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A screening study of leaf terpene emissions of 43 rainforest species in
Danum Valley Conservation Area (Borneo) and their relationships

with chemical and morphological leaf traits

JOAN LLUSIAY JORDI SARDANS? ULO NIINEMETS?, SUSAN M. OWEN*, & JOSEP

PENUELAS!?

Abstract

We have conducted a screening study of leaf terpene emissions for 43 rainforest woody species of
Borneo. To the best of our knowledge, this study reports for first time the terpene emission capacity of 43
species belonging to 22 genera of rainforest woody plant species. We have used a general lineal model
(GLM) with phylogenetic control by the phylogenetic distance matrix when necessary. The proportion of
the species that emitted terpenes in this set of Borneo woody species was 95% and the species average
total terpene emissions of emitting species were 0.04-11.6 pg g h”', which is in the range of the reported
emissions in similar screening studies conducted in other biomes. Altogether, 85 terpene compounds were
detected, and 11 common mono and sesquiterpenes were identified and quantified. Only two of the
terpenes, ocimene and y-terpinene, of the 11 determined compounds showed a phylogenetic signal. No
significant relationships were found between the terpene emissions and the physiological, chemical and
morphological foliar traits and the data also showed a lock of constant applicability of the “excess
carbon” hypothesis for this set of species. This evidence suggests multiple and diverse factors and

conditions driving plant chemistry in the tropical forests.

Keywords: Herbivory, LMA, nitrogen, phosphorus, terpene emissions, trace elements, tropical forest.
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Introduction

Protection, defense and infochemical function have been highlighted as possible physiological and
ecological roles of terpenes (Llusia and Pefiuelas 2001; Wheeler et al. 2002; Pefiuelas and Llusia 2003;
Penuelas and Llusia 2004). Examples of these roles are photoprotection (Pefiuelas and Munne-Bosch
2005), thermotolerance (Sharkey and Singsaas 1995; Pefiuelas and Llusia 2001; Pefiuelas and Llusia
2002; Pefiuelas et al. 2005; Copolovici et al. 2005), protection against drought stress (Kainulainen et al.
1992; Llusia and Pefiuelas 1998) and antioxidative capacity whereby terpenes protect photosynthetic
membranes against peroxidation and reactive oxygen species such as singlet oxygen (Loreto and
Velikova 2001; Pefiuelas and Llusia 2002; Loreto et al. 2004; Munne-Bosch et al. 2004; Llusia et al.
2005). Among plant chemical defenses, terpenes have been shown to have direct and indirect roles in
protecting plants against herbivory (Llusia and Pefiuelas 2001; Cornara et al. 2001; Pefiuelas and Llusia
2004; Owen and Pefiuelas 2005; Mumm and Hilker 2006) and allelopathic function (Kaligaric et al.
2011). Finally, leaf volatile terpenes are not only direct chemical defences, but also indirect defences
through their emission as relevant infochemicals (Dicke et al. 1991; Vet and Dicke 1992; Steidle and van
Loon , 2003; Harmel et al. 2007; Sampedro et al. 2010; Gols et al. , 2011).

The emissions of terpenes have significant effects on atmospheric chemistry and climate. VOCs
interact with atmospheric radicals influencing the oxidative capacity of the troposphere (concentration of
the hydroxyl radicals) and, therefore, the concentration and distribution of other environmentally
important trace gases (Thompson 1992; Chameides et al. 1988). In addition, the volatile compounds
formed during the degradation of VOCs are able to increment existing particles or lead to the formation of
new secondary organic aerosol (SOA) particles. These particles affect the chemistry of the atmosphere
and the radiation balance of the earth (Brasseur et al. 1999). And finally, VOCs in combination with a
sufficient level of nitrogen oxide concentrations can lead to ozone production and other photooxidants
(Trainer et al. 1987; Fehsenfeld et al. 1992; Hewitt et al. 2011).

Changes in nutrient availability and use can affect terpene production and emission. Higher nitrogen
availability is usually expected to be translated into higher terpene production and emission, as a result of
increased carbon fixation and activity of the limiting enzymes (Harley et al. 1994; Litvak et al. 1996;
King et al. 2004). However, recent studies have observed a decrease in terpene emissions in Phragmites
australis at high levels of phosphorus supply (Fares et al. 2008). A negative relationship has also been

found between the concentration of N and Pg (extractable phosphorus) and terpene emissions in Pinus



82
83
84
85
86
87
88
&9
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111

halepensis (Blanch et al. 2007). However, Ormeno et al. 2007 observed no relationship between terpene
emissions and phosphorus supply ) and Ormefio and Fernandez (2012) reported different effects
depending on the abiotic or biotic factors. . In fact, a lower production of terpenes as carbon based
secondary compounds (CBSC) under higher nutrient availabilities can be expected from the CBSC
source-sink or “excess carbon” hypotheses. This is based on the assumption of higher allocation to
defensive and storage carbon-based-secondary-compounds when fixed CO, is in “excess” because it
cannot be processed for growth, i.e. when carbon sources exceed carbon sinks (Loomis 1932; Bryant et
al. 1983; Herms and Mattson 1992; Pefiuclas and Estiarte 1998). However, in this study all sampled
leaves belonged to plants grown in the Danum Valley Conservation Area Field Centre, thus under similar
soil nutrient availability for each species. What could be different among species was the nutrient “uptake
and use” by plants. Then, the “excess carbon” hypotheses was tested on the basis of the competition for
nutrient uptake among the different plant species under conditions of potential soil P and N deficiencies.

There is scarce information on terpene emissions of tropical plants species, particularly for Borneo
(Hewitt et al. 2009; Misztal et al. 2010) and even less on their relationships with nutrients. Nutrient
availability is limiting for woody plant productivity in Borneo rainforest (Paoli et al. 2005; Paoli 2006).
Some areas are N-limited and others are P-limited (Kitayama et al. 2000; Nomura and Kikuzawa 2003;
Paoli et al. 2005) due to the substrate variability from sedimentary to ultrabasic rocks (Kitayama et al.
2002). It is most likely that P is the nutrient limiting plant growth (Brearley et al. 2007). As far as we
know, no screening studies of terpene emissions in Borneo rainforest species have been reported.

The aims of this study were (i) to screen the terpene emission of a large set of species of the Borneo
flora, including some species that have not been previously analyzed, concentrating on the most common
species in the ecosystems of interest, and (ii) to test whether the terpene emission rates fit the “excess

carbon” hypotheses.

