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Abstract.

Ultramafic outcrops occupy less than 1% of the land surface of the Earth and are renowned as hotspots of plant

diversity and endemism. With over 3500 km? of ultramafic outcrops in Sabah (4.6% of the total landmass of the state) on the
island of Borneo and a total of 4252 plant species recorded occurring on this substrate, Malaysia has one of the most species-
rich floras occupying these outcrops globally. Over 2542 plant species have been documented on ultramafic outcrops in
Kinabalu Park alone, of which a large percentage is endemic to either Kinabalu Park or Borneo. Despite the existence of this
species rich flora, the full plant diversity and ecology remains largely unknown because of a lack of focussed research.
Furthermore, plant diversity in many areas of Sabah is severely threatened by land-use conversion and, because many plant
species occur only in a single or a few ultramafic sites, impacts on the ecosystems that support them could eventually result in

their extinction.
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Introduction

Ultramafic outcrops are widespread and extensive in Sabah
(Malaysian Borneo), covering an area of ~3500 km? or 4.6% of
the surface area of Sabah (Proctor ez al. 1988; Repin 1998). The
largest ultramafic outcrops are (west to east) around Mount
Kinabalu (the mountain itself is a granite intrusion), Hampuan
and Kulung Hill, Morou Porou, Bidu-Bidu Hills, Meliau Range,
Mount Tawai and Mount Silam (Fig. 1). In Sabah, ultramafic
outcrops can be found from sea level up to nearly 3000 m (on
Mount Kinabalu). The flora of Sabah is very rich in plant species,
with an estimated 8000 vascular plant species (Wong 1992;
J. Sugau, unpubl. data), of which at least 800 species are
endemic (Maycock et al. 2012). Compared with other renowned
ultramafic floras, for example, New Caledonia (5500 km?, 2150
species), California, United States (6000 km?, 1100 species) and
Queensland, Australia (818km?, 553 species) and Zimbabwe
(3000km?, 322 species), the ultramafic flora of Sabah
(3500km?, 4252 species) is extremely rich in plant species
(Batianoff and Specht 1992; Batianoff and Singh 2001; Safford
et al. 2005; Harrison and Grace 2007; Bostock and Holland 2010;
Jaffré and L’ Huillier 2010). The ultramafic floras of Indonesia and
the Philippines are also very species rich, but insufficient
information is known to quote exact numbers of plant species at
this stage (van der Ent ef al. 2013a).

Kinabalu Park is the most species-rich area on Earth in terms
of species density, with over 5000 plant species in an area of
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<1200 km? (Beaman 2005). A substantial part of the Kinabalu
flora is endemic to either the Park alone or to Borneo in general
(van der Ent et al. 2014). The number of plant species occurring
on ultramafic substrates in Kinabalu Park is not precisely known;
however, when enumerating the plant species collected from
localities that are known to be entirely ultramafic (Hampuan Hill,
Bambangan River, Marai Parai, Pig Hill, Mount Tambuyukon,
Panataran Valley, Lohan River, Kulung Hill; Fig. 2), added to
those from other sites for which ‘ultramafic’ has been noted
during collection, a total of 2542 plant species (vascular plants
and ferns) is certainly ultramafic (data from Beaman and Beaman
database, unpubl. data).

The ultramafic flora of Sabah contains a recorded 4252 plant
species in 207 families and 1047 genera (vascular plants and
ferns, excluding all infraspecific ranks, but including cf. and aff.
notations). These numbers are based on tallying the following
parks and forest reserves that are wholly ultramafic (the number of
species/genera/families are given in parentheses): Kinabalu Park
(2542/773/187), Bidu-Bidu Hills Forest Reserve (460/251/95),
Meliau Range Forest Reserve (413/230/97), Nicola (45/39/33),
Mount Silam Forest Reserve (695/331/109), Mount Tawai
Forest Reserve (822/395/117), Mount Tingkar Forest Reserve
(857/390/116), Hampuan Forest Reserve (701/343/123), Imbak
Forest Reserve (852/371/118), Sakar Island (310/208/90) and
Malawali Island (56/53/39). The numbers are likely to be an
underestimate because all localities that are partly ultramafic were
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Fig. 1.

Ultramafic outcrops in Sabah, Malaysia. The outcrops are marked in red and appear as an arc through the landscape of Sabah, connecting in the

north to offshore islands and Palawan (in the Philippines). Outline of ultramafic outcrops from ‘Igneous Rocks of Sabah, Malaysia’ (Anonymous 1965), with
globe insert from Wikimedia Commons (2009). Figure was reproduced from van der Ent ez al. (2014), with permission from Natural History Publications

(Borneo).

excluded from the analysis. Here, we present the current state of
knowledge on the plant-diversity patterns and ecology of the
ultramafic outcrops in Sabah, focussing in particular on Kinabalu
Park. As such, we augment the knowledge from the literature
base with the latest insights and outline research needs. We have
provided a more detailed account of the plant diversity of
ultramafic soils in Sabah in a recent book (van der Ent et al.
2014) on which this review is based.

Ultramafic rock and derived soils

Ultramafic outcrops and derived soils occur on every continent
(Boyd et al. 2009), with the world’s largest outcrops in the
Southeast Asian region, including Indonesia, the Philippines
and Malaysia (van der Ent et al. 2013a). Ultramafic rocks are
composed of minerals high in magnesium, iron, nickel, chromium
and cobalt (Proctor 2003) that originate from fragments of the
upper mantle (Searle and Stevens 1984). In tropical conditions,
the soil weathering leads to the formation of laterite soils, in which
magnesium, manganese and nickel are leached down the soil
profile and the surface soil consists mainly of iron oxide (Latham
1975; McCoy et al. 1999; Proctor 2003). The main ultramafic soil
types in Sabah include shallow hypermagnesian soils on ridges
and steep slopes (for example, in the summit region of Mount

Tambuyukon and at Layang-Layang on Mount Kinabalu), brown
organic soils under montane cloud-forest (particularly common
in the lower and upper montane zone of Mount Kinabalu),
deep iron-oxide rich laterite soils (for example, near Serinsim)
and serpentinite soils (derived from fragmented strongly
serpentinised bedrock (for example, in the Panataran Valley
and Wuluh River in Kinabalu Park).

Soil-plant interactions on ultramafic outcrops in Sabah

Ultramafic soils have several adverse chemical properties to plant
life (Brooks 1987; Rajakaruna and Baker 2004; Rajakaruna et al.
2009). Ultramafic soils generally have high concentrations of
exchangeable magnesium (Mg) and low concentrations of
exchangeable calcium (Ca), resulting in high Mg : Ca quotients
(Rajakaruna and Baker 2004), while the soil is alkaline in soil
rich in Mg and mildly acidic in leached laterite soils (Baillie et al.
2000). Table 1 presents the soil chemistry of two ultramafic
outcrops in Sabah from the literature. In addition, Kitayama
et al. (2000) and Kitayama and Aiba (2002) have shown lower
phosphorus concentrations in ultramafic soils over a range of
altitudes on Mount Kinabalu than non-ultramafic soils. Similarly,
nitrogen concentrations are low in most ultramafic soils
(Proctor et al. 1988), and trees in the family Casuarinaceae
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Fig. 2. Outline of ultramafic outcrops in Kinabalu Park, based on Jacobson (1970). The largest outcrops are in the north of the Park, making up Mount

Tambuyukon (almost 90 km?) and the Panataran Valley (~30 km?).

