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Abstract Emissions of biogenic volatile organic compounds (BVOCs) from mechanical
wounding of leaves and branches of plants can contribute to the atmospheric burden of
volatile organic compounds (VOCs) in both (a) urban airsheds (from urban garden mainte-
nance) and (b) the global atmosphere (from large scale forest harvesting). These emissions of
BVOCs are poorly understood and quantified, and their role in urban and global emissions
inventories neglected. This paper presents measurements of the magnitude, duration and
composition of emissions of BVOCs, carbon dioxide (CO2) and methane (CH4) from freshly
cut leaf mulch and wood chips derived from a common eucalypt tree, Eucalyptus side-
roxylon (red ironbark), found in southeastern Australian forests and gardens. The emissions
of BVOCs from freshly cut and shredded leaves and wood of E. sideroxylon were found to
be 2.3±0.6 and 0.05±0.04 mg g-1 DM (Dry Mass) from leaf mulch and wood chips
respectively and to last typically for 1 day following cutting. Three sampling techniques
were used for VOC speciation and the 12 most abundant BVOCs released from the mulch
materials were identified. The specific BVOCs emitted in order of decreasing abundance
from leaf mulch are: (a) stored plant oils, 1,8-cineole, α–pinene and o-cymene which make
up the major part of the emissions, (b) a minor contribution from chemicals associated with
environmental stress and wound defence, (Z)–3–hexenyl acetate, (E)-2-hexenal and (Z)-3-
hexen-1-ol, and (c) a second minor contribution from metabolic products, acetaldehyde and
acetone. The observed integrated emissions of BVOCs from leaves following mulching are
equivalent to more than half and perhaps all of the likely stored plant oils in the leaves. For
the two comparable studies available, one of a plant with stored oils (this study) and one of a
plant without stored plant oils, the emissions of leaf wound defence BVOCs are in the same
range for both plants. In the plant with stored plant oils, the plant oil emissions are about a
factor of 11 larger in emission rate than the plant wound defence BVOCs. A compilation of
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available leaf wounding BVOC emission studies indicates that for plants with stored plant
oils, plant oil emissions dominate, whereas with other plants, leaf wound defence BVOCs
dominate the emissions.

Keywords Plant wounding . Volatile organic compounds . Carbon dioxide . Methane .

Emissions . Eucalyptus sideroxylon . Leaf mulch .Wood chips . Biogenic . SPME

1 Introduction

Plants produce a myriad of biogenic volatile organic compounds (BVOCs) including many
hydrocarbons and oxygenated organic compounds. Global emissions of BVOCs were
estimated by Guenther et al. (1995) to account for approximately 86% of the total of VOCs
emitted to the atmosphere, anthropogenic VOCs making up the balance. Emissions of
BVOCs from intact trees and woody shrubs have been reviewed by Scholes et al. (2003)
who identified the dominant compounds emitted under unperturbed conditions as isoprene,
monoterpenes, sesquiterpenes and methanol. These compounds are emitted through leaf
stomata, intact plant surfaces and damaged plant surfaces during the various stages of plant
growth, plant injury and plant decay (Scholes et al. 2003). He et al. (2000) and Winters et al.
(2009) specifically studied emissions from undisturbed Australian eucalyptus species. These
studies showed similar emission rates and speciation of BVOCs from intact plants as were
indicated by Scholes et al. (2003).

An emerging research issue concerns the effect of plant injury and environmental stress
on the type and rate of BVOCs emitted from plants (Copolovici et al. 2011; Hu et al. 2008,
2011; Lucas-Barbosa et al. 2011; Niinemets et al. 2010; Piesik et al. 2010; Teuber et al.
2008). In this work, the focus is on plant injury. The suggestion that enhanced emissions of
BVOCs arise from disturbance of vegetation was put forward by Rasmussen (1970). The
identification of wound defence compounds, hexenyl acetate, hexenals, hexenols and n-
hexanal as key BVOCs, was made in laboratory studies by Hatanaka et al. (1978). Juuti et al.
(1990) demonstrated enhancement of monoterpene emissions after repeated rough handling
of the plants in-situ. The work of Arey et al. (1991), Winer et al. (1992) and Konig et al.
(1995) established that emissions to the atmosphere of (Z)-3-hexen-1-ol increased signifi-
cantly as the result of mechanical damage to many broad-leafed plants. Subsequent work
demonstrated that plant wounding causes episodic emissions of C6 aldehydes, esters and
alcohols (Kirstine et al. 1998; Fall et al. 1999; Perera et al. 2002; Kirstine and Galbally 2004;
Mayland et al. 1997). Kirstine and Galbally (2004) showed that the C6 compounds emitted
from cut grass are likely to be significant contributors to VOCs in urban airsheds.

