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Abstract
Volatile organic compounds (VOCs) are released into the atmosphere from numerous
anthropogenic and biogenic sources. Traditionally VOCs have been measured using
offline techniques such as Gas Chromatography-Mass Spectrometry (GC-MS). The
development of the proton transfer reaction mass spectrometer (PTR-MS) has enabled
the online analysis of VOC’s from both biogenic and anthropogenic sources. This
instrument, however, provides little structural information making it impossible to
distinguish between isomeric compounds. Here a range of New-PsychoactiveSubstances (NPS) are analysed using the recently developed Selective Reagent IonTime of Flight-Mass Spectrometer (SRI-ToF-MS) demonstrating its ability to
distinguish between isomeric compounds. This instrument is then applied to the
analysis of biogenic VOCs (bVOCs).

Plants emit a wide variety of VOCs into that atmosphere. These compounds play an
important role in plant communication and defence, with predatory insects making use
of VOC emissions from plants following biotic stress to identify and locate their prey.
iv

This process is termed tritrophic signalling. Ozone will readily react with any bVOCs
containing an alkene functional group, and as many alkenes (primarily monoterpenes
and sesquiterpenes) have been shown to play a significant role in tritrophic signalling
it was hypothesised that ozone may disrupt this signalling.

This thesis investigates the effect of ozone on tritrophic signalling using a Brassica
napus – Myzus persicae – Adalia bipunctata larvae (rapeseed – green peach aphid –
two-spotted ladybird larvae) model system. Plant volatile emission was monitored
using a PTR-MS and SRI-ToF-MS which enabled the better detection and
identification of bVOCs than is possible using a traditional PTR-MS. Following ozone
fumigation of B. napus it was shown that a large number of oxygenated compounds
are emitted by the plant and that the emission of monoterpenes and sesquiterpenes
from a plant chamber is reduced. However, ozone fumigation of the plant leaves was
shown to have no impact on the emission of bVOCs below ground.

Using a Y-tube olfactometer it was shown that ozone at environmentally-realistic
mixing ratios (ca. 100 ppbv) disrupts the ability of M. persicae to locate a host plant.
Ozone was also shown to disrupt tritrophic signalling by inhibiting the location of
prey by A. bipunctata larvae. This disruption in tritrophic signalling was shown to be
caused by degradation of bVOCs via ozonolysis and not changes to bVOC emission
from the plant.

v

Finally fluxes of VOCs above a temperate forest canopy were recorded using PTRMS and a Proton Transfer Reaction-Time of Flight-Mass Spectrometer (PTR-ToFMS) enabling a direct comparison to be made between these instruments during field
scale measurements.

vi
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Chapter I
Introduction

Plants are sessile, so cannot flee in order to avoid attack by harmful organisms. They
have therefore evolved numerous mechanisms by which to defend themselves, the
most obvious of these being the direct, physical, defences offered by the cuticle and
periderm which provide a barrier against ingress by bacteria and fungi. Additional
defences such as thorns and spines can provide protection against herbivorous
vertebrates. As well as physical defences, plants have also developed a plethora of
chemical mechanisms by which to defend themselves. These mechanisms include the
production of a wide range of secondary metabolites such as alkaloids, terpenoids and
glucosinolates which can directly deter or intoxicate herbivores (Fürstenberg-Hägg et
al., 2013; Mithöfer and Boland, 2012). The emission of volatile organic compounds
(VOCs) can also provide the plant with an indirect defence, by attracting a predator or
a parasite of the organism attacking the plant (De Moraes et al., 1998; Heil, 2008;
Kessler and Baldwin, 2001).

The attraction of the predators and parasites of herbivores by biogenically emitted
volatile organic compounds (bVOCs) is termed tritrophic signalling. Following attack
by herbivorous insects bVOCs emissions can occur as a result of constitutive or
induced processes (Maffei et al., 2010). Constitutive bVOCs are stored within the
plant in structures such as glandular trichomes and resin ducts and upon insect feeding
these structures are broken, releasing an immediate burst of compounds into the
1

atmosphere. Induced bVOCs are, however, synthesised de novo within the plant in
response to herbivore attack (Paré and Tumlinson, 1997). The distinct feeding
behaviours of different herbivorous species leads to different contributions of
constitutive and de novo emissions to the total bVOC emission, resulting in the
emission of a unique blend of bVOCs (McCormick et al., 2012) thus enabling
predators to locate their prey. It has been shown that tritrophic signalling can occur
both above and below ground (Kessler and Baldwin, 2001; Rasmann et al., 2005).
Numerous compounds have been shown to mediate this plant-insect signalling,
including monoterpenes, sesquiterpenes, green leaf volatiles such as hexenol and
aromatic compounds such as benzyl cyanide and methyl slicylate (Kessler and
Baldwin, 2001; Rasmann et al., 2005; Pinto et al., 2007).

The emission of bVOCs is widely measured using Gas Chromatography-Mass
Spectrometry (GC-MS) providing high sensitivity and selectivity (Jansen et al., 2011;
Tholl et al., 2006), however, the requirement for sampling prior to lengthy laboratory
analysis introduces a significant time delay. The need to achieve analysis at high time
resolution has led to the development of a range of novel instruments such as E-noses
and biosensors as well as rapid mass spectrometers, for example the proton transfer
reaction - mass spectrometer (PTR-MS). Recent developments in PTR-MS technology
have improved both the mass resolution and sensitivity of the instrument (Jordan et
al., 2009a) and the use of alternative reagent ions has offered an enhanced ability to
identify analyte compounds (Jordan et al. 2009b).

2

Non-methane bVOCs represent a large source of reactive carbon into the atmosphere
with 1015 g emitted globally (Guenther el al., 2012). As well as their ecological role,
these compounds also play an important role in atmospheric chemistry. They
contribute to the formation of secondary organic aerosol and, in the presence of NOx
(NO, NO2 and NO3), can led to ozone formation in the troposphere, thus impacting
upon both climate and local air quality (Atkinson and Arey, 2003a). While the
concentration of ground-level ozone has stabilised in some industrial countries
(Oltmans et al., 2013) concentrations are still increasing in parts of Asia (Fu and Tai,
2015). Given the high reactivity of many bVOCs with ozone, it has been hypothesised
that ozone may disrupt plant-insect tritrophic signalling. This hypothesis is
investigated in detail in some of the following chapters.

In Chapter II the emissions of bVOCs from plants in response to stress and their
impact on tritrophic signalling are reviewed, together with a brief discussion of the
chemistry of bVOCs in the atmosphere. The instrumentation and techniques currently
applied to the measurement and monitoring of bVOC emissions together with their
respective advantages and disadvantages are also discussed.

Chapter III, entitled “The analysis of complex organic compounds using SRI-ToFMS” reports on the application of the recently developed selective reagent ionisation –
time of flight – mass spectrometer (SRI-ToF-MS) to the analysis of a series of
complex organic compounds. This instrument combines the high time resolution and
mass sensitivity of the earlier proton transfer reaction – time of flight – mass
spectrometer (PTR-ToF-MS) with the ability to change the ionisation chemistry
3

within the instrument, thus providing additional structural information on analyte
compounds. This instrument is then applied to the analysis of bVOCs in Chapter IV.

In Chapter IV, entitled “The effect of ozone fumigation on the emission of biogenic
volatile organic compounds (bVOCs) from Brassica napus” the SRI-ToF-MS
instrument detailed in Chapter III is used to study the impact of ozone on bVOC
emissions from oilseed rape (B. napus) plants. Above-ground and below-ground
emissions from B. napus are reported, prior to and during ozone fumigation, with
particular focus on the impact of ozone on both monoterpenes and sesquiterpenes
emissions. The mixing ratios of ozone used in these experiments (~100 ppbv) are
typical of those that occur during summertime photochemical smog episodes in North
America, Europe and Asia.

The effect of ozone on tritrophic signalling is investigated in Chapter V entitled
“Ambient ozone degrades plant volatiles and disrupts tritrophic signalling”. This
chapter builds on Chapter IV to investigate the impact of ozone on herbivore host
location and tritrophic signalling using a B. napus – Myzus persicae – Adalia
bipunctata larvae plant-herbivore-predator model system. Insect decision making is
monitored using a Y-tube olfactometer and bVOC emissions are recorded using PTRMS. This experiment is designed to determine a. whether ozone fumigation disrupts
insect decision making and b. whether disruption is a result of changes in bVOC
emission from the plant or the degradation of bVOCs between the plant and insect.

4

Chapter VI: “Canopy-scale flux measurements and bottom-up emission estimates of
volatile organic compounds from a mixed oak and hornbeam forest in northern Italy”
reports bVOC emission at a field scale in a high ambient ozone environment. This
chapter compares three methods by which bVOC emission can be determined at the
canopy scale: disjunct eddy covariance measurements using PTR-MS, eddy
covariance measurements using PTR-ToF-MS and the up-scaling of leaf level GC-MS
measurements to the canopy scale.

In Chapter VII the general conclusions of this work are discussed bringing together
the research presented in chapters III to VI. The strengths and weaknesses of the
findings are highlighted and potential future avenues of research are discussed.

5

Chapter II

Volatile emission from plants and
their role in the earth’s atmosphere
2.1 Emission of volatiles from vegetation
Vegetation covering the Earth’s surface releases a diverse range of biogenic volatile
organic compounds (bVOCs), the emissions of which are primarily influenced by
sunlight and leaf temperature. However abiotic stresses, for example water availability
and ozone and biotic stresses such as herbivores and pathogens also influence
emissions. These secondary metabolites synthesised by plants have been shown to
have many functions including plant-plant communication (Terry et al., 1995;
Baldwin et al., 2006), attraction of beneficial organisms such as seed dispersers and
pollinators (Pichersky and Gershenzon, 2002; Knudsen et al., 2006), direct defence
(i.e. deterring or harming an attacker) (Pichersky and Gershenzon, 2002; Arroyo et al.,
2007), indirect defence (i.e. attracting a predator of an attacker) (Dicke et al., 1990;
Turlings et al., 1990; Kessler and Baldwin, 2001; Pichersky and Gershenzon, 2002)
and mediating the effects of abiotic stresses (Tingey et al., 1980; Sharkey and
Singsaas, 1995; Loreto et al., 2006; Sharkey et al., 2008; Holopainen and Gershenzon,
2010). The physiochemical properties of these compounds suggest that bVOC
emissions are likely to increase in the future in response to climate change because of
their volatile nature and as a result of increased rates of synthesis (Laothawornkitkul
et al., 2009; Peñuelas and Staudt, 2010).
6

Isoprene is the predominant bVOC emitted by plants into the atmosphere with 500600 × 1012 g C emitted each year (Arneth et al. 2008; Guenther et al. 2012). In
addition to isoprene a wide variety of other bVOCs are released into the atmosphere,
with major chemical groups including terpenoids, aromatics, alcohols, aldehydes,
ketones, esters, alkanes and alkenes (Kesselmeier and Staudt, 1999; Knudsen et al.,
2006; Pichersky et al., 2006; Maffei, 2010). Representative structures of the major
classes of bVOCs emitted by plants in response to stress are displayed in Fig. 2.1.

7

Figure 2.1 Representative structures of some of the major classes of stress-induced
bVOCs

8

2.2

Role of bVOCs in tropospheric chemistry

Due to the high levels of bVOC emission into the atmosphere (ca. 10 15 g year-1
(Guenther et al., 2012)) and their high reactivity bVOCs play a significant role in the
chemistry of the troposphere. bVOCs have lifetimes in the troposphere ranging from
minutes to days (Atkinson and Arey, 2003a) depending on their reactivity with respect
to NO3, O3 and the OH radical. The fate of VOCs in the troposphere is summarised in
Fig. 2.2. The formation of two products of bVOC reactions in the troposphere known
to have important impacts on the climate and local air quality, secondary organic
aerosol (SOA) and tropospheric ozone, are discussed in sections 2.2.1 and 2.2.3
respectively.

Figure 2.2. A schematic overview of the chemistry of VOCs in the troposphere.

9

2.2.1 Secondary organic aerosol (SOA) formation
The oxidation of bVOCs in the atmosphere by NO3, O3 or OH leads to the formation
of a wide range of low volatility oxygenated species. Recent chamber experiments by
Ehn et al. (2014) demonstrated that the oxidation of the monoterpene α-pinene causes
the formation of large quantities of extremely low volatility organic compounds
(ELVOCs). These compounds can then play an important role in aerosol formation
(Kulmala et al., 2013) and growth through condensation onto aerosol surfaces
(Kulmala et al., 2013; Ehn et al., 2014). Lee et al. (2006) investigated the yield of
SOA from the ozonolysis of ten different terpenes observing yields of SOA in the
range 1 to 54 %.

Aerosol plays a key role in many atmospheric processes; providing a site for
heterogeneous reactions, acting as cloud condensation nuclei and absorbing and
scattering radiation (Hallquist et al., 2009; Monks et al., 2009). Aerosols, therefore,
have a significant impact upon both atmospheric chemistry as well as climate through
their contribution to radiative forcing (IPCC, 2007).