(genera  Gymnostoma and Ceuthostoma), which have
nitrogen-fixing nodules, are often found on ultramafic soils in
Sabah. In a growth experiment using Dryobalanops lanceolata
(Dipterocarpaceae) it was shown that the seedlings had similar
biomass production on ultramafic and non-ultramafic soils, but
the concentrations of potassium in plant leaves were lower on the
ultramafic soils and hence this species is probably potassium-
limited (Brearley 2005, 2006). Such studies and further field
observations point to nutrient deficiency as an important cause for
the unusual plant communities on ultramafic soils in Sabah.

Adaptations to water stress have also been shown to be
important in Kinabalu Park (Aiba and Kitayama 1999) and on
Mount Silam (Bruijnzeel e al. 1993). The low concentrations of
potassium in most ultramafic soils may also further exacerbate the
effects of water stress (Pandolfini et al. 1992). Although nickel is
an essential micronutrient for some plants (Brown et al. 1987), at
the high concentrations found in ultramafic soils it can be toxic to
plants (Chen et al. 2009). The low water-retention capacity of
many ultramafic soils could also increase the toxicity of
magnesium and nickel, by concentrating these elements in the
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Table 1. Soil chemistry of two ultramafic outcrops in Sabah

Soil parameter Unit Malaysia Malaysia
(Mount Tawai) (Mount Silam)

Altitude asl m 180 280-870

pH - 53 4-6.1

Magnesium (Mg) : calcium (Ca) - 1.6 0.8-6.7

Ca (exch.) cmol™ 100g™! 0.9 0.9-12

Mg (exch.) cmol™ 100 g™ 1.4 5.4-25

Potassium (exch.) emol® 100 g™ 0.2 0.1-0.5

Phosphorus (P) (pseudo-total) ugg! 201 n.a.

P (extract.) ug g’ 0.3 1.1-17

Nickel (Ni) (pseudo-total) ugg! 2980 n.a.

Ni (extract.) ugg' 2.4 2-18

Chromium (Cr) (pseudo-total) ugg! 9620 n.a.

Cr (extract.) ug g’l n.a. 0.5-1

Cobalt (pseudo-total) ugg! 123 n.a.

Co. (extract.) ug g’ n.a. 2.5-8.3

References Brearley (2005) Proctor et al. (1988)

soil moisture (Proctor and Nagy 1992). Acidic soils with an
accumulation of organic matter may also be toxic because nickel
availability increases with decreasing pH (Proctor and Nagy
1992). The effect of magnesium is dependent on the ratio with
calcium (Proctor and Nagy 1992), but in the growth experiment
with Dryobalanops lanceolata seedlings, the addition of calcium
had no significant effect on the growth of the seedlings (Brearley
2005). The effect of the magnesium to calcium ratio in ultramafic
soils on the stature of the vegetation is not clear in Sabah, for
example, Proctoretal. (1988, 1989) found a tall forest at 330 m on
Mount Silam with lower calcium concentrations in the soil
compared to higher slopes which had stunted forest. In
contrast, Wright (1975) found similar magnesium to calcium
ratios on sites near Tawau and Lahad Datu, which had small-
statured forest. An extremely high magnesium to calcium ratio
(265) was reported by Acres et al. (1975) from a site in the
headwaters of Sungai Takala dominated by Tristaniopsis
grandifolia (Myrtaceae), but such values are not uncommon in
Sabah, with similar values recorded from Kinabalu Park on sites
with stunted or tall forest (van der Ent and Wood 2013).

Vegetation types and ecology of ultramafic outcrops
in Sabah

The vegetation on ultramafic soils in Sabah ranges from tall
forests (trees >50m) in the lowland to graminoid communities
in the upper montane to sub-alpine zone. On Mount
Kinabalu, Kitayama (1991) discerned three vegetation types
on ultramafic soils at elevations >1700 m either typified by
(1) Tristaniopsis elliptica (Myrtaceae), (2) Leptospermum
Jjavanicum and Tristaniopsis elliptica (Myrtaceae) or (3)
Leptospermum recurvum (Myrtaceae) and Dacrydium gibbsiae
(Podocarpaceae). Atlower elevations, Gymnostoma sumatranum
and Ceuthostoma terminale (Casuarinaceae) were characteristic
(Beaman and Beaman 1990), especially on serpentinite soils.
Figure 3 illustrates vegetation types on ultramafic soils in
Kinabalu Park.

No plant community is dominated by ultramafic obligate
species, but the forest dominated by Leptospermum recurvum
(Myrtaceae) and Dacrydium gibbsiae (Podocarpaceae) at high

elevation on Mount Kinabalu, may be an exception. Distinct
assemblages (of species which occur facultatively on ultramafic
soils) are known, however, for example the lowland forest
dominated by Agathis borneensis (Araucariaceae), Shorea
venulosa and Shorea laevis (Dipterocarpaceae). The co-
occurrence of these trees may be attributed to their drought-
tolerance adaptations (Aiba and Kitayama 1999). Another
example is the co-occurrence of ultramafic facultative species
of dipterocarps, such as Dipterocarpus lowii, Shorea kunstleri,
S. laxa, S. lowii, S. tenuiramulosa, S. venulosa and Dryobalanops
beccarii that are known elsewhere from non-ultramafic nutrient-
poor soils (Acres et al. 1975; Ashton 1982, 2004).

On ultramafic mountains in Sabah the altitudinal sequence of
vegetation zones is often compressed (van der Ent et al. 2014),
similarly to the ‘Massenerhebung effect” which relates to
compression of the altitudinal zonation on isolated small
mountains compared to larger mountain massifs (Grubb 1971,
1977; Bush 1986). This is further exacerbated on coastal
mountains, such as Mount Silam on Sabah’s east coast where
the species composition and physiognomy are substantially
‘pushed’ down slope (Bruijnzeel ef al. 1993). This “ultramafic
compression of vegetation zones” can be observed on the main
ultramafic mountains in Sabah, including Mount Meliau
(1336 m) and Mount Tawai (1273 m), but the effect is most
clear on Mount Tambuyukon (2579 m). Many plant species
occurring also have an extended elevational range on
ultramafic soils compared with non-ultramafic soils. For
example, on Mount Kinabalu, a number of plant species found
on high-elevation granite-derived soils occur lower downslope
on ultramafic soils (Beaman and Anderson 2004). It is noteworthy
in this respect that Aiba and Kitayama (1999) reported that
inherent chemical differences between ultramafic and non-
ultramafic soils are more strongly reflected in the vegetation
with increasing altitude.