The work that has been reported on mechanical cutting and wounding of leaves and wood
includes studies of BVOC emissions from leaf and needle cutting (Fall et al. 1999; Loreto et
al. 2000; Litvak et al. 2002; Pasqua et al. 2002; Su et al. 2009), vegetative litter left after
thinning of a forest (Goldstein et al. 2004), mulching of leaves and wood from Grevillea
robusta (Fedele et al. 2007) and the kiln drying process during the preparation of sawn
timber for commercial use (Englund and Nussbaum 2000; Strömvall and Petersson 1993).
All of these studies show significantly enhanced emissions of BVOCs associated with plant
mechanical wounding.

In previous work (Fedele et al. 2007), we reported on emissions from mulched fresh
leaves and wood chips taken from the Australian native tree, Grevillea robusta. In this work,
a further exploratory study, we report on the results of another common Australian native,
Eucalyptus sideroxylon (red ironbark) which differs significantly from G.robusta in that its
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leaves have resin ducts containing stored oils. As with the previous study, the magnitude,
duration and composition of BVOCs emitted from freshly mulched leaves and wood chips
were measured using a flux chamber.

The results from these studies will aid in estimating the contribution of BVOC emissions
from mulching to the atmospheric load of VOCs, and hence contribute information required
for air quality modelling.

2 Materials and methods

The methods adopted for this project have been used in similar experiments involving cut
grass (Kirstine et al. 1998) and wood chips and leaf mulch (Fedele et al. 2007).

Eucalyptus sideroxylon (red ironbark) is an Australian native tree, widely distributed in
Victoria and New South Wales (Australian Native Plants Society 2003). E. sideroxylon
grows as a medium-sized tree (10–30 m) in woodland areas and like most eucalypts its
leaves are rich in essential oils stored in resin ducts. There are two varieties of E. sideroxylon,
var. sideroxylon and var. tricarpa (Bramwells and Wiffen 1984). The tree studied here was
identified as E. sideroxylon var. sideroxylon.

The term wood chips is defined as in our previous study (Fedele et al. 2007). It refers to
the chips made from the combination of the wood and bark, since this is the common
procedure in making wood chips for garden mulch.

2.1 Chipping and mulching

Mulching of leaves and branches was performed using an 1800 watt mulcher (shredder)
manufactured by Talon Tools Australia: (no load speed: 2900 rpm, weight 22 kg and branch
capacity 35 mm). Secateurs were used to cut the branches from the tree.

Branches were cut from a mature E. sideroxylon var sideroxylon tree located in the
grounds of the CSIRO Aspendale Laboratory. The leaves were stripped off the branches and
then the stripped leaves were fed through the mulcher. This was then repeated using the
product mulch to get more finely mulched leaves. The leaves were 2 to 3 cm in length and
about 0.4 mm thick. It appeared that each leaf was cut into about 4 pieces. The stripping and
mulching of approximately 500 g of leaves occurred on the 26th of July and the 2nd, 16th,
and 30th of August, 2004.

Wood chips were prepared from woody branches. Prior to mulching, the leaves, flowers
and nuts were stripped off the branches. The woodchips ranged in size from 0.4 mm to 7 cm
in length and generally were about 0.3 mm thick. Mulching of approximately 1 kg of wood
(including bark) from the tree branches occurred on the 28th of July, the 16th of August and
the 2nd of September 2004.

As soon as a leaf mulch or wood chip sample was prepared, a quantity of the sample was
weighed (either 0.5 kg of fresh leaf mulch or 1 kg of wood chips) and placed as a 1 cm deep
layer in the base of the flux measurement chamber (described in Fedele et al. (2007)) for the
BVOC emission measurement. The time from commencement of the first mulching to
commencement of the emission measurements was less than 30 min.