2.2.2 Tropospheric ozone formation
Ozone is formed in the troposphere by the photolysis of NO2:

(1)

(2)
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where M represents another molecule, normally N2 because of its overwhelming
abundance in the atmosphere. In the presence of VOCs, NO2 can be reformed by the
reaction of NO with

and

radicals formed by the oxidation of VOCs:

(3)

(4)

therefore resulting in the net production of ozone (Atkinson and Arey, 2003a).
Tropospheric ozone concentrations in industrialised countries have stabilised recently
due to enhanced control of ozone precursor (NOx (NO and NO2) and VOCs)
emissions (Parrish et al., 2012; Oltmans et al., 2013), however in high pollution
episodes such as the 2003 European heat wave ozone mixing ratios can reach ca.
200 ppb (Royal Society, 2008). In some parts of the world, for example East Asia,
ozone concentrations in the troposphere may still be increasing (Fu and Tai, 2015).
Tropospheric ozone is an important atmospheric pollutant with substantial impacts on
human health, for example contributing to ca. 21000 premature deaths in the European
Union each year (Royal Society, 2008). Ozone may also impact upon crop yields
(Ashmore, 2005) with an estimated $14 – 26 billion in global yield losses in the year
2000 (Royal Society, 2008).
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2.2.3 The reaction of ozone with bVOCs
In the troposphere ozone reacts with bVOCs leading to the rapid loss of many
compounds directly emitted by plants. The lifetime of bVOCs with respect to ozone in
the atmosphere ranges from years for simple oxygenated compounds such as methanol
and acetone to minutes for large hydrocarbons such as the sesquiterpene βcaryophyllene (Atkinson and Arey, 2003a). bVOCs are also oxidised through reaction
with OH radicals, the lifetime of bVOCs with respect to OH radicals ranges from days
for small oxygenated compounds to tens of minutes for large hydrocarbons like
sesquiterpenes (Atkinson and Arey, 2003a). Ozone reacts rapidly with molecules
containing an alkene functional group via the mechanism proposed by Criegee (1975).
In this reaction ozone reacts with the carbon-carbon double bond leading to the
formation of a primary ozonide. This primary ozonide then rapidly decays to form an
energy rich Criegee intermediate and a carbonyl compound. The Criegee intermediate
may be then be collisionally stabilised, or, in the case of dialkyl and synmonosubstituted substituted Criegee intermediates, decay to OH and a substituted
alkyl compound and in case of unsubstituted and anti-monosubstituted Criegee
intermediates decompose to CO2 and RH (Kroll et al., 2001; Atkinson and Arey,
2003a). As many bVOC species contain alkene functional groups (Fig. 2.1) the
reaction of ozone with these compounds leads to the rapid oxidation of many bVOCs
in the atmosphere.
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2.3

bVOC emissions from plants in response to stress

2.3.1 bVOC emissions from plants in response to abiotic stress
bVOC emissions from plants have been shown to change in response to abiotic
stresses such as drought, flooding, ozone, transient high temperature and changes in
light level. The emission rates of many bVOCs have been shown to increase
exponentially with temperature as enzyme activities rise and bVOC vapour pressures
are increased (Tingey et al., 1980; Peñuelas and Llusià, 2001). High light intensity
increases the rate of photosynthesis which in turn increases the rate of bVOC emission
as many non-stored bVOCs require photosynthetic products for their synthesis
(Peñuelas and Llusià, 2001). Whilst the effect of light and temperature on bVOC
emission has been investigated, there is limited data available on their influence on
many major agricultural crop species. Schuh et al. (1997) investigated the effect of
temperature and light on bVOC emission from sunflowers, demonstrating an increase
in bVOC emissions (isoprene and monoterpenes) in response to increasing light and
temperature. Maes and Dedergh (2003) established that continuous light induced the
continuous emission of the sesquiterpene α-copaene from tomatoes.

Ozone stress has been particularly widely studied because of its ubiquitous presence
as a ground level air pollutant (Laothawornkitkul et al., 2009). Ozone pollution causes
oxidative stress and is known to have an adverse effect on crop yields (Ashmore,
2005). Much of this work has focussed on tree species (Heiden et al., 1999; Llusià et
al., 2002; Vuorinen et al., 2005; Fares et al., 2010) because of their large contribution
to total bVOC emissions, but the effects of ozone on bVOC emissions from a range of
crop plants has also been investigated. bVOC emissions and ozone effects have been
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reported from lima beans (Vuorinen et al., 2004), maize (Heiden et al., 2003; Wildt et
al., 2003), canola (Wildt et al., 2003) tomato (Heiden et al., 2003) and sunflower
(Heiden et al., 2003; Wildt et al., 2003).

Investigations into the effect of ozone on the emission of isoprene have shown
conflicting results with Fares et al. (2006) reporting an increase in isoprene emission
following ozone exposure, whilst Ryan et al. (2009) and Fares et al. (2010) observed a
decrease or no significant effect. The effect of ozone on the emission of monoterpenes
has been shown to vary between species and time of year (Llusià et al., 2002;
Vuorinen et al., 2005). However, ozone has been shown to enhance the emissions of a
wide variety of compounds include methyl salicylate, sesquiterpenes (Heiden et al.,
1999), homoterpenes (Vuorinen et al., 2004) and a range of C6 to C10 aldehydes
(Wildt et al., 2003).

Lack or excess of water is known to affect bVOC emissions from plants with changes
in emissions having been reported in tree species in response to both flooding
(Copolovici and Niinemets, 2010) and drought (Fang et al., 1996; Brüggemann and
Schnitzler, 2002; Pegoraro et al., 2004; Plaza et al., 2005; Rennenberg et al., 2006;
Ormeño et al., 2007). In response to water logging Copolovici and Niinemets (2010)
reported increased emissions of ethanol and products of the lipoxygenase pathway
initially, followed by a full for partial recovery. The effect of drought on bVOC
emissions has been more widely studied than flooding with a decrease in isoprene
emission following drought observed in a number of studies (Fang et al., 1996;
Brüggemann and Schnitzler, 2002; Pegoraro et al., 2004). The effect of drought on
monoterpene emissions varies between species with both increases and decreases
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observed following drought (Rennenberg et al., 2006; Ormeño et al., 2007). The threat
of climate change has led to increased research into agricultural plants’ responses to
drought (Chaves and Davies, 2010) but there has been little research published on the
effect of flooding or drought on bVOC emissions from significant crop species. Use of
the term bVOC here excludes ethylene (for reasons described below) which is known
to be intimately involved in such responses and for which there is wealth of
supporting literature.

Other abiotic factors which have been shown to affect the bVOC emissions from
plants include soil nutrient availability and the application of agrochemicals.
Herbicides such as paraquat have been shown to induce the emissions of
isothiocyanates from model plant species (Vercammen et al., 2001) but there is no
literature detailing the effect of pesticides on bVOC emissions.

Soil nutrient

availability has been shown to have some effect on emissions from wheat plants
(Szpeiner et al., 2009). This investigation used an e-nose to distinguish between
different soil and herbivore treatments but volatile identification was not possible.
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2.3.2 The effect of biotic stress on bVOC emissions and tritrophic
signalling
After attack by a herbivore or pathogen there is an immediate release of a range of
bVOCs into the atmosphere (Dudareva et al., 2006), from a variety of plant structures.
In many species bVOCs, particularly terpenoids, are synthesised and stored in resin
ducts or glandular trichomes (Maffei, 2010). These stored bVOCs are released into the
atmosphere when the structure is damaged, providing direct and indirect defence
against feeding herbivores (Kessler and Baldwin, 2001; Unsicker et al., 2009). As
with stored terpenoids, green leaf volatiles (GLV), a family of compounds
predominantly consisting of isomers of hexenol, hexenal and hexenyl actetate, are
released rapidly following plant damage (Dicke, 2009). These compounds are
produced by lipoxygenase activity and make up the smell of freshly cut grass (Maffei,
2010). A study into the effect of these compounds on Colletotrichum acutatum
demonstrated an inhibition of mycelial growth upon exposure to hexanal and (E)-hex2-enal and that some effect may also be shown by hexanol, (Z)-hex-3-enol and (E)hex-2-enol (Arroyo et al., 2007).

As well as emissions from pools of stored compounds, it has been shown that
synthesis of bVOCs can be induced by exposure to biotic stresses (Paré and
Tumlinson, 1997) and even herbivore egg deposition (Hilker and Meiners, 2006).
bVOCs such as indole and some acyclic terpenes and homoterpenes have been shown
to be synthesised de novo with emissions occurring after a lag time of up to a day after
insect feeding (Paré and Tumlinson, 1997). Unlike the release of stored compounds,
emissions of induced compounds require the recognition of an attacking insect and
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often occur systematically throughout the whole plant rather than just at the wounding
site (Maffei, 2010).

Most research reporting bVOC emissions from plants focuses primarily on terpenoids,
green leaf volatiles, polar molecules such as methanol and other relatively large or
polar species. This is a result of a greater interest in the role of these species in
atmospheric science and the development of analytical technologies optimised for
isoprene and monoterpenes. For example proton transfer reaction-mass spectrometry
would not usually detect ethylene as it has a lower proton affinity than water (although
it has been shown by Soukoulis et al. (2012) that ethylene can be detected via a charge
transfer reaction in the presence of O2+). As a result several stress-induced compounds
which should fall under the definition bVOC, notably ethylene, are seldom reported in
literature focusing on bVOC emission. Ethylene is a plant hormone responsible for the
regulation of many plant metabolic processes and is emitted in response to both biotic
and abiotic stress (Bari and Jones, 2009; Bleeker and Kende, 2000).

Variations in the emissions of bVOCs in response to biotic stresses have been shown
to be dependent on the plant structures damaged by pest/disease attack. For example
Jansen et al. (2009) demonstrated that stroking the stems of tomatoes resulted in the
emission of a range of terpenes from trichomes whereas side shoot removal lead to an
increase in the emission of green leaf volatile species caused by damage to cell
membranes. As different species of insect and pathogen have different modes of
attack, different plant structures will be damaged in different ways, potentially
inducing the emission of a unique bouquet of bVOCs.
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There is now a significant body of evidence which demonstrates that insects are able
to make use of bVOC patterns emitted by healthy and biotically stressed plants to
locate suitable hosts and prey from a complex background bVOC emission caused by
abiotic stresses and neighbouring plant species (Quiroz et al., 1997; Krieger and
Breer, 1999; Dicke and van Loon, 2000; Dicke, 2009; McCormick et al., 2012). In
addition, such volatile blends ensure that herbivorous insects can actively avoid nonhost species or nutritionally inferior plants, e.g. plants already harbouring significant
numbers of insects, and avoid consequential inappropriate behaviour such as egg
laying (Bruce and Pickett, 2011). Exposure to blends of bVOCs induces stronger
insect behavioural responses than individual compounds, and if the ratio between the
compounds is altered, an attractive blend of bVOCs can become less attractive or even
repellent (Visser and Avé, 1978; Bruce et al., 2005; Bruce and Pickett, 2011). Despite
the specificity of bVOC blends it has been shown that there is a degree of flexibility in
the signal, some compounds are essential for the signal and others can be omitted or
substituted with little effect on signalling (Cha et al., 2008; Bruce and Pickett, 2011).
The essential component of the volatile signal is not necessarily the most abundant in
a blend - indeed the volatile that conveys most information to the insect detector can
be quite a minor component.

2.3.3 The effect of multiple stresses
Plants are rarely exposed to one stress in isolation, and in the real world they are likely
to be exposed to multiple stresses simultaneously. For predatory insects reliant upon
identifying the specific cause of plant stress in order to locate their prey this presents a
challenge, as many plant species emit the same bVOC species in response to both
biotic and abiotic stress (Heiden et al., 2003). The research that has been carried out
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into the effect of multiple stresses on plant volatile emissions has been reviewed by
Holopainen and Gershenzon (2010). The effect of a range of abiotic stresses on plants
exposed to both true biotic (Ibrahim et al., 2008; Himanen et al., 2009; Winter et al.,
2012) and ‘artificial’ biotic stress mimicked by wounding and exposure to one of
caterpillar regurgitant (Gouinguene andTurlings, 2002), volicitin, jasmonic acid or
ethylene (Schmelz et al., 2003), have been investigated. It has been shown that
nutrient level (Schmelz et al., 2003; Ibrahim et al., 2008), high copper concentrations
(Winter et al., 2012) and elevated carbon dioxide and ozone (Himanen et al., 2009) all
affect emissions in response to biotic stress. Gouinguené and Turlings (2002) found
that soil humidity, temperature, light and fertilization rate influenced both the quantity
and, significantly, the relative ratios of the compounds emitted from maize plants
exposed to artificially replicated caterpillar feeding. Such a change in the ratio of
compounds emitted introduces additional complexity into plant – insect signalling.

Research into the effect of multiple biotic stresses has focused on maize (Rostás et al.,
2006; Rasmann and Turlings, 2007; Erb et al., 2010). Rostás and co-workers (2006)
demonstrated that when challenged by fungal infection (Setosphaeria turcica) the
volatile emissions from maize plants subject to herbivory (Spodoptera littoralis) were
reduced by 47 % but that the parasitoids Cotesia marginiventris and Microplitis
rufiventris responded equally well to herbivore-damaged and fungus-herbivoredamaged plants. With respect to combined attack from multiple herbivores to either
the root and leaves (Rasmann and Turlings, 2007) or different leaves on the same
plant (Erb et al., 2010) it was shown that despite multiple biotic stresses altering the
bVOC emission from maize, tritrophic signalling continued to function. Other studies
indicate that the effect on volatile emission of infestation by two differing pest species
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may be a reduction (Rodriguez-Saona et al., 2003) or an increase (Moayeri et al.,
2007) in emission using cotton or pepper plants respectively.