Plant diversity of ultramafic outcrops in Sabah
Kinabalu Park (excluding Mount Tambuyukon)

In total, the extent of ultramafic soils in Kinabalu Park amount to
some 142km” (Collenette 1964); The Park is famous for the
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Fig. 3. Main vegetation types on ultramafic soils in Kinabalu Park. (@) Ericaceous high-altitude scrub, (b) graminoid scrub on the flanks of the summit ridge
of Mount Tambuyukon, (c) serpentinite landslides cut through by the Wuluh River, (d) Dacrydium gibbsiae- and Leptospermum recurvum-dominated dwarf
forest at Layang-Layang, (e) graminoid vegetation at Marai Parai, (/) tall upper montane forest in the Bambangan Valley, (g) Shorea laevis in tall mixed
dipterocarp forest near Nalumad, and (/) cascading serpentinite landslides in various stages of succession in the Panataran Valley.
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richness in plant species and the high levels of local endemism
(Beaman and Beaman 1990; Beaman 2005). Numerous plants are
ultramafic obligates in Kinabalu Park, for example Syzygium
dasyphyllum (Myrtaceae), Urophyllum subanurum, Hedyotis
protrusa (Rubiaceae) and Wikstroemia indica (Thymelacaceae)
(Beaman and Beaman 1990). Of the tropical gymnosperms
(kauri and podocarps), obligate ultramafic species include
Agathis kinabaluensis (Araucariaceae), Dacrydium gibbsiae,
Podocarpus  brevifolius, P. confertus, P. gibbsiae and
P. globulus (Podocarpaceae) (Beaman and Beaman 1998).
Sedges (Cyperaceae), number 18 species on ultramafic soil
(some of which are facultative) including Carex (five species),
Cyperus (one species), Schoenus (four species), Mapania (one
species), Machaerina (four species), Lepidosperma (one species),
Scirpus (one species) and Costularia (one species). Interestingly,
Costularia spp. are also common on ultramafic outcrops in New
Caledonia (Lagrange et al. 2011). Five species of Calamus
(Arecaceae) occur on ultramafic soils, especially common
locally is Calamus gibbsianus. All four species of the myco-
heterotrophic Sciaphila (Triuridaceae) are ultramafic obligate
species.

Wood et al. (2011) listed a total of 866 orchid taxa in 134
genera, of which 90 species are endemic to Kinabalu Park. Of
those, 359 orchid species are obligate or have most populations
on ultramafic soils (‘preferential’), including Appendicula
tembuyukensis, Arachnis longisepala, Ceratostylis ampullacea,
Cymbidium  elongatum,  Dendrobium  spectatissisimum,
D. patentilobum, Epigeneium kinabaluense and Neuwiedia
borneensis (Wood et al. 2011). Typical for ultramafic soils in
Kinabalu Park are a number of strict endemics from the carnivorous
Nepenthaceae family that are ultramafic obligates. These include
Nepenthes burbidgeae and N. rajah, in addition to ultramafic
preferential species such as N. edwardsiana and N. villosa.

The site Marai Parai, at approximately 1500 m on the west
slope of Mount Kinabalu, is named after Costularia pilisepala
(Cyperaceae) (Beaman and Beaman 1998) and has pioneer
vegetation on a range of landslides with sedges such as
Scirpus subcapitatus (Cyperaceae) common. The soils are
especially nutrient-poor and waterlogged and the rare sundew
Drosera ultramafica (Droseraceae) has been recorded from this
site, and from the summit region of Mount Tambuyukon
(Fleischmann et al. 2011).

In Kinabalu Park, the largest extent of serpentinite soils
(soils derived from ultramafic bedrock which has undergone
mineralogical alteration to serpentine minerals such as
antigorite, lizardite, chrysotile and secondary smectite clays)
occurs in the Panataran Valley, Wuluh Valley and the Lohan
Valley. The vegetation on these soils is characterised by the
dominance of Gymnostoma sumatranum at lower elevations
(200-1400 m) and Ceuthostoma terminale at higher elevations
(1400—1800 m); both belong to the Casuarinaceae. The ultramafic
obligate tree Borneodendron aenigmaticum (Euphorbiaceae) is
often found on these soils too.

Extremely species-rich vegetation types on ultramafic soils
have been described from Hampuan Hill and Kulung
Hill, adjacent to Kinabalu Park. Shorea venulosa is
particularly common as well as Dipterocarpus ochraceus
(Dipterocarpaceae), the latter being a rare obligate ultramafic
species first described from this site.

A. van der Ent et al.

Mount Tambuyukon

Mount Tambuyukon (2579 m), which lies inside Kinabalu Park,
is the highest ultramafic mountain in Sabah and on the island of
Borneo. The ligneous and graminoid vegetation (<1 m) on the
summit is not found anywhere else in Sabah, and forms the habitat
of a number of hyper-endemic plant species. These species,
known only from Mount Tambuyukon, include Rhododendron
meijeri and R. baconii (Ericaceae), Begonia vaccinioides
(Begoniaceae), Scaevola verticillata (Goodeniaceae), and two
recently described species: Eriobotrya balgooyi (Rosaceae)
(Wong and van der Ent 2014) and Gynura tambuyukonensis
(Asteraceae) (van der Ent and Vanijajiva 2014). Several
rare terrestrial orchids occur among the grasses and sedges,
including Platanthera kinabaluensis, Cymbidium elongatum,
Thrixspermum triangulare and Calanthe otuhanica (van der
Ent and Wood 2012) together with the carnivorous plant
Nepenthes rajah (Nepenthaceae).

At the foothills of Mount Tambuyukon, species-rich lowland
mixed dipterocarp forest occurs on deep iron-rich laterite
ultramafic soils. Common trees here include Shorea laevis,
Shorea venulosa, Parashorea malaanonan (Dipterocarpaceae)
and Agathis borneensis (Araucariaceae), which grow up to 50 m
tall with girths >4 m.

Mount Tawai

Mount Tawai (1273 m) in central Sabah is a Class 1 forest reserve
surrounded by oil palm estates. The Sabah Forestry Department
(2005) described the vegetation in the area as: (1) lowland
ultramafic forest, (2) hill forest (above 300 m) and (3) hill and
lower montane mixed dipterocarp forest. The canopy of the
lowland forest is dominated by dipterocarps (Dipterocarpus
lowii, D. acutangulus, D. confertus, Dryobalanops lanceolata,
Hopea beccariana, Shorea laevis and S. multiflora). Mount
Tawai has an extensive plateau at about 400m with stunted
forest that resembles kerangas forest (otherwise known from
acid, leached sandy soils). Sadly, the plateau had been logged
20-25 years ago. The Tawai Forest Reserve has four hyper-

endemics: Rhododendron sugaui (Eriaceae), Semecarpus
angustifolius  (Anacardiaceae), Sygyzium soepadmoi and
Tristaniopsis merguensis subsp. tavaiensis (Myrtaceae)

(J. Sugau, unpubl. data). In addition, 35 endemics for Sabah
and 98 endemics for Borneo are known from this site (J. Sugau,
unpubl. data). Other recently described species include Payena
khoonmengiana (Sapotaceae) and Lithocarpus tavaiensis
(Fagaceae).

Meliau Range

The ultramafic Meliau Range lies along the Labuk River at the
northern end of a large north—south ophiolite belt that stretches for
~120 km from Mount Rara to the Tungud—Labuk Rivers (Chung
2006). It is a conservation area within the Class II Commercial
Forest Reserve called Ulu Tungud (active logging concession).
The Meliau Reserve has several peaks, the highest of which is
Mount Meliau (1336 m).

The plant diversity and ecology of the Meliau Range has been
described in Chung (2006). Lowland ultramafic forest (<350-m)
in the Meliau Range is dominated by dipterocarps, including
Shorea kunstleri, S. micans and Dipterocarpus lowii. Other
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species are from the Gentianaceae (Fagraea), Leguminosae,
Dilleniaceae, Euphorbiaceac and Rubiaceae families. The
Sabah Forestry Department (2005) has recorded 400 plant
species in the Meliau Range, of which 50 are endemic to
Borneo and 16 endemic to Sabah, including recently described
species such as Adinandra longipedicellata and A. crassifolia
(Theaceae).

Bidu-Bidu Hills

The Bidu-Bidu Hills is also a Class 1 forest reserve close to the
Meliau Range and surrounded by oil-palm estates. Gymnostoma
sumatranum and Tristaniopsis grandifolia are particularly
common. The vegetation along the Bangau Bangau River has
a riparian aspect with Pandanus matthewsii (Pandanaceae),
Phyllanthus balgooyi (a nickel hyperaccumulator) and Dillenia
luzonensis. The Bangau Bangau River was named after the
vernacular name for Borneodendron aenigmaticum, which is
locally common here together with Dipterocarpus lowii.