To determine the fraction of moisture in the mulch, a separate leaf mulch or wood chip
sample of about 10 to 15 g was placed in an oven tray and weighed. The sample was dried in
a LABLEC oven (Lablec Equipment Australia) at ~70°C for approximately 24 h. After
being dried, the sample was reweighed to determine the ratio of fresh mass to dry mass
(DM).
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2.2 Chamber system and emission estimation

The full details of the chamber system used in this study were described in Fedele et al.
(2007). The flux measurement chamber consists of two sections, the top, commonly
regarded as the chamber, and the base which has a solid bottom and is used to contain the
chips or mulch. The top is essentially an open bottomed mainly transparent box, 490 mm
wide by 690 mm long by 400 mm tall. The chamber is made of an anodized aluminium
frame and perspex windows lined with Tedlar® sheets on the inside. The chamber top has
two pneumatically operated lids. When the lids were up, two fans, one in each opening, were
activated (one fan drives air into the chamber, the other fan extracts air from the chamber) to
flush the chamber and return the air in the chamber to as near to ambient conditions as
possible. When the chamber lids were open, the concentrations of VOCs and CO2 in the
chamber air were virtually indistinguishable from ambient air. When the lids were closed,
the chamber has a closed constant volume of air. The chamber is not completely sealed, it
has a small leak tube to prevent the build up of pressure differences between inside and
outside the chamber.

The chamber was housed inside the laboratory at constant temperature of 20–21°C. Air
was continuously drawn from the flux chamber at approximately 1 litre per minute and was
monitored for the concentrations of VOCs, CO2 and CH4. The chambers were operated in an
automatic static mode, closing once per hour for 20 min, followed by 40 min open. This
pattern of closing and opening the chamber was repeated each hour for a period of
approximately 48 h for each leaf mulch and wood chip experiment. The observed rate of
change of concentration of VOCs, CO2 and CH4 in the chamber air for the 20 min periods
following each chamber closure was transformed into an emission rate using conservation of
mass and corrections for sampling and leakage (Fedele et al. 2007).

2.3 Continuous measurement of VOCs, CO2 and CH4 in the chamber

CO2 concentrations were measured using a non-dispersive infrared (NDIR) gas analyser
(GasHound Model LI-800, LI-COR, Inc., Lincoln, Nebraska, USA). This instrument has an
accuracy of 2% of the reading for CO2 concentrations >350 ppmv, as specified by the
manufacturer. The calibration of the concentration of CO2 was based on the internationally
accepted World Meteorological Organisation X93 CO2 mole fraction calibration scale.

CH4 and VOC concentrations were measured using a total hydrocarbon analyser (TEI
Model 55°C, Thermo Environmental Instruments, TEI, Franklin MA, USA). This instru-
ment is a gas chromatograph with flame ionisation detection system (GC-FID). We have
ascertained from previous studies, including measurements of a range of non methane
hydrocarbons (NMHC) and oxygenated VOC gas standards, (Fedele et al. 2007), that the
TEI instrument responds to oxygenated VOCs and other substituted organics. The empirical
calibration applied in this study for BVOC measurement is described below.

The TEI 55°C analyser was initially calibrated for CH4, and nominally calibrated for
VOCs using a National Institute of Standards and Technology Standards Reference Material
1660a certified as 3.94±0.02 μmol/mol (ppm) CH4 and 0.972±0.005 μmol/mol (ppm)
propane in air. Then for a set of VOC concentrations generated during the experiments by
leaf mulch in the chamber, the nominal VOC response of the TEI 55°C was compared with
the total VOC concentrations from active samples collected simultaneously by adsorbent
tubes and analysed for the integrated concentration VOC species in the range of C2 to C10 by
GC-FID. The analysis of the adsorbent tubes by GC-FID-MSD is described in section 2.6.
The nominal VOC concentrations from the TEI 55°C continuous analyser were determined
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during this study to be a factor of 2.0±0.2 less than the full VOC GC-FID analysis.
This diminished response arises because the TEI 55°C system has a decreasing response
to (a) higher molecular weight VOCs including both alkanes and aromatic compounds
and (b) oxygenated VOCs. The diminished response is due in part to the failure of the
TEI to adequately integrate tailing peaks from these higher molecular weight hydro-
carbons and oxygenated VOCs. The subsequent presentations of VOC concentrations
and emission estimates determined by the TEI instrument have been corrected by this
factor to bring them in line with the sum of the concentrations of VOCs obtained by
the GC-FID analysis. The emissions calculated here apply to the VOC compounds of
10 carbon atoms and less.

2.4 Adsorbent tube sampling

The thermal desorption tubes used in this study contained a stratified packing of Tenax TA/
CarbosieveSIII (Markes International, United Kingdom) which is suitable for sampling a
wide range of VOCs.