2.3.4 The effect of ozone on tritrophic signalling
In response to ozone, some tritrophic systems have been shown to be robust and to
continue to function despite the effects of multiple stresses. Vuorinen et al. (2004)
demonstrated that both ozone and two-spotted spider mites (Tetranychus urticae)
induced the emission of the homoterpenes (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT)
and (E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene (TMTT) from lima beans but that
predatory mites (Phytoseiulus persimilis) could distinguish between infested and
uninfested plants when both were exposed to ozone.

As well as affecting bVOC emissions from plants, abiotic factors such as ozone
concentration also influence the lifetime of primary bVOCs in the atmosphere. It has
been shown for both lima bean and cabbage that while enhanced ozone levels degrade
terpenes and green leaf volatiles in the head space above herbivore infested plants,
other bVOCs such as methyl salicylate were not significantly reduced and tritrophic
signalling was not disrupted (Pinto et al., 2007a; Pinto et al., 2007b). Owing to the
stability of these compounds in the presence of ozone, host location by the parasitic
wasp Cotesia plutellae has been shown to be unaffected by ozone both at the
laboratory and field scales (Pinto et al., 2007a; Pinto et al., 2007b; Pinto et al., 2008).
However, both plant–plant and plant–pollinator communications have been shown to
be disrupted by ozone exposure (Blande et al., 2010; Farre-Armengol et al., 2015).
These data underpin the notion that key volatiles in a mixture mediate the plant–insect
or tritrophic interaction and those systems dependent on bVOCs which are more
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sensitive to ozone may be at greater risk of disruption under elevated ozone
concentrations.

The disruption of plant-insect signalling could also impact upon a number of
integrated pest management (IPM) strategies. IPM strategies are agricultural
techniques developed in order to minimise agricultural pesticide requirements through
the complementary adoption of alternative methods to control pests, diseases and
weeds. While many IPM strategies are unaffected by changes in plant volatile
emissions the use of push – pull and VOC monitoring systems could be significantly
inhibited. Push – pull strategies are crop protection strategies which aim to manipulate
the behaviour of insect pests and their natural enemies by the integration of stimuli
with the protected crop which deter pests (push) while luring them towards an
attractive source (pull). While some systems make use of visual stimuli, many are
dependent on olfactory stimuli such as the aphid alarm pheromone (E)-β-farnesene
(Cook et al., 2007; Khan et al., 2010) making them sensitive to ozone-induced
disruption to plant–insect communication. VOC monitoring strategies in the context
of IPM work by eavesdropping upon tritrophic communication to enable targeted, and
therefore reduced, pesticide application (Laothawornkitkul et al., 2008; Jansen et al.,
2011). The loss of key bVOCs by ozonolysis or changes in the emission of bVOCs in
response to oxidative stress could significantly hamper the application of this
developing technology.
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2.4

Measurement of bVOCs

The instrumentation and experimental techniques commonly used to detect bVOCs in
the atmosphere has already been comprehensively reviewed (e.g. Tholl et al., 2006;
Ortega and Helmig, 2008; Zhang and Li, 2010). This section is not therefore designed
to discuss every aspect of the detection of VOCs but is instead focussed on the
application of these instruments to the detection of biotic and abiotic stresses in plants
and the relative advantages and disadvantages of different analytical methods.

2.4.1 Instrumentation
Gas liquid chromatography (GC) coupled with either mass spectrometry (GC-MS) or
flame ionisation detection (GC-FID) is the most widely applied method for the
detection of VOCs released from plants in response to both biotic and abiotic stresses
(Sankaran et al., 2010; Jansen et al., 2011). Sample collection methods vary but the
general principle is as follows. A VOC sample is trapped onto an adsorbent allowing
the VOC to be concentrated prior to analysis; the trapped VOCs are then released by
solvent extraction or by thermal desorption. The gas chromatograph then separates
compounds based on their affinity for a stationary phase, a polymer on an inert
support, and a mobile phase, usually an inert gas such as helium, thus allowing the
compounds to enter the detector individually. Once separated, the compounds are
identified using one of a range of detectors, the two most commonly used for plant
volatile analysis being FID and MS. FID has traditionally been used because of its
wide linear dynamic range, stable response, and high sensitivity with limits of
detection in the 10-15 – 10-12 g range (Tholl et al. 2006). Increasingly, MS is becoming
the preferred method of detection because of its high sensitivity with limits of
detection now also possible in the 10-15 - 10-12 g range and because the observed
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molecular fragmentation patterns provide the structural information needed to aid
compound identification.

The principle disadvantages of GC-MS when compared to the other analytical tools
discussed below is that conventional GC-MS instruments are delicate and expensive,
and the analysis of results requires skilled operatives. The time delay inevitable
between the collection of a sample and full data analysis makes the GC-MS less
suitable for monitoring bVOC emissions and reactions at high time resolution in the
laboratory and field. Despite these hurdles, advances in the portability and automation
of instruments are beginning to make the use of GC-based methods in the field a
possibility (Kunert et al., 2002; Smith et al., 2005; Su et al., 2008). The widespread
use of GC-MS for the detection of bVOCs emitted from plants has led to the use of
GC-MS as a standard method to which other instruments are compared
(Laothawornkitkul et al., 2008; Kajos et al., 2015). Due to the structural information
provided by GC-MS this technique is often used to support analysis by high time
resolution

instruments (Schaub et

al.,

2010;

Kreuzwieser

et

al.,

2014).

Notwithstanding this, GC-FID is also often used to complement GC-MS methods.

Differential mobility spectrometry (DMS) and field asymmetric waveform ion
mobility spectrometry (FAIMS) separate ions on the basis of their differing mobilities
in high and low electric fields. These technologies has been applied either alone, or
with gas chromatography or mass spectrometry, to the analysis of chemical weapons,
explosives,

pharmaceuticals,

pollutants

and

biologically

active

molecules

(Guevremont, 2004; Kolakowski and Mester, 2007; Kanu, et al., 2008). A miniature
spectrometer based around this technology has been described by Wilks et al. (2012);
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coupled with gas chromatography (GC-FAIMS) this instrument has been shown to
detect volatiles emitted from wooden panels at ppb concentrations showing the
potential of this technology to detect blends of biogenic molecules (Schumann et al.,
2012). Zhang and co-workers (Zhang et al., 2011) used a Lonestar FAIMS device in a
short study to observe the gradual development of powdery mildew in tomatoes but it
has yet to be shown that a DMS or FAIMS device can successfully distinguish
between stresses in plants.

Electronic noses (e-noses) make use of an array of sensors in an attempt to mimic a
mammalian nose. A basic e-nose consists of an array of chemical sensors which
undergo a reversible chemical interaction when exposed to gaseous chemicals (VOCs)
altering the physical properties of the sensor (e.g. electrical properties, mass, colour or
temperature) indicating the presence of the VOC (Wilson and Baietto, 2009). This
gives a signal which corresponds to one particular VOC finger print e.g. a healthy
plant, and using statistical methods (Ghaffari et al., 2010; Sankaran et al., 2010) this
can be distinguished from the signal produced as a result of exposure to VOCs emitted
by a plant under biotic stress. Therefore whilst plant stress can be identified, the
individual compounds emitted by the plant cannot be identified. For a detailed
description of the operating principles and alternative applications of e-noses see
Arshak et al., (2004) and Wilson and Baietto (2009).

E-noses have limits of detection in the range of ca. 10-6 as a volume mixing ratio (i.e.
ppmv, rather than ppbv; Zhou & Wang 2011) making them less sensitive than
chromatographic and mass spectrometric methods. Despite this, they are used in a
wide variety of industries because they are comparatively cheap and portable. These
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attributes have increasingly led to them being applied to the detection of plant stress.
For example Laothawornkitkul et al. (2008) and Ghaffari et al. (2010) have both
shown the potential of e-noses to distinguish between healthy and infected tomato
plants, and Zhou and Wang (2011) were able to distinguish between rice plants with
different types of damage. To improve the limits of detection they have also been used
in combination with pre-concentration followed by chromatography (Kunert et al.,
2002; Miresmailli et al., 2010).

Biosensors are chemical sensors which make use of the high sensitivity of biological
components. A generic biosensor is made up of a biological component (e.g. enzymes,
antibodies, nucleic acid, microorganism and cells) responsible for chemical detection,
connected to an electronic component which transforms the chemical signal produced
by the biological component into an electrical signal (Sevonkaev and Katz, 2008). It
has been proposed that small, low cost biosensors could play a significant role in the
detection of plant diseases due to their ability to provide on-line measurements
(Velasco-Garcia and Mottram, 2003). Whilst biosensors have been used to detect
VOC emissions associated with plant stress, for example Schütz et al., 1999 used a
biosensor to detect potato tubers infected with Phytophthora infestans, with the
possible exception of DMS and FAIMS they have received far less attention than the
other instruments discussed here.

The analytical method most widely used for the detection of bVOCs is now proton
transfer reaction-mass spectrometry (PTR-MS). Increasingly proton transfer reactiontime of flight-mass spectrometry (PTR-ToF-MS) is also becoming applied as well
(Fig. 2.3). PTR-MS and PTR-ToF-MS are widely used in the atmospheric chemistry
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community to measure concentrations of VOCs in the atmosphere due to their ability
to provide real time measurements of concentrations in the 10-9 - 10-12 volume mixing
ratio range (Lindinger et al., 1998a; Lindinger et al., 1998b; Hayward et al., 2002;
Hewitt et al., 2003; Blake et al., 2009).

Figure 2.3 Schematic representations of the PTR-MS (top) and the PTR-ToF-MS
(bottom). HC represents hollow cathode and DT represents drift tube.
PTR-MS has been thoroughly reviewed (Blake et al. 2009) so the operating principle
will only be briefly described here. H3O+ ions are formed from water in the hollow
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cathode ion source, these ions then enter the drift tube where they undergo a proton
transfer reaction with any molecule with a proton affinity greater than water (166.5
kcal mol-1 (Lindinger et al., 1998b)). Most organic molecules (represented by R in
equation 1), with the exception of most alkanes, have a proton affinity greater than
this so they react as shown in equation 5, the principle components of air have a lower
proton affinity than water so act as a buffer gas.

(5)

Fragmentation within the drift tube is controlled by the ratio of the electric field
applied across the drift tube and the buffer gas number density (E/N). The E/N is
usually controlled so that both fragmentation and cluster formation within the drift
tube is minimised. This generally corresponds to an E/N value within the range 120 –
130 Td (1 Td = 10-21 V m-2). Increasing or decreasing the E/N, leading respectively to
an increase in fragmentation or an increase in cluster formation can, however, provide
valuable structural information.

Upon leaving the drift tube the ionised molecules then enter a quadrupole mass filter
which selects molecules on the basis of their mass to charge ratio prior to detection.
The proton transfer reaction is a form of chemical ionisation, this can be thought of as
a soft method of ionising molecules so that fragmentation is reduced, simplifying the
observed mass spectrum. Unlike GC-MS, in PTR-MS the sample does not require preconcentration or separation prior to detection, enabling it to provide real time
measurements of VOC emission from plants. As a result of this PTR-MS has become
widely used for high time resolution bVOC measurements such as recording fluxes of
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VOCs (Davison et al., 2008; Müller et al., 2010) and wounding events (Peñuelas et al.,
2005; van Dam et al., 2012).

At field scale PTR-MS and PTR-ToF-MS have been used to monitor bVOC emissions
during high stress events such as grazing by large herbivores (Bartolome et al., 2007)
and harvesting (Ruuskanen et al., 2011). Research at plant and branch scale has shown
the potential of PTR-MS to detect smaller stress events. Both PTR-MS and PTR-ToFMS have been shown to be effective in the detection of plant wounding (Fall et al.,
1999; Brilli et al., 2011) and it has been used to detect plant response to insect feeding
(Peñuelas et al., 2005; von Dahl et al., 2006; Danner et al., 2012). Schaub and coworkers (2010) used PTR-MS to monitor real time VOC emissions from Populus
tremula L. × P. tremuloides showing that the VOC emissions released in response to
insect feeding were quantitatively and qualitatively different to emissions in response
to wounding.

The principal disadvantage of PTR-MS when compared with GC-based methods is
that the identification of an analyte is solely reliant upon the protonated parent ion or,
in some cases, a principal fragment ion at unit mass resolution. It is therefore
impossible to separate isobaric compounds. Maleknia and co-workers (2007)
evaluated the PTR-MS analysis of the major classes of plant-emitted VOCs and
concluded that the ions formed were not simply MH+ but that proton-bound clusters
and fragmentation ions were formed, highlighting the difficulty of using this technique
alone for VOC identification. For this reason, the complementary use of GC-FID or
GC-MS to provide uambiguous compound identification is essential. The
development of the time-of-flight variant of PTR-MS (PTR-ToF-MS) overcame this
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issue, operating at a mass spectral resolution > 5000 m/Δm, thereby enabling the
separation of isobaric compounds and the identification of the analytes molecular
formula. Additional advantages of the time of flight mass spectrometer as opposed to
the quadruple mass spectrometer used in the PTR-MS are the ability to analyse the
entire mass range with a very short response time (ca. 100 ms) and with a much higher
degree of sensitivity at high masses (>~150 mass units; Jordan et al., 2009a; Müller et
al., 2010) allowing a much wider spectrum of compounds to be monitored. However,
in order to determine the structural formula of a molecule a chromatographic method
is still required.