Mount Silam

The coastal Mount Silam (884 m) is part of the ultramafic
Silam—Beeston Range, which is roughly 30km by 6km
(Leong 1974; Proctor et al. 1988). Mount Silam is extremely
species rich with a total of 435 plant species from 252 genera
recorded to date (Perumal 1994), of which 374 tree species
(>10-cm dbh) were recorded in a combined plot area of just
2.6 ha (Proctor et al. 1989). Atlow elevations (280 m and 330 m),
the forest is tall (up to 50 m high; Proctor et a/. 1988) and includes
large individuals of Borneodendron aenigmaticum (Fox 1972).

Ecological studies undertaken by Proctor et al. (1988, 1989)
on Mount Silam revealed that ranging from 280 to 870m
(summit), three main vegetation zones may be discerned: tall
lowland forest (canopy: 33—45m), a transition zone (canopy:
20-30m) and upper montane forest (canopy: 10-15m) (Fox
1972; Proctor et al. 1988, 1989). In the dipterocarp forest
at the foot of the mountain, 23 dipterocarp species have been
recorded (Fox 1972; Perumal 1994), with species characteristic
forultramafic soils such as Dipterocarpus lowii, Shorea kunstleri,
S. venulosa, S. atrinervosa, and S. laxa. The latter is, as in the
Bidu-Bidu Hills, the dipterocarp with the highest elevational
occurrence, and common up to 600 m. The vegetation in the
summit area is similar to that found at much higher elevations
(such as on Mount Kinabalu) and dominated by plants in the
Myrtaceae and Ericaceae families. The rattan Calamus
microsphaerion (Arecaceae) is known in Sabah only from
Mount Silam. Other rattans recorded from the mountain
include C. laevigatus var. serpentinus and Korthalsia concolor
(Arecaceae).

Darvel Bay and Malawali Island

Coastal ultramafic areas include those on the islands in the Darvel
Bay (Banggi and Sakar) on the eastern coast and Malawali on the
northwestern coast of Sabah. The vegetation on these islands is
dominated by Tristaniopsis grandifolia or Gymnostoma nobile
(Casuarinaceae) (Fox 1972; Wright 1975). At Sakar Island,
coastal forest has dipterocarp species (up to 40 m tall) such as
Shorea guiso, S. bracteolata, S. gratissima, Hopea nutans, Vatica
albiramis and Dipterocarpus grandiflorus (Fox 1972). Malawali
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Island has extensive ultramafic soils and the local vegetation was
described by Sugau and Tangah (2004). Most of the island is
covered by a species-poor Gymnostoma nobile-forest, with co-
occurrence of Alstonia macrophylla (Apocynaceae), whereas the
southeastern part has grassland from previous disturbance. The
Gymnostoma nobile-forest is low (~10—15m tall) with an even
canopy and a shrub layer consisting of Eurycoma longifolia
(Simaroubaceae), Pandanus motleyanus (Pandanaceae) and
Fagerlindia emanuelssoniana (Rubiaceae) (Sugau and Tangah
2004). Fire sustains this vegetation, and successional gradients
towards Gymnostoma nobilis-dominated forest or mixed forest
are present. Borneodendron aenigmaticum, which is common on
the islands in the Darvel Bay, has not been recorded from
Malawali Island.

Endemism and restriction to ultramafic outcrops in Sabah

The isolation of many ultramafic outcrops may, coupled with
strong edaphic and climatic stresses, promote the evolution
of plant species (Kruckeberg 1986; Wong 2011). Ultramafic
obligate species are, however, little documented in the flora
of Sabah, with the majority of plant species known occurring
facultatively on this substrate (van der Ent ef al. 2014). Where
ultramafic soils and altitude combine, hyper-endemics are
sometimes found. Such species include Rhododendron meijeri
and R. baconii (Ericaceae), Begonia vaccinioides (Begoniaceae),
which are all restricted to Mount Tambuyukon in Kinabalu Park;
Rhododendron tuhanensis (Mount Kinabalu), R. sugaui (Mount
Tawai); and R. monkoboense (Mount Monkobo, Morou Porou)
(Argent et al. 2007). Other well-known hyper-endemics include
carnivorous plants, such as Nepenthes burbidgeae. N. villosa and
N. rajah (Kinabalu Park). Figure 4 illustrates several ultramafic
edaphic endemic species from Kinabalu Park.

Ultramafic obligate tree species include Borneodendron
aenigmaticum (Euphorbiaceae) (a monotypic genus endemic to
Sabah, which is allied to Bertya, Myricanthe and Cocconerion
that mainly occur in Australia and New Caledonia; Radcliffe-
Smith 2001), Atuna cordata (Chrysobalanaceae), Quercus
kinabaluensis  (Fagaceae), Pittosporum linearifolium and
P.  silamense  (Pittosporaceae), Weinmannia  clemensiae
(Cunoniaceae), Syzygium ultramaficum (Myrtaceae), Payena
khoonmengiana, Madhuca silamensis (Sapotaceae), Helicia
maxwelliana, H. symplocoides (Proteaceae), llex zygophylla
(Aquifoliaceae), and the small shrubs Scaevola micrantha
(Goodeniaceae, also in the Philippines on Palawan), S. chanii
(on Mount Kinabalu), and S. verticillata (on Mount
Tambuyukon). Recently a few more species, that are hyper-
endemic to a single or only a few sites, have been described,
these include Ardisia silamensis (Primulaceae) (Utteridge et al.
2014), Eriobotrya balgooyi (Rosaceae) (Wong and van der Ent
2014) and Gynura tambuyukonensis (Asteraceae; van der Ent and
Vanijajiva 2014).

Endemic orchids that are ultramafic obligate include the
terrestrial and lithophytic slipper orchids Paphiopedilum
rothschildianum and P. dayanum from Kinabalu Park,
P. hookerae var. volonteanum from Kinabalu Park and the
Meliau Range, the terrestrial Calanthe otuhanica known only
from Kinabalu Park where it occurs on landslides, other
terrestrial orchids such as Coelogyne rupicola and Platanthera
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Fig.4. Selection of ultramafic edaphic endemic species from Kinabalu Park. (a) Begonia vaccinioides (Begoniaceae), (b) Scaevola verticillata (Goodeniaceae),
(¢) Rhododendron meijeri (Ericaceae), (d) Rhododendron baconii, (e) Drosera ultramafica (Droseraceae), () Wendlandia tambuyukensis (Rubiaceae),
(g) Platanthera otuhanica (Orchidaceae), (h) Paphiopedilum hookerae var. volonteanum (Orchidaceae), (i) Paraphalaenopsis labukensis (Orchidaceae),
(j) Nepenthes rajah (Nepenthaceae), and (k) Eriobotrya balgooyi (Rosaceae).
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Table 2. Nickel-hyperaccumulator plants described from Sabah (from literature), with maximum reported nickel concentrations in the literature
Recent discoveries of nickel hyperaccumulator plant species by van der Ent ef al. (2013¢,2015) and van der Ent and Mulligan (2015) are not included in this table

Species Ni(ug g™

Occurrence

Reference

Rinorea bengalensis 17500
Rinorea javanica 2170

Phyllanthus balgooyi 16 000
Dichapetalum gelonioides subsp. tuberculatum 26 600
Psychotria cf. gracilis 10590
Shorea tenuiramulosa 1000

Throughout Southeast Asia
Throughout South-east Asia
Philippines and Sabah (Malaysia)
Philippines and Sabah (Malaysia)
Sabah (Malaysia)

Sabah (Malaysia)

Brooks and Wither (1977)

Brooks et al. (1977)

Baker ez al. (1992); Hoffmann ez al. (2003)
Baker et al. (1992)

Reeves (2003)

Proctor et al. (1989)

kinabaluensis both of which are found in high-altitude ultramafic
scrub, the epiphytes Arachnis longisepala, Porpax borneensis,
Paraphalaenopsis labukensis and Renanthera bella all of which
are known from a few populations only in lowland forests on
ultramafic soils.