For each experiment, adsorbent tubes were used both while the chamber lids were open
and when they were closed to trap VOCs from the chamber air for later analysis by GC-FID-
MSD. The adsorbent tube sampling was done primarily during the first hour after the leaf
mulch or wood chips were placed in the chamber. Adsorbent tube samples, defined as
“background” air samples, were taken when the chamber lids were open to determine
background concentrations of VOCs. The chamber lids were then closed and the chamber
left for 15 min after which a second batch of air samples was taken from inside the closed
chamber where the emissions from the mulch had accumulated. These samples were
described as “emission” air samples. The composition of the emitted gases was determined
by subtracting the background analysis from the emission analysis for the two tubes sampled
during the one experiment. Tube samples were also taken as blanks in the same way as
described above, except that there was no leaf mulch or wood chips in the chamber at the
time of taking the air samples. These blanks were a precaution to monitor against extraneous
VOC contamination. The sampling rate was 76 mL min-1 for 5 min, after which the tubes
were disconnected from the system and immediately sealed. The subsequent GC-FID-MS
analysis generally occurred on either the same day or the day subsequent to sample
collection.

2.5 Solid Phase Microextraction Vial sampling

Solid Phase Microextraction (SPME) sampling for VOC emissions from leaves and wood
chips was carried out using headspace sampling of mulch contained within 10 mL vials.
Poly-dimethylsiloxane (PDMS) (thickness: 100 μm) and Carboxen/Poly-dimethylsiloxane
(CAR/PDMS) (thickness: 75 μm) fibres were used to adsorb the volatile species. PDMS
fibres generally adsorb non-polar compounds such as alkanes because the coating is non-polar.
The combined Carboxen/PDMS (CAR/PDMS) fibre traps a wider range of compounds
including most alkanes as well as polar compounds (Pawliszyn 1997).

Approximately 2 g of leaves or 3 g of wood were chopped and placed into separate vials,
which were sealed with caps. The samples were left for 30 min to allow enough time for VOCs
to accumulate in the head space. The SPME needle was then inserted through an access septum
and the headspace compounds were exposed to the fibre for 20 min. The accumulation and
extraction time were decided based on previous experiments (Perera et al. 2002). The fibre was
directly injected to the heated injection port of the GC-FID-MSD for desorption.
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2.6 Chemical Analysis of Adsorbent tubes and SPME fibres

Adsorption tube samples were analysed on an Agilent 6890 gas chromatograph (GC) fitted with
two detectors operated in parallel, an Agilent 5973 N mass selective detector (MSD) and a
flame ionization detector (FID). The tube samples, and gas standards used for calibration, were
desorbed at 240°C and cryogenically concentrated for injection onto a capillary column using
an Entech 7100 preconcentrator. The GC column was an Alltech AT-1 of 60 m length with a
320 μm internal diameter and a 1 μm film thickness. The temperature program was −50°C
(6 min), 15°C/min to −10°C, 5°C/min to 150°C then 25°C min-1 to 240°C. The column flow
rate was held constant at 2 mL min-1 over the 47 min analysis time. The software used for
instrument control and data acquisition was ChemStation version DA (Agilent). The MSD was
tuned using the ChemStation Standard Tune method and the mass range scanned was from 33–
250 amu. A fixed volume of a 4-component internal standard (10 ppm of each compound of
bromochloromethane, 1,4-difluorobenzene, chlorobenzene-d5 and 1-bromo-3-fluorobenzene)
was introduced with each sample to monitor the response of the MSD. The internal standards
showed consistent peak areas over the set of analyses presented here.

For SPME analyses, the same GC-FID-MSD system as described above was used. The
operating conditions were: injection mode: splitless (holding 1 min); initial temperature: 45°C;
final temperature: 240°C; increasing at 5°C min-1, flow rate: 2 mL min-1.

Compounds were identified using the MS library NBS75K.L (G1033a Rev C.00.00
NIST/EPA/NIH Mass Spectral Database). A compound was considered for acceptance if
the match was above 85%. Those compounds with a match below 85% were only considered
for acceptance if upon manual inspection their spectra matched.

A semi-quantitative analysis of theVOC speciationwas undertaken using themass spectral total
ion count (TIC). The TIC areas of the chromatographic peaks were used to calculate the percentage
contribution from each peak to the whole of the VOC emissions detected for that sample. Because
of issues of calibration, the SPME results are not included in the attribution of final emissions.