An additional disadvantage of PTR-MS is that only compounds with a hydrogen ion
affinity greater than that of water will be protonated in the instrument. Hence some
potentially important compounds, including for example ethylene, do not undergo
proton transfer reactions so cannot be detected. This problem has been at least
partially overcome by the recently developed selective reagent ion – time of flight –
mass spectrometer (SRI-ToF-MS) which allows ionisation with O2+, NO+ or Kr+ in
addition to H3O+, hence enabling the analysis of a greater variety of analyte
compounds and the identification of functional groups (Jordan et al., 2009b; Sulzer et
al., 2012a). For example Soukoulis et al. (2012) demonstrated that the use of O2+ as a
reagent ion enabled the detection of ethylene. In the field this instrument operated
using NO+ as the reagent ion has enabled the separation of isoprene and 2-methyl-3buten-2-ol (MBO) (Karl et al., 2012). The principle mass spectral fragment formed
following the ionisation of MBO with H3O+ is C5H9+ making it indistinguishable from
isoprene. When both species are ionised using NO+ isoprene undergoes charge
transfer giving a mass spectral peak at C5H8+ and MBO undertakes hydroxide ion
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transfer leading to the formation of a mass spectral peak at C5H9+ thus enabling the
two compounds to be separated. As with chromatographic techniques both PTR-MS
and SRI-MS instruments are costly and the analysis and interpretation of results
requires highly skilled operatives.

2.5

Measurement of bVOC fluxes

Chemistry in the lower atmosphere is largely driven by the emission and deposition of
trace gases from the earth’s surface (Monks et al., 2009). In order to understand
chemistry in the lower atmosphere it is important that fluxes of trace gases can be
quantified. Fluxes of bVOCs can be recorded at a canopy or regional scale through
“top down” and “bottom up” measurements. The “bottom up” approach is carried out
by up scaling branch or plant scale measurements to a regional or canopy scale using
models such as the Model of Emissions of Gases and Aerosols from Nature
(MEGAN) developed by Guenther et al. (2006). “Top down” measurements are
performed using remote sensing or micrometeorological techniques. In Chapter VI
“bottom up” measurements are compared with “top down” micrometeorological
measurements made using virtual disjunct eddy covariance (vDEC) measurements
recorded using a PTR-MS.

2.5.1 Eddy covariance
Eddy covariance is the most direct and one of the most widely applied techniques for
the measurement of atmospheric fluxes (Burba, 2013) and is based upon the recording
of turbulent transport. Atmospheric turbulence is the principle transport mechanism in
the planetary boundary layer (PBL). Eddies are formed within the PBL by wind shear
and these eddies can vary greatly in size from greater than 1 h to less than 0.1 s.
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Molecules, aerosol particles and heat momentum are all transported in the PBL by the
random motion of these eddies. By recording, at a high frequency, both the mixing
ratio of the species of interest (χ) and the vertical wind speed (w) over time (t) the
vertical flux of the species of interest can be determined (Aubinet et al., 2012). Due to
the random nature of eddies measurements are typically averaged over a period of ca.
30 min to ensure that the flux contribution from low frequency eddies are captured
within the averaging period.

The principle disadvantage of direct eddy covariance is the requirement for a very
high (ca. 10 Hz) measurement response time. Vertical wind speed and concentration
measurements must be made at a frequency sufficient to resolve all the turbulent
eddies contributing to the flux (McMillen, 1988). In order to capture high frequency
eddies sensors must, therefore, be able to record at ca. 10 Hz. The PTR-ToF-MS is
capable of operating that these frequencies so may be used for direct eddy covariance
measurements. Prior to the development of the PTR-ToF-MS disjunct and virtual
disjunct eddy covariance systems were developed to enable eddy covariance VOC
flux measurements to be made using PTR-MS. Another disadvantage of direct eddy
covariance measurements is the large volumes of data generated over short
measurement periods making data storage and processing challenging.

2.5.2 Disjunct and virtual disjunct eddy covariance
During eddy covariance measurements air is sampled continuously, however, fluxes
can be calculated using a subset of this time series. It is therefore possible to rapidly
trap air samples for analysis at comparatively large time intervals (Rinne et al., 2001).
This leads to the formation of a discontinuous time series but each point still represent
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a fast response measurement. Instruments operating at a lower time resolution, such as
the PTR-MS can then be used to record VOC concentrations within the trapped
samples. By combining this, disjunct, concentration data set with high resolution
vertical wind velocities the VOC flux can be calculated in the same manner as in
direct eddy covariance measurements. This method is termed disjunct eddy covariance
(Rinne et al., 2001). Grabmer et al. (2004) compared this technique to relaxed eddy
accumulation and enclosure measurements at field scale concluding that the disjunct
eddy covariance flux measurements compared well with fluxes calculated using
established techniques.

Virtual disjunct eddy covariance is a variation of the disjunct eddy covariance method
described by Rinne et al. (2001). This method was first applied to VOC flux
measurement by Karl et al. (2002) above a subalpine forest. The virtual disjunct eddy
covariance system removes the need for a garb sampling system. Instead air is purged
continuously through the PTR-MS and the time interval between measurements is
controlled by the dwell time of the PTR-MS’s quadruple mass analyser. This leads to
a virtually disjunct concentration data set which may be treated in the same manner as
the disjunct eddy covariance data set. As the virtual disjunct eddy covariance system
does not require air samples to be trapped prior to analysis this leads to a much
simpler inlet system.
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Chapter III
The analysis of complex organic
compounds using SRI-ToF-MS

This chapter aims to investigate the impact of changing the drift tube energy and
ionisation chemistry on the ionisation and fragmentation of a range of complex
organic molecules using the recently developed selective reagent ionisation - time of
flight - mass spectrometer (SRI-ToF-MS). Ten new psychoactive substances (NPS)
were used to study ionisation within the SRI-ToF-MS as the detection of these
compounds is highly topical and they provide a structurally diverse group of
compounds to study. The effect of the chemical ionisation of a range of NPS using the
reagent ions H3O+, NO+, O2+ and Kr+ on the formation of mass spectral fragments and
clusters in the E/N (the ratio of the electric field, E, to the buffer gas number density,
N) range 85-225 Td (45-115 Td when using Kr+) was investigated. It was also
demonstrated that by changing the ionisation chemistry two isomeric species could be
separated. The findings presented here, while focused on NPS, can equally be applied
to biogenically emitted compounds.

This work is presented as two papers. The first was submitted to the International
Journal of Mass Spectrometry on the 23th October 2013, accepted for publication on
the 13th December and published online on the 22th December. The second was
submitted to Journal of Mass Spectrometry on 6th June 2013, accepted for publication
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Abstract
The rapid expansion in the number and use of new psychoactive substances presents a
significant analytical challenge because highly-sensitive instrumentation capable of
detecting a broad range of chemical compounds in real-time with a low rate of false
positives is required. A Selective Reagent Ionisation – Time of Flight – Mass
Spectrometer (SRI-ToF-MS) is capable of meeting all of these requirements. With its
high mass resolution (up to m/Δm of 8000), the application of variations in reduced
electric field strength (E/N) and use of different reagent ions, the ambiguity of a
nominal (monoisotopic) m/z is reduced and hence the identification of chemicals in a
complex chemical environment with a high level of confidence is enabled. In this
study we report the use of a SRI-ToF-MS to investigate the reactions of H3O+, O2+,
NO+ and Kr+ with 10 readily available (at the time of purchase) new psychoactive
substances, namely 4-fluoroamphetamine, methiopropamine, ethcathinone, 4methylethcathinone, N-ethylbuphedrone, ethylphenidate, 5-MeO-Dalt, dimethocaine,
5-(2-aminopropyl)benzofuran and nitracaine. In particular, the dependence of product
ion branching ratios on the reduced electric field strength for all reagent ions was
investigated and is reported here. The results reported represent a significant amount
of new data which will be of use for the development of drug detection techniques
suitable for real world scenarios.
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3.1.1 Introduction
The abuse of drugs is an important issue affecting today’s society. Although many
drug species are controlled by law, a market for new psychoactive substances (i.e.
legal highs, research chemicals, and designer drugs) which are not controlled by drug
legislation, has recently emerged. These readily available drugs are increasingly being
used as substitutes for prohibited drugs, especially by those who are looking for a
high, but who do not wish to commit a criminal act (Werse and Morgenstern, 2012).

A review of the current literature shows that most new psychoactive substances have
received little scientific interest, especially substances new to the market. For many of
these compounds the only up-to-date source of information (e.g. synthesis, purity,
side-effects etc.) is to be found online in user forums (drugsforum; drugsyn) and no
data on properties like proton affinity, ionisation energy, etc. are available. As new
psychoactive substances regularly enter the market, it is important that broad-based
analytical methods exist which have the ability to rapidly detect them, without the
need for major changes in operational procedures. This rapid identification is
especially important if a user has taken an unidentified drug and requires urgent
medical treatment. Gas chromatography-mass spectrometry (GC-MS) has traditionally
been used for the identification of drugs (Westwell et al., 2013), providing both high
selectivity and sensitivity. This comes at the expenses of fast analysis, making a realtime and therefore on-the-spot analysis impossible. Chemical test strips and ion
mobility spectrometry (IMS) are much faster methods of analysis, but these have a
limited selectivity (Biermann et al., 2004).
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Proton-Transfer-Reaction – Time of Flight - Mass-Spectrometry (PTR-ToF-MS),
which relies on the use of H3O+ as the reagent ion, provides both a rapid detection
capability and a high sensitivity (pptv within seconds). In addition, the soft ionisation
capabilities of PTR-ToF-MS generally avoid significant fragmentation of the analytes
which enables drug identification with a high level of confidence (low rate of false
positives). However, relying on a nominal m/z makes unambiguous identification
impossible. High mass resolution instruments provide higher confidence in
assignment, but still isomeric compounds cannot be ruled out. In addition to changing
operational parameters, e.g. the voltage applied to the drift tube, the recently
developed Selective Reagent Ionisation (SRI) technology, (Jordan et al., 2009b;
Sulzer et al., 2012a) to change the reagent ion and hence alter the ion-molecule
chemistry in the drift tube of a PTR-ToF-MS, has significantly increased the
instrument’s selectivity, making it a multidimensional technique (Lanza et al., 2013).
Given that we have used SRI in this study, we will not refer to the instrument as PTRToF-MS, but as a Selective Reagent Ionisation – Time of Flight- Mass Spectrometry
(SRI-ToF-MS) instrument to reflect this multidimensional use.

Previous studies have illustrated the applicability of SRI-ToF-MS to the detection of
several illicit and controlled prescription drugs (Agarwal et al., 2011) and numerous
other threat substances, such as explosives (Jürschik et al., 2010; Mayhew et al., 2010;
Sulzer et al., 2012b), chemical warfare agent simulants and toxic industrial
compounds (Agarwal et al., 2012; Kassebacher et al., 2013; Petersson et al., 2009). In
addition, it has been shown that in case of some explosives, selectivity can be
enhanced by changing the voltage applied to the drift tube (e.g. with the use of H3O+
as the reagent ion, by increasing reduced electric field strengths E/N – the ratio of the
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electric field, E, to the buffer gas number density, N, in the drift tube – the protonated
parent molecule signals of TNT and TNB are increased) (Sulzer et al., 2012b).

In this paper a detailed study of the principle product ions observed following
reactions of H3O+, NO+, O2+ and Kr+ with a number of new psychoactive substances,
namely 4-fluoroamphetamine, methiopropamine, ethcathinone, 4-methylethcathinone,
N-ethylbuphedrone,

ethylphenidate,

5-MeO-DALT,

dimethocaine,

5-(2-

aminopropyl)benzofuran and nitracaine (for structural information see Fig. 3.1) is
reported. In particular, the effects of E/N on the fragmentation pathways are also
discussed in detail. These datasets, i.e. the information on the exact masses and E/N
dependence for all abundant fragments and with all four reagent ions, respectively,
should help for the development of a nearly unambiguous drug detection technique
based on SRI-ToF-MS suitable for real world scenarios.

Figure 3.1: Chemical structures of (a) 4-fluoroamphetamine, (b) methiopropamine, (c)
5-(2-aminopropyl)benzofuran, (d) ethcathinone, (e) 4-methylethcathinone, (f) Nethylbuphedrone, (g) ethylphenidate, (h) 5-MeO-DALT, (i) dimethocaine and (j)
nitracaine
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3.1.2 Experimental
All new psychoactive substance samples were analysed using a PTR-TOF 8000
(Ionicon Analytik GmbH, Austria) equipped with a SRI capability, thus allowing a
change in the reagent ion used for chemical ionisation from H3O+ to O2+, NO+ or Kr+.
For all reagent ions, the reagent ions and the resulting product ions are separated and
detected using a ToF mass analyser. PTR-ToF-MS and SRI have both been described
in detail in previous publications (Jordan et al., 2009b; Jordan et al., 2009a; Karl et al.,
2012; Sulzer et al., 2012a) and therefore they will only be briefly discussed here.

