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Abstract (10-15 lines)

Regional estimates of VOC fluxes focus largely on emissions from the canopy and omit
potential contributions from the forest floor including soil, litter, and understorey vegetation.
Here, we measured monoterpene emissions every two months over two years from logged
tropical forest and oil palm plantation floor in Malaysian Borneo using static flux chambers.
The main emitted monoterpenes were a-pinene, B-pinene and d-limonene. The amount of litter
present was the strongest indicator for higher monoterpene fluxes. Mean a-pinene fluxes were
around 2.5-3.5 pg C m? h* from the forest floor with occasional fluxes exceeding 100 pg C
m2 hl. Fluxes from the oil palm plantation, where hardly any litter was present, were lower
(on average 0.5-2.9 pug C m2 ht) and only higher when litter was present. All other measured
monoterpenes were emitted at lower rates. No seasonal trends could be identified for all
monoterpenes and mean fluxes from both forest and plantation floor were ~100 times smaller
than canopy emission rates reported in the literature. Occasional spikes of higher emissions
from the forest floor, however, warrant further investigation in terms of underlying processes

and their contribution to regional scale atmospheric fluxes.
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1. Introduction

Typically, volatile organic compounds (VOCs) are associated with their presence in the
atmosphere; more recently they have also been mentioned in connection with soils as a source
for biogenic VOCs (Bourtsoukidis et al. 2018; Jardine et al. 2015; Penuelas et al. 2014).
Biogenic VOCs are initially degraded in the atmosphere by hydroxyl (OH) radicals which are
produced photochemically and responsible for the oxidation of greenhouse gases such as
methane (Gray et al. 2010). Biogenic VOCs and some greenhouse gases (e.g. methane) are
competitive reactants for available OH radicals and therefore important for predicting the
atmospheric lifetime of trace gases. By reducing OH radicals, VOCs can alter atmospheric
photochemistry which then results in increasing tropospheric ozone and the production of, for
example, organic nitrates (Monson and Holland 2001). Terpenes are highly reactive
compounds; in the lower atmosphere their oxidation can lead to the formation of secondary
organic aerosols (SOA) which are components of fine particulate matter (PM25) and impact on
human respiratory and cardiovascular health (Hallquist et al. 2009). Monoterpenes are a class
of terpenes that consist of two isoprene units and have the molecular formula CioHie.
Terpenoids also include oxygenated monoterpenes (CioH180) such as eucalyptol and
terpenoids often reported in the literature include linalool, geraniol etc. Origins of VOCs
include plants, fungi and microbes with abiotic and biotic factors as potential drivers of the
fluxes (Penuelas et al. 2014). Important VOC emission sources from the forest floor include
leaf, needle and wood litter (Maki et al. 2019; Simpraga et al. 2019) as well as root systems of
living and dead trees (Lin et al. 2007). Microbial decomposition of soil organic matter has been
recognised as the main source of VOC emissions from soil (Leff and Fierer 2008). In forests,
plant litter contributes a large proportion to soil organic matter, hence VOC emissions from
soils are predominantly associated with the decomposition of plant derived substrates
(Penuelas et al. 2014). Furthermore, VOC emissions from soil and litter are thought to be highly

variable across litter types and not predictable from measured chemical characteristics of litter
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(Gray et al. 2010). In addition, some abiotic processes have been reported to lead to soil VOC
emissions, such as evaporation from plant litter (Gray et al. 2010; Greenberg et al. 2012). Soils
can also act as sinks for VOCs with microbes using VOCs as carbon source (Albers et al. 2018;
Asensio et al. 2012; Greenberg et al. 2012). Soils are complex systems with many processes
leading to simultaneous VOC uptake and emissions from the soil and the canopy floor. Hence,
there are large uncertainties and knowledge gaps on source and sink strengths of these VOC
fluxes (Penuelas et al. 2014). Some studies have reported roots as a strong source for VOCs
such as terpenes (Lin et al. 2007), even though it is difficult to separate roots as a source from
microbial activity within the soil and above ground. Moreover, it has been reported that soil
microorganisms (bacteria and fungi) produce large quantities of diverse volatiles (Schulz and
Dickschat 2007). However, the role of monoterpenes and other VOCs in soil ecology is poorly
understood (Asensio et al. 2008). A review on soil derived VOC fluxes concludes that emission
rates from decomposition processes are much higher than from signalling (communication of
plants or microbes to plants or plants and animals) with many functions of VOCs in this context
still not understood (Penuelas et al. 2014). Besides, biotic VOC emission rates often exceed
those from abiotic controls (Gray et al. 2010). Litter emissions have also been reported to be
exponentially dependent on temperature with moisture playing a minor role (Greenberg et al.
2012; Hayward et al. 2001). Litter age appears to be important in determining the magnitude
of VOC fluxes (Aaltonen et al. 2011). Previously, impacts of litter VOCs on soil nutrient levels
and bacterial community structure have been found to be negligible (Ramirez et al. 2010). At
present, the source and sink capabilities of soils are not specifically considered in global VOC

estimates from the terrestrial biosphere (Tang et al. 2019).

Most of the published studies on soil VOC fluxes have been carried out in Temperate, Boreal

or Mediterranean climates. Data from the Tropics are very limited in the literature, apart from
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a recent study on sesquiterpene fluxes from the Amazon rainforest (Bourtsoukidis et al. 2018).
Model estimates of the emissions of VOCs from these non-tropical regions predict strong
responses to the strong annual cycles of foliar biomass, light intensity and temperature. In
contrast, tropical regions stand out as a dominant source year round due to constant temperature
and light levels, and little variability in foliage biomass of deciduous trees (Kuhn et al. 2004).
Due to the high productivity of tropical ecosystems, the activity of soils could potentially
provide a greater contribution to atmospheric VOCs than in colder climates and this could also
be seen within canopy level fluxes (Penuelas et al. 2014). Tropical studies available in the
literature are predominantly reporting canopy fluxes from the Amazonian region (Alves et al.
2016; Kesselmeier et al. 2000; Kuhn et al. 2004; Yafez-Serrano et al. 2018). Biogenic VOC
emissions from vegetation represent a substantial carbon loss for plants and significantly
contribute to the carbon balance of terrestrial ecosystems. This is especially true for the Tropics
(Guenther 2002; Kesselmeier et al. 2002) where the magnitude of VOC losses from soil and

litter, in relation to the carbon budget, is less clear.