Materials and methods

Field site

The field screening campaign was conducted in the Danum Valley Conservation Area Field Centre,

located at 117° 48.75' E and 5° 01' N on the east coast of the Malaysian state of Sabah, Borneo Island.
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The station lies on the edge of the 438 km” Danum Valley Conservation Area (Class I protected rain
forest) which itself lies within the Ulu Segama Forest Reserve, as part of the ca. 10000 km® Yayasan
Sabah Forestry Concession. Danum Valley Conservation Area is the largest remaining area of
undisturbed lowland dipterocarp forest in Sabah. Dipterocarp trees dominate the forest around Danum
Valley Conservation Area Field Centre with the canopy in places reaching a height of over 70 metres.
90% of the Conservation Area is classified as lowland dipterocarp forest with the remaining 10% being
low canopy, sub-montane forest mainly at Mt. Danum in the heart of the Conservation Area. The climate
at Danum is equatorial with a mean annual temperature of 26.8 °C. Temperatures in excess of 34 °C are
rare, occurring only during prolonged dry periods. Minimum temperatures rarely fall below 19 °C. Mean
relative humidity at 14.00 hours averages 78% and 95% at 08.00 hours. Mean annual rainfall (1985-2006)
is 2825 mm. During the sampling period, from May 5, 2008 to June 3, 2008, the temperature ranged
between 28.9 °C to 30.9 °C. Generally, the weather was sunny during the morning until late afternoon and

cloudy and rainy at the end of the day. The relative humidity was around 80%.

Species studied and sampling procedure

A total of 43 common species were sampled (Figure 1). Species nomenclature follows the local floras
(Whitmore 1972; Soepadmo et al. 2004). Plant sampling was conducted in medium to large forest gaps
(10-100 m diameter). In all cases, even-aged well developed less than one-year old but already mature
and non-senescent, sun-oriented leaves were sampled at least from three individual plants for given
species. The plants were selected at random, with the condition that plants from given species were at
least 100 m apart. From each plant, foliage branchlets were randomly sampled from the tips of the
branches with an extensible pruning pole. Generally, 20 or more of these leaves were sampled from each
plant, except for larger-leaved species carrying a small number of leaves such as Macaranga gigantea
with average (+ SE) leaf area (S,) of 2600 + 210 cm?, for which we sampled 8-11 leaves, and Artocarpus
anisophyllus (S, = 3220 + 260 cm?, 7-10 leaves). Leaves sampled were sealed in plastic bags with wet
filter paper and immediately (few minutes) transported to the laboratory in the Danum Valley
Conservation Area field centre and processed as described in (Pefiuelas et al. 2011). While this sampling
method may induce stress-related production and emission of terpenes (Piesik et al. 2011; Raghava et al.

2010; Opitz et al. 2008; Banchio et al. 2005; Wang and Lincoln 2004; Funk et al. 1999) the
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photosynthesis rates of the sampled leaves indicated that the leaves were healthy (Pefiuelas et al. 2013),
and the method facilitated rapid sampling of sunlit leaves, which cannot be achieved by other methods in

tropical locations with limited access to very few high canopy tree species.

Leaf photosynthetic capacity and morphological analyses

Foliar photosynthetic capacity was measured at a quantum flux density of 1000 umol m? s™ and leaf
temperature of 30 °C under ambient CO, concentration of 385 umol mol™, using branchlets that had been
re-cut under water and stabilized at room temperature of 25-28 °C for one day. An ADC pro (LCpro+
Portable Photosynthesis System, ADC BioScientific Ltd. Hoddesdon, Herts, EN11 0DB) gas exchange
system was used (Pefiuelas et al. 2013).

Leaves sampled for morphological analyses was handled in the same manner as described above..
Briefly, leaf area and leaf shape indices were determined by digital photographs taken with a Nikon
Coolpix 990 camera (Nikon Corporation, Tokyo, Japan) from a distance of 1.4-2 m depending on leaf
size. Objects of known area were photographed together with the foliage, and each digital photograph was
calibrated separately to obtain an appropriate pixel to cm conversion ratio. UTHSCSA Imagetool
2.00alpha software (C. Donald Wilcox, S. Brent Dove, W. Doss McDavid and David B. Greer,
Department of Dental Diagnostic Science, The University of Texas Health Science Center, San Antonio,
TX, USA; ddsdx.uthscsa.edu) was employed to measure foliage area, perimeter, roundness and foliage
compactness for each leaf (Niinemets et al. 2003).

After leaf fresh mass (using a precision balance) and area determination, the samples were dried
in an oven at 70 °C for at least 48 hours, and dry mass of individual leaves was determined. From these

measurements, we calculated leaf dry mass per unit area (LMA, g m™) and leaf dry to fresh mass ratio.

Leaf chemical analyses

Dried plant material was ground by a CYCLOTEC 1093 sample homogenizer (Foss Tecator, Hoganis,
Sweden). The analytical processes for elemental analyses were described in Pefiuelas et al. (1994).
Briefly, for C and N analyses, 1-2 mg of pulverized dried sample was mixed with the oxidant 2 mg of

V,0s. C and N contents were determined by combustion coupled to gas chromatography using a Thermo
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Electron Gas Chromatograph model NA 2100 (C.E. instruments-Thermo Electron, Milan, Italy). For
analyses of other elements, dried and ground samples were digested with concentrated HNO; and H,0,
(30%, p/v) (MERCK, Darmstadt, Germany) in a microwave oven. To assess the accuracy of digestion and
the analytical biomass procedures, standard certified biomass (NIST 1573a, tomato leaf, NIST,
Gaitherburg, MD) was used. After digestion, the contents of As, Cd, Cr, Cu, Mo, Ni, Pb, V and Zn were
determined using ICP-MS (Inductively Coupled Plasma Mass Spectrometry) and Ca, Fe, K, Mg, Mn, S,
Na and P were determined using ICP-OES (Inductively Coupled Plasma Optic Emission Spectrometry).

The phenolics (Ph) concentrations of leaves were measured by using an improved Folin-
Ciocalteu Assay (Singleton and Rossi 1965; Marigo 1973) which used a blank of
polyvinylpolypyrrolidone (PVPP). An Helios Alpha spectrophotometer (Thermo Spectronic, Cambridge,
UK) was used to the determination the absorbance of the samples A and B (at 760 nm), with gallic acid
as the standard for calibration.

Total soluble tannins (Tan) were extracted from 20 mg of leaf powder with 12 ml of 70%
acetone. After centrifugation, the extract was assayed with the butanol/HCl method (Porter et al. 1986),
modified as in (Makkar and Goodchild 1996). The absorbance was measured at 550 nm by
spectrophotometer Helios Alpha (Thermo Spectronic, Cambridge, UK). Non-heated replicate tubes for
each extract were used as anthocyanin blank and their absorbance values subtracted from the absorbance
of the heated tubes (Porter et al. 1986). The Tta content on a dry weight basis was estimated by using a 1-
cm-wide cuvette (Porter et al. 1986, Makkar and Goodchild 1996). Tan analyses were conducted in
triplicate. For additional details on the analytical procedures, see Pefiuclas, Sardans, Llusia, Owen,

Carnicer, et al. (2010a).