For the production of H3O+ ions water vapour from a reservoir of pure water enters a
hollow cathode discharge source. Following ionisation and a series of ion-molecule
reactions the resulting H3O+ ions are directed into the drift tube by an applied voltage
gradient. Within the drift tube proton transfer reactions will take place only with those
chemical species (M) that have a proton affinity (PA) greater than that of water
(PA(H2O) = 691 kJ mol-1) (Lindinger et al. 1998a). This could either be via nondissociative proton transfer:

(1)

and/or via dissociative proton transfer:

(2)

where A represents an elimination of a molecule from the transient protonated parent
molecule.
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For the production of O2+, NO+ and Kr+, water vapour is replaced by oxygen,
oxygen/nitrogen mixture and krypton, respectively. If exothermic, the reactions with
NO+, O2+ and Kr+ may proceed via charge transfer, which may also be either nondissociative:

(3)

where X+ represents the reagent ion, and/or dissociative:

(4)

resulting in the elimination of B from the parent ion. NO+ has the lowest
recombination energy (RE) of these three reagent ions (9.6 eV) and therefore may
only charge transfer to neutral species whose ionisation energies (IE) are less than 9.6
eV. However, reaction of NO+ and a molecule may also take place via a chemical
reaction, for example hydride abstraction:

(5)

Reaction with NO+ may result in an adduct ion being formed:

(6)

where C represents a third body (the buffer gas) that is required to remove some of the
energy resulting from the association, otherwise the adduct would dissociate rapidly.
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The E/N value used can be rapidly adjusted by changing the voltage applied across the
drift tube; this enables the investigation of fragmentation pathways offering a more
selective method for compound identification. In the reported experiments the E/N
value was varied between 85 and 225 Td (1 Td = 10-21 V m2) when H3O+, NO+ and
O2+ were used as reagent ions and between 45 and 115 Td for the investigations using
Kr+. The 10 new psychoactive substances studied, legal in most European countries at
the time of purchase, were obtained from various online vendors. These new
psychoactive substances studied were 4-fluoroamphetamine, methiopropamine,
ethcathinone, 4-methylethcathinone, N-ethylbuphedrone, ethylphenidate, 5-MeODALT, dimethocaine, 5-(2-aminopropyl)benzofuran and nitracaine. Most can be
classified as cathinones or piperazines, which include a large list of analogues of
amphetamines, with psychoactive and stimulant effects (Henderson, 1988; Rösner et
al., 2005). Most of the chemicals were supplied in powder (or crystal) form. However,
two were supplied in tablet form (4-fluoroamphetamine and ethcathinone). Therefore,
before any measurements were taken these two compounds were first crushed into a
fine powder. This ensured that all samples were of comparable surface area. All of the
supplied chemicals were used with no purification. In addition to the detection of the
advertised new psychoactive substance analysis with SRI-ToF-MS enables the
detection of most solvents, synthetic reagents and intermediates, but not "extenders"
(usually low cost inorganics such as sodium bicarbonate), however due to low costs of
production and tough competition, with rankings in online forums, the use of these
"extenders" is less likely in new psychoactive substances than in illegal drugs.

The following procedure was adopted for the dynamic headspace sampling of all 10
chemicals with H3O+, NO+ and O2+ as the reagent ions. A few mg of the drug were
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added to a glass vial, the vial was then sealed with a septum. An inlet and an outlet
line (1/16th inch PEEK, internal diameter 1 mm, VICI AG International) were
inserted through the septum to allow for dynamic headspace sampling. The inlet line
was connected to a charcoal filter so that purified laboratory air entered the vials. The
outlet line was directly connected to the heated sampling line of the SRI- ToF-MS
instrument. Samples were heated to a temperature between 60°C and 100°C and the
sampling line and drift tube were maintained at a temperature of 110 °C in order to
minimise adsorption of the analytes onto the surface and memory effects.

Once the dynamic headspace concentration had equilibrated, an investigation of the
reaction processes as a function of E/N began. For H3O+ the E/N value was increased
from 85 to 225 Td in steps of 5 Td. A similar range in the reduced electric field was
used for NO+ and O2+, but E/N was increased in ~25 Td steps, as no significant
changes in the product ion branching ratios were observed for small variations in E/N.
For Kr+ the method was similar to the above with the only exception being that helium
was used as buffer gas, instead of charcoal filtered air. This was required to prevent
loss of Kr+ via charge transfer to the main components of air (Sulzer et al., 2012a).
The use of helium as the buffer gas necessitated restricting the range of the Kr+ E/N
study to a maximum value of 115 Td, to prevent plasma formation in the drift tube.
Rapid switching between H3O+, NO+ and O2+ is possible (tens of seconds). However
switching from H3O+ to Kr+ requires several (if not tens) of minutes, because of the
need of a dry system (Sulzer et al., 2012a).

Prior to the analysis of each chemical with a new reagent ion an empty vial was
connected to the instrument. The E/N was varied over the same range used for the
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drugs, as described above, in order to provide background mass spectra which could
be subtracted from those obtained when using the drug sample. For all measurements
an integration time of 40 seconds was used.

3.1.3 Results and discussion
Product ion branching ratios for each drug species are summarised in Figs 3.2-3.5 for
reactions with H3O+, NO+, O2+ and Kr+, respectively. Only product ions which have
branching ratios of greater than or equal to 3 % within the E/N range studied have
been included in the figures, because below this value there is greater uncertainty as to
whether they belong to the drug or to an impurity.

Table 3.1 summarises the product ions and their branching ratios at a standard
operating condition of 130 Td.

Table 3.1 (Overleaf). List of the investigated drugs (in order of increasing mass) and
the product ions and their associated percentage ion branching ratios (in brackets) for
reactions with H3O+, NO+, O2+ and Kr+, recorded at E/N of 130 Td (45 Td in case of
Kr+). NR is used to represent no reaction and NOP means no observable product ions
that can be identified to the drug as a result of substantial fragmentation.
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H 3O +

NO+

4-Fluoroamphetamine
(C9H12FN; m/z 153.10)

m/z 154.10 – C9H13FN (19)
m/z 137.07 – C9H10F+ (44)
m/z 109.04 – C7H6F+ (37)

m/z 153.09 – C9H12FN+
(7)
m/z 152.09 – C9H11FN+
(64)
m/z 151.08 – C9H10FN+
(23)
m/z 109.04 – C7H6F+ (6)

Methiopropamine
(C8H13NS; m/z 155.08)

m/z 156.08 – C8H14SN+ (36)
m/z 125.04 – C7H9S+ (19)
m/z 58.06 – C3H8N+ (45)

m/z 97.01 - C5H5S+ (1)
m/z 58.06 – C3H8N+ (99)

m/z 97.01 - C5H5S+ (2)
m/z 58.06 – C3H8N+ (98)

5-(2aminopropyl)benzofuran
(C11H13NO; m/z 175.10)

m/z 176.11 – C11H14NO+ (14)
m/z 159.08 – C11H11O+ (27)
m/z 131.05 – C9H7O+ (59)

m/z 175.12 – C11H13NO+
(32)
m/z 131.05 – C9H7O+
(68)

Ethcathinone
(C11H15NO; m/z 177.12)

m/z 178.12 – C11H16NO+ (90)
m/z 160.11 – C11H14N+ (10)

m/z 176.12 – C11H14NO+
(4)
m/z 175.10 – C11H13NO+
(3)
m/z 146.10 – C10H12N+
(3)
m/z 105.04 – C7H5O+
(10)
m/z 72.08 – C4H10N+ (80)

4-Methylethcathinone
(C12H17NO; m/z 191.13)

m/z 192.14 – C12H18NO+ (80)
m/z 190.13 – C12H16NO+ (18)
m/z 174.14 – C12H16N+ (2)

m/z 190.12 – C12H16NO+
(3)
m/z 119.05 – C8H7O+ (1)
m/z 72.08 – C4H10N+ (96)

m/z 175.12 – C11H13NO+
(48)
m/z 131.05 – C9H7O+
(52)
m/z 176.12 – C11H14NO+
(2)
m/z 146.10 – C10H12N+
(2)
m/z 107.05 – C7H7O+ (4)
m/z 105.04 – C7H5O+ (9)
m/z 77.04 – C6H5+ (2)
m/z 72.08 – C4H10N+
(73)
m/z 70.07 – C4H8N+ (8)

Compound name

+
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O2+
m/z 152.09 – C9H11FN+
(24)
m/z 151.08 – C9H10FN+
(27)
m/z 138.07 – C8H9FN+
(17)
m/z 136.07 – C9H9F+
(11)
m/z 109.04 – C7H6F+
(21)

m/z 119.05 – C8H7O+ (4)
m/z 91.05 – C7H7+ (5)
m/z 72.08 – C4H10N+ (91)

Kr+

m/z 152.09 – C9H11FN+
(26)
m/z 138.07 – C8H9FN+
(34)
m/z 109.04 – C7H6F+ (40)

m/z 97.01 - C5H5S+ (6)
m/z 73.05 – C4H11N+ (7)
m/z 58.06 – C3H8N+ (87)
NOP

m/z 105.04 – C7H5O+ (4)
m/z 72.08 – C4H10N+ (96)

m/z 72.08 – C4H10N+
(100)

Table 3.1 (continued)

Compound name

H 3O +

NO+

N-Ethylbuphedrone
(C12H17NO; m/z 191.13)

m/z 192.14 – C12H18NO+ (84)
m/z 190.13 – C12H16NO+ (13)
m/z 174.14 – C12H16N+ (3)

m/z 105.03 – C7H5O (9)
m/z 86.10 – C5H12N+ (91)

m/z 162.10 – C10H12NO+
(40)
m/z 105.03 – C7H5O+
(60)

Ethylphenidate
(C15H21NO2; m/z 247.16)

m/z 248.16 – C15H22NO2+ (81)
m/z 165.09 – C10H13O2+ (1)
m/z 84.08 – C5H10N+ (18)

m/z 190.12 – C12H16NO+
(3)
m/z 105.03 – C7H5O+ (4)
m/z 86.10 – C5H12N+ (93)
NR

NOP

NOP

m/z 175.08 – C11H13NO+
(52)
m/z 110.09 – C7H12N+
(48)

NOP

m/z 149.03 – C8H7NO2+
(4)
m/z 120.05 – C7H6NO+
(5)
m/z 86.10 – C5H12N+
(91)

m/z 120.05 – C7H6NO+
(100)

NR

NOP

5-MeO-DALT
(C17H22N2O; m/z 270.13)

Dimethocaine
(C16H26N2O2; m/z 278.20)
Nitracaine
(C16H24N2O4; m/z 308.17)

m/z 271.18 – C17H23N2O+ (91)
m/z 174.09 – C11H12NO+ (6)
m/z 160.08 – C10H10NO+ (3)

m/z 279.20 – C16H27N2O2+ (91)
m/z 142.16 – C9H20N+ (2)
m/z 120.04 – C7H6NO+ (4)
m/z 86.10 – C5H12N+ (3)

m/z 270.19 –
C17H22N2O+ (14)
m/z 175.08 – C11H13NO+
(15)
m/z 159.06 – C10H9NO+
(26)
m/z 110.09 – C7H12N+
(45)
m/z 278.19 C16H26N2O2+ (1)
m/z 165.07 – C9H11NO2+
(3)
m/z 86.10 – C5H12N+
(96)

Crystal: m/z 309.17 –
C16H25N2O4+ (100)

NR
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O2+

Kr+
+

3.1.3.1

4-fluoroamphetamine (4-FA)

Reaction with H3O+
Fig. 3.2 (a) shows the effect of changing E/N on product ion abundance when H3O+ is
used as the reagent ion. It can be seen from the figure that the protonated parent
molecule (m/z 154.10, [MH ]+, C9H13FN+) dominates at E/N < 105 Td, whilst m/z
137.07 ([MH-NH3]+, C9H10F+) becomes the most abundant species between 105 and
135 Td. Above 135 Td the ion branching ratio of m/z 109.04 ([MH-C2NH7]+, C7H6F+)
increases rapidly and becomes the dominant fragment ion. These ionic species have
also been observed in a previous study using chemical ionisation-mass spectrometry
(Westphal et al., 2010). However in that study the reagent gas used was methane,
resulting in higher reaction energies than associated with the reagent ion H3O+ and
hence increased fragmentation. Additional fragment ions were also detected in that
earlier study, which we did not observe, the most notable at m/z 134 corresponding to
[MH-HF]+.

Reaction with NO+, O2+ and Kr+
When NO+ was used as the reagent ion, see Fig 3.3(a), the dominant product ion
observed across the whole E/N range was at m/z 152.09, assigned to [M-H]+
(C9H11FN+). The parent ion, m/z 153.09, was observed with an ion branching ratio
which decreased from 9 % to 4% as E/N was increased from 85 to 225 Td. An
additional product ion was observed at m/z 109.04 corresponding to [M-C2H6N]+
(C7H6F+), which became the dominant product ion above 225 Td. A significant mass
spectral peak assigned to an impurity was seen at m/z 124.03, which we assume
resulted from non-dissociative charge transfer to 4-fluorobenzaldehyde (C7H5OF+),
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one of the reagents reported in the synthesis of the drug by the online community
(erowid).

When O2+ was used as the reagent ion, Fig 3.4(a), the parent ion peak was not
observed. Instead we observed a product ion at m/z 152.09 which we attribute to the
[M-H]+ ion, a fragmentation pathway which has been observed previously following
the reaction of O2+ with chemical compounds (Anicich, 2003), as well as product ions
at m/z 138.07 ([M-CH3]+, C8H9FN+) and m/z 109.04 ([M-C2H6N]+, C7H6F+). As found
with the NO+ study, we also observed a mass spectral peak at m/z 124.03 which we
attribute to a reaction with an impurity.