3 Results

3.1 Leaf mulch emissions

Leaves were mulched and placed in the chamber on four occasions as described above. The
concentrations of BVOCs and CO2 from leaves versus time after mulching showed a build
up in concentrations of these gases in the closed chamber similar to that shown in Fedele et
al. (2007). During the first chamber closure after leaf mulching, the concentrations increased
to more than 360 ppmC of BVOCs and 750 ppm of CO2 (this CO2 concentration includes
ambient CO2). No detectable amount of CH4 was released from leaves after mulching. The
concentration of gases when the chambers were opened dropped to near ambient levels
within a few minutes. Emissions were calculated from the concentration changes during the
period when the chamber was closed.

The emissions of BVOCs and CO2 from leaf mulch are plotted for each hour following the
mulching in Fig. 1(a) and (b), respectively. The BVOC and CO2 emissions were a maximum
immediately after mulching and decreased to near zero within 20 to 30 h of mulching. A
comparison of the four separate leaf sample emission rates for BVOCs and CO2 shows that the
results were very similar. The average total (integrated) mass emissions of BVOCs and CO2

were 2.3±0.6 and 6±1 mg g-1 DM of leaf mulch, respectively see Table 1. The emission of
methane from the leaf mulch was below the limit of detection of ~1×10-11 g g-1 DM s-1.
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3.2 Wood chip Emissions

Wood was mulched and placed in the chamber, also on four occasions. During the first
chamber closure, the concentrations increased to more than 10.7 ppmC of BVOCs and

0.0E+00

5.0E-08

1.0E-07

1.5E-07

2.0E-07

2.5E-07

0 10 20 30 40 50
Time (hours)

V
O

C
 E

m
is

si
o

n
s

(g
 g

-1
 D

M
 s

-1
) 

   

26-28 July

02-04 August

16-18 August

30 August - 01
September

-5.0E-08

0.0E+00

5.0E-08

1.0E-07

1.5E-07

2.0E-07

2.5E-07

3.0E-07

0 10 20 30 40 50

Time (hours)

C
O

2 
E

m
is

si
o

n
s 

(g
 g

-1
 D

M
 s

-1
)

26-28 July

16-18 August

30 August-01
September

a

b

Fig. 1 (a): Volatile organic compound emissions from E. sideroxylon leaf mulch in the chamber against time
since mulching. (b): Carbon dioxide emissions from E. sideroxylon leaf mulch in the chamber against time
since mulching

Table 1 Total integrated emission of CO2 and BVOCs (mg g-1 DM) from leaf mulch and wood chips of E.
sideroxylon

Leaf mulch Wood chips

Sampling date BVOC emission CO2 emission Sampling BVOC emission CO2 emission

26th July 1.84 5.11 28th July 0.018 1.90

2nd Aug 2.48 7.33 4th Aug 0.096 2.50

16th Aug 1.98 5.04 16th Aug 0.018 1.95

30th Aug 2.98 7.01 2nd Sept 0.060 3.30

Average 2.3±0.6 6±1 Average 0.05±0.04 2.4±0.7

* ± Half range
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694 ppm of CO2; the former is much lower than the equivalent emissions from leaves. The
emissions from wood chips were at their greatest immediately after mulching and rapidly
decreased to near zero around a day after chipping for BVOCs and 2 days after chipping for
CO2. The average total mass emissions of BVOCs and CO2 were 0.05±0.04 and 2.4±
0.7 mg g-1 DM of wood chips, respectively (Table 1). The emission of methane from the
wood chips was below the limit of detection of ~1×10-11 g g-1 DM s-1.

3.3 Speciation of the leaf mulch and wood chip emissions of BVOCs

The 12 most abundant biogenic volatile organic compounds released from leaf mulch and wood
chips as identified by adsorbent tubes and SPME are presented in Table 2. The selection for each
compound (analyte) was based on the analyte making up more than 1% of the total signal in one
or more of the analyses. There were three further compounds tentatively identified in the SPME
analyses, the sesquiterpenes: allo-aromadendrene, aromadendrene and β-caryophyllene. The fit
of the mass spectra for these had a median quality of 99%, however without direct standards the
identification must be tentative. These compounds made up 0 to 1.5% of the total signal.