Terpene emissions

Three different plants were sampled for each of the species studied. Terpene sampling for each one of
them was conducted using the above described gas exchange system (ADC, LCpro+, Hoddeson,
Hertfordshire, UK) at a quantum flux density of 1000 pmol m™? s and chamber temperature of 30 °C. A
whole leaf for large-leaved species or 2-3 leaves or an entire branchlet for small-leaved species was
enclosed in a clip-on gas-exchange cuvette of 35 cm?® and 175 cm’. Air flow through the dynamic cuvette

was around 500 ml min™'. Exhaust air of the cuvette was pumped downstream through a glass tube (8 cm
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long and 0.3 cm internal diameter) manually filled with terpene adsorbents Carbopack B, Carboxen 1003,
and Carbopack Y (Supelco, Bellefonte, Pennsylvania) separated by plugs of quartz wool. Samples were
taken using a Q. air sampling pump (Supelco, Bellefonte, Pennsylvania). The hydrophobic properties of
activated carbon minimized sample displacement by water. In these tubes, terpenes did not undergo
chemical transformations as checked against trapped standards (a-pinene, B-pinene, camphene, myrcene,
p-cymene, limonene, sabinene, camphor, a-humulene and dodecane). Prior to use for terpene sampling,
these tubes were conditioned for 15 min at 350 °C with a stream of purified helium. The sampling time
was 10 min, and the flow was around 230 mL/min depending on the glass tube adsorbent and quartz wool
packing. The trapping and desorption efficiency of liquid and volatilized standards such as o-pinene, j3-
pinene or limonene was 99 %. Blank air sampling on tubes was conducted for 10 minutes immediately
before and after each measurement without the plants in the cuvettes. The glass tubes were stored in a
portable fridge at 4 °C and taken to the laboratory. In the laboratory the tubes were stored at -28 °C until
the analysis. Analyses of the replicate samples immediately and after 6 months storage indicated no
detectable changes in terpene amounts after storage of the tubes. In calculations of the terpene emission
rates, terpene contents in the blank samples measured without the plants were subtracted from the
samples measured with the plants.

Terpene analyses were performed by using a GC-MS system (Hewlett Packard HP59822B, Palo Alto,
CA, USA). The monoterpenes trapped in the tubes were processed with an automatic sample processor
(Combi PAL, FOCUS-ATAS GL International BV 5500 AA Veldhoven, The Netherlands) and desorbed
using an OPTIC3 injector (ATAS GL International BV 5500 AA Veldhoven, The Netherlands) into a
30m x 0.25mm x 0.25pm film thickness capillary column (HP-5, Crosslinked 5% pH Me Silicone;
Supelco Inc.). The injector temperature (60 °C) was increased at 16 °C s™' to 300 °C. The sample was
injected with a Helium flow of 0.7 mL min™ and cryofocused at -20 °C for 2 min. After this time, the
cryotrap was heated rapidly to 250 °C. Helium flow into the capillary column was 0.7 mL min™. After the
sample injection, the initial temperature (40 °C) was increased at 30 °C min™ up to 60 °C, and thereafter at
10 °C min™ up to 150 °C. This temperature was maintained for 3 min, and thereafter increased at 70 °C
min™ up to 250 °C, and maintained for another 5 min. Total run time was 23 min with a solvent delay of 4
min. The MS detection system was opperating in SIM mode.

The identification of monoterpenes and sesquiterpenes was conducted by comparing the retention

times with standards from Fluka (Buchs, Switzerland), and the fractionation mass spectra with standards,
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literature spectra, and the mass spectra library wiley7n. Terpene concentrations were determined from
calibration curves. The calibration curves for common monoterpenes, a-pinene, A*-carene, p-pinene, p-
myrcene, p-cymene, limonene and sabinene, and common sesquiterpenes such as o-humulene were
determined once every five analyses using four different terpene concentrations. The calibration curves
were always highly significant (r2 > 0.99 for the relationships between the signal and terpene
concentration). The other monoterpenes and sesquiterpenes were calibrated using these calibration curves
of the most common mono and sesquiterpenes. The most abundant terpenes had very similar sensitivity
with differences less than 5% among the calibration factors. The quantification of the peaks was

conducted using the fractionation product with mass 93.

Phylogenetic and statistical analyses

The program Phylomatic Webb and Donoghue was used to build a phylogenetic tree for the species
studied. The phylogeny was transformed into a PDI document of the phylogenetic distances with
PDTREE 5.0 module (University of California, Riverside, CA). Then, the PDDIST module (University of
Wisconsin, Madison, WI) was used to create the distance matrices in ASCII format. The phylogenetic
signal Blomberg and Garland (2002) was calculated for all the leaf variables analysed employing Matlab
7.6.0 with the PHYSIG module (Blomberg et al. 2003). A k statistic was calculated which indicates the
amount of signal in the emission trait relative to what would be expected for the specified phylogenetic
tree (topology and branch lengths) given a Brownian motion model of evolution. If k = 1, then the
specific emission trait has exactly the amount of signal expected for the given phylogenetic tree, whereas
values greater than one indicate more signal than expected and values less than one indicate less signal
than the expected. To determine whether the observed phylogenetic signal was statistically significant, the
actual data was compared with the values obtained after the data had been permuted randomly across the
tips of the tree without the phylogenetic relationships. With this aim, 1000 random datasets were
simulated under the Brownian motion assumption (Garland et al. 1993; Blomberg et al. 2003). Thus, the k
statistic and the probability of error in rejecting the phylogenetic signal (P) were determined according to
(Blomberg et al. 2003). Thereafter the variables with P > 0.10 were analyzed by an ordinary General
linear model (GLM) without the phylogenetic distances matrix. The variables with 0.10 > P >0.05 were

analyzed by an ordinary GLM without and with phylogenetic distance matrix, and the model with a lower
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Akaike information criterion (AIC) was selected. Finally, the variables with a P < 0.05 were directly
analyzed by a GLM using phylogenetic distance tree matrix. We conducted these GLM analyses with all
the leaf traits rates of emission of terpenes as dependent variables. In the case of variables with a
significant phylogenetic signal, phylogenetic distances were also included as a continuous independent
factor. To conduct these analyses we used Matlab 7.6.0 with REGRESSIONV2 module (Lavin et al.

2008).

Results and discussion

We detected foliar terpene emissions in 41 out of the 43 species studied. The 2 species in which we did
not detect emissions were Dipterocarpus appendiculata and Etlingera brevilabrum (Table 1). This means
that the 95 % of the studied species emitted terpenes in detectable concentrations (detection limit for our
analytical method was 5 ng) (Table 1). We detected emissions of a total of 85 terpene compounds, but
could positively identify and quantify only 11, the monoterpenes Camphene, Ocimene, a-Pinene, [3-
Pinene, A-3-Carene, -Myrcene, y-Terpinene, Sabinene and Limonene and the sesquiterpenes Junipene
and B-Caryophyllene (Table 1).

To the best of our knowledge, this is the first report indicting the terpene emissions or non-emissions
of the studied 43 species belonging to 21 genera, Ardisia, Baccaurea, Barringtonia, Clidemia, Dillenia,
Dimocarpus, Dryobalanops, Duabanga, Eusideroxylon, Fagraea, Hopea, Ludekia, Melastoma,
Neonauclea, Octomeles, Parashorea, Pleiocarpidia, Poikilospermum, Semecarpus, Shorea and Uncaria.
Some species of the genus Senna (Cassia), Senna fistula and Senna siamea (Padhy and Varshney 2005),
Syzygium, Syzygium jambolanum (Padhy and Varshney 2005), Macaranga and Mallotus (Cronn and
Nutmagul 1982), Syzygium (Klinger et al. 2002; Padhy and Varshney 2005; Llusia et al. 2010) and
Diospyros sp. (Guenther et al. 1994; Zhang et al. 2009) previously have been reported to emit terpenes.