Canopy VOC emissions from oil palm (OP) plantations are poorly understood but have been
reported to be higher than from primary forests (Fowler et al. 2011; Hewitt et al. 2009). In their
study, emissions from oil palm consisted mainly of isoprene whilst canopy emissions from the
tropical forest in South East Asia (Borneo) were dominated by monoterpenes (Fowler et al.
2011). Canopy scale emissions from OP plantations, especially isoprene (Misztal et al. 2011;
Wilkinson et al. 2006), have received attention in the past due to their impact on air quality;
however, soil emissions of monoterpenes, or the contribution of soil emissions to total fluxes,

are generally not considered.
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Deforestation and forest degradation in Southeast Asia, to a large degree, has happened for
establishing OP plantations (Gaveau et al. 2016; Lee-Cruz et al. 2013; Wilcove et al. 2013). In
Malaysia, Indonesia and Papua New Guinea the area covered with industrial OP plantations
has increased rapidly in recent decades, from 3.5 Mha in 1990 to 13.1 Mha in 2010, of which
4.1% of the land was undisturbed forest and 32.4% was disturbed forest before conversion
(RSPO 2013). In 2000, 88% (20.8 Mha) of the land was covered by natural forest in Malaysia,
by 2010 this had decreased to 69% (16.6 Mha) and 91% of the deforestation resulted in
complete tree cover loss (Global Forest Watch 2018). Land-use change does not only change
canopy VOC emission rates, but can potentially have a large impact on microbially derived
VOC emissions from litter decomposition (Gray et al. 2010). It has been recognised that more
long-term measurements are needed to better characterise seasonal and interannual variability
to estimate present and future impact of biogenic VOC fluxes (Alves et al. 2016; Kuhn et al.
2004) and this should be the case not only for studying fluxes from the canopy, but also from

the soil and plant litter.

The objective of this scoping study is to broadly characterise the magnitude and composition
of VOC emissions from logged forest and oil palm plantation floor as well as from a small
riparian area adjacent to one OP plantation in Malaysian Borneo, Sabah. The focus of this study
was on potential VOC sources, hence only monoterpenes were considered as soils are more

likely a sink for isoprene (Carrién et al. 2020).

2. Methods
2.1 Site description
Measurements took place during 2015 and 2016 within the Stability of Altered Forest

Ecosystems (SAFE) project in Malaysian Borneo (4°49°N, 116°54°E). The SAFE project was



138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

set up in Sabah in 2011 in a secondary forest area designated by the Sabah government for
conversion to oil palm (OP) plantations with the primary aim to study how habitat
fragmentation affects the forest ecosystem (Ewers et al. 2011). The forest was selectively
logged for dipterocarps first in the 1970s then for a second time between 2000 and 2008. In
this study, we have chosen 3 forest locations and 3 OP locations of different ages (2, 7 and 12
years) as well as a small riparian area. All OP plantations were on terraced soil. The soils at
SAFE are classed as orthic Acrisols or Ultisols (Riutta et al. 2018). The climate is wet tropical
with a wet season typically from October to February and a dry season typically from March
to September, although seasons are not as pronounced as in other tropical regions. Regional
average monthly temperatures are 32.5°C and regional mean monthly rainfall is 164.1 mm

(climate-data.org, 2019).

2.2 Monoterpene flux measurements

For soils, enclosure chambers are the most widely used sampling technique due to its suitability
of all types of terrain (Penuelas et al. 2014). We measured monoterpene fluxes from 4 chambers
in the 3 logged forests (LF, B, and E). In the OP plantations, monoterpene fluxes were measured
from 6 chambers in a 7-year old oil palm plantation (OP7), 4 in a ~2-year old plantation (OP2)
and 4 in a 12-year old oil plantation (OP12). In addition, we sampled 2 chambers in a riparian
area adjacent to OP7. For exact GPS locations see published dataset (Drewer et al. 2020a). At
each site chambers were within a few tens metre squared. Flux measurements were made from
all 28 chambers every two months over a two-year period from January 2015 to November
2016, resulting in 12 measurement occasions for each of the chambers and a total of 336

individual flux measurements.
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Opaque PVC soil chambers, as previously used in studies measuring monoterpenes from soil
and litter (Asensio et al. 2007; Greenberg et al. 2012), consisted of a collar that stayed in the
ground for the duration of the 2-year measurement period and a lid that was tightly fastened
during sampling only (Drewer et al. 2020b; Drewer et al. 2017). The 40 cm diameter collars
were inserted into the ground without disturbing litter or removing ground vegetation to capture
natural conditions within the 0.1257 m? area. The chamber volume including lids was
approximately 30 L. Sample lines (6 mm PTFE tubing) were inserted through the chamber lids
and attached to a hand pump (210-1003MTX, SKC Ltd, Blandford Forum, UK) drawing air
from inside the chamber at a flow rate of 200 mL min through a 6 mm OD stainless steel
absorbent cartridge. ‘Clean’ air (stripped of sampled VOCs) was cycled back into the chamber,
which also ensured air movement in the chambers, and hence no fan was required. No ozone
filter was used during our study although measurements from a previous study conducted using
static forest floor chambers with and without an ozone filter resulted in no differences in VOC
emissions (Hellén et al. 2006). The cartridges used in this study were packed with 200 mg
Tenax© TA 60/80 and 100 mg Carbotrap© 20/40 (20273 SUPELCO, Sigma-Aldrich). At the
same time, ambient air was sampled outside the chamber via a PTFE sample line positioned
directly above the chamber and connected to a hand pump. Ambient air and chamber air were
pumped concurrently for about 25 min resulting in a 5 L sample. Cartridges were kept
refrigerated and sent to UK CEH for analysis typically one to two months after sampling. This
length of time of storage has been deemed acceptable regarding the stability of the compounds
of interest (Helin et al. 2020). The samples were analysed using gas chromatography-mass
spectrometry (Clarus 500, Perkin Elmer, Wellesley, MA, USA) with a two-stage automatic
thermal desorption unit (ATD 400, Perkin-Elmer, Wellesley, MA, USA). The cartridges were
desorbed at 280 °C for 6 min under a flow of helium with subsequent trapping onto a Tenax©

TA cold trap at -30 °C. The second stage of desorption was achieved by flash heating the cold
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trap to 300 °C for 6 min to flush the sample through a heated transfer line (200 °C) onto the
GC column (Ultra-2 column, 100 m length, 0.2 mm 1.D., 5% phenylmethyl silica, Agilent, Palo
Alto, CA, USA). The GC oven was held at 35 °C for 2 min, ramped to 160 °C at 3 °C min!
then ramped to 280 °C at 45 °C min™* before being held at 280 °C for 10 min (Morrison et al.
2016; Purser et al. 2020b). The compounds were then detected using a tuned mass spectrometer
(Perkin Elmer, Wellesley, MA, USA) operating in total ion count mode (Morrison et al. 2016;

Purser et al. 2020b).

lon m/z 93 was selected for quantification of monoterpenes. Quantification was performed by
comparison with calibrations using standards of monoterpenes measured at the start and end of
each sample run as well as after every 6 samples. Monoterpene standards were prepared from
a mixed stock solution of the following monoterpenes at a concentration of 3 ng uL* diluted
in methanol and contained a-pinene, B-pinene, d-limonene, eucalyptol, 3-carene, and
camphene. Aliquots of the mixed monoterpene stock solution were pipetted directly onto
cartridges (the same as used for field sampling) under a flow of helium. Peaks in sample
chromatograms were identified by comparison to the internal library of the GC-MS (National
Institute of Standards and Technology (NIST)) and by comparison with the retention time of

the standard. Peak areas were used to quantify monoterpene concentrations in the samples.