Nickel hyperaccumulator plants in Sabah

In total 6 nickel hyperaccumulator plants (Reeves 2003) are
known from Sabah: Rinorea bengalensis, R. javanica
(Violaceae), Psychotria cf. gracilis (Rubiaceae), Phyllanthus
balgooyi (Phyllanthaceae), Dichapetalum gelonioides subsp.
tuberculatum (Dichapetalaceae) and Shorea tenuiramulosa
(Dipterocarpaceae) (Table 2). Of these species, Phyllanthus
balgooyi (Phyllanthaceae) is relatively widespread often
dominating open habitats on ridges and on riverbanks. The
small tree Shorea tenuiramulosa is the only known nickel
hyperaccumulator in the dipterocarp (Dipterocarpaceae) family
(Proctor et al. 1989). Recent work by van der Ent ef al. (2013c¢,
2015) and van der Ent and Mulligan (2015) revealed the further
existence of a total of 19 nickel-hyperaccumulator species in
Sabah, which suggests that this phenomenon may be relatively
common in the local ultramafic flora.

State of knowledge of the flora of ultramafic outcrops
in Sabah and threats to plant diversity

The scientific knowledge of the plant diversity and ecology of
ultramafic outcrops in South-east Asia, particularly for Borneo
and Sulawesi (Indonesia), is comparatively poor. Botanical
collections from ultramafic outcrops in Sabah are highly
biased, with many outcrops in the interior very incompletely
known. So as to better understand the biogeography of plant
species on ultramafic soils, it is critical that standardised
georeferenced collections are made, with the aims of covering
as much of Sabah as possible. This becomes more pressing
because much of the existing herbarium collections originate
from areas that are now cleared. The lack of knowledge puts
constraints on protecting biodiversity, because Borneo is
recognised for containing ~5% of all known plant species in
the world and Malaysia is recognised as one of the 17 megacentres
of world biodiversity (Paine 1997). In total, 15000 species of
flowering plants are estimated for Borneo (Wong 1998; Roos
etal.2004), of which 37% are endemic to the island (Van Welzen
et al. 2005). Between 1995 and 2010, more than 600 species
(plantand animal) have been discovered on Borneo (WWF 2013).
However, biodiversity is severely threatened by deforestation,
especially through large-scale plantation agriculture, particularly
oil palm (Savilaakso et al. 2014). In ~1973, a total of 75.7% of
Borneo’s area was forested, but this declined by 30.2% in 2010

(Gaveau et al. 2014). In Sabah, 39.5% of the total forest area
existing in 1973 had become non-forest in 2010 (Gaveau et al.
2014). Intact rain forests in protected areas amount to 8% of
the land surface in Sabah (Bryan et al. 2013). Between 1990 and
2010, a net loss in forest cover of over 7000 km? occurred as a
result of the clearance of forests outside of protected areas
(Reynolds et al. 2011). The total area of oil-palm estates
increased about five-fold, from 4% of land area in 1990 to
~19% in 2010 (http://econ.mpob.gov.my/economy/EID_web.
htm, accessed June 2011). Sabah’s population has also more
than doubled, from 1.34 million in 1987 to 3.12 million in 2010
(Anonymous 2010). All these developments put severe pressure
on the remaining biodiversity in Sabah and, therefore, totally
protected Forest Reserves are critically important. In the
period 1990-2010, the total area of Class I (total protection)
Forest Reserves increased by ~3600 km?, but unfortunately, this
increase is mainly a consequence of reclassifying logged-over
Class II (commercial) Forest Reserves, rather than the
establishment of new protected areas (Reynolds et al. 2011).

In Kinabalu Park, many plant species are extremely localised,
especially on ultramafic soils, so that 40% of all species recorded
for the area are known only from a single collection (Beaman and
Beaman 1990). The risks faced by rare plants is also illustrated
by the case of the large tree Dipterocarpus ochraceus, known
from just three populations, comprising 52 mature individuals
altogether (Maycock et al. 2012), with most of the population
outside the Kinabalu Park boundary facing clearing. This
exemplifies the urgent need for detailed research on the plant
diversity of ultramafic outcrops in Sabah, to assist the
conservation of areas most threatened by logging and land-
clearing activities. The majority of ultramafic outcrops are
relatively small, and population sizes of plant species are,
consequently, also small; therefore, rare plants face particular
risks from the potential future effects of climate change-induced
droughts and fires.

Acknowledgements

We thank David Mulligan, Peter Erskine (University of Queensland), Mark
Tibbett (University of Western Australia and Cranfield University) and Alan
Baker (University of Melbourne) for their advice and encouragement. Finally,
we gratefully acknowledge the continuous support of Sabah Parks and the
Sabah Forestry Department in ongoing research projects that aim to increase
knowledge of ultramafic ecosystems in Sabah.

References

Acres BD, Bower RP, Burrough PA, Folland CF, Kalsi MS, Thomas P, Wright
PS (1975) ‘“The soils of Sabah. Vol. 5. References and appendices.’ (Land
Resource Division, Ministry of Overseas Development: Surbiton, UK)


http://econ.mpob.gov.my/economy/EID_web.htm
http://econ.mpob.gov.my/economy/EID_web.htm

J Australian Journal of Botany

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 Ecology 140, 139—-157.
doi:10.1023/A:1009710618040

Anonymous (1965) ‘Igneous rocks of Sabah, Malaysia.” (Geological Survey:
Borneo Region, Malaysia)

Anonymous (2010) ‘Preliminary count report.” (Population and Housing
Census of Malaysia, Jabatan Perangkaan Malaysia/Department of
Statistics: Malaysia)

Argent G, Lamb A, Phillipps A (2007) ‘The Rhododendrons of Sabah,
Malaysian Borneo.” (Natural History Publications (Borneo) and Royal
Botanic Garden Edinburgh: Kota Kinabalu, Malaysia)

Ashton PS (1982) Dipterocarpaceae. In ‘Flora Malesiana. Series I. Volume 9,
part 2’. (Ed. CGGJ van Steenis) pp. 237-552. (Martinus Nijhoff
Publishers: The Hague)

Ashton PS (2004) Dipterocarpaceae. In ‘Tree flora of Sabah and Sarawak.
Vol. 5. (Eds E Soepadmo, LG Saw, RCK Chung) (Government of
Malaysia: Kuala Lumpur, Malaysia)

Baker AJM, Proctor J, van Balgooy MMIJ, Reeves RD (1992)
Hyperaccumulation of nickel by the flora of the ultramafics of
Palawan, Republic of the Philippines. In ‘The vegetation of ultramafic
(serpentine) soils’. (Eds AJM Baker, J Proctor, RD Reeves) pp. 291-304.
(Intercept: Andover, UK)

Baillie IC, Evangelista PM, Inciong NB (2000) Differentiation of upland soils
on the Palawan ophiolitic complex, Philippines. Catena 39, 283-299.
doi:10.1016/S0341-8162(00)00078-3

Batianoff G, Singh S (2001) Central Queensland serpentine landforms,
plant ecology and endemism. South African Journal of Science 97,
495-500.