The proportion of the species that emitted terpenes in this set of Borneo woody species (95.5%) is
similar to the observed 100% of species emitting terpenes in a similar screening study in 18 different
woody Mediterranean species conducted in the field (Owen et al. 1997). In a further study reporting
emissions from 40 dominant Mediterranean species, 97.5% of species emitted terpenes (Owen et al.
2001).

There are also screening studies reporting similar percentage of terpene emitting species, e.g., 97%

(Casuarina equisetifolia, Grevillea robusta, Melaleuca quinquenervia, Lantana camara and Persea

10



292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321

americana) (Llusia et al. 2010), and 71% (36 species were found to emit terpenes (4 high emitter; 28
moderate emitter; and 4 low-emitter) (Padhy and Varshney 2005) or 68% of 50 plant species sampled in
India (plantation forest of Haryana) emitted monoterpenes (Singh et al. 2011). These results suggest that
terpene emission might be very general in terrestrial plants and warrant and conducting further similar
screening studies throughout the world to further explore this supposition. In fact, terpene emission rates
are very variable. Large uncertainties derive from natural variability in individual plant health, herbivory
status, local soil moisture and nutrient status, local shading and microclimate, age of the plant, etc. (Llusia
et al. 2010; Niinemets et al. 2010a,b). For example, in Macaranga sp, Cronn and Nutmagul (1982)
reported emission rates of total VOCs of 44 pg g h', and for Diospyros sp, Guenther et al. (1994)
reported less than 0.1 pg g h™.and 1 pg g h™' from Mallotus sp. Klinger et al. (2002) reported between
70 and 199 pg g h™' for Syzygium sp, whereas Padhy and Varshney (2005) reported 7.1 t0 9.8 ug g h™!
(for a-Pinene 1.5 pg g h™"). Similarly, the range of total terpene emissions observed in this screening
study, 0.035-11.5 ug g h', is in the range of those reported by Owen et al. (1997) in 18 Mediterranean
woody species (from 0.1 to 20 pg g h™).

Only 2 terpene compounds, Ocimene and y-Terpinene, of the 11 terpenes determined, presented a
phylogenetic signal (k = 1.15 and P = 0.03, and k = 1.31 and P = 0.03, respectively). There are few
similar studies testing the phylogenetic signal of terpene emissions in a broad set of plant species (Llusia
et al. 2010; Knudsen et al. 2006). In a set of 70 species of Hawaii flora, comprising native and alien
plants, a phylogenetic signal was found only in one of the 15 different terpene compounds detected in
plant emissions (Llusia et al. 2010). Regarding terpene content, a review of 90 families and 38 orders of
high plants revealed a wide presence of the most common terpenes which were observed in 54-71%
(depending on the compound) of the families investigated (Knudsen et al. 2006). Terpene synthesis
enzymes are a mechanistically intriguing family of enzymes that catalyze complex, multi-step chain
reactions that are able of generating thousands of structurally diverse hydrocarbons of biological
importance. Although an evolutive genetic divergence of genes that encode for enzymes of terpene
synthesis has been observed in narrow phylogenetic groups (Bohlmann et al. 1998), a general
phylogenetic determinant for plant terpene emission is not clear (Welter et al. 2012). There are also
differences between terpene synthesis and terpene emission. The factors ruling terpene emission
(Pefiuelas and Llusia 2001) might mask a phylogenetic control of terpene synthesis. However, the study

of the terpene content of these same tropical species in the same site (Sardans et al. 2013), also showed a

11
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lack of phylogenetic signal. All these results suggest that terpene content and emission is a widespread
trait in this tropical forest that probably confers adaptative advantage in a very wide range of angiosperm
phylogeny.

Terpene emission was not correlated with the leaf concentration of any of the 20 different chemical
elements that were studied in this field campaign and that were reported in Pefiuelas et al. (2013), in spite
of the large range of nutrient concentrations found among the 43 woody species studied (e.g. foliar N
concentrations ranged between 10 and 40 mg g') that allowed testing the “Excess Carbon” hypothesis.
The absence of significant relationships between nutrients and emissions does not provide support for the
“Excess Carbon” hypothesis. Other previous studies have not either supported the “Excess Carbon”
hypothesis (King et al. 2004; Llusia et al. 2010).

The absence of significant relationships between nutrients and emissions does not provide support for
the “excess carbon” hypotheses. This absence of relationship seems to result from multiple factors
involved in the emissions that are different from those involved in the production, and from the very
diverse abiotic and biotic environments experienced by tropical plants. The absence of a clear relationship
between terpene emissions and physiological, chemical and morphological traits supports current
understanding of very diverse roles for terpene emissions, including plant protection against abiotic
stressors, plant defense against diverse in time biotic attacks, and signaling to attract pollinators and
predators and parasitoids of the herbivores (Pefiuelas and Llusia 2003; Pefiuelas and Staudt 2010), or
even may indicate that they do not necessarily have an immediate function, but that are inevitable
emissions of the plant metabolism (Pefiuelas and Llusia 2004). Moreover, analysing other CBSCs (lignins
and tannins) in some plant species of Borneo, Kurokawa et al. (2004) concluded that, although the
resource conditions have the potential to change the quality and quantity of plant defenses, this hypothesis
is not sufficient to explain plant response to changing resources since different variables (variation of
resource changes among taxa, functional groups, habitats and investigated C-based compounds) play a
role in this plant response.

In any case, the emission rates here presented will be useful as emission factors for the modeling of
the emission rates of tropical forest in areas such as Borneo, which is of great interest regarding the
effects on atmospheric chemistry and climate (Trainer et al. 1987; Chameides et al. 1988; Fehsenfeld et

al. 1992; Thompson 1992; Brasseur et al. 1999; Pefiuelas and Llusia 2003; Misztal et al. 2010; Pefiuelas
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and Staudt 2010), with the understanding of the uncertainties of the methodology, and with reference to

further screening work on leaves intact on living plants.

Acknowledgements

We thank the Malaysian and Sabah Governments for their permission to conduct research in Malaysia;
Waidi Sinun of Yayasan Sabah and his staff and Glen Reynolds of the Royal Society’s South East Asian
Rainforest Research Programme and his staff for logistical support at the Danum Valley Field Centre; the
Danum Valley Management Committee for full approval and support of the research; the University
Malaysia Sabah for cooperation; and the UK NERC OP3/ACES research programme for logistical and
infrastructure support. This is paper number SSEAARRP 528 of the Royal Society’s South East Asian
Rainforest Research Programme. We also thank Alona Linatoc and Prof. M. Noh Dalimin from the
Universiti Tun Hussein Onn Malaysia for full approval and technical support of the research, and B. Bala-
Ola from SEARRP for botanical assistance. We thank Theodore Garland Jr. for providing the statistical
programs used for phylogenetic analyses. This research was supported by the Spanish Government
projects CGL2006-04025/BOS, CGL2010-17172, Consolider Ingenio Montes (CSD2008-00040), by the
Catalan Government project SGR 2009-458, by the Estonian Ministry of Education and Research (grant
SF1090065s07) and the European Commission through European Regional Fund (the Estonian Center of

Excellence in Environmental Adaptation).