Limit of detection (LoD) for each analyte was calculated using repeated blank measurements
and were as follows: a-pinene 0.78 ng, B-pinene 0.90 ng, d-limonene 0.60 ng, 3-carene 0.94

ng, eucalyptol 1.76 ng, camphene 0.92 ng (Purser et al. 2020b).

Monoterpene fluxes from the forest floor (Frioor) (Lg C m™ h™) were calculated using Equation

(1), where Csample is the concentration of a monoterpene inside the chamber (ug C L), Cambient
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is the concentration of a monoterpene in the ambient air outside the chamber (ug C L), A is
the area of forest floor inside the chamber (m?), V is the volume inside the chamber (L), and t

is the sampling duration (min) (Purser et al. 2020a).

E, _ [Csample_cambient] XV x60
floor — A <t

Equation 1
Uncertainties of the individual calculated fluxes were 17% for monoterpenes which was

derived by an error propagation published in Purser et al. (2020b).

Monoterpene emission rates from foliage are commonly normalised to a temperature of 30 °C
based on empirically derived coefficients (Guenther et al. 1993). These formulas have also
been applied to normalise emissions from the forest floor (Hayward et al. 2001). It is likely that
both abiotic and biotic factors act as drivers for monoterpene emissions from the forest floor
(Penuelas et al. 2014) and would warrant further investigation as to whether the algorithms are
applicable or not. This, however, was not possible in our study due to the limited range of
environmental conditions over which the data was collected. In addition, we occasionally also
measured negative fluxes (i.e. uptake) for which the algorithms would not be appropriate and

we consequently decided not to attempt to normalise fluxes in this case.

As measurements were carried out in situ, it was not possible to differentiate between
monoterpene emissions from roots, soil or decomposing litter as well as microbial sources.
Therefore, reported fluxes are net fluxes comprising all sources from forest and oil palm

plantation floor.

2.3 Soil and litter measurements
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A handheld Omega HH370 temperature probe (Omega Engineering UK Ltd., Manchester, UK)
was used to measure soil and air temperatures at each chamber location at a soil depth of 10
cm and by positioning the temperature sensor 30 cm above the soil surface at chamber height.
A portable probe (Hydrosense 2; Campbell Scientific, Loughborough, UK) was used to

measure volumetric soil moisture content (VMC) at a depth of 7 cm.

To measure soil physicochemical parameters, soil cores were taken from the top 10 cm next to
the chambers and on the last sampling occasion from within the chambers. For each chamber,
soil pH was measured from the top 0-10 cm on three occasions: one close to the chamber at the
start of the measurement period, a second close to the chamber after two months, and the third
was taken inside the chamber after the last flux measurement. For pH measurements, 10 g of
fresh soil was mixed with deionised H2O (ratio 1:2), and after 1 hour were analysed on a MP
220 pH meter (Mettler Toledo GmbH, Schwerzenbach, Switzerland). Soil samples for bulk
density were collected from inside each chamber after the final flux measurement. Galvanised
iron rings (98.17 cm®) with a sharp edge were inserted in the upper soil layer with a hammer to
5 cm depth without compaction. Samples were oven-dried at 105°C until constant weight
(usually 48 hours) and bulk density (g cm) was calculated based on the dry weight occupying

the volume of the ring.

Total C and N in soil and litter was measured once on the last sampling occasion. Soil samples
were taken from the top 0-10 cm inside the chambers. The samples were air dried in the field
laboratory and a subsample of each was dried at 105°C to constant weight to convert the results
to oven-dry weight. They were then ground and analysed at the Forest Research Centre in
Sandakan on an elemental analyser (Vario Max CN Elemental Analyzer (Elementar

Analysensysteme, Germany). Litter was collected from the surface area of each chamber

10
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(0.1257 m?) on the last sampling occasion and air dried at 30 °C and analysed for total C and

N as described above.

2.4 Data analysis
Minitab® 17.3.1 software was used for data analysis and descriptive statistics. The dataset of
measured monoterpenes and associated soil physicochemical parameters is published in the

SAFE zenodo database (Drewer et al. 2020a).

3. Results and Discussion

At SAFE, the mean monthly rainfall during the two years of study period (2015 and 2016) was
190 mm, ranging from 45 mm during the driest month (Mar 2015) and 470 mm during the
wettest month (Sep 2016). Annual rainfall was 1927 mm in 2015 and 2644 mm in 2016
(Drewer et al. 2020b) with 2015 being an unusually dry year. Mean air temperature over the
two years of field measurements was 25.8 °C (standard error 0.1 °C) in the logged forest, 29.0
°C (20.2 °C) in the oil palm plantations and 29.6 °C (0.5 °C) in the riparian area. Soil
temperature was constant throughout the year and averaged 24.5 °C (£0.1 °C) for logged forest,
26.6 °C (0.1 °C) for OP and 26.8 °C (0.2 °C) in the riparian area. Mean volumetric soil
moisture content was 25.7% (£0.9%) in logged forest, 25.3% (+£0.6%) in oil palm plantations
and 30.3% (+1.0%) in the riparian area. No direct correlations with temperature or moisture
and emitted monoterpenes could be established. This may be because temperature is almost

constant throughout the year and wet and dry seasons are not very pronounced in Sabah.

Soil physicochemical parameters are shown in Table 1. These are a subset of data published in

Drewer et al. (2020b), as only half of the locations were sampled for monoterpenes; hence, the
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data in Table 1 are slightly different to the data in Drewer et al. (2020b). However, the overall
differences between sites were broadly the same. Soil pH was lower from forest site B (pH 3.9)
than from any of the other forest sites E and LF (pH 6.4 and 6.1) with OP plantations between
pH 4.6-4.7 and pH 5.6 in the riparian area (Table 1). Bulk density was higher in OP and the
riparian area (~1.3 g cm) compared to the forests (~0.8 cm), possibly due to compaction
caused by using heavy machinery for clearing, terracing and planting oil palms. Total soil N
and C were higher in the forest soils than the plantation and riparian soils ranging from 0.3-
0.5% N in forests versus 0.04 to 0.1% N in plantation and riparian areas; and 4-9% C in forests
versus 0.5-1% C in plantation and riparian areas. Contrary, total C and total N content of the
litter was similar at all sites and for all land-uses (~1.6-1.9% N and 32-42% C). The amount of
litter present was very variable. The main difference between the logged forest and the oil palm
plantations was the total amount of litter present inside the chambers. All chambers installed
in the forests contained litter. In contrast, chambers in the oil palm plantations had no or very
little litter. None of the OP12 chambers contained litter at all, in OP7 only one chamber had
litter present and in OP2 two of the four chambers had litter (on average 72 g dry weight). The
riparian area was to a large extend covered by ground vegetation and therefore did not have a
large amount of litter present either (on average 16 g dry weight). Forest chambers had litter
between 50 and 130 g dry weight with a high variability even within sites. Litter samples were
only taken after the last measurement occasion as to not disturb ongoing flux measurements.
However, according to our own visual inspection at every sampling occasion, we do believe
that the samples taken were representative of the location throughout the 2-year sampling
period. Scaled to 1 m2, mean litter weights (with the range in parentheses) in the different land-
uses were 747 (187 - 1615) g m?in the logged forests, 430 (0 - 1070) g m2 in the oil palm

plantations and 125 (103 — 147) g m2in the riparian area.