Batianoff GN, Specht RL (1992) Queensland (Australia) serpentinite
vegetation. In ‘The vegetation of ultramafic (serpentine) soils’. (Eds
AJM Baker, J Proctor, RD Reeves) pp. 109—128. (Intercept: Andover,
UK)

Beaman RS (2001) Phylogeny and biogeography of Elatostema (Urticaceae)
from Mount Kinabalu. Sabah Parks Nature Journal 4, 71-93.

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

Beaman JH, Anderson C (2004) ‘The plants of Mount Kinabalu. 5.
Dicotyledon families Magnoliaceae to Winteraceae.” (Natural History
Publications (Borneo) Sdn. Bhd.: Kota Kinabalu, Malaysia and Royal
Botanic Garden, Kew: London)

Beaman JH, Beaman RS (1990) Diversity and distribution patterns in the
flora of Mount Kinabalu. In “The plant diversity of Malesia’. (Eds P Baas,
K Kalkman, R Geesink) pp. 147-160. (Kluwer Academic Publishers:
Dordrecht)

Beaman JH, Beaman RS (1998) ‘The plants of Mount Kinabalu. 3.
Gymnosperms and non-orchid monocotyledons.” (Natural History
Publications (Borneo) Sdn. Bhd.: Kota Kinabalu, Malaysia and Royal
Botanic Garden, Kew: London)

Bostock PD, Holland AE (Eds) (2010) ‘Census of the Queensland flora2010.”
(Queensland Herbarium, Department of Environment and Resource
Management: Brisbane)

Boyd RS, Kruckeberg AR, Rajakaruna N (2009) Biology of ultramafic rocks
and soils: research goals for the future. Northeastern Naturalist 16,
422-440. doi:10.1656/045.016.0530

Brearley FQ (2005) Nutrient limitation in a Malaysian ultramafic soil. Journal
of Tropical Forest Science 17, 596—609.

Brearley FQ (2006) Differences in the growth and ectomycorrhizal
community of Dryobalanops lanceolata (Dipterocarpaceae) seedlings
grown in ultramafic and non-ultramafic soils. Soil Biology & Biochemistry
38, 3407-3410. doi:10.1016/j.s0ilbi0.2006.05.012

Brooks RR (1987) ‘Serpentine and its vegetation: a multidisciplinary
approach.” (Dioscorides Press)

A. van der Ent et al.

Brooks RR, Wither E (1977) Nickel accumulation by Rinorea bengalensis
(Wall.) O.K. Journal of Geochemical Exploration 7, 295-300.
doi:10.1016/0375-6742(77)90085-1

Brooks RR, Wither ED, Zepernick B (1977) Cobalt and nickel in Rinorea
species. Plant and Soil 47(3), 707-712. doi:10.1007/BF00011041

Brown PH, Welch RM, Cary EE (1987) Nickel: a micronutrient essential for
higher plants. Plant Physiology 85, 801-803. doi:10.1104/pp.85.3.801

Bruijnzeel L, Waterloo M, Proctor J, Kuiters A, Kotterink B (1993)
Hydrological observations in montane rain forests on Gunung Silam,
Sabah, Malaysia with special reference to the ‘Massenerhebung’ effect.
Journal of Ecology 81, 145-167. doi:10.2307/2261231

Bryan JE, Shearman PL, Asner GP, Knapp DE, Aoro G, Lokes B (2013)
Extreme differences in forest degradation in Borneo: comparing practices
in Sarawak, Sabah, and Brunei. PLoS ONE 8(7), €69679.
doi:10.1371/journal.pone.0069679

Bush M (1986) Some effects of physical processes on the redevelopment of
the forests of Krakatau. Krakatoa Centenary Expedition 1983 (final
report). In ‘Miscellaneous series 33°. (Eds M Bush, P Jones, K
Richards) pp. 57-76. (University of Hull, Department of Geography)

Chen C, Huang D, Liu J (2009) Functions and toxicity of nickel in plants:
recent advances and future prospects. CLEAN — Soil, Air, Water 37,
304-313. doi:10.1002/clen.200800199

Chung AYC (Eds) (2006) ‘Biodiversity and conservation of The Meliau
Range: a rain forest in Sabah’s ultramafic belt.” (Natural History
Publications (Borneo): Kota Kinabalu, Malaysia)

Collenette P (1964) A short account of the geology and geological history of
Mount Kinabalu. Proceedings of the Royal Society of London. Series B,
Biological Sciences 161, 56—63. doi:10.1098/rspb.1964.0076

Fleischmann A, Robinson A, Mcpherson S, Heinrich V, Gironella E, Madulid
DA (2011) Drosera ultramafica (Droseraceae), a new sundew species of
the ultramafic flora of the Malesian highlands. Blumea 56, 10-15.
doi:10.3767/000651911X560907

Fox JED (1972) The natural vegetation of Sabah and natural regeneration of
the dipterocarp forests. PhD Dissertation, University College of North
Wales, Bangor, UK.

Gaveau DLA, Sloan S, Molidena E, Yaen H, Sheil D, Abram NK, Ancrenaz
M, Nasi R, Quinones M, Wielaard N, Meijaard E (2014) Four decades
of forest persistence, clearance and logging on Borneo. PLoS ONE 9(7),
€101654. doi:10.1371/journal.pone.0101654

Grubb PJ (1971) Interpretation of the ‘Massenerhebung’ effect on tropical
mountains. Nature 229, 44-45. doi:10.1038/229044a0

Grubb PJ (1977) Control of forest growth and distribution on wet tropical
mountains: with special reference to mineral nutrition. Annual Review of
Ecology and Systematics 8, 83—107.
doi:10.1146/annurev.es.08.110177.000503

Harrison S, Grace JB (2007) Biogeographic affinity helps explain
productivity-richness relationships at regional and local scales.
American Naturalist 170(Suppl. 2), S5-S15. doi:10.1086/519010

Hoffmann P, Baker A, Madulid DA, Proctor J (2003) Phyllanthus balgooyi
(Euphorbiaceae s.l.), a new nickel-hyperaccumulating species from
Palawan and Sabah. Blumea 48, 193-199.
doi:10.3767/000651903X686178

Jacobson G (1970) Gunung Kinabalu area, Sabah, Malaysia. Explanation of
part of sheets 5-116-3 and 6-116-15. Report 8. (Geological Survey
Malaysia, Government Printing Office: Kuching)

Jaffré T, L Huillier L (2010) La végétation des roches ultramafiques ou
terrains miniers. In ‘Mines et Environnement en Nouvelle-Calédonie: Les
milieux sur substrats ultramafiques et leur restauration’. (Eds L L’Huillier,
T Jaffré, A Wulff) pp. 45-103. (Editions IAC: Nouméa Nouvelle-
Calédonie)