One question is how well the different sampling and analysis techniques capture the
BVOCs emitted in this study? Table 2 indicates that the adsorption tubes/thermal desorption
GC-FID-MSD used in this study were effective for sampling and analysis of BVOCs with
boiling points (BPs) in the range 20–180°C; this includes simple organic compounds
through to monoterpenes. The SPME fibres/thermal desorption GC-FID-MSD used were
effective for sampling BVOCs with BPs from 150 to 260°C, which covers the range from C6

compounds, through monoterpenes and several sesquiterpenes.
Table 2, as well as presenting the composition of BVOC emissions, also presents a classifi-

cation, according to Scholes et al. (2003), of whether the individual BVOCs either are com-
pounds: arising from normal metabolic activity (MP), stored in the plant (plant oils, PO), stress
induced and for wound defence (S&WD), or from other sources (O). Further, Table 2 presents the
fractional composition of essential oils stored in the leaves of E. sideroxylon var sideroxylon from
Bignell et al. (1997) for the species observed in this study. As well as the species listed in Table 2,
Bignell et al. (1997) identified many other compounds including the monoterpene limonene that
made up 6% of the composition of plant oils in his samples, but was not identified in our results.
We did on one occasion sample the leaves of a juvenile E. sideroxylon tree growing alongside the
main tree sampled and the juvenile tree’s leaves contained 4% limonene as well as the 1,8-cineole
etc. Thus variability in leaf oil content may be significant and poorly quantified. Bignell et al.
(1997) also identified that the sesquiterpene limonene that made up 6% of the composition of
plant oils in his samples, but we would not expect to detect it in this study because of it high
boiling point of 267–268°C, which was outside the qualitative recovery range (as determined by
boiling point) of our SPME collection system.

4 Discussion

4.1 The total integrated emission rates of BVOCs from leaf mulch and wood chips

Emissions of BVOCs from mechanical wounding of E. sideroxylon prepared as leaf mulch
and wood chips persist for up to 1 day after the mulching and chipping process, and CO2

emissions persist for up to 2 days, although more than 95% of the BVOCs and about 75% of
the CO2 had been released in the first 8 h (Fig. 1). It is worth noting that the emissions of
CO2 per mass of dry material from E. sideroxylon (2.4±0.7 mg g-1 DM and 6±1 mg g-1 DM)
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are very similar to the results previously reported for G Robusta (Fedele et al. 2007) ((2.5±
0.4 mg g-1 DM and 6.3±0.6 mg g-1 DM).

The first question here is how do the emission rates compare between leaf mulch and wood
chips? Emission rates of BVOCs of E. sideroxylon (red ironbark) leaf mulch and wood chips
were significantly different with values of 2.3±0.6 and 0.05±0.04mg g-1 DMofmulchmaterial
respectively. Total (integrated) emissions of BVOCs of leaf mulch were 46 times more than
those of wood chips. The ratio of BVOC to CO2 emissions is around 0.4 for leaf mulch and 0.02
for wood chips. It is clear that wood chips emit far fewer BVOCs per unit of CO2 emitted than
leaf mulch. This presumably relates to (a) the storage of plant oils in the leaves and (b) perhaps
some functional differences between the living cells in leaves compared to plant stems.

The second question is how does the integrated BVOC emission from leaves following
mulching compare with the total amount of plant oils stored in the leaves? The oil content of
leaves of E. sideroxylon (based on dry weight) is 0.4% (Bignell et al. 1997), which translates
to an oil content of 4 mg g-1 DM. The observed BVOC leaf emissions in this study following
mulching are 2.3±0.6 mg g-1 DM, which is equivalent to more than half of the likely stored
plant oils in the leaves. Note that there was an unavoidable time delay (due to the several
activities required) of less than 30 min between the commencement of the first mulching and
the commencement of the emission measurement and there will be uncounted BVOCs lost in
this period. Based on the highest observed initial flux, an estimate of this lost unobserved
BVOC emission is 20% of the observed integrated emissions. Thus the total emissions will
be slightly larger than that observed, and it is reasonable to assume that most of the stored
plant oils are released to the atmosphere following leaf mulching.

The third question is how do these emissions compare with those from other plant species?
There are few measurements with comparable methods and we are confined to a comparison
with the preceding study of Fedele et al. (2007). Integrated emissions of BVOCs of E.
sideroxylon were significantly greater than those of the G. robusta presented in Fedele et al.
(2007) . Average integrated emissions of BVOCs of E. sideroxylon and G. robusta leaf mulch
were 2.3±0.6 and 0.38±0.05 mg g-1 DM of mulch material respectively. Average integrated
emissions of BVOCs of E. sideroxylon andG. robustawood chips were 0.05±0.04 and 0.022±
0.002 mg g-1 DM of mulch material respectively. The key differences between these plant
species are that E. sideroxylon has oil storage ducts while Grevillea robusta does not, and the
BVOC emissions from E. sideroxylon are largely plant oils while BVOC emissions from
Grevillea robusta are other compounds. This will be explored further in the following section.