References

Banchio E, Zygadlo Y, Valladares GR. 2005. Effects of mechanical wounding on essential oil
composition and emission of volatiles from Minthostachys mollis. J Chem Ecol 31: 719-727.

Blanch JS, Pefiuelas J, Llusia J. 2007. Sensitivity of terpene emissions to drought and fertilization in
terpene-storing Pinus halepensis and non-storing Quercus ilex. Physiol Plantarum 131: 211-225.

Blomberg SP, Garland T, Ives AR. 2003. Testing for phylogenetic signal in comparative data: Behavioral
traits are more labile. Evolution 57: 717-745.

Blomberg SP, Garland T. 2002. Tempo and mode in evolution: phylogenetic inertia, adaptation and
comparative methods. J Evol Biol 15: 899-910.

Bohlmann J, Meyer-Gauen G, Croteau R. 1998. Plant terpenoid synthases: Molecular biology and

phylogenetic analysis. P NATL ACAD SCI USA 95: 4126-4133.

13



381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409

Brasseur GP, Orlando JJ, Tyndall GS. 1999. Atmospheric Chemistry and Global Change. New York:
Oxford University Press.

Brearley FQ, Scholes JD, Press MC, Palfner G. 2007. How does light and phosphorus fertilisation affect
the growth and ectomycorrhizal community of two contrasting dipterocarp species? Plant Ecol 192:
237-249.

Bryant JP, Chapin FS, Klein DR. 1983. Carbon Nutrient Balance of Boreal Plants in Relation to
Vertebrate Herbivory. Oikos 40: 357-368.

Chameides WL, Lindsay RW, Richardson J, Kiang CS. 1988. The Role of Biogenic Hydrocarbons in
Urban Photochemical Smog - Atlanta as a Case-Study. Science 241: 1473-1475.

Copolovici LO, Filella I, Llusia J, Niinemets U, Pefiuelas J. 2005. The capacity for thermal protection of
photosynthetic electron transport varies for different monoterpenes in Quercus ilex. Plant Physiol
139: 485-496.

Cornara L, Bononi M, Tateo E, Serrato-Valenti G, Mariotti MG. 2001. Trichomes on vegetative and
reproductive organs of Stevia rebaudiana (Asteraceae). Stucture and secretory products. Plant
Biosyst 135: 25-37.

Cronn DR, Nutmagul W. 1982. Analysis of Atmospheric Hydrocarbons during Winter Monex. Tellus 34:
159-165.

Dicke M, Sabelis MW, Takabayashi J. 1991. Do Plants Cry for Help - Evidence Related to a Tritrophic
System of Predatory Mites, Spider-Mites and Their Host Plants. Insects-Plants 89 39: 127-134.

Fares S, Brilli F, Nogues I, Velikova V, Tsonev T, Dagli S, Loreto F. 2008. Isoprene emission and
primary metabolism in Phragmites australis grown under different phosphorus levels. Plant Biol 10:
38-43.

Fehsenfeld F, Calvert J, Fall R, Goldan P, Guenther AB, Hewitt CN, Lamb B, Liu S, Trainer M,
Westberg H, Zimmerman PR. 1992. Emissions of volatile organic compounds from vegetation and
the implications for atmospheric chemistry. Global Biogeochem Cy 6: 389-430.

Funk JL, Jones CG, Lerdau MT. 1999. Defoliation effects on isoprene emission from Populus deltoides.
Oecologia 118: 333-339.

Garland TJ, Harvey PH, Ives AR. 1993. Procedures for the analysis of comparative data using

phylogenetically independent contrast. Sist Biol 41: 18-32.

14



410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438

Gols R, Bullock JM, Dicke M, Bukovinszky T, Harvey JA. 2011. Smelling the Wood from the Trees:
Non-Linear Parasitoid Responses to Volatile Attractants Produced by Wild and Cultivated Cabbage.
J Chem Ecol 37: 795-807.

Guenther A, Zimmerman P, Wildermuth M. 1994. Natural Volatile Organic-Compound Emission Rate
Estimates for United-States Woodland Landscapes. Atmos Environ 28: 1197-1210.

Harley PC, Litvak ME, Sharkey TD, Monson RK. 1994. Isoprene Emission from Velvet Bean-Leaves -
Interactions among Nitrogen Availability, Growth Photon Flux-Density, and Leaf Development.
Plant Physiol 105: 279-285.

Harmel N, Almohamad R, Fauconnier ML, Du Jardin P, Verheggen F, Marlier M, Haubruge E, Francis F.
2007. Role of terpenes from aphid-infested potato on searching and oviposition behavior of
Episyrphus balteatus. Insect Sci 14: 57-63.

Herms DA, Mattson WJ. 1992. The Dilemma of Plants - to Grow or Defend. Quarterly Rev Biol 67: 283-
335.

Hewitt CN, Ashworth K, Boynard A, Guenther A, Langford B, MacKenzie AR, Misztal PK, Nemitz E,
Owen SM, Possell M, Pugh TAM, Ryan AC, Wild O. 2011. Ground-level ozone influenced by
circadian control of isoprene emissions. Nat Geosci 4: 671-674.

Hewitt CN, MacKenzie AR, Di Carlo P, Di Marco CF, Dorsey JR, Evans M, Fowler D, Gallagher MW,
Hopkins JR, Jones CE, Langford B, Lee JD, Lewis AC, Lim SF, McQuaid J, Misztal P, Moller SJ,
Monks PS, Nemitz E, Oram DE, Owen SM, Phillips GJ, Pugh TAM, Pyle JA, Reeves CE, Ryder J,
Siong J, Skiba U, Stewart DJ. 2009. Nitrogen management is essential to prevent tropical oil palm
plantations from causing ground-level ozone pollution. P NATL ACAD SCI USA 106: 18447-
18451.

Heyworth CJ, Iason GR, Temperton V, Jarvis PG, Duncan AJ. 1998. The effect of elevated CO,
concentration and nutrient supply on carbon-based plant secondary metabolites in Pinus sylvestris L.
Oecologia 115: 344-350.

Kainulainen P, Oksanen J, Palomaki V, Holopainen JK, Holopainen T. 1992. Effect of Drought and
Waterlogging Stress on Needle Monoterpenes of Picea abies. Can J Botany 70: 1613-1616.

Kaligaric M, Meister MH, Skornik S, Sajna N, Kramberger B, Bolhar-Nordenkampf HR. 2011. Plant

Biosyst 145: 688-698.

15



439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466

King DJ, Gleadow RM, Woodrow IE. 2004. Terpene deployment in Eucalyptus polybractea; relationships
with leaf structure, environmental stresses, and growth. Func Plant Biol 31: 451-460.

Kitayama K, Alba SI, Majalab-Lee N, Ohsawa M. 2002. Soil nitrogen mineralization rates of rainforest in
a matrix of elevations and geological substrates on Mount Kinabalu (Borneo). Ecol Res 13: 301-312.

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.