Kitayama K (1991) ‘Vegetation of Mount Kinabalu Park, Sabah, Malaysia.’
(Environment and Policy Institute, East-West Center and Department of
Botany, University of Hawaii at Manoa: Honolulu, HI)


dx.doi.org/10.1023/A:1009710618040
dx.doi.org/10.1016/S0341-8162(00)00078-3
dx.doi.org/10.1656/045.016.0530
dx.doi.org/10.1016/j.soilbio.2006.05.012
dx.doi.org/10.1016/0375-6742(77)90085-1
dx.doi.org/10.1007/BF00011041
dx.doi.org/10.1104/pp.85.3.801
dx.doi.org/10.2307/2261231
dx.doi.org/10.1371/journal.pone.0069679
dx.doi.org/10.1002/clen.200800199
dx.doi.org/10.1098/rspb.1964.0076
dx.doi.org/10.3767/000651911X560907
dx.doi.org/10.1371/journal.pone.0101654
dx.doi.org/10.1038/229044a0
dx.doi.org/10.1146/annurev.es.08.110177.000503
dx.doi.org/10.1086/519010
dx.doi.org/10.3767/000651903X686178

Plant diversity of ultramafics in Sabah

Kitayama K, Aiba SI(2002) Ecosystem structure and productivity of tropical
rain forests along altitudinal gradients with contrasting soil phosphorus
pools on Mount Kinabalu, Borneo. Journal of Ecology 90, 37-51.
doi:10.1046/j.0022-0477.2001.00634.x

Kitayama K, Majalap-Lee N, Aiba S (2000) Soil phosphorus fractionation
and phosphorus-use efficiencies of tropical rainforests along altitudinal
gradients of Mount Kinabalu, Borneo. Oecologia 123, 342-349.
doi:10.1007/s004420051020

Kruckeberg AR (1986) An essay: the stimulus of unusual geologies for
plant speciation. Systematic Botany 11, 455-463. doi:10.2307/2419082

Lagrange A, Ducousso M, Jourand P, Majorel C, Amir H (2011) New insights
into the mycorrhizal status of Cyperaceae from ultramafic soils in New
Caledonia. Canadian Journal of Microbiology 57, 21-28.
doi:10.1139/W10-096

Latham M (1975) ‘Les sols d’un massif de roches ultrabasiques de la cote
ouest de Nouvelle Caledonie.” (Cahiers ORSTOM. Série Pédologie)

Leong KM (1974) ‘The geology and mineral resources of the Upper Segama
Valley and Darvel Bay Area, Sabah, Malaysia.” (Geological Survey of
Malaysia: Kuching, Sarawak, Malaysia)

Maycock CR, Khoo E, Kettle CJ, Pereira JT, Sugau JB, Nilus R, Jumian J,
Burslem DFRP (2012) Using high resolution ecological niche models
to assess the conservation status of Dipterocarpus lamellatus and
Dipterocarpus ochraceus in Sabah, Malaysia. Journal of Forest
Science 28, 158—169. doi:10.7747/JFS.2012.28.3.158

McCoy S, Jaffré T, Rigault F, Ash JE (1999) Fire and succession in the
ultramafic maquis of New Caledonia. Journal of Biogeography 26,
579-594. doi:10.1046/1.1365-2699.1999.00309.x

Meijer W (1965) A botanical guide to the flora of Mount Kinabalu. In
‘Proceedings of the symposium on humid tropics vegetation’.
pp. 325-366. (UNESCO: Kuching, Sarawak, Malaysia)

Paine JR (1997) ‘Status, trends and future scenarios for forest conservation
including protected areas in the Asia—Pacific region.” Asia—Pacific
forestry sector outlook study working paper series 4. (FAO: Rome)

Pandolfini T, Gabbrielli R, Comparini C (1992) Nickel toxicity and
peroxidase activity in seedlings of Triticum aestivum L. Plant, Cell &
Environment 15, 719-725. doi:10.1111/j.1365-3040.1992.tb01014.x

Perumal B (1994) ‘Technical study for a proposed tourism centre at Bukit
Silam, Lahad Datu, Sabah.” (WWF Malaysia: Petaling Jaya, Selangor,
Malaysia)

Proctor J (1992) The vegetation over ultramafic areas in the tropical far east.
In ‘The ecology of areas with serpentinized rocks: a world view’. (Eds
BA Roberts, J Proctor) pp. 249-270. (Kluwer Academic Publishers:
Dordrecht, The Netherlands)

Proctor J (2003) Vegetation and soil and plant chemistry on ultramafic rocks
in the tropical Far East. Perspectives in Plant Ecology, Evolution and
Systematics 6, 105—124. doi:10.1078/1433-8319-00045

Proctor J, Nagy L (1992) Ultramafic rocks and their vegetation: an overview.
In ‘The vegetation of ultramafic (serpentine) soils’. (Eds AJM Baker,
J Proctor, RD Reeves) pp. 469-494. (Intercept: Andover, UK)

Proctor J, Lee YF, Langley AM, Munro WRC, Nelson T (1988) Ecological
studies on Gunung Silam, a small ultrabasic mountain in Sabah, Malaysia.
1. Environment, forest structure and floristics. Journal of Ecology 76,
320-340. doi:10.2307/2260596

Proctor J, Phillipps C, Duff GK, Heaney A, Robertson FM (1989) Ecological
studies on Gunung Silam, a small ultrabasic mountain in Sabah, Malaysia.
1. Some forest processes. Journal of Ecology 77, 317-331.
doi:10.2307/2260752

Proctor J, Baker AJM, Van Balgooy MMJ, Bruijnzeel LA, Jones SH,
Madulid DA (2000) Mount Bloomfield, Palawan, Philippines: forests
on grey wacke and serpentinized peridotite. Edinburgh Journal of
Botany 57, 121-139. doi:10.1017/S096042860000008 1

Radcliffe-Smith A (2001) ‘Genera Euphorbiacearum.” (Kew Publishing,
Royal Botanic Gardens, Kew: London)

Australian Journal of Botany K

Rajakaruna N, Baker AJM (2004) Serpentine: a model habitat for botanical
research in Sri Lanka. The Ceylon Journal of Science (Biological
Sciences) 32, 1-19.

Rajakaruna N, Harris TB, Alexander EB (2009) Serpentine geoecology of
eastern North America: a review. Rhodora 111, 21-108.
doi:10.3119/07-23.1

Reeves RD (2003) Tropical hyperaccumulators of metals and their potential
for phytoextraction. Plant and Soil 249, 57-65.
doi:10.1023/A:1022572517197

Repin R (1998) Serpentine ecology in Sabah, Malaysia. Sabah Parks Journal
1, 19-28.

Reynolds G, Payne J, Sinun W, Mosigil G, Walsh RPD (2011) Changes in
forest land use and management in Sabah, Malaysian Borneo, 1990-2010,
with a focus on the Danum Valley region. Philosophical Transactions
of the Royal Society of London. Series B, Biological Sciences 366,
3168-3176. doi:10.1098/rstb.2011.0154

Roos MC, KeBler PJ, Robbert Gradstein S, Baas P (2004) Species diversity
and endemism of five major Malesian islands: diversity—area
relationships. Journal of Biogeography 31, 1893—1908.
doi:10.1111/5.1365-2699.2004.01154.x

Sabah Forestry Department (2005) ‘Sabah Forestry Department.” Available
at http://www.forest.sabah.gov.my/caims/Class%20I/A_FR1/bidu%20
bidu.htm[Accessed August 30 2010]

Safford HD, Viers JH, Harrison SP (2005) Serpentine endemism in the
California flora: a database of serpentine affinity. Madrono 52,222-257.
doi:10.3120/0024-9637(2005)52[222:SEITCF]2.0.CO;2

Savilaakso S, Garcia C, Garcia-Ulloa J, Ghazoul J, Groom M, Guariguata MR,
Laumonier Y, Nasi R, Petrokofsky G, Snaddon J, Zrust M (2014)
Systematic review of effects on biodiversity from oil palm production.
Environmental Evidence 3, 4. doi:10.1186/2047-2382-3-4

Searle MP, Stevens RK (1984) Obduction processes in ancient, modern and
future ophiolites. Geological Society of London, Special Publications 13,
303-319. doi:10.1144/GSL.SP.1984.013.01.24

Sugau JB, Tangah J (2004) A note on the vegetation of Malawali Island,
Sabah. Sepilok Bulletin 1, 43-58.