12



312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

Generally, mean monoterpene fluxes were low at all sites and showed high variability
(expressed as the minimum and maximum) (Table 2). Averaging over all measurement
occasions, proportionally a-pinene, B-pinene and d-limonene were emitted as the highest fluxes
of all measured monoterpenes at all sites, with exception of OP7 and OP12, where eucalyptol
had a higher proportion than B-pinene (Figure 1). The 3 measured monoterpenes that were
present at every site and every measurement occasion were a-pinene, B-pinene and d-limonene
(Table 2, Figure 2). In contrast, 3-carene was only present in some months and camphene and
eucalyptol were not present in 2015 at all, only in 2016 when the soils were slightly wetter

(Table 2, Figure 2).

Mean emissions for a-pinene from the logged forest floor were 2.25 pg C m? h™* (min and max:
-0.16 and 47.39 pug C m2 ht) for site B, 2.76 (-0.42 to 85.35) pg C m h* for site E and 3.48
(-0.05 to 124.42) pug C m2 h'* for site LF. Minimum and maximum fluxes highlight the large
variability even within one site (Table 2). Mean a-pinene fluxes from the oil palm plantation
floor were overall lower, giving values of: 2.87 (-0.43 to 56.31) ug C m? h'* at OP2, 0.45 (-
0.11 t0 3.65) ug C m2 h't at OP7, 1.15 (-0.17 to 10.66) pg C m2 h™* at OP12, and 2.78 (-0. to
29.6) ug C m2 h' in the riparian area. Mean fluxes for B-pinene were 0.22 - 0.5 ug C m2 ht
from the three forest sites, 0.25 to 0.3 pg C m2 htin OP12 and OP7, 2.78 ug C m2 h™* in OP2
(largely driven by 2 exceptionally high points in one day), and 1.3 pg C m h' in the riparian
area; details can be found in Table 2. Mean emissions for the third most important
monoterpene, d-limonene, were 0.54 to 1.27 ug C m h' from the forest sites, 0.6 to 1.95 ug
C m? hl in the plantations and 1.77 pg C m? h' in the riparian area. Fluxes for the other
measured compounds (3-carene, camphene and eucalyptol) were lower and are listed in Table
2. We calculated total monoterpene emissions from these six main monoterpenes, as any other

monoterpenes present in the samples were of non-significant quantities, in order to put our
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360

results into context with the literature where often only total monoterpene emissions reported.
Generally, mean total monoterpene fluxes were low at all sites with the occasional ‘spike’,
especially for the forest sites and OP2. Total monoterpene emissions from forest site B were
slightly lower (mean as well as maximum fluxes) than the other two forest sites. Forest site B
had been identified as the site with the lowest soil pH and a different bacterial community than
the other forest sites and all oil palm plantations sites (Drewer et al. 2020b). As microbial
diversity was only measured a couple of times during the 2-year measurement period, no direct
correlation with monoterpene fluxes could be determined. The variability of a given
monoterpene for a given site was very high and there was no discernible temporal trend (Figure

2).

OP2, which showed higher monoterpene fluxes than OP7 and OP12, had more litter present
than the other two plantations. A study also carried out in the SAFE area, similarly concluded
that the presence of litter per se was more important for maintaining soil microbial processes
than litter quality or diversity (Kerdraon et al. 2020). This links in with our findings that the
presence of litter was the main indicator for higher monoterpene fluxes. OP2 was the youngest
plantation sampled here, had no closed canopy cover yet and more weeds as understory
vegetation which might have contributed to the higher litter amount compared to the older
plantations. A few laboratory studies have found that biotic processes and sources of
monoterpenes are more important than abiotic ones (Gray et al. 2010; Leff and Fierer 2008).
Tropical regions generally show less seasonality due to low oscillations in temperature and
light intensity compared to temperate regions. This may explain the lack of direct correlations

and lack of distinct temporal variability in our study.

14



361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

Very few (field) studies have reported forest floor VOC fluxes; instead, they quote
concentrations/mixing ratios or emissions expressed per dry weight of foliage, but not the
surface area. Therefore, it is difficult to put our measurements into context. Comparing soil and
foliar monoterpene emissions from Sitka Spruce in the UK established that on a land area basis,
soil emissions were relatively insignificant when compared with tree monoterpene emissions
(Hayward et al. 2001). The magnitude of their published emission rate from soil including litter
(converted to carbon equivalent) was a mean of ~30 pg C m2 ht. The magnitude of our
measured forest and oil palm plantation floor fluxes were about ten times lower. In Boreal
forest, total monoterpene emissions ranged from ~17 to 50 pg C m? h* (Maki et al. 2019),
which again is overall higher than what we measured. This might be due to the higher
proportion of coniferous trees or higher amounts of litter present in more organic rich soil.
Fluxes of individual monoterpenes in a Boreal forest were on average 2.6 pug C m? h! for a-
pinene, 0.17 ug C m2 h! for B —pinene and 0.01 pg C m h! for d-limonene (Aaltonen et al.
2011) which is slightly lower than our measured fluxes. In a Mediterranean shrubland, the
dominant measured monoterpenes from Pinus were a-pinene, B-pinene, d-limonene and
camphene (Asensio et al. 2008), which are the same dominant compounds as in our study and

the authors suggest roots were the likely source of these (Lin et al. 2007).

In an Amazonian tropical forest, canopy VOC fluxes were measured as 0.20 mg C m h! for
a-pinene, and 0.39 mg C m h! for the sum of monoterpenes (Kuhn et al. 2007) which is on
average ~100 times higher than from our forest floor measurements. Average midday
monoterpene fluxes from Amazonia were also reported as ~1 + 0.5 mg C m? h* (Karl et al.
2007) derived from airborne fluxes. Alves et al. (2016) summarised published canopy fluxes
spanning a range of different measurement and modelling techniques from the Amazon and

the sum of total monoterpenes ranged roughly from ~0.2 to ~2 mg C m h with the high end
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often representing midday fluxes rather than daily averages. Similar magnitudes from canopy
fluxes were reported from Southeast Asia. The field campaign by Fowler et al. (2011)
conducted in Malaysia Borneo, reports total monoterpene canopy fluxes from tropical forest to
be higher than from OP, with forest canopy fluxes peaking at midday around 0.4 mg m h
and OP fluxes around zero, ranging from (-0.2 to 0.2 mg m? h'). The authors report the
dominant VOC emitted being isoprene, with emissions from OP five times higher than from
the forest. Monoterpenes comprised 18% of the rainforest canopy fluxes and less than 1% in
the OP plantation. Our mean measured total monoterpene fluxes from forest floor are ~100
times smaller for both oil palm plantations and forest sites. However, maximum fluxes

measured as occasional spikes are only ~5-10 times lower.