Results similar to those found for O2+ and NO+ were observed for the reactions with
Kr+, Fig. 3.5(a), i.e. the same principle product ions observed across the whole E/N
range , namely ions at m/z 152.09 ([M-H]+, C9H11FN+), m/z 138.07 ([M-CH3]+,
C8H9FN+) and m/z 109.04 ([M-C2H6N]+, C7H6F+). Again a mass spectral peak at m/z
124.03 (C7H5OF+) resulting from an impurity was observed.
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Figure 3.2: The variation of the percentage product ion branching ratios following the
reactions of the various drug compounds with H3O+ as a function of E/Nfor (a) 4fluoroamphetamine, (b) methiopropamine, (c) 5-(2-aminopropyl)benzofuran, (d)
ethcathinone, (e) 4-methylethcathinone, (f) N-ethylbuphedrone, (g) ethylphenidate, (h)
5-MeO-DALT and (i) dimethocaine.
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Figure 3.3 (overleaf): The variation of the percentage product ion branching ratios
following the reactions of the drug species with NO+ as a function of E/N for (a) 4fluoroamphetamine, (b) methiopropamine, (c) 5-(2-aminopropyl)benzofuran, (d)
ethcathinone, (e) 4-methylethcathinone, (f) N-ethylbuphedrone, (g) 5-MeO-DALT
and (h) dimethocaine.

3.1.3.2

Methiopropamine (MPA)

Reaction with H3O+
The reaction of MPA with H3O+, Fig 3.2(b), results in three main product ions,
namely the protonated parent at m/z 156.08 ([MH]+, C8H14SN+), m/z 125.04 ([MHCH5N]+, C7H9S+) and m/z 58.06 ([MH-C5H6S]+,C3H8N+). Significant spectral peaks
were also observed at m/z 151.06 and m/z 63.03; the latter is attributed to NaBH3CN,
which has been reported as a reagent in the synthesis of MPA (Angelov et al., 2011),
and this is supported by a distinctive isotopic pattern. The mass spectral peak at m/z
151.06 is unidentified.

At E/N values below 135 Td the protonated parent molecule was the dominant
species, whilst both m/z 125.04 and m/z 58.06 increased with increasing E/N and m/z
58.06 (i.e. [MH-C5H6S]+, C3H8N+) became the most abundant product ion at values
greater than 135 Td.

Reactions with NO+, O2+ and Kr+
For both, NO+ and O2+, Figs. 3.3(b) and 3.4(b), respectively, m/z 58.06 ([M-C5H5S]+,
C3H8N+) was the dominant product ion observed across the whole E/N range
investigated. Above 155 Td the ion branching ratio of m/z 58.06 decreased slightly
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because a new ion channel opens resulting in a product ion at m/z 97.01, which we
identify as [M-C3H8N]+ (C5H5S+). Two additional ions were observed for reactions
with NO+ and O2+at m/z 111.99 and 169.02, tentitatively assigned to C5H4SO+ and
C7H7SNO2+, respectively. The corresponding neutral species are known intermediates
used in the synthesis of MPA (Angelov et al., 2011). Other, but unknown impurities
resulted in ion signals observed at m/z 149.98 and m/z 137.09.

Product ions at m/z 58.06 and m/z 97.01 were also observed to result from reactions
with Kr+ (Fig 3.5(b)), with m/z 58.06 being again the dominant one. However, an
additional fragment ion was observed at m/z 73.05 which is tentatively assigned to
C4H11N+, an ion that could be formed either via cleavage at the thiophene ring (i.e.
[M-C4H2S]+), or this ion could result from charge transfer to n-BuNH2, a compound
which has been reported as a reagent in the synthesis of MPA (Angelov et al., 2011)
but we consider this to be unlikely as it was not observed with reactions of NO+ and
O2+.

3.1.3.3

5-(2-aminopropyl)benzofuran (5-APB)

Reaction with H3O+
In the case of reactions with H3O+ (Fig 3.2(c)), the dominant product ion over the
whole E/N range was at m/z 131.05 ([MH-C2H7N]+, C9H7O+). The protonated parent
molecule ([MH]+, C11H14NO+) was observed at m/z 176.11. Another peak observed in
the mass spectra was found at m/z 159.08. We assign this to [MH-NH3]+ (C11H11O+).
The supplied sample of 5-APB showed major contributions from a series of
impurities, mass spectral peaks observed which cannot be assigned to the drug,
included m/z 119.03, m/z 101.02, and m/z 59.05 tentatively assigned to protonated
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benzofuran (C8H7O+), isopropenyl acetate (C5H8O2+), a solvent used in the synthesis
of both 4-(2-aminopropyl)benzofuran (4-APB) and 6-(2-aminopropyl)benzofuran (6APB), which are structural isomers of 5-APB (Casale and Hays, 2012), and acetone
(C3H7O+), respectively.

Reactions with NO+, O2+ and Kr+
Two product ions attributed to 5-APB, which resulted from the reaction with O2+ (Fig
3.4(c)), i.e. m/z 175.12 ([M]+, C11H13NO+) and m/z 131.05 ([M-C2H6N]+, C9H7O+)
were observed. In agreement with the study involving H3O+, the reaction of O2+ with
the supplied sample of 5-APB also indicates that it is impure, i.e. mass spectral peaks
observed at m/z 100.04 (ionised isopropenyl acetate, C5H7O2+) and at m/z 74.05 (an
unknown compound). In the case of NO+ (Fig 3.3(c)), the same two products ions
were observed, but with different branching ratios. A significant impurity resulted in
an ion being observed at m/z 147.96. As a result of considerable fragmentation no
product ions could be confidently attributed to 5-APB following its reaction with Kr+.
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Figure 3.4 (overleaf): The variation of the percentage product ion branching ratios
following the reactions of the drug species with O2+ as a function of E/N for (a) 4fluoroamphetamine, (b) methiopropamine, (c) 5-(2-aminopropyl)benzofuran, (d)
ethcathinone, (e) 4-methylethcathinone, (f) N-ethylbuphedrone, (g) 5-MeO-DALT
and (h) dimethocaine.

Figure 3.5: The variation of the percentage product ion branching ratios following the
reactions of the drug species with Kr+ as a function of E/N for (a) 4fluoroamphetamine, (b) methiopropamine, (c) ethcathinone and (d) Nethylbuphedrone.
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3.1.3.4

Ethcathinone

Reactions with H3O+
Following reaction with H3O+ (Fig 3.2(d)), the dominant product ion observed at E/N
values below 185 Td is the protonated parent molecule at m/z 178.12 ([MH]+ ,
C11H16NO+).

Both

m/z

160.11

([MH-H2O]+,

C11H14N+)

and

m/z

132.08

([MH-C2H6O]+, C9H10N+), were also observed and their associated branching ratios
are found to increase with increasing E/N. Once E/N became greater than 185 Td, m/z
160.11 became the dominant product ion.

Reactions with NO+, O2+ and Kr+
The dominant product ion observed from the dissociative charge transfer reaction with
NO+ (Fig. 3.3(d)) was m/z 72.08, assigned to [M-C7H5O]+ (C4H10N+) which most
probably is formed by α-cleavage at the ketone functional group. Other ions were
observed at m/z 105.04 ([M-C4H10N]+, C7H5O+), m/z 146.10, ([M-CH3O]+, C10H12N+),
m/z 175.10 ([M-H2]+, C11H13NO+) and m/z 176.12 ([M-H]+, C11H14NO+). At E/N >
175 Td the fragments m/z 132.08 ([M-C2H5O]+, C9H10N+) and m/z 130.07 ([MC2H7O]+, C9H8N+) were also observed. The use of O2+ as the reagent ion (Fig. 3.4(d))
led to the formation of many of the same product ions as were identified with NO+,
i.e. m/z 72.08 ([M-C7H5O]+, C4H10N+), m/z 105.04 ([M-C4H10N]+, C7H5O+), m/z
132.08 ([M-C2H5O]+, C9H10N+), m/z 146.10 ([M-CH3O]+, C10H12N+) and m/z 176.12
([M-H]+, C11H14NO+), with the ion at m/z 72.08 again being the dominant fragment
ion. Additional ions were seen at m/z 107.05 ([M-C4H8N]+, C7H7O+), m/z 77.04 ([MC5H10NO]+, C6H5+) and m/z 70.07 ([M-C7H7O]+, C4H8N+).
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When Kr+ was used as the reagent ion (Fig. 3.5(c)) only two significant product ions
were observed in the mass spectra at m/z 72.08 which, as in case of NO+ and O2+, is
the dominant fragment ion [M-C7H5O]+ and m/z 105.04 ([M-C4H10N]+, C7H5O+)
which is observed at comparatively low relative abundances.

No significant contaminants were observed for reactions with any of the reagent ions,
indicating that the supplied ethcathinone was reasonably pure.

There is little data available in the literature on the mass spectral analysis of
ethcathinone, but the GC-MS analysis of dimethylcathinone, a close structural isomer
of ethcathinone, is reported (Dal Cason, 2007). This shows a fragmentation pattern
comparable to the observed results obtained when the analyte was ionised via charge
transfer (NO+, O2+ and Kr+) with the most abundant ion observed at m/z 72. However,
GC-MS also observed a significant peak at m/z 44 assigned to the loss of ethane from
the fragment at m/z 72 which was not observed in the present study.

3.1.3.5

4-Methylethcathinone (4-MEC) and N-Ethylbuphedrone (NEB)

The principle product ions observed when the structural isomers 4-MEC and NEB
react with H3O+, NO+, O2+ and Kr+ have been discussed previously (Lanza et al.,
2013) but only at an E/N of 130 Td for H3O+, NO+ and O2+ and 95 Td for Kr+.
Therefore we present here a much more extensive study with results covering a wide
range in E/N.
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Reaction with H3O+
When H3O+ was used as the reagent ion at low E/N values (less than approximately
160 Td), the protonated molecular ion at m/z 192.14 ([MH]+, C12H18NO+) was the
dominant product ion for both 4-MEC and NEB (Figs 3.2(e) and (f)). Above 170 Td,
m/z 174.14 ([MH-H2O]+ , C12H16N+) became the dominant product ion. An ion with a
constant branching ratio was observed at m/z 190.13 in both 4-MEC and NEB, this is
assigned to [MH-H2]+ (C12H16NO+). The loss of H2 from the protonated parent
molecule is a reaction channel that has been observed in previous studies dealing with
illicit drugs with a similar structure (Agarwal et al., 2011). At E/N > 135 Td,
additional peaks were observed at m/z 146.10 and m/z 91.06 in both isomers; these
masses are tentatively assigned to [MH-C2H8N]+ (C10H10O+) and [MH-C5H11NO]+
(C7H7+) respectively. In the investigation of NEB, an additional peak at m/z 118.07
was observed at E/N > 150 Td, which is assigned to [MH-C4H12N]+ (C8H6O+). A mass
spectral peak observed at m/z 130.07 is assigned to result from a reaction with an
impurity.

Reactions with NO+, O2+ and Kr+
The most significant fragmentation pathway observed following the reaction of NEB
with NO+ and O2+ is α cleavage at the ketone functional group leading to the
formation of [M-C7H5O]+ at m/z 86.10 (C5H12N+) (Figs. 3.3(f) and 3.4(f)). This
product ion could not be observed in the Kr+ system as it falls within the same m/z
value as the very abundant
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Kr+ reagent ion. A second fragment ion was observed

with ion branching ratios below 10 %, at m/z 105.03 ([M-C5H12N]+, C7H5O+) when
NEB was ionised by NO+ and O2+ via dissociative charge transfer and higher ion
branching ratios for the reaction with Kr+ (Fig. 3.5(d)). Another product ion was
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observed at m/z 162.10 ([M-C2H5]+, C10H12NO+) for the reaction with Kr+. It should
be noted that its branching ratio is artificially raised for the Kr+ data because we
cannot determine the product ion signal strength at m/z 86.10. In the case of O2+ and
NO+ the associated branching ratio for this product ion was less than 3% throughout
the complete E/N range and hence is not included in that data.

The dominant product ion formed from the reaction of 4-MEC with NO+, O2+ (Figs
3.3(e) and 3.4(e)) and the only observed product ion for Kr+ was m/z 72.08 ([MC8H7O]+, C4H10N+), formed via α cleavage at the ketone functional group, the same
mechanism that leads to the formation of the product ion [M-C7H5O]+ at m/z 86.10 in
NEB. The product ion [M-C4H10N]+ at m/z 119.05, equivalent to m/z 105.03 in NEB,
was observed at ion branching ratios below 10 % in the NO+ system. In both the NO+
and O2+ systems the tropylium cation [M-C5H10NO]+ was observed at m/z 91.05 with
its ion branching ratio increasing significantly with increasing E/N.

