trast, species associated with ultramafic soil tended to have
larger range-sizes with less variation in size, leading to more
subtle changes in slope between vegetation zones (Fig. 4b—c,
Supporting information).

Discussion

Identifying ecological constraints on where species can occur
is fundamental to understanding the drivers of large-scale



Table 1. Model selection using Akaike information criterion (AIC) comparing three different types of models for each edaphic association
category. The first model is based on linear regression; the second model is using piece-wise regression with forced breakpoints based on
observations of vegetation zone boundaries; the third model is also based on piece-wise regression, but with non-forced breakpoints that
reflect points of dramatic change in the data trends. Deltas with the lowest value indicate the top model selected (shown in black); rejected

models shown in grey.

AlIC K Deltas

Non-ultramafic models

Linear model 538.6 3 96.4

Piece-wise, fixed breakpoints (1500, 2700 m)*2 442.2 9 0

Piece-wise, fitted breakpoints(1400, 2000, 2600, 3200 m)? 451.2 13 9.0
Ultramafic tolerant models

Linear model’ 514.8 3 125.3

Piece-wise, fixed breakpoints (1500, 2700 m)? 471.0 9 81.5

Piece-wise, fitted breakpoints (600, 1800, 3400 m)** 389.5 11 0
Ultramafic specialists models

Linear model 494 .4 3 82.1

Piece-wise, fixed breakpoints (1500, 2700 m)? 435.8 9 23.4

Piece-wise, fitted breakpoints (1400, 3300 m)* 412.3 9 0

*Best model.

'Referred to as ‘no boundaries model’.
2Referred to as the ‘fixed boundaries model’.
JReferred to as the ‘fluid boundaries model’.

patterns of species diversity. Using a dataset of the occurrence
of 3060 vascular plant species in Borneo, here we demon-
strated that edaphic specialization and vegetation zonation
structures elevational range-sizes and richness along an eleva-
tion gradient, ultimately shaping elevational patterns in vas-
cular plant richness. In addition, we found greater similarity
in range-size patterns between ultramafic specialists and tol=
erant species, compared to non-ultramafic species, possibly
illustrating tradeoffs of different life history strategies and
responses to environmental stressors or competition. The
varying lithological and climatic conditions, along 'wih the
extremely high species richness of our study region, provides
a powerful system in which to investigate how physical and
ecological boundaries affect species” distributions Our study
highlights the importance of considering such constraints, as
they may limit the ability of species to.migrate in response to
global change.

Differences in distribution of richness and range-
size by edaphic association

In this study, species richness was highest at ~ 1200 m a.s.l.,
a result that is comparable to prior studies on vascular plants
for Mt Kinabalu (Grytnes and Beaman 2006) despite dif-
ferences in methods used. A mid-elevation peak in richness
is a relatively common observation, however there are con-
flicting explanations for it (Terborgh 1977, Sanders 2002,
Vetaas and Grytnes 2002, Rahbek 2004, Grytnes et al. 2008,
McCain and Grytnes 2010, van der Ent et al. 2016). The
mid-domain effect states that a richness peak at mid-eleva-
tions arises because random range-sizes and distributions
have higher chances of overlapping towards the center of
the gradient (Colwell and Lees 2000, Grytnes et al. 2008).
Geometric constrains (i.e. physical boundaries) can also shift
how richness is distributed via truncation of potential range-
sizes when approaching each end of the gradient (Colwell

and Lees 2000, Grytnes et al. 2008). A mid-elevation rich-
ness peak may also arise as a result of species—area relation-
ships (Sand s 2002).

There are also ecological drivers of mid-elevation peaks in
species richness. Mid-elevation areas may be a transition zone
that supports species from multiple ecological niches or habi-

at types (Klopfer and MacArthur 1961). In the instance of

Mt Kinabalu, mid-elevation areas may support co-occurrence
for species from both tropical lowland and lower montane
forests (Kitayama 1992b). A reduction of species richness at
lower elevations might also indicate disproportionate levels
of anthropogenic disturbance, such as deforestation beyond
the Mt Kinabalu Park boundaries (Phua et al. 2008). The
non-linear or discontinuous distribution of a key resource
(e.g. fog mist, essential elements) may support higher spe-
cies richness within an atypical portion of the gradient. For
species ultramafic soil specialists, we found the peak in rich-
ness to be positioned at a higher elevation (- 1500 m a.s.l.),
which may represent the mid-point of where most ultramafic
outcrops occur. The 1500 m a.s.l. area is also approximately
where tree species richness declines and non-woody richness
increases for orchids, pteridophytes, grasses and herbaceous
plants (Grytnes and Beaman 2006, van der Ent et al. 2016).
As ultramafic specialist species are generally shorter-statured
(Jenny 1980, Aiba et al. 2015), higher elevation areas may be
where they are at less of a competitive disadvantage in terms
of light interception.