Most regional and global estimates of VOC budgets so far only include emissions from
vegetation, although some laboratory and field studies have indicated the importance of VOC
fluxes from soils (Tang et al. 2019). In this study, we have provided a large dataset of measured
monoterpene fluxes over a 2-year period, which can be used as quantitative information for
tropical forest and oil palm plantation floor emissions. We did not find differences in
monoterpene emissions related to dry and wet seasons suggesting monoterpene emissions from
the forest floor in this region are more consistent unlike other rainforest regions. The
composition of measured monoterpenes in our study is also comparable to previously published
studies from Temperate or Boreal regions. We conclude that although monoterpene emissions
from the forest and plantation floor are on average 100 times smaller than from the canopy,
they warrant further investigation as maximum measured fluxes were only ~5-10 times lower
than reported canopy fluxes. Therefore, drivers of these emission spikes, for example,

microbial activity and diversity, warrants more detailed investigation.
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Conclusions

Fluxes of monoterpenes from forests and oil palm plantation floor and a small riparian area in
Sabah, Malaysia were ~100 times smaller compared to published canopy fluxes within the
same region, with maximum ‘spikes’ only ~5-10 times smaller than the published canopy
fluxes. The amount of litter present was the strongest contributing factor towards monoterpene
fluxes rather than land-use per se. The dominant measured monoterpenes were a- and 3-pinene
and to a lesser extend d-limonene. In light of potential land-use change, it is important to
establish emissions rates from existing land-uses to be able to make predictions on future
monoterpene fluxes and their potential impact. Process-orientated measurements are needed
for model parameterisation to enable models to assess the contribution of ground VOC fluxes

towards climate change and air quality.
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422  Table 1. Soil and litter physicochemical parameters from soil chambers at 7 sites. B, E, LF =
423  logged forest, OP2, OP7, OP12 = oil palm plantations of different stand ages, RR = riparian
424  reserve over the two-year measurement period (Jan 2015 to Nov 2016). N = number of
425 individual chambers/measurements.

426

Variable site N Mean SE StDev  Median

pH B 4 3.87 0.07 0.14 3.89

E 4 6.38 0.39 0.79 6.42

LF 4 6.10 0.33 0.66 6.37

OP2 4 4.67 0.07 0.13 4.69

OP7 7 4.71 0.08 0.21 4.77

OP12 4 4.59 0.06 0.12 4.57

RR 2 5.57 0.62 0.87 5.57

Bulk density [gcm?®] | B 4 0.80 0.06 0.11 0.79

E 4 0.79 0.14 0.27 0.81

LF 4 0.73 0.08 0.17 0.67

OP2 4 1.27 0.06 0.13 1.26

OP7 7 1.26 0.08 0.22 1.38

OP12 4 1.27 0.05 0.09 1.29

RR 2 1.28 0.12 0.16 1.28

Soil N [%] B 4 0.33 0.03 0.07 0.34

E 4 0.48 0.18 0.35 0.48

LF 4 0.29 0.08 0.15 0.26

OP2 4 0.04 0.00 0.01 0.04

OP7 7 0.09 0.02 0.06 0.06

OP12 4 0.08 0.02 0.03 0.07

RR 2 0.10 0.05 0.07 0.10

SoilC[%] | B 4 5.00 0.56 1.11 5.00

E 4 9.24 450 9.00 9.08

LF 4 4.04 1.22 2.43 3.39

OP2 4 0.55 0.03 0.06 0.56

OP7 7 1.04 0.20 0.53 0.93

OP12 4 0.78 0.08 0.16 0.78

RR 2 0.95 0.20 0.28 0.95

C/N soil B 4 15.36 0.44 0.88 15.68

E 4 14.98 3.88 7.76 15.00

LF 4 13.91 1.23 2.47 14.50

OP2 4 14.58 0.34 0.69 14.50

OP7 7 12.70 1.23 3.24 13.00

OP12 4 10.27 1.12 2.24 10.69

RR 2 11.33 3.67 5.19 11.33
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litter dry weight [g] | B 4 132.40 27.80
E 4 100.50 13.30
LF 4 48.80 13.30
OoP2 2 71.90 62.60
OP7 1 18.50 *
OP12 0 * *
RR 2 15.70 2.80
Litter N[%] =B 4 1.54 0.14
E 4 1.88 0.02
LF 4 1.60 0.20
OoP2 2 1.82 0.07
OP7 1 1.54 *
OP12 0 * *
RR 2 1.99 0.00
Litter C[%] B 4 34.84 2.84
E 4 41.83 1.59
LF 4 34.29 3.84
OP2 2 41.34 7.69
OP7 1 31.99 *
OP12 0 * *
RR 2 42.96 2.08
427
428 * No litter present at OP12 and only in one chamber at OP7
429

19

55.50
26.70
26.60
88.50

3.96

0.27
0.05
0.40
0.10

0.00

5.69
3.18
7.68
10.87

*

*

2.95

123.10
94.30
43.00
71.90
18.50

15.70

1.46
1.88
1.63
1.82
1.54

1.99

34.03
41.77
34.49
41.34
31.99

42.96



430  Table 2. Monoterpene (MT) fluxes [ug C m2 h™*] from soil chambers at 7 sites. B, E, LF =
431  logged forest, OP2, OP7, OP12 = oil palm plantations of different stand ages, RR = riparian
432  reserve over the two-year measurement period (Jan 2015 to Nov 2016). N = number of

433 individual measurements. Total MT (total monoterpenes) = sum of all measured

434  monoterpenes.