3.1.3.6

Ethylphenidate (EP)

Reaction with H3O+
For H3O+ (Fig. 3.2(g)), the protonated parent molecule ([MH]+, C15H22NO2+, m/z
248.16) was the dominant product ion throughout the E/N range; its branching ratio
began to decrease only at E/N > 200 Td, thus demonstrating a relatively high stability
of the protonated species. Two principle fragment ions were detected, one at m/z 84.08
([MH-C10H12O2]+, C5H10N+) and the other at m/z 165.09 ([MH-C5H9N]+, C10H13O2+);
the latter was only observed for E/N < 135 Td. No significant organic impurities were
detected. A similar fragmentation pattern was observed in previous studies, where Gas
Chromatography-Electron Ionisation-Mass Spectrometry (GC-EI-MS) was used,
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although it is not possible to make a comparison of the branching ratios, due to the
different nature of the ionisation methods (Casale and Hays, 2011).

Reaction with NO+, O2+ and Kr+
No reaction with NO+ was observed, not even adduct formation. For O2+ and Kr+
dissociative charge transfer dominated and very high levels of fragmentation were
observed, thus preventing identification of any characteristic peaks.

3.1.3.7

5-MeO-Dalt

Reaction with H3O+
Reaction with H3O+ (Fig. 3.2(h)) showed that the protonated parent molecule
([MH]+,C17H23N2O+, m/z 271.18) dominated for E/N < 185 Td; at higher E/N values
m/z 174.09 ([MH-C6H11N]+ , C11H12NO+, α-cleavage at the amino group) became the
most abundant species. A third fragment ion, which was present at low branching
ratios (<3%) at E/N<155 Td but which increased to 10% by E/N 225 Td, was detected
at m/z 160.08 ([MH-C7H13N]+, C10H10NO+). This fragment ion is most likely formed
via β-cleavage at the amino group.

Reaction with NO+, O2+ and Kr+
When NO+ was used as the reagent ion (Fig. 3.3(g)), at E/N values below 150 Td the
dominant peak was observed at m/z 110.09 which is considered to be [M-C10H10NO]+
(C7H12N+), corresponding to a tertiary amine fragment. The branching ratio of the
parent ion, m/z 270.19 ([M]+, C17H22N2O+), decreases from 25 % to 6 % as E/N is
increased from 85 Td to 225 Td. Two additional ions were observed i.e. m/z 175.08
and m/z 159.06, tentatively identified as [M-C6H9N]+ (C11H13NO+) and [M-C7H13N]+
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(C10H9NO+), respectively. When O2+ was used as the reagent ion (Fig. 3.4(g)), the
parent ion peak was not observed, whilst m/z 175.08 and m/z 110.09 were, again,
detected. Finally, when Kr+ was used as the reagent ion, dissociative charge transfer
dominates. However, the very high levels of fragmentation observed prevent the
identification of any characteristic peaks.

3.1.3.8

Dimethocaine

Reaction with H3O+
Reaction of dimethocaine with H3O+ led to the production of 4 significant ions (Fig.
3.2(i)). Non dissociative proton transfer at m/z 279.20, ([MH]+, C16H27N2O2+),
dominates across the whole E/N range investigated. At E/N greater than 185 Td
fragment ions were observed at m/z 120.04 ([MH-C9H21NO]+, C7H6NO+) and 142.16
([MH-C7H7NO2]+, C9H20N+) assigned to α and β cleavage at the ester functional group
respectively. The product ion observed at m/z 86.10 remains at a constant low
branching ratio for the whole E/N range investigated and is assigned to [MHC11H15NO2]+ (C5H12N+).

Unidentified peaks observed in the mass spectra at m/z 307.24, m/z 265.19, m/z 251.18
and m/z 124.04, are attributed to reactions with unknown impurities in the sample. It
has been suggested (Kelleher et al., 2011; drugsyn) that the synthesis of dimethocaine
could proceed via the condensation of diethylamino-t-butanol and 4-aminobenzoic
acid ethyl ester. The latter has a protonated parent molecule at m/z 166.09; this m/z
was observed and therefore attributed to a reactant (or possibly an intermediate
product) in the synthesis of dimethocaine.
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Two additional ions at m/z 160.17 and m/z 138.06 are tentatively assigned to be
C9H22NO+ and C7H8NO2+ respectively. These two ions may both be formed from
proton transfer reactions with a neutral species formed by hydrolysis of dimethocaine
producing 3-(diethylamino)-2,2-dimethylpropanol and 4-amino benzoic acid.

Reactions with NO+, O2+ and Kr+
Following reaction with NO+ (Fig. 3.3(h)) the fragment ion [M-C11H24NO2]+ at m/z
86.10 becomes the dominant product ion across the E/N range investigated although
the parent ion at m/z 278.19 ([M]+, C16H26N2O2+) is still detected at ion branching
ratios below 10 %. At E/N greater than 185 Td a mass spectral peak is seen at m/z
165.07 which is tentatively assigned to [M-C7H15N]+ (C9H11NO2+). The fragment ion
at m/z 86.10 dominates throughout the E/N range investigated when O2+ is used as the
reagent ion (Fig. 3.4(h)), with additional ions at m/z 149.03 and m/z 120.05 assigned
to [M-C8H19N]+ (C8H7NO2+) and [M-C9H20NO]+ (C7H6NO+), respectively. Only one
significant product ion is observed when Kr+ is used as the reagent ion at m/z 120.05,
attributed to [M-C9H20NO]+ (C7H6NO+). No previous determination of the
fragmentation pathways via chemical ionisation have come to our attention but a study
of a related compound (procaine using positive-ion ESI) revealed similar
fragmentation pathways (Dhananjeyan et al., 2007) with α and β cleavage at the ester
functional group also observed.

Following reactions with NO+, O2+ and Kr+, the most significant contaminant
observed was at m/z 137.12 (C7H7NO2+) which agrees with the amino benzoic acid
impurity found at m/z 138.06 from the H3O+ reaction. Additional ions resulting from
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reactions with impurities were observed at m/z 223.27 and 230.33 for NO+ and at m/z
53.01 in the O2+ system.

3.1.3.9

Nitracaine

Two batches with a different appearance, i.e. one in powder and one in fine crystal
form, were analysed. The powder form of nitracaine did not show any mass spectral
peak which could be attributed with any degree of certainty to nitracaine using any of
the reagent ions, suggesting that it contained no active ingredient.

Reaction of powder form with H3O+
In the case of H3O+, the principle mass spectral peak over the whole the E/N range
was observed at m/z 160.17 (C9H22NO+). This is tentatively attributed to protonated 3(diethylamino)-2,2-dimethylpropanol, a reagent which may be used in nitracaine
synthesis (Kelleher et al., 2011; drugsyn). Support for this assignment comes from the
fact that this compound is a known irritant (sigmaaldrich), and several online user
forums mentioned that nasal irritation occurs following the use of nitracaine
(drugsforum; drugsyn). Additional ions were observed at m/z 86.10 (C5H12N+), m/z
142.10 (C9H20N+, loss of water from the amino alcohol) and m/z 158.15 (C9H20NO+,
loss of H2 from the amino alcohol) and m/z 63.02, tentatively assigned to HNO3+.

Reaction of powder form with NO+, O2+ and Kr+
When O2+ was used as a reagent ion, m/z 86.10 was again observed, this was the
dominant ion. An additional ion was observed at m/z 128.14, tentatively attributed to
C8H18N+, formed by the dissociative charge transfer reaction of O2+ with 3(diethylamino)-2,2-dimethylpropanol, whilst two unidentified peaks, were detected at
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m/z 93.99 and 99.96. In the case of NO+, m/z 86.10 was again the dominant ion.
Additional peaks with lower branching ratios were observed at m/z 142.10 (tentatively
assigned to C9H20N+), m/z 158.15 (C9H20NO+) and again an unknown peak at m/z
93.99. Reaction with Kr+ shows no significant peaks in the mass spectra.

Reaction of crystal form with H3O+
Many of the ions observed in the nitracaine powder form are also observed following
reaction of the crystal form with H3O+ but in this case a mass spectral peak
corresponding to the protonated molecule was observed at m/z 309.17 ([MH]+,
C16H25N2O4+). This indicates that unlike the powder, the crystalline form contains
nitracaine. Other ions were detected at m/z 160.17 (C9H22NO+, again the dominant
mass spectral peak over the whole E/N range), m/z 86.10 (C5H12N+) and two unknown
mass spectral peaks at m/z 107.05 and 101.02. Furthermore, a peak at m/z 63.02,
corresponding to HNO3+, was observed.

Reaction of crystal form with NO+, O2+ and Kr+
The only ions detected formed from the reaction of the reagent ion with impurities in
the sample, as mentioned above for the powder form, but identical m/z values were not
necessarily observed. Two ions, corresponding to C5H12N+ and C7H4NO3+, at m/z
86.10 and m/z 149.95, were detected for reactions with O2+ and NO+, with m/z 86.10
always being the most abundant. When O2+ was used as the reagent ion, an impurity at
m/z 63.02, assigned to HNO3+ was detected; while after switching to NO+, an ion at
m/z 142.10 (C9H20N+) became significant. When Kr+ was used as the reagent ion a
large number of low intensity mass spectral peaks were observed preventing
identification of any characteristic peaks.
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The fact that the molecular parent ion was observed in the crystal but not in the
powder form indicates that the supplied nitracaine in powder form contained
nitracaine at insufficient levels to be detected (probably because of improper
synthesis), thus explaining contradictory reports on the effect of nitracaine seen on
online user forums (drugsforum; drugsyn).

3.1.4 Conclusions
Although some impurities were found in the drugs, all of the supplied compounds
with the exception of nitracaine powder were found to contain the advertised active
ingredient. This is surprising considering drugs counselling reports (eve-rave) on
designer drugs (e.g. ecstasy = MDMA) purchased from the black market, which can
contain virtually everything, from various mixtures of legal and illegal ingredients to
common caffeine.

The fast pace of legislation designed to control new psychoactive substances leads to
extremely short "invention to market" times and thus to increasing risks for the
consumers; e.g. in the unfortunate case of the very recent UK ban on 5-APB, which
was replaced by the presumably highly toxic 5-EAPB that has already caused fatalities
among its first users (the Guardian ). However, the rapid spread of new psychoactive
substances (United Nations, 2013) means that the ability to rapidly detect and identify
these species is gaining increasing importance for both policing and medical
applications.
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The reported product ion branching ratios formed from the analysis of a number of
common new psychoactive substances (some, while legal at the time of purchase, are
now controlled in some states) by SRI-ToF-MS is designed to provide a reference for
the development of techniques, capable of identifying these drug species in more
complex ‘real world’ environments. These results add to the already large list of threat
compounds detectable by SRI-ToF-MS. The potential role of this technology for the
detection of threat agents has been established including research focusing on the
detection of rape drugs in beverages (Jürschik et al., 2012). This paves the way for the
application of this technology to real-world situations, such as the detection of
compounds adhered to surfaces (e.g. skin or fabrics) and the rapid identification of the
constituents of blended drugs.
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Abstract
The isomers 4-methylethcathinone (4-MEC) and N-ethylbuphedrone (NEB) are
substitutes for the recently banned drug mephedrone (4-MMC). We find that with
conventional Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) it is not
possible to distinguish between these two isomers, because essentially for both
substances only the protonated molecules are observed at m/z 192 (C12H18NO+).
However, when utilizing an advanced Proton-Transfer-Reaction Mass Spectrometry
(PTR-MS) instrument, which allows us to switch the reagent ions (Selective-ReagentIonization / SRI-MS) from H3O+ (which is commonly used in PTR-MS) to NO+, O2+
and Kr+, characteristic product (fragment) ions are detected: C4H10N+ (72 Da) for 469

MEC and C5H12N+ (86 Da) for NEB; thus, SRI-MS proves to be a powerful tool for
fast detection and identification of these compounds.