Elevational range-size may be an indicator of species’ eco-
logical niche breadth or of sensitivity to variation in environ-
mental conditions (Morin and Chuine 2006, Essl et al. 2009,
Morin and Lechowicz 2013). Smaller range-sizes are associ-
ated with specialization in a narrow set of habitat conditions
and can reflect distribution limitations across ecological bar-
riers, as in the hypothesis that the ‘mountain passes are higher
in the tropics’ (Janzen 1967), and may facilitate higher rates
of endemism (Essl et al. 2009). Narrow niches can also be



generated via interspecific competition (Hutchinson 1959,
Levin 1970, MacArthur 1972, Whittaker et al. 1973, Stevens
1992, Morin and Chuine 2006) and is a hypothesis for high
diversity observed in tropical regions (Orians 1969, Vizquez
and Stevens 2004). We found that even though non-ultra-
mafic species accounted for the greatest number of total spe-
cies across the gradient as a whole, this group had both lower
than expected richness and average range-size within any
given elevation bin, compared null expectations. In contrast,
species associated with ultramafic soil (specialists and tolerant
species) had larger than expected range-sizes, and thus higher
richness within any given elevation bin. These observations
are consistent with the hypothesis that adaptations for toler-
ance of soil infertility may make species more able to toler-
ate other stressors, such as those caused by climatic variation,
producing wider niches, whereas species associated with more
fertile soils may be more competitive, but less stress tolerant,
producing narrower niches (Grime 1977). Distribution pat-
terns of ultramafic associated species may also reflect non-cli-
mate based factors such as seed dispersal distance (Morin and
Chuine 2006). Our finding of larger range-sizes for ultra-
mafic associated species was counter to expectations from
other studies on serpentine endemics in Austria that found
these species had the smallest ranges of any vegetation group
examined (Essl et al. 2009). One explanation is that there
is a divergence between the size of the ‘fundamental niche’
of ultramafic species at the macroscale, which includes toler-
ance of multiple climate and edaphic stressors, versus the size
of their ‘realized niche’ at the local scale where populations
are restricted to patches of nutrient or moisture limited soil
via competitive exclusion from adjacent resource-rich-areas

(Vetaas 2002, Wright et al. 2000).

Elevation range-size depends on more than'just
elevation

A general paradigm in macroecology-is that species occur-
ring at lower elevations will hav,. smaller elevational range-
sizes, whereas those at higher elevations will have larger
range-sizes (i.e. Rapoport’s rule). Ba ed on all vascular plant
species occurring on Mt Kinabalu and neighboring areas,
we found support for Rapoport’s rule. However, this over-
all relationship does not tell the full story, since the best fit
models were those that incorporated disjunctions caused
by ecological dynamics, such as vegetation zonation and
edaphic specialization. Interestingly, the mid-elevation sec-
tion of the gradient had the strongest asymmetry in range-
sizes for all edaphic associations (i.e. steepest positive slope),
which is notable because it is also furthest from hard physical
boundaries of sea level and mountain top. One interpreta-
tion is that for non-ultramafic species within the mid-ele-
vation segment, the relatively steeper positive slope may be
due to a shift in ecological strategy from competition driven
dynamics at lower elevations (reflected by narrower range-
sizes) towards a more stress tolerant strategy with increas-
ing elevation (reflected by broader range-sizes). In contrast,
species associated with ultramafic soil had less variation in

range-sizes, and thus similarity of piece-wise slopes across
gradient sections examined, suggesting a more consistent
ecological strategy based on stress tolerance regardless of
position along the elevation gradient. Future use of piece-
wise regression or other nonlinear analyses may be useful as
a means to compare vegetation zone boundaries, using met-
rics such as atmospheric moisture content (Cockburn 1978,
Kitayama 1992a, Juvik and Nullet 1995) or soil chemistry
(van der Ent et al. 2016) rather than elevation, with con-
sideration of the Massenerhebung effect (Schréter et al.
1908, Grubb 1971, Proctor et al. 1988, Bruijnzeel et al.
1993). To generalize our findings, exploration of latitudi-
nal range-size trends for other types of edaphic specialists
would also be informative, including comparisons between
Mediterranean serpentine ecosystems and tropical ultramafic
sites (Damschen et al. 2011, Galey et al. 2017, Rajakaruna
2018), or other habitat typgs (e.g. granite inselbergs, karsts,
white sand) with extreme edaphic stress (Prance 1996,
Porembski and Barthlott 2000, Whitman et al. 2011,
Rajakaruna 2018).

Concluding remarks

Accounting for ecologically distinct plant communities,
whether defined by vegetation zones or edaphic association,
is critical for understanding macroecological patterns of spe-
ciesrichness and elevational range-size. Limitations on where
species occur, or can migrate to, may indicate tradeoffs in
ecological strategy or response to climate change. At the spe-
cies level, a larger elevational range-size implies tolerance
of a wider suite of environmental conditions. Paradoxically
for ultramafic associated species, adaptations for extreme
edaphic stressors may facilitate expansion into novel nutri-
ent limited habitat types, potentially mitigating risks from
climate change. However, an upward shift in vegetation
zones can still threaten ultramafic species, to the extent that
it results in taller vegetation stature that could cause competi-
tive exclusion. Range truncation may also occur for species
with strong fidelity to a single soil type if that soil type is not
available at elevations that become more climatically suitable.
Conversely, narrower range-sizes implies specificity of habitat
requirements that may lead to greater sensitivity to climate
change. Research on how tolerance of environmental varia-
tion trades off with traits that influence the migratory ability
of plants, such as fecundity, seed dispersal and seed survival,
is necessary, as such tradeoffs may constrain species’ long-
term resilience to climate change.
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