435
MT flux site. N Mean SE StDev  Min Median Max
[Hg C m2h]
a-pinene B 48 2.25 1.07 7.40 -0.16 0.38 47.39
E 48 2.76 1.77 12.26 -0.42 0.36 85.35

LF 48 3.48 2.58 17.91 -0.05 0.21 124.42
oP2 47 2.87 1.22 8.36 -0.43 0.54 56.31
op7 72 0.45 0.08 0.68 -0.11 0.15 3.65

OP12 48 1.15 0.32 2.22 -0.17 0.32 10.66
RR 24 2.78 1.40 6.85 -0.11 0.51 29.62

p-pinene B 48 0.45 0.24 1.68 -0.14 0.05 11.56
E 48 0.22 0.08 0.57 -0.05 0.05 2.72
LF 48 0.50 0.22 151 -0.02 0.05 9.90
oP2 47 2.78 2.03 13.89 -0.33 0.15 95.46
OP7 72 0.30 0.11 0.92 -0.26 0.08 6.65
OP12 48 0.25 0.06 0.44 -0.05 0.11 2.55
RR 24 1.30 0.81 3.96 -0.04 0.26 19.64

d-limonene B 48 0.54 0.15 1.05 -3.26 0.22 4.60
E 48 1.19 0.23 161 -0.11 0.53 6.07
LF 48 1.27 0.35 241 0.00 0.42 12.48
OP2 48 1.95 0.54 3.76 -0.01 1.15 23.60
OP7 72 0.60 0.10 0.88 -0.26 0.29 5.15
OP12 48 1.09 0.25 1.74 -0.16 0.28 8.13
RR 24 1.77 0.83 4.07 0.00 0.82 20.31

3-carene B 48 0.09 0.04 0.29 0.00 0.00 1.42
E 48 0.03 0.01 0.10 -0.15 0.00 0.42
LF 48 0.18 0.07 0.47 0.00 0.00 231
OP2 48 0.29 0.11 0.79 0.00 0.00 3.47
OP7 72 0.05 0.01 0.11 -0.07 0.00 0.49
OP12 48 0.13 0.07 0.51 -0.01 0.00 3.47
RR 24 0.17 0.11 0.53 -0.04 0.00 2.61

camphene B 48 0.01 0.02 0.13 -0.42 0.00 0.73
E 48 0.00 0.00 0.02 -0.10 0.00 0.09
LF 48 0.03 0.01 0.10 -0.04 0.00 0.53
OP2 48 0.07 0.05 0.32 -0.30 0.00 1.96
OP7 72 0.00 0.00 0.03 -0.09 0.00 0.17
OP12 48 0.09 0.08 0.54 -0.03 0.00 3.74
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436
437

438

439
440
441
442

RR 24 0.27 0.15 0.75 -0.03
eucalyptol B 48 0.06 0.03 0.19 -0.39
E 48 1.70 1.37 9.49 0.00
LF 48 0.48 0.26 1.83 0.00
OP2 48 0.98 0.36 2.49 0.00
OP7 72 0.69 0.22 1.89 0.00
OP12 48 0.78 0.29 2.01 0.00
RR 24 0.77 0.35 1.73 0.00
Total MT B 48 3.39 1.36 9.41 -3.41
E 48 5.90 2.25 15.55 0.16
LF 48 5.93 2.96 20.52 0.03
OP2 48 8.82 3.64 25.23 0.18
OP7 72 2.09 0.37 3.14 -0.05
OP12 48 3.50 0.68 4.68 -0.16
RR 24 7.06 3.17 15.54 0.05
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Figure 1. Composition of mean monoterpene (MT) fluxes [ug C m? h'] over the 2-year

measurement period (Jan 2015 to Nov 2017) from the different sites (B, E, LF =

logged forest,

OP12, OP2, OP7 = oil palm plantations of different stand ages, RR = riparian reserve)

21



100
L J L ]
1201(a) (b)
=1 x
\T? ..5_, [
O g . o
] ®
@ c 501
[
c g [=
o L4 =
@ 40 &
E— * E 25 .
@ * [ )
® . © » Py
ol o 0 o 8 0 o 8 8 o 80 ol o o 8 o 8 o 0 o o o o @
01/15 03115 05/15 07/15 09/15 11/15 01/15 03/15 05/16 07/16 09/16 11/16 01/15 03/15 05/15 07/15 09/15 11/15 01/15 03/15 05/16 07/16 09/16 11/16
Date Date
. . .
(c) i | «d)
204 3
x x .
15 £ +
O L] ° O21 ¢ *
@ o
c 10 c
© 'y * o '
5 H 5
E *1 . $ > 3§ 5118
= i P [ ] l [l L]
SN I R T A I B | i { i3
04 . . [ ] . . . § I
.
01415 03/15 05/15 07/15 0915 11/15 01/15 03/15 05/16 07/16 09/16 11116 01/15 03/15 05/15 07/15 09/15 11115 01/15 03/15 0516 07/16 09/16 11116
Date Date
) .
(e) | i)
34
E: X
& =
(@] 4
o2 L] Q40
c . S
£ 5
[= ° >
£1 s S 20
o * =1
o ‘ ! * o . 3
04 e N . . . ° . [ ] ‘ ’ . i l
) 01 . . ] . L] * L] L] '
0115 03115 05/15 07/15 09/15 11/15 01/15 03/15 05/16 07/16 0916 11/16 01/15 03/15 0515 07/15 09/15 11/15 01115 03/15 05/16 07/16 09/16 11/16
Date Date

443 LandUse ® Forest ® OP ® RR

444  Figure 2. Monoterpene fluxes [ug C m h'] from soil chambers in logged forest (blue), oil
445  palm plantations (green) and riparian reserve (red) measured every two months from Jan 2015
446  to Nov 2016. Please note different y-axes scales.

447

448

449

450  Declarations

451  Ethics approval and consent to participate

452  Not applicable

453

454  Consent for publication

455  Not applicable

456

457  Availability of data and materials

458  The dataset used in the present study has been published as:

459  Drewer, Julia, Leduning, Melissa, Sentian, Justin, & Skiba, Ute. (2020). Soil VOC emission
460  rates and associated parameters from forest and oil palm in the SAFE landscape [Data set].
461  Zenodo. http://doi.org/10.5281/zen0d0.3698115

22


http://doi.org/10.5281/zenodo.3698115

462
463
464
465
466
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
497
498
499

Competing interests

The authors declare that they have no competing interests.

Funding

This project was funded as LOMBOK (Land-use Options for Maintaining BiOdiversity and
eKosystem functions) by the Natural Environment Research Council (NERC) Human
Modified Tropical Forest (HMTF) research programme (NE/K016091/1).

Authors’ contribution

Julia Drewer and Ute Skiba designed the study. Melissa Leduning carried out sample collection
with supervision from Julia Drewer, Ute Skiba and Justin Sentian. Julia Drewer, Melissa
Leduning, Gemma Purser and James Cash performed analyses with Gemma Purser also
advising on data analysis and interpretation. Julia Drewer wrote the first draft of the manuscript
and all authors commented on previous versions of the manuscript. All authors read and

approved the final manuscript.

Acknowledgements

This project LOMBOK (‘Land-use Options for Maintaining BiOdiversity and eKosystem
functions’) was funded by the Natural Environment Research Council (NERC) Human
Modified Tropical Forest (HMTF) research programme (NE/K016091/1). Special thanks to the
LOMBOK research assistants at SAFE for their invaluable help with the field sampling.
Thanks also to Dr Sue Owen for advice on soil VOC measurements and Dr Brian Davison for

lending equipment.