Klinger LF, Li QJ, Guenther AB, Greenberg JP, Baker B, Bai JH. 2002. Assessment of volatile organic
compound emissions from ecosystems of China. J Geophys Res-Atmos 107.

Knudsen JT, Eriksson R, Gershenzon J, Stahl B. 2006. Diversity and distribution of floral scent. Bot Rev
72: 1-120.

Lavin SR, Karasov WH, Ives AR, Middleton KM, Garland T. 2008. Morphometrics of the avian small
intestine compared with that of nonflying mammals: A phylogenetic approach. Physiol Biochem
Zool 81: 526-550.

Litvak ME, Loreto F, Harley PC, Sharkey TD, Monson RK. 1996. The response of isoprene emission rate
and photosynthetic rate to photon flux and nitrogen supply in aspen and white oak trees. Plant Cell
Environ 19: 549-559.

Llusia J, Pefiuelas J, Asensio D, Munne-Bosch S. 2005. Airborne limonene confers limited
thermotolerance to Quercus ilex. Physiol Plantarum 123: 40-48.

Llusia J, Pefiuelas J, Sardans J, Owen SM, Niinemets U. 2010. Measurement of volatile terpene emissions
in 70 dominant vascular plant species in Hawaii: aliens emit more than natives. Global Ecol Biogeogr
19: 863-874.

Llusia J, Pefiuelas J. 1998. Changes in terpene content and emission in potted Mediterranean woody
plants under severe drought. Can J Botany 76: 1366-1373.

Llusia J, Pefiuelas J. 2001 Emission of volatile organic compounds by apple trees under spider mite attack
and attraction of predatory mites. Exp App Acarol 25: 65-77.

Loomis WE. 1932. Growth-differentiation balance vs. carbohydrate-nitrogen ratio. Proc Am Soc Hortic

Sci 29: 240-245.

16



467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496

Loreto F, Pinelli P, Manes F, Kollist H. 2004. Impact of ozone on monoterpene emissions and evidence
for an isoprene-like antioxidant action of monoterpenes emitted by Quercus ilex leaves. Tree Physiol
24:361-367.

Loreto F, Velikova V. 2001. Isoprene produced by leaves protects the photosynthetic apparatus against
ozone damage, quenches ozone products, and reduces lipid peroxidation of cellular membranes. Plant
Physiol 127: 1781-1787.

Makkar HPS, Goodchild AV. 1996. Quantification of tannins: a laboratory manual. International Center

for Agricultural Research in the Dry Areas (ICARDA), Aleppo.

Marigo G. 1973. Sur une méthode de fractionnement et d’estimation de composes phénoliques chez les

végétaux. Analusis 2:106-110.

Misztal PK, Owen SM, Guenther AB, Rasmussen R, Geron C, Harley P, Phillips GJ, Ryan A, Edwards
DP, Hewitt CN, Nemitz E, Siong J, Heal MR, Cape JN. 2010. Large estragole fluxes from oil palms
in Borneo. Atmos Chem Phys 10: 4343-4358.

Mumm R, Hilker M. 2006. Direct and indirect chemical defence of pine against folivorous insects. Trends
Plant Sci 11: 351-358.

Munne-Bosch S, Pefiuelas J, Asensio D, Llusia J. 2004. Airborne ethylene may alter antioxidant
protection and reduce tolerance of holm oak to heat and drought stress. Plant Physiol 136: 2937-
2947.

Niinemets U, Arneth A, Kuhn U, Monson RK, Pefiuelas J, Staudt M. 2010. The emission factor of
volatile isoprenoids: stress, acclimation, and developmental responses. Biogeosciences 7: 2203-2223.

Niinemets U, Valladares F, Ceulemans R. 2003. Leaf-level phenotypic variability and plasticity of
invasive Rhododendron ponticum and non-invasive Ilex aquifolium co-occurring at two contrasting
European sites. Plant Cell Environ 26: 941-956.

Nomura N, Kikuzawa K. 2003. Productive phenology of tropical montane forests: Fertilization
experiments along a moisture gradient. Ecol Res 18: 573-586.

Opitz S, Kunert G, Gershenzon J. 2008. Increased terpenoid accumulation in cotton (Gossypium
hirsutum) foliage is a general wound response. J Chem Ecol 34: 508-522.

Ormeno E, Fernandez C, Bousquet-Melou A, Greff S, Morin E, Robles C, Vila B, Bonin G. 2007.
Monoterpene and sesquiterpene emissions of three Mediterranean species through calcareous and

siliceous soils in natural conditions. Atmos Environ 41: 629-639.

17



497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526

Ormefio E, Fernandez C. 2012. Effect of Soil Nutrient on Production and Diversity of Volatile
Terpenoids from Plants. Current Bioactive Compounds 8: 71-79.

Owen S, Boissard C, Street RA, Duckham SC, Csiky O, Hewitt CN. 1997. Screening of 18 Mediterranean
plant species for volatile organic compound emissions. Atmos Environ 31: 101-117.

Owen SM, Boissard C, Hewitt CN. 2001. Volatile organic compounds (VOCs) emitted from 40
Mediterranean plant species: VOC speciation and extrapolation to habitat scale. Atmos Environ 35:
5393-5409.

Owen SM, Pefiuelas J. 2005. Opportunistic emissions of volatile isoprenoids. Trends Plant Sci 10: 420-
426.

Padhy PK, Varshney CK. 2005. Emission of volatile organic compounds (VOC) from tropical plant
species in India. Chemosphere 59: 1643-1653.

Paoli GD, Curran LM, Zak DR. 2005. Phosphorus efficiency of Bornean rain forest productivity:
Evidence against the unimodal efficiency hypothesis. Ecology 86: 1548-1561.

Paoli GD. 2006. Divergent leaf traits among congeneric tropical trees with contrasting habitat
associations on Borneo. J Trop Ecol 22: 397-408.

Pefiuelas J, Estiarte M. 1998. Can elevated CO2 affect secondary metabolism and ecosystem function?
TREE 13: 20-24.

Pefiuelas J, Llusia J, Asensio D, Munne-Bosch S. 2005. Linking isoprene with plant thermotolerance,
antioxidants and monoterpene emissions. Plant Cell Environ 28: 278-286.

Pefiuelas J, Llusia J. 2001. The complexity of factors driving volatile organic compound emissions by
plants. Biol Plantarum 44: 481-487.

Pefiuelas J, Llusia J. 2002. Linking photorespiration, monoterpenes and thermotolerance in Quercus. New
Phytol 155: 227-237.

Pefuelas J, Llusia J. 2003. BVOCs: plant defense against climate warming? Trends Plant Sci 8: 105-109.

Pefuelas J, Llusia J. 2004. Plant VOC emissions: making use of the unavoidable. TREE 19: 402-404.

Pefiuelas J, Munne-Bosch S. 2005. Isoprenoids: an evolutionary pool for photoprotection. Trends Plant
Sci 10: 166-169.

Pefiuelas J, Ribas M, Gonzalez M, Azcon-Bieto J. 1994. Water status, photosynthetic pigments, C/N
ratios and respiration rates of Sitka spruce seedlings exposed to 70 ppbv ozone for a summer.

Environ Exp Bot 34: 443-449.