Finally, given some evidence of CH4 emissions from plants living in aerobic conditions
(Keppler et al. 2006), are there indications of significant CH4 production from this tree,
following mechanical wounding? The answer to this question is clearly “no” since any CH4

emissions from the leaf mulch and wood chips from E. sideroxylon examined here, were
below the measured detection limit of 1×10-11 g g-1 DM s-1.

4.2 The composition of BVOC emissions from E. sideroxylon

The identities and fractions of total amount of BVOCs emitted from the leaf mulch and
wood chips are presented in Table 2 along with the fraction that these compounds make up
of plant oils analysed in other studies of E. sideroxylon.

The major BVOCs emitted from mechanical plant wounding captured by the adsorbent
tubes can be classified according to their fractional occurrence (determined semi-
quantitatively). These are: 1,8-cineole (75–88%), acetaldehyde (0–10%), α–pinene (5–6%),
(Z)-3-hexen-1-ol (0–6%),(E)-2-hexenal (2–3%), o-cymene (0–2%), acetone (0–1%) and (Z)–
3–hexenyl acetate (0–0.7%), (Table 2).
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There are four possible processes that could cause the observed emissions of BVOCs.
They are the:

& release of BVOCs that are already stored within the plant material,
& ongoing living processes of the plant material of photosynthesis and/or respiration,
& plant response to the mechanical trauma, and
& death of the plant material.

Each will be discussed in turn.
BVOCs that are already stored in the plant (called both essential oils and plant oils) will

be released to the atmosphere via this mechanical damage to the plant structure. When the
resin ducts, within which the essential oils are stored, are disrupted by mulching, these
compounds are released. In the case of E. sideroxylon var sideroxylon, there is only one
analysis available of the plant oil composition (Bignell et al. 1997) and this was obtained via
freezing, grinding and vacuum distilling the leaves. The major BVOC constituents were: 1,8
cineole (~60%), α-pinene (~14%), limonene (~6%) and bicyclogermacrene (~6%) and the
total oil yield was 0.4% by dry mass. In this study, as shown in Table 2, the major fraction
(80–90%) of BVOCs emitted from mechanical plant wounding of E. sideroxylon, consisted
of mainly 1,8-cineole and α–pinene with some o-cymene (plant oils). As shown in the
previous section, these emissions correspond to the release of about half or more of the plant
oils stored in the leaves.

The emissions of BVOCs as part of the plant wound defence mechanism (Heldt and Heldt
1997; Matsui 2006) includes the compounds (Z)-3-hexenyl acetate, (Z)-3-hexen-1-ol, (E)-2-
hexenal and hexanal. In this study, Table 2, 1 to 10% of the VOC emissions from mechanical
plant wounding came from these stress and wound defence compounds (Z)-3-hexenyl
acetate and (E)-2-hexenal. The SPME analysis would indicate some (Z)-3-hexen-1-ol also.

There is an indication of ongoing metabolic activity in this plant material (after mechanical
wounding) as indicated by approximately 1 to 10% of the plant emissions being acetaldehyde
and acetone.

There is evidence of emissions of nonane and decane in these data. While these
compounds did appear as contaminants in the background chamber measurements, they
were present in higher concentrations in the emission measurements. Savage et al. (1996)
observed alkanes in plant tissue including nonane and undecanes. Isidorov and Jdanova
(2002) observed nonane and decane production in leaf litter.

Some simple organic compounds, described as phytohormones, including ethylene,
jasmonic acid and methyl jasmonate, salicylic acid and methyl salicylate and abscisic acid
are associated with the programmed cell death of leaves (Lim et al. 2007; Trobacher 2009).
However, none of these were detected in this study.

In summary, the major BVOCs (Table 2), emitted in the first hour following mechanical
wounding of the leaves of E. sideroxylon and the plant mechanism associated with them, in
order of decreasing abundance are: (a) compounds arising from plant oils stored in the leaves
and wood, 1,8-cineole, α–pinene and o-cymene, which make up the major fraction of the
emissions, (b) a minor contribution from chemicals associated with environmental stress and
wound defence, (Z)–3–hexenyl acetate, (E)-2-hexenal and (Z)-3-hexen-1-ol, and (c) a
second minor contribution from compounds which are associated with normal plant meta-
bolic processes acetaldehyde and acetone.