References

Aaltonen H et al. (2011) Boreal pine forest floor biogenic volatile organic compound emissions peak
in early summer and autumn Agricultural and Forest Meteorology 151:682-691
doi:https://doi.org/10.1016/j.agrformet.2010.12.010

Albers CN, Kramshgj M, Rinnan R (2018) Rapid mineralization of biogenic volatile organic compounds
in temperate and Arctic soils Biogeosciences 15:3591-3601 doi:10.5194/bg-15-3591-2018

Alves EG et al. (2016) Seasonality of isoprenoid emissions from a primary rainforest in central
Amazonia Atmos Chem Phys 16:3903-3925 doi:10.5194/acp-16-3903-2016

Asensio D, Pefiuelas J, Ogaya R, Llusia J (2007) Seasonal soil and leaf CO2 exchange ratesin a
Mediterranean holm oak forest and their responses to drought conditions Atmospheric
Environment 41:2447-2455 doi:https://doi.org/10.1016/j.atmosenv.2006.05.008

Asensio D, Pefiuelas J, Prieto P, Estiarte M, Filella I, Llusia J (2008) Interannual and seasonal changes
in the soil exchange rates of monoterpenes and other VOCs in a Mediterranean shrubland
European Journal of Soil Science 59:878-891 doi:10.1111/j.1365-2389.2008.01057.x

23


ttps://doi.org/10.1016/j.agrformet.2010.12.010
ttps://doi.org/10.1016/j.agrformet.2010.12.010
ttps://doi.org/10.1016/j.atmosenv.2006.05.008
ttps://doi.org/10.1016/j.atmosenv.2006.05.008

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

Asensio D, Yuste JC, Mattana S, Ribas A, Llusia J, Pefiuelas J (2012) Litter VOCs induce changes in soil
microbial biomass C and N and largely increase soil CO2 efflux Plant and Soil 360:163-174
do0i:10.1007/s11104-012-1220-9

Bourtsoukidis E et al. (2018) Strong sesquiterpene emissions from Amazonian soils Nature
Communications 9:2226 doi:10.1038/s41467-018-04658-y

Carrion O et al. (2020) Diversity of isoprene-degrading bacteria in phyllosphere and soil communities
from a high isoprene-emitting environment: a Malaysian oil palm plantation Microbiome
8:81 doi:10.1186/s40168-020-00860-7

Drewer J, Leduning M, Sentian J, & Skiba, Ute (2020a) Soil VOC emission rates and associated
parameters from forest and oil palm in the SAFE landscape. Zenodo.
doi:doi.org/10.5281/zen0do0.3698115

Drewer J et al. (2020b) Comparison of greenhouse gas fluxes and microbial communities from
tropical forest and adjacent oil palm plantations on mineral soil Biogeosciences Discuss
2020:1-55 doi:10.5194/bg-2020-297

Drewer J, Yamulki S, Leeson SR, Anderson M, Perks MP, Skiba UM, McNamara NP (2017) Difference
in Soil Methane (CH4) and Nitrous Oxide (N20) Fluxes from Bioenergy Crops SRC Willow and
SRF Scots Pine Compared with Adjacent Arable and Fallow in a Temperate Climate Bioenergy
Research 10:575-582 d0i:10.1007/s12155-017-9824-9

Ewers R, M.,, Didham R, K., , Fahrig L, Ferraz, Gongalo, Hector, Andy, Holt, Robert, D., Kapos, Valerie,
Reynolds, Glen, Sinun, Waidi, Snaddon, Jake, L., Turner, Edgar, C. (2011) A large-scale forest
fragmentation experiment: the Stability of Altered Forest Ecosystems Project Philosophical
Transactions of the Royal Society B: Biological Sciences 366:3292-3302
d0i:10.1098/rstb.2011.0049

Fowler D et al. (2011) Effects of land use on surface—atmosphere exchanges of trace gases and
energy in Borneo: comparing fluxes over oil palm plantations and a rainforest Philosophical
Transactions of the Royal Society of London B: Biological Sciences 366:3196-3209
do0i:10.1098/rstb.2011.0055

Gaveau DLA et al. (2016) Rapid conversions and avoided deforestation: examining four decades of
industrial plantation expansion in Borneo Scientific Reports 6:32017 doi:10.1038/srep32017

https://www.nature.com/articles/srep32017#supplementary-information

Global Forest Watch (2018) World Resources Institute. www.globalforestwatch.org.

Gray CM, Monson RK, Fierer N (2010) Emissions of volatile organic compounds during the
decomposition of plant litter Journal of Geophysical Research: Biogeosciences 115
doi:10.1029/2010jg001291

Greenberg JP, Asensio D, Turnipseed A, Guenther AB, Karl T, Gochis D (2012) Contribution of leaf and
needle litter to whole ecosystem BVOC fluxes Atmospheric Environment 59:302-311
doi:https://doi.org/10.1016/j.atmosenv.2012.04.038

Guenther A (2002) The contribution of reactive carbon emissions from vegetation to the carbon
balance of terrestrial ecosystems Chemosphere 49:837-844 doi:10.1016/s0045-
6535(02)00384-3

Guenther AB, Zimmerman PR, Harley PC, Monson RK, Fall R (1993) Isoprene and monoterpene
emission rate variability: Model evaluations and sensitivity analyses Journal of Geophysical
Research: Atmospheres 98:12609-12617 doi:10.1029/93jd00527

Hallquist M et al. (2009) The formation, properties and impact of secondary organic aerosol: current
and emerging issues Atmos Chem Phys 9:5155-5236 doi:10.5194/acp-9-5155-2009

Hayward S, Muncey RJ, James AE, Halsall CJ, Hewitt CN (2001) Monoterpene emissions from soil in a
Sitka spruce forest Atmospheric Environment 35:4081-4087
doi:https://doi.org/10.1016/51352-2310(01)00213-8

Helin A, Hakola H, Hellén H (2020) Optimisation of a thermal desorption—gas chromatography—mass
spectrometry method for the analysis of monoterpenes, sesquiterpenes and diterpenes
Atmos Meas Tech 13:3543-3560 doi:10.5194/amt-13-3543-2020

24


ttps://www.nature.com/articles/srep32017#supplementary-information

ttps://www.nature.com/articles/srep32017#supplementary-information

ww.globalforestwatch.org.
ttps://doi.org/10.1016/j.atmosenv.2012.04.038
ttps://doi.org/10.1016/j.atmosenv.2012.04.038
ttps://doi.org/10.1016/S1352-2310(01)00213-8
ttps://doi.org/10.1016/S1352-2310(01)00213-8

551
552
553
554
555
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
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601

Hellén H, Hakola H, Pystynen KH, Rinne J, Haapanala S (2006) C2-C10 hydrocarbon emissions from a
boreal wetland and forest floor Biogeosciences 3:167-174 doi:10.5194/bg-3-167-2006

Hewitt CN et al. (2009) Nitrogen management is essential to prevent tropical oil palm plantations
from causing ground-level ozone pollution Proceedings of the National Academy of Sciences
106:18447-18451 doi:10.1073/pnas.0907541106