18



527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555

Pefiuelas J, Sardans J, Llusia J, Owen SM, Niinemets U. 2011. Lower P contents and more widespread
terpene presence in old Bornean than in young Hawaiian tropical plants species guilds. Ecosphere 2
45:1-19.

Pefiuelas J, Sardans J, Llusia Owen S, Carnicer J, Giambelluca TW, Rezende EL, Waite M, Niinemets U.
2010. Faster returns on "leaf economics" and different biogeochemical niche in invasive compared
with native plant species. Global Change Biol 16:2171-2185.

Pefuelas J, Staudt M. 2010. BVOCs and global change. Trends Plant Sci 15: 133-144.

Pefiuelas J., Sardans J., Llusia J., Silva J., Owen S.M., Bala-Ola B., Linatoc A.C., Dalimin M.N.,
Niinemets U. 2013. Foliar chemistry and standing folivory of early and late successional species in a
Bornean rainforest. Plant Ecol. Divers. In Press.

Piesik D, Panka D, Delaney KJ, Skoczek A, Lamparski R, Weaver DK. 2011. Cereal crop volatile organic
compound induction after mechanical injury, beetle herbivory (Oulema spp.), or fungal infection
(Fusarium spp.). J Plant Physiol 168: 878-886.

Porter LJ, Hrstich LN, Chang BG. 1986. The conversion of procyanidins and prodelphinidins to cyanidin

and delphinidin, Phytochem 25:223-230.

Raghava T, Ravikumar P, Hegde R, Kush A. 2010. Spatial and temporal volatile organic compound
response of select tomato cultivars to herbivory and mechanical injury. Plant Sci 179: 520-526.

Sampedro L, Moreira X, Llusia J, Pefiuelas J, Zas R. 2010. Genetics, phosphorus availability, and
herbivore-derived induction as sources of phenotypic variation of leaf volatile terpenes in a pine
species. J Exp Bot 61: 4437-4447.

Sardans J, Llusia J, Owen SM, Niinemets U, Pefiuelas J. 2013. Sreening study of leaf terpene
concentration of 75 Borneo rainforest plant species: relationships with leaf elemental concentrations
and morphology. Rec Nat Prod. In Press.

Sharkey TD, Singsaas EL. 1995. Why Plants Emit Isoprene. Nature 374: 769-769.

Singh AP, Singh R, Mina U, Singh MP, Varshney ChK. 2011. Emissions of monoterpene from tropical

Indian plant species and assessment of VOC emission from the forest of Haryana state. Atmos Poll
Res 2: 72-79. doi: 10.5094/APR.2011.009
Singleton VL, Rossi JA. 1965. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic

acid reagents. American Journal of Enology and Viticulture 16:144-158.

19



556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583

Soepadmo E, Shaw LG, Chung RCK. 2004. Tree Flora of Sabah and Sarawak. Koala Lumpur: Sabah
Forestry Department, Malaysia, Forest Research Institute.

Steidle JLM, van Loon JJA. 2003. Dietary specialization and infochemical use in carnivorous arthropods:
testing a concept. Entomol Exp Appl 108: 133-148.

Thompson AM. 1992. The Oxidizing Capacity of the Earths Atmosphere - Probable Past and Future
Changes. Science 256: 1157-1165.

Trainer M, Williams EJ, Parrish DD, Buhr MP, Allwine EJ, Westberg HH, Fehsenfeld FC, Liu SC. 1987.
Models and Observations of the Impact of Natural Hydrocarbons on Rural Ozone. Nature 329: 705-
707.

Vet LEM, Dicke M. 1992. Ecology of Infochemical Use by Natural Enemies in a Tritrophic Context. Ann
Rev Entomol 37: 141-172.

Wang M, Lincoln DE. 2004. Effects of light intensity and artificial wounding on monoterpene production
in Myrica cerifera from two different ecological habitats. Can J Bot 82: 1501-1508.

Webb CO, Donoghue MJ. 2005. Phylomatic: tree assembly for applied phylogenetics. Mol Ecol Notes 5:
181-183.

Welter S, Bracho-Nunez A, Mir C, Zimmer I, Kesselmeier J, Lumaret R, Schnitzler JP, Staudt M. 2012.
The diversification of terpene emissions in Mediterranean oaks: lessons from a study of Quercus
suber, Quercus canariensis and its hybrid Quercus afares. Tree Physiol 32: 1082-1091.

Wheeler GS, Massey LM, Southwell IA. 2002. Antipredator defense of biological control agent Oxyops
vitiosa is mediated by plant volatiles sequestered from the host plant Melaleuca quinquenervia. J
Chem Ecol 28: 297-315.

Whitmore TC. 1972. Tree Flora of Malaya. A manual for foresters. Koala Lumpur: Longman Malaysia.

Zhang YF, Xie YP, Xue JL, Peng GL, Wang X. 2009. Effect of Volatile Emissions, Especially alpha-
Pinene, From Persimmon Trees Infested by Japanese Wax Scales or Treated With Methyl Jasmonate

on Recruitment of Ladybeetle Predators. Environ Entomol 38: 1439-1445.

20



584  Table 1. Monoterpene and sesquiterpene compounds emitted by the species studied (in pg of terpenes g h™'; mean + SE).

Non identified

Monoterpenes Sesquiterpenes terpenes Total terpenes

Species a-Pinene Camphene B-Pinene Limonene A-3-Carene B- Myrcene Sabinene Ocimene y-Terpinene Junipene B-Cariophyllene
Ardisia eliptica  0.025+0.012 0.355+0.273 0.034+0.025 0.412+0.319 0.826+0.753
Artocarpus
heterophyllus 0.031+0.017 0.006+0.001 0.03720.026  0.06940.049 0.009£0.007 0.014+0.002 0.021+0.015 0.186+0.155
Baccaurea
macrocarpa 1.033+0.668 0.002+0.002 049320327  0.00940.006 0.059+0.036 1.017+0.685 2.613+£2.415
Barringtonia
sarcostachys 0.011£0.009 0.0020.001 0.003+0.002 0.001£0.001 0.052+0.030 0.068+0.029
Caesalpinia 0.009£0.008 0.002:£0.002 0.029+0.015 0.040£0.024
mezzoneuron
Callicarpa
longifolia 0.057+0.015 0.09320.028 0.003+0.002 0.034+0.011 0.085+0.03 0.287+0.063
Clausena 3.34742.831 0.007:£0.004 0.0040.002 2.620+2.220 6.13745.837
excavata ’ ’ ' ’ 0.075+0.048  0.023+0.012  0.047+0.034 0.011+0.005 ’ ' ’ ' ' ’
Clidemia hirta ~ 1.980+1.600 0.014+0.012  2.320+1.870 1.078+0.880 0.713+0.572 0.004+0.003 0.030+0.012 6.156+5.994
Dillenia excelsa 0.029+0.012  0.015+£0.012  0.006+0.003 0.086+0.036 0.009+0.008 0.048+0.006 0.198+0.089
Dimocarpus
logan 0.047+0.019 0.0020.001 0.005+0.001 0.049+0.019  0.087+0.045 0.005+0.003 0.025+0.014 0.003x0.001 0.0120.007 0.235+0.153
Diospyros
durinoides 0.428+0.193 1.300£0.830 0.012+0.010 0.501:0.409 0.170+0.131 0.007+0.006 1.830+1.260 4.643+2.283
Dipterocarpus
aplanata 0.061+0.047 0.029+0.029 0.02840.023 0.00340.003 0.017+0.002 0.055+0.046 0.196+0.007
Dipterocarpus

p n.d.