Utteridge TMA, Avelinah J, Sabran S (2014) Ardisia silamensis
(Primulaceae—Myrsinoideae/Myrsinaceae), a new ultramafic species
from Borneo; studies in Malaysian Myrsinaceae I1. Kew Bulletin 69, 9510.
doi:10.1007/s12225-014-9510-4

van der Ent A, Mulligan D (2015) Multi-element concentrations in plant
parts and fluids of Malaysian nickel hyperaccumulator plants and some
economic and ecological considerations. Journal of Chemical Ecology
41, 396-408. doi:10.1007/s10886-015-0573-y

van der Ent A, Vanijajiva O (2014) Gynura tambuyukonensis (Asteraceae),
an obligate ultramafic and endemic species from Mount Tambuyukon
(Kinabalu Park), Sabah (Malaysia). Phytotaxa 158, 291-296.

van der Ent A, Wood JJ (2012) Mount Tambuyukon — an intriguing mountain
and its orchids. Malesian Orchid Journal 10, 102—122.

van der Ent A, Wood JJ (2013) Orchids of extreme serpentinite (ultramafic)
habitats in Kinabalu Park. Malesian Orchid Journal 12, 76-93.

van der Ent A, Baker AJM, Van Balgooy MMJ, Tjoa A (2013a) Ultramafic
nickel laterites in Indonesia (Sulawesi, Halmahera): mining, nickel
hyperaccumulators and opportunities for phytomining. Journal of
Geochemical Exploration128,72-79.doi:10.1016/j.gexplo.2013.01.009

van der Ent A, Baker AJM, Reeves RD, Pollard AJ, Schat H (20135)
Hyperaccumulators of metal and metalloid trace elements: facts and
fiction. Plant and Soil 362, 319-334. doi:10.1007/s11104-012-1287-3

van der Ent A, Mulligan D, Erskine P (2013c¢) Discovery of nickel
hyperaccumulators from Kinabalu Park, Sabah (Malaysia) for potential
utilization in phytomining. In ‘Proceedings of the 3rd International
Seminar on Environmental Issues in Mining — ENVIROMINE 2013,
Santiago, Chile, 4-6 December 2013’. (Eds S Winchester, F Valenzuela,
D Mulligan) (Gecamin: Santiago, Chile)


dx.doi.org/10.1046/j.0022-0477.2001.00634.x
dx.doi.org/10.1007/s004420051020
dx.doi.org/10.2307/2419082
dx.doi.org/10.1139/W10-096
dx.doi.org/10.7747/JFS.2012.28.3.158
dx.doi.org/10.1046/j.1365-2699.1999.00309.x
dx.doi.org/10.1111/j.1365-3040.1992.tb01014.x
dx.doi.org/10.1078/1433-8319-00045
dx.doi.org/10.2307/2260596
dx.doi.org/10.2307/2260752
dx.doi.org/10.1017/S0960428600000081
dx.doi.org/10.3119/07-23.1
dx.doi.org/10.1023/A:1022572517197
dx.doi.org/10.1098/rstb.2011.0154
dx.doi.org/10.1111/j.1365-2699.2004.01154.x
http://www.forest.sabah.gov.my/caims/Class%20I/A_FR1/bidu%20bidu.htm
http://www.forest.sabah.gov.my/caims/Class%20I/A_FR1/bidu%20bidu.htm
dx.doi.org/10.3120/0024-9637(2005)52[222:SEITCF]2.0.CO;2
dx.doi.org/10.3120/0024-9637(2005)52[222:SEITCF]2.0.CO;2
dx.doi.org/10.1186/2047-2382-3-4
dx.doi.org/10.1144/GSL.SP.1984.013.01.24
dx.doi.org/10.1007/s12225-014-9510-4
dx.doi.org/10.1007/s10886-015-0573-y
dx.doi.org/10.1016/j.gexplo.2013.01.009
dx.doi.org/10.1007/s11104-012-1287-3

L Australian Journal of Botany

van der Ent A, Repin R, Sugau J, Wong KM (2014) ‘The ultramafic flora of
Sabah: an introduction to the plant diversity on ultramafic soils.” (Natural
History Publications (Borneo): Kota Kinabalu, Malaysia)

van der Ent A, Erskine PD, Sumail S (2015) Ecology of nickel
hyperaccumulator plants from ultramafic soils in Sabah (Malaysia).
Chemoecology doi:10.1007/s00049-015-0192-7

Van Welzen PC, Slik JWF, Alahuhta J (2005) Plant distribution patterns and
plate tectonics in Malesia. Biologiske Skrifter 55, 199-217.

Wikimedia Commons (2009) ‘Globe with Southeast Asia map.” Created 8
October 2009 by Addicted04. Available at http://commons.wikimedia.
org/wiki/File:Southeast_Asia_%?28orthographic_projection%29.svg

Wong KM (1992) Sabah’s plant life: a new look at a priceless wonder. In ‘The
environment: the future is in our hands’. pp. 26-30. (Intan Junior
Chamber: Kota Kinabalu, Malaysia)

Wong KM (1998) Patterns of plant endemism and rarity in Borneo and the
Malay Peninsula. In ‘Rare, threatened and endangered floras of Asia and
the Pacific Rim’. (Eds CI Peng, I Lowry) pp. (Institute of Botany: Taipei)

A. van der Ent et al.

Wong KM (2011) A biogeographic history of Southeast Asian rainforests. In
‘Managing the future of Southeast Asia’s valuable tropical rainforests’.
Advances in Asian human-environmental research 2. (Eds R
Wickneswari, C Cannon) pp. 21-55. (Springer Science+Business Media)

Wong KM, van der Ent A (2014) Eriobotrya balgooyi (Rosaceae), a new
obligate ultramafic endemic from Kinabalu Park, Borneo. Plant Ecology
and Evolution 147, 134—140. doi:10.5091/plecevo.2014.938

Wood JJ, Beaman TE, Lamb A, Chan Cl, Beaman JH (2011) ‘The orchids of
Mount Kinabalu.” (Natural History Publications (Borneo): Kota
Kinabalu, Malaysia)

Wright PS (1975) “Western parts of Tawau and Lahad Datu districts. The
soils of Sabah.” (Ministry of Overseas Development: Surbiton, UK)
WWF (2013) Borneo Plants. Available at http://wwf.panda.org/what_we_do/
where_we_work/borneo_forests/borneo_animals/borneo_plants Accessed

on 30 September 2013]

www.publish.csiro.au/journals/ajb


dx.doi.org/10.1007/s00049-015-0192-7
http://commons.wikimedia.org/wiki/File:Southeast_Asia_%28orthographic_projection%29.svg
http://commons.wikimedia.org/wiki/File:Southeast_Asia_%28orthographic_projection%29.svg
dx.doi.org/10.5091/plecevo.2014.938
http://wwf.panda.org/what_we_do/where_we_work/borneo_forests/borneo_animals/borneo_plants
http://wwf.panda.org/what_we_do/where_we_work/borneo_forests/borneo_animals/borneo_plants