Jardine AB et al. (2015) Highly reactive light-dependent monoterpenes in the Amazon Geophysical
Research Letters 42:1576-1583 do0i:10.1002/2014gl062573

Karl T, Guenther A, Yokelson RJ, Greenberg J, Potosnak M, Blake DR, Artaxo P (2007) The tropical
forest and fire emissions experiment: Emission, chemistry, and transport of biogenic volatile
organic compounds in the lower atmosphere over Amazonia Journal of Geophysical
Research: Atmospheres 112 doi:10.1029/2007jd008539

Kerdraon D et al. (2020) Litter Inputs, but Not Litter Diversity, Maintain Soil Processes in Degraded
Tropical Forests—A Cross-Continental Comparison Frontiers in Forests and Global Change 2
doi:10.3389/ffgc.2019.00090

Kesselmeier J et al. (2002) Volatile organic compound emissions in relation to plant carbon fixation
and the terrestrial carbon budget Global Biogeochemical Cycles 16:73-71-73-79
doi:10.1029/2001gh001813

Kesselmeier J et al. (2000) Atmospheric volatile organic compounds (VOC) at a remote tropical forest
site in central Amazonia Atmospheric Environment 34:4063-4072
doi:https://doi.org/10.1016/51352-2310(00)00186-2

Kuhn U et al. (2007) Isoprene and monoterpene fluxes from Central Amazonian rainforest inferred
from tower-based and airborne measurements, and implications on the atmospheric
chemistry and the local carbon budget Atmos Chem Phys 7:2855-2879 do0i:10.5194/acp-7-
2855-2007

Kuhn U et al. (2004) Seasonal differences in isoprene and light-dependent monoterpene emission by
Amazonian tree species Global Change Biology 10:663-682 do0i:10.1111/j.1529-
8817.2003.00771.x

Lee-Cruz L, Edwards DP, Tripathi BM, Adams JM (2013) Impact of logging and forest conversion to oil
palm plantations on soil bacterial communities in Borneo Appl Environ Microbiol 79:7290-
7297 doi:10.1128/aem.02541-13

Leff JW, Fierer N (2008) Volatile organic compound (VOC) emissions from soil and litter samples Soil
Biology and Biochemistry 40:1629-1636 doi:https://doi.org/10.1016/].s0ilbio.2008.01.018

Lin C, Owen SM, Pefiuelas J (2007) Volatile organic compounds in the roots and rhizosphere of Pinus
spp Soil Biology and Biochemistry 39:951-960
doi:https://doi.org/10.1016/j.s0ilbio.2006.11.007

Maki M, Aaltonen H, Heinonsalo J, Hellén H, Pumpanen J, Back J (2019) Boreal forest soil is a
significant and diverse source of volatile organic compounds Plant and Soil 441:89-110
do0i:10.1007/s11104-019-04092-z

Misztal P et al. (2011) Direct ecosystem fluxes of volatile organic compounds from oil palms in
South-East Asia Atmospheric Chemistry and Physics 11:8995-9017 doi:10.5194/acp-11-8995-
2011

Monson RK, Holland EA (2001) Biospheric Trace Gas Fluxes and Their Control Over Tropospheric
Chemistry Annual Review of Ecology and Systematics 32:547-576
doi:10.1146/annurev.ecolsys.32.081501.114136

Morrison EC, Drewer J, Heal MR (2016) A comparison of isoprene and monoterpene emission rates
from the perennial bioenergy crops short-rotation coppice willow and Miscanthus and the
annual arable crops wheat and oilseed rape GCB Bioenergy 8:211-225
doi:10.1111/gcbb.12257

Penuelas J, Asensio D, Tholl D, Wenke K, Rosenkranz M, Piechulla B, Schnitzler JP (2014) Biogenic
volatile emissions from the soil Plant, cell & environment 37:1866-1891
doi:10.1111/pce.12340

25


ttps://doi.org/10.1016/S1352-2310(00)00186-2
ttps://doi.org/10.1016/S1352-2310(00)00186-2
ttps://doi.org/10.1016/j.soilbio.2008.01.018
ttps://doi.org/10.1016/j.soilbio.2008.01.018
https://doi.org/10.1016/j.soilbio.2006.11.007

602 Purser G, Drewer J, Heal MR, Sircus RAS, Dunn LK, Morison JIL (2020a) Isoprene and monoterpene

603 emissions from alder, aspen and spruce short rotation forest plantations in the UK

604 Biogeosciences Discuss 2020:1-52 d0i:10.5194/bg-2020-437

605 Purser G, Heal MR, White S, Morison JIL, Drewer J (2020b) Differences in isoprene and monoterpene
606 emissions from cold-tolerant eucalypt species grown in the UK Atmospheric Pollution

607 Research 11:2011-2021 doi:10.1016/j.apr.2020.07.022

608 Ramirez KS, Lauber CL, Fierer N (2010) Microbial consumption and production of volatile organic
609 compounds at the soil-litter interface Biogeochemistry 99:97-107 doi:10.1007/s10533-009-
610 9393-x

611 Riutta T et al. (2018) Logging disturbance shifts net primary productivity and its allocation in Bornean
612 tropical forests Global Change Biology 24:2913-2928 doi:doi:10.1111/gcb.14068

613 RSPO RSPO (2013) Qil palm and land use change in Indonesia, Malaysia and Papua New Guinea.

614 Indonesia

615 Schulz S, Dickschat JS (2007) Bacterial volatiles: the smell of small organisms Natural Product Reports
616 24:814-842 doi:10.1039/b507392h

617  Simpraga M et al. (2019) Unravelling the functions of biogenic volatiles in boreal and temperate

618 forest ecosystems European Journal of Forest Research 138:763-787 doi:10.1007/s10342-
619 019-01213-2

620  Tang), Schurgers G, Rinnan R (2019) Process Understanding of Soil BVOC Fluxes in Natural

621 Ecosystems: A Review Reviews of Geophysics 57:966-986 doi:10.1029/2018rg000634

622  Wilcove DS, Giam X, Edwards DP, Fisher B, Koh LP (2013) Navjot's nightmare revisited: logging,
623 agriculture, and biodiversity in Southeast Asia Trends Ecol Evol 28:531-540

624 doi:10.1016/j.tree.2013.04.005

625  Wilkinson MJ et al. (2006) Circadian control of isoprene emissions from oil palm (Elaeis guineensis)
626 The Plant Journal 47:960-968 doi:10.1111/j.1365-313X.2006.02847.x

627  Yafiez-Serrano AM et al. (2018) Monoterpene chemical speciation in a tropical rainforest:variation
628 with season, height, and time of dayat the Amazon Tall Tower Observatory (ATTO) Atmos
629 Chem Phys 18:3403-3418 doi:10.5194/acp-18-3403-2018

630

26



	nature
	Article (refereed) - postprint

	VOC_OP_forest_Sabah_ESPR_final