appendiculata
Dipterocarpus
gracilis 0.076+0.051 0.024+0.017 0.008£0.006 0.035£0.016 0.142+0.090
Dryobalanops
lanceolata 0.057+0.040 0.021+0.017 0.02140.013 0.015£0.012 0.057+0.046 0.170+0.157
Duabanga
moluccana 0.056 0-029 0.034 0.088 0.016 0.25
Etlingera
brevilabrum n.d.
Eusideroxylon
zwangeri 1.25 0.775 1591 0.713 1.883 0.948 0.378 3.771£3.079
Fagraea

. 1.163+0.927 0.138+0.113 0.034+0.013 1.090+0.710 2.426+1.958
cuspidata
Hopea nervosa  0.104+0.046 0.082+0.042 0.021+0.018 0.024+0.014 0.005+0.004 0.007+0.007 0.008+0.003 0.052+0.031 0.327+0.110
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Hopea nutans

Hopea sangal
Ludekia
borneensis
Macaranga
gigantea
Macaranga
hypoleuca
Macaranga
pearsonii
Macaranga
peltata
Mallotus
mollisimus
Mallotus wrayi
Melastoma
malabathricum
Neonauclea
artocarpoides
Octomeles
sumatrana
Parashorea
malaanonan
Parashorea
tomentella
Pleiocarpidia
sandahanica
Podocarpus
nerifolius
Poikilospermum
cordifolium
Semecarpus
bunburyans
Senna alata

Shorea
johorensis
Shorea
macrophylla
Syzygium
campanulatum

0.455+0.312
0.072

0.029+0.014

0.005+0.004

5.94

0.028+0.007

0.863

0.010+0.006
0.040+0.031
0.109

0.013+0.004

0.048+0.039

0.130+0.088

0.832+0.552

0.044+0.036

0.009+0.007

0.3

0.527+0.242
0.002+0.001
0.661+0.420

0.182

0.039+0.030

Uncaria cordata 0.060+0.043

0.038

0.015+0.012

0.003+0.001

0.007+0.004

1.658

0.001+0.001

0.058

0.004+0.002

0.008+0.006

0.043+0.035

0.018+0.015

0.003+0.002
0.004+0.003

0.045+0.037
0.050+0.045

0.965+0.672
0.033

0.039+0.016

0.010+0.011

1.186

0.057+0.001

0.013+0.009
0.030+0.023

0.078

0.033+0.004

0.147£0.115

0.849+0.596

0.258+0.149

0.039+0.032

0.033+0.027

1.046
0.304+0.215

0.015+0.010

0.841+0.546

0.14

0.068+0.041
0.156+0.129

0.424+0.300

0.047+0.030

0.010+0.008

0.092

0.085+0.060

0.024

0.004+0.003

0.004+0.003

0.084+0.068

0.050+0.041

0.003+0.002

0.633+0.351

0.030+0.026
0.003+0.002

0.003

0.001+0.001

0.004+0.003

0.424

0.002+0.002

0.076

0.035

0.002+0.001

0.097+0.055

0.017+0.008

0.003+0.002

0.001+0.001

0.001+0.001

0.054

0.042+0.037
0.002+0.002

0.010+0.008
1816 0.363
0.133+0.094
0285 0.051
0.006+0.005
0.011+0.009
0.013+0.011

0.118+0.084
0.009

0.008+0.001

0.002+0.002

0.034

0.018+0.004

0.005+0.004
0.046+0.035
0.093

0.003+0.002

0.053+0.025

0.092+0.052

0.009+0.006

0.006+0.005

0.003+0.002

0.553

0.143+0.101
0.009+0.004
0.072+0.044

0.005

0.001+0.001
0.065+0.055

0.010+0.007

0.045

1.500+1.030
0.094

0.025+0.011

0.019+0.016

0.074

0.018+0.007

0.389

0.001+0.001
0.096+0.077
0.14

0.015+0.006

0.033£0.025

0.096+0.053

0.002+0.002

0.049+0.031

0.320+0.210

3.653

0.856+0.152
0.010+0.008
2.810+1.960

0.032

0.083+0.039
0.197+0.171

3.470+2.764
0.21

0.073+0.014

0.072+0.025

11.623

0.341+0.031

1.688

0.035+0.029
0.266+0.250
0.557

0.150+0.075

0.469+0.362

1.177+0.709

1.101£0.801

0.190+0.178

0.387+0.231

5.553

1.829+0.261
0.039+0.033
5.026+3.833

0.488

0.309+0.241
0.537+0.491

D38 n.d. not detected

22



586
587
588
589
590

591
592

593
594
595
596

Legends to figures

Figure 1. Location of the study field site and the phylogenetic mega-tree for the species studied. See

Methods section for details.
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Macaranga gigantea (Zoll.) Mdill. Arg.
Macaranga hypoleuca (Rchb. f. & Zoll.) Miill. Arg.
Macaranga pearsonii Merr.

Macaranga peltata (Roxb.) Mll. Arg.
Mallotus mollisimus (Vahl ex Geiseler) Airy Shaw
Mallotus wrayi King ex Hook. f.
Baccaurea macrocarpa (Mig.) Miill. Arg.
Artocarpus heterophyllus Lam.
Poikilospermum cordifolium Zipp. ex Miq.
Caesalpinia mezzoneuron L.

Senna alata (L.) Roxb.

Octomeles sumatrana Miq.

Semecarpus bunburyans ex Gibbs
Clausena excavata Burm. f.

Dimocarpus logan Lour.

Dipterocarpus appendiculata C.F. Gaertn.
Dipterocarpus aplanata C.F. Gaertn.
Dipterocarpus gracilis Blume
Dryobalanopsis lanceolata Burck

Hopea nervosa King

Hopea nutans Roxb.

Hopea sangal Roxb.

Parashorea malaanonan Kurz
Parashorea tomentella Kurz

Shorea johorensis Roxb. ex C.F. Gaertn.
Shorea macrophylla Ashton

Clidemia hirta (L.) D. Don

Melastoma malabathricum L.

Syzygium campanulatum Korth.

Ardisia eliptica Thunb.

Barringtonia sarcostachys (Blume) Miq.
Diospyros durinoides L.

Callicarpa longifolia Lam.

Duabanga moluccana Blume

Ludekia borneensis Ridsdale

Neonauclea artocarpoides Ridsdale
Pleiocarpidia sandahanica Bremek.
Uncaria cordata Merr.

Fagraea cuspidata Blume

Dillenia excelsa (Jack) Martelli
Eusideroxylon zwangeri Teijsmann & Binnendijk
Etlingera brevilabrum (Valeton) R.M. Sm.
Podocarpus nerifolius D. Don
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