The major BVOCs identified in emissions occurring in the first hour following mechan-
ical wounding of plants from other studies are listed in Table 3. It is evident from Table 3 that
following mechanical wounding, for plants with oil storage ducts (eucalypts and pine) the
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major BVOCs released are the plant oils, whereas in grasses, silky oak and poplar, where oil
storage is absent, the emissions are dominated by the wound defence BVOCs. The plant
wound defence mechanism is ubiquitous in plants. Therefore it is reasonable to ask whether
the release (emission) of plant oils substitutes for the emissions of normal wound defence
compounds or whether the two processes are independent. The BVOC wound defence
BVOC emissions from E. sideroxylon are typically 2–10% of the total emissions from
leaves, or 0.04–0.23 mg g-1 DM and from G. Robusta (Fedele et al. 2007) are around
48% or 0.18 mg g-1 DM. Thus it appears that there may be no difference in the emissions of
wound defence BVOCs from a plant either with stored plant oils in the leaves and one
without. The additional emissions from the stored plant oils are 11 times those from the
wound defence mechanism.

Ethanol and acetaldehyde are normally associated with anaerobic glycolysis in plants
(Lehninger et al. 1993). All woody plants examined so far have the capacity to produce
ethanol (Kimmerer and MacDonald 1987). While it is generally thought that ethanol is
metabolized to acetaldehyde within the leaves, Jardine et al. (2009) provided evidence that it
may also be formed from peroxidation reactions with the fatty acids released immediately
after cutting. Ethanol and acetaldehyde made up typically half the BVOCs found in the leaf
mulch and wood chip emissions from Grevillia robusta by Fedele et al. (2007). However,
while acetaldehyde was observed in the emissions from E. sideroxylon, particularly from the
wood chips (Table 2), ethanol was only observed in trace amounts (<1%). Information is
needed on the rate of oxidation of ethanol within various plants before this observation can
be explained.

5 Conclusion

The emissions of BVOCs from mechanically wounded (freshly mulched) Eucalyptus side-
roxylon (red ironbark) leaves and wood have been measured and found to last typically for

Table 3 The dominant BVOCs emitted in the hour following mechanical wounding of different plants

Species Dominant BVOC compounds fraction (%) Reference

E. sideroxylon (leaves) 1,8 cineole 70–90 this work

E. sideroxylon (wood) 1,8 cineole 70–91 this work

Grevillea robusta (leaves) (E)-2-hexenal 15–30 (Fedele et al. 2007)

Grevillea robusta (wood) ethanol 40–60 (Fedele et al. 2007)

Pinus pinea needles limonene ~80 (Loreto et al. 2000)

α-pinene ~10

Pinus ponderosa α-pinene ~7 (Goldstein et al. 2004)

Pinus massoniana α-pinene ~71 (Su et al. 2009)

β-pinene ~14

Populus tremula (Z)-3-hexenyl acetate ~50 (Fall et al. 1999)

Fagus sylvatica

Trifolium repens

Festuca arundinacea (Tall Fescue) (Z)-3-hexenyl acetate 82 (Mayland et al. 1997)

Pinus radiata (Monterey Pine) α-pinene+β-pinene >80 (Juuti et al. 1990)

Lolium perenne (perennial rye grass) (Z)-3-hexenyl acetate 40 (Kirstine et al. 1998)
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1 day following mulching. Mass emissions of BVOCs from leaves and wood chips were
calculated to be 2.3±0.6 and 0.05±0.02 mg g-1 DM of mulch materials respectively. The
most abundant volatile organic compounds released from mulch materials (fractions deter-
mined semi-quantitatively) included: 1,8-cineole (75–88%), acetaldehyde (0–10%), α–pi-
nene (5–6%), (Z)-3-hexen-1-ol (0–6%),(E)-2-hexenal (2–3%), o-cymene (0–2%), acetone
(0–1%) and (Z)–3–hexenyl acetate (0–0.7%). These emissions arise from the release of plant
oils stored in the leaves, the plant wound defence mechanisms and normal metabolic
activity. A compilation of available leaf wounding BVOC emission studies indicates that
for plants with stored plant oils, plant oil emissions dominate, whereas with other plants, leaf
wound defence BVOCs dominate the emissions. For the two comparable studies available,
one of a plant with (this study) and one plant without stored plant oils (Fedele et al. 2007),
the emissions of leaf wound defence BVOCs are in the same range for both plants. The plant
oil emissions, where present, are about a factor of 11 greater than the plant wound defence
BVOCs. These emissions from mechanical wounding represent a currently unaccounted
source of BVOCs in urban air that will contribute to both urban photochemistry and
secondary organic aerosol formation.
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