3.2.1 Introduction
New psychoactive substances (NPS), research chemicals (RC), legal highs and
designer drugs are just some names for psychoactive chemicals which are not
controlled by drug legislation. Importantly, these are increasingly being used as
substitutes for "classic" prohibited drugs by persons who are looking for intoxicating
effects but do not wish to commit a criminal act (Werse, 2012). Probably the most
popular representative of these NPS was 4-methylmethcathinone (4-MMC;
C11H15NO), better known as mephedrone, a cathinone derivative (Kelly, 2011).
However, after several lurid articles in the boulevard press all over Europe,
mephedrone became a controlled substance in virtually all European countries in
2010.
During our literature research it turned out that user forums on the internet provide the
most up-to-date source of information on NPS (e.g. bluelight; drugs-forum).
According to these forums, as long as mephedrone was legal, there was only mediocre
interest in it and positive and negative experience reports were more or less in
balance. Immediately after the ban, mephedrone became a "martyr", i.e. a process of
glorification started and hardly any comments on drawbacks and negative side effects
were posted after that. A majority of users in the legal high community rather started
considering mephedrone as the "gold standard" for NPS and typical reviews about
new NPS nowadays usually contain sentences like e.g. "if mephedrone is rated 10, I
would give this substance a 5". Thus it is not surprising that immediately after the ban
numerous (legal) mephedrone substitutes flooded the market. These substances are
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either isomers or other cathinone derivatives or completely new RCs (especially in
countries with analogue laws in force) with supposedly similar psychoactive effects
(European Union, 2013). Examples of these mephedrone substitutes include: 3methylmethcathinone (3-MMC), 4-methylethcathinone (4-MEC), N-ethylbuphedrone
(NEB), 3,4-dimethylmethcathinone (3,4-DMMC), and 3-Fluoromethcathinone (3FMC). For these substances even less information about toxicity and long term effects
are available than for 4-MMC. Werse and Morgenstern state in their publication “that
many NPS show side effects that are at least as serious as those associated with illicit
drugs, and that long-time risks are unpredictable” and they conclude that “repressive
drug policy enforcement may lead to increased public health risks regarding drug
users." (Werse, 2012) This is a serious issue that needs to be thought through by our
legislative bodies.
Regardless of the future development of drug policies there is an obvious current need
for fast and reliable detection of NPS, either for law enforcement agencies or for
forensic and medical laboratories. The most commonly used analytical procedures for
drug detection are based on gas chromatographic (GC) methods e.g. in toxicological
analysis (Westwell et al., 2013). GC, especially in combination with mass
spectrometry (GC/MS), is a very selective and sensitive method. However, this comes
at the expense of fast analysis. GC-MS is time consuming, so that a real-time and
therefore on-the-spot analysis becomes impossible. Ion mobility spectrometry (IMS)
and chemical test strips are much faster methods, but these only have very limited
selectivity (Biermann et al., 2004). Furthermore, in the case of IMS only those
compounds that are included in the instrument's library can be identified (Keller et al.,
1999). This limitation on selectivity results from the lack of information on the
molecular masses of the compounds being detected. In comparison to GC techniques,
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PTR-MS is a faster detection system (response times of about 100 ms). In addition,
PTR-MS is far more selective than IMS and chemical test strips. The only limitation is
that it is a one dimensional analytical technique with only the m/z of an ion being
identified, making unambiguous compound identification difficult. However, recent
advances in PTR-MS technology (e.g. switchable reagent ion source and changing
operational parameters) are beginning to address this drawback.
In earlier studies we have illustrated the applicability of proton-transfer-reaction mass
spectrometry (PTR-MS) for the detection of several illicit and controlled prescription
drugs (Agarwal et al., 2011) and numerous other threat substances that can harm
people, such as explosives (Jürschik et al., 2010; Mayhew et al., 2010; Sulzer et al.,
2012b), chemical warfare agents and toxic industrial compounds (Agarwal et al.,
2012; Kassebacher et al., 2013; Petersson et al., 2009). For explosives we additionally
presented a method of increasing selectivity by changing operational parameters
(reduced electric field in the drift tube) (Sulzer et al., 2012b). In this paper we present
data obtained with an advanced PTR-MS instrument that shows a new level of
selectivity for this technology, i.e. the separation and hence the unambiguous
identification of the two isomeric mephedrone substitutes 4-MEC and NEB
(C12H17NO; see Fig. 3.6 for their chemical structures).

Figure 3.6: Chemical structures of 4-MEC (left) and NEB (right)
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3.2.2 Experimental
For the present studies we used a PTR-MS instrument equipped with switchable
reagent ion capability (PTR-TOF 8000, Ionicon Analytik (Jordan et al., 2009a)).
Switchable reagent ion in this context means that the reagent ions used for chemical
ionization of the sample molecules can be switched from H3O+ (Lindinger et al.,
1998a) to either O2+, NO+ (Jordan et al., 2009b) or Kr+ (Sulzer et al., 2012a), by
changing the source gas used in the hollow cathode discharge source. Such an
instrument has recently been called a selective-reagent-ionization mass spectrometry
(SRI-MS) device by Karl et al. (2012), which we adopt here. Details about the
instrument and ionization processes can be found in (Jordan et al., 2009b; Jordan et
al., 2009a; Sulzer et al., 2012a).
The two cathinones investigated in this study, which are not controlled in many
European countries, were purchased from a popular (according to user forums)
internet vendor and used without further purification. A few mg of the samples were
put into glass vials, which were then sealed with septa through which inlet and outlet
PEEK (polyether ether ketone) tubing was inserted. Purified air was then drawn
through the vials for subsequent analysis of the air (dynamic headspace) with the SRIMS instrument. The vials were heated respectively to 65° (NEB) and 90°C (4-MEC)
to ensure high signal intensity and to prevent variations in the dynamic headspace
concentration due to changes in the room temperature. The lines connecting the
respective vial to the instrument were heated to 110°C to limit surface adsorption. The
data obtained are presented without any post-processing, i.e. without reagent ion
signal intensity normalization or other corrections (e.g. transmission factors), as we
only wish to demonstrate in this paper the advantages in selectivity when using a SRIMS compared to classical PTR-MS instrument.
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3.2.3 Results
We first investigated the reactions of 4-MEC and NEB with H3O+. Surprisingly the
mass spectra of both substances showed no major impurities, i.e. the samples from the
RC vendor were exceptionally pure. The majority of the impurities would be expected
to originate from residual solvents from the synthesis process. Given that these
solvents will possess much higher vapour pressures than 4-MEC or NEB, then in
combination with the observed intensities of the impurities being far less than 1% of
the protonated molecule ion intensity, we estimate that the sample purities are better
than 99.9%, i.e. they are at a purity level that would be expected from a certified
chemical supplier. Fig. 3.7 shows the sections of the mass spectra in the region around
the protonated molecules.

The dominant product ion observed is the protonated parent ion for both NPS at m/z
192.14. The peak to the right of this originates from the 13C isotopes. The product ion
observed at m/z 190.12 is a result of H2 elimination from the protonated molecule, a
reaction channel we have already observed in our previous studies on illicit drugs (e.g.
for the chemically related MDMA (ecstasy) (Agarwal et al., 2011)). Further high mass
fragments were identified as C12H16N+ (H2O loss) and C10H10O+ (C2H8N loss) for both
isomers, both of which have intensities well below 10% of the protonated molecule
signal intensity. The investigation of branching ratios and the identification of some
low intensity fragment ions is work in progress and beyond the scope of this
Application Note.
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Figure 3.7: Mass spectrum sections for 4-MEC (upper) and NEB (lower) with H3O+
being used as reagent ions

Utilizing H3O+ chemistry makes it impossible to separate the two isomers 4-MEC and
NEB, i.e. the most abundant product ions are identical. However, switching to NO+ as
reagent ions solves this problem immediately (Fig. 3.8). We comment that this
switching from water to NO chemistry is rapid being approximately 10 seconds
(Jordan et al., 2009b). The most abundant product ions now observed are different for
the two compounds. We find that 4-MEC fragments upon reaction with NO+ mainly to
C4H10N+ (m/z 72.08), which corresponds to the loss of C8H7O from the singly charged
parent (compare Fig. 3.6). On the other hand, the reaction of NO+ with NEB results in
C5H12N+ (m/z 86.10), which corresponds to the loss of C7H5O, via α-cleavage at the
ketone functional group.
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Figure 3.8: Mass spectra for 4-MEC (upper) and NEB (lower) obtained with NO+
chemistry

After switching to O2+ the situation does not change dramatically. As can be seen in
Fig. 3.9, the most abundant product ions are again C4H10N+ (m/z 72.08) for 4-MEC
and C5H12N+ (m/z 86.10) for NEB. Other product ions formed both when NO+ and O2+
were used as reagent ions were far less abundant and therefore less suitable for
substance identification; these ions include: m/z 190.12 (C12H16NO+, hydride
abstraction), m/z 119.05 (C8H7O+) for 4-MEC; m/z 190.13 (C12H16NO+, hydride
abstraction), m/z 105.03 (C7H5O+) for NEB. Therefore, again the two most abundant
product ions can be used for the identification of the two isomers. It has to be noted
that although switching between H3O+, NO+ and O2+, respectively, can be done within
10 s, i.e. there is no disadvantage in terms of the rapidity of measurements, a pure O2
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supply gas cylinder is required for the generation of O2+ reagent ions. In contrast, for
the NO+ mode no external gas supply is necessary, instead charcoal filtered air can be
used as source gas. This means, that for field measurements NO+ would be the
preferred reagent ion.

Figure 3.9: Mass spectra for 4-MEC (upper) and NEB (lower) obtained with O2+
chemistry

By utilizing Kr+ chemistry we discovered some issues that lead us to the conclusion
that Kr+ is somehow less suitable for the present application. Kr+ reacts with the two
common air constituents H2O and O2, resulting in the production of H3O+ (produced
through secondary reactions of H2O+ and H2O) and O2+. This means that the Kr+
reagent ions will be rapidly converted to these ions and hence will not be available to
react with the trace compounds. Sulzer et al. (2012a) recently suggested the use of a
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buffer gas in the drift tube, such as He or N2, which effectively helps to overcome this
problem. However, after the instrument has been operated in H3O+ mode a
considerable amount of water will cover the surfaces inside the SRI-MS instrument
and will only slowly evaporate.
Thus, in contrast to NO+ and O2+, switching to Kr+ from H3O+ cannot be done within
seconds but needs several minutes. Regardless of this disadvantage we have also
investigated the reactions of the two mephedrone substitutes with Kr+. For 4-MEC the
situation is quite clear. Owing to the high ionization potential of Kr (14 eV) the
chemical ionization process is highly exothermic and therefore extensive
fragmentation of the sample molecule is expected. Indeed, we do not see any high
mass fragments (which were observed in small quantities for NO+ and O2+,
respectively, see Fig. 3.8 and Fig. 3.9) and again the most abundant product is
C4H10N+ (m/z 72.08), i.e. 4-MEC can be identified via this fragment (Fig. 3.10 upper
panel). For NEB there is a major problem. From the NO+ and O2+ results we can
expect Kr+ to react with NEB via dissociative charge transfer to produce C5H12N+ (m/z
86.10). However, Kr has an isotope at m/z 85.91 (30% abundance) which will
overwhelm any signal associated with m/z 86, and therefore (if produced) this ion is
not detectable (Fig. 3.10 lower panel). This means that by utilizing Kr+ chemistry we
can indeed still separate the two isomeric compounds, but with somehow limited
certainty, as one of the two respective characteristic fragment ions is not available for
identification.
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Figure 3.10: Mass spectra for 4-MEC (upper) and NEB (lower) obtained with Kr+
chemistry

3.2.4 Conclusions
In summary, after a series of studies on various threat agents (e.g. explosives,
chemical warfare agents, toxic industrial compounds) and illicit and controlled
prescription drugs, which have demonstrated the high sensitivity capabilities of the
PTR-MS technology, in the present paper we have additionally shown the
applicability of the latest generation of PTR-MS technology (SRI-MS) for highly
selective separation of isomers by switching the reagent ions with the help of the two
mephedrone substitutes 4-MEC and NEB and switching between H3O+ and NO+
chemistry. NPS are a hot-topic in our society (European Union, 2013) and will have to
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be widely discussed in the near future, given the number of users and the potentially
harmful side effects of these chemicals.
Independent of the way the European policies on NPS will develop - either banning a
constantly increasing amount of substances or easing prohibition to prevent even more
dangerous and toxic NPS from being introduced onto the market - there is a need for
fast and reliable detection and identification of these compounds. We have shown that
SRI-MS is a technology that has the potential to fulfill these needs.
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Chapter IV
The effect of ozone fumigation on the
emission of biogenic volatile organic
compounds (bVOCs) from Brassica napus

This chapter demonstrates the effect of ozone fumigation on the emissions of bVOCs
from oilseed rape (Brassica napus) both above and below ground. The emissions of
bVOCs are recorded using an SRI-ToF-MS operated in H3O+ mode and NO+ mode as
described in Chapter III. The use of NO+ mode provides additional structural
information enabling the identification of analyte functional groups. Ozone fumigation
of the plant leaves is shown not to effect bVOC emissions below ground. Following
ozone fumigation the emissions of monoterpenes and sesquiterpenes from the leaf
chamber are shown to drop dramatically. The reduction in monoterpene emission was
attributed to a reaction with OH radicals and the reduction in sesquiterpene emission
to ozonolysis. A large increase in the emission of oxygenated species was observed
following ozone fumigation with an increase in the concentration of ca. 20
compounds.

This work is being prepared for submission to the journal Environmental Science and
Technology. The authors and their contributions are listed below:
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Abstract
Here we report the emissions of bVOCs from oilseed rape (Brassica napus) both
when the plant is exposed to clear air and when it is fumigated with ozone at
environmentally-relevant mixing ratios (~100 ppbv) under controlled laboratory
conditions. Emissions of bVOCs were recorded from both leaves and roots using a
recently developed selective reagent ionisation - time of flight - mass spectrometer
(SRI-ToF-MS) enabling bVOC detection with high time and mass resolution, together
with the ability to identify certain molecular functionality. Emissions of bVOCs from
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the roots were found to be dominated by sulfur compounds including methanethiol,
dimethyl disulfide and dimethyl sulphide, and these below-ground emissions did not
change following fumigation of the plant with ozone.

Ozone fumigation of the plant caused a rapid decrease in monoterpene and
sesquiterpene concentrations in the leaf chamber and increased concentrations of ca.
20 oxygenated species. The drop in sesquiterpenes concentrations was attributed to
ozonolysis occurring to a major extent on the leaf surface. The drop in monoterpene
concentrations was attributed to gas phase reactions with OH radicals deriving from
ozonolysis reactions. As plant-emitted terpenoids have been shown to play a role in
plant-plant and plant-insect signalling, the rapid loss of these species in the air
surrounding the plants following ozone fumigation may have a significant impact on
plant-plant and plant-insect communications.

4.1

Introduction

Biogenic volatile organic compounds (bVOCs) are a large and diverse group of
molecules released from plants into the atmosphere (Dudareva et al., 2006). Plants
have been shown to emit bVOC from both above- and below-ground organs and these
emissions are known to change in response to both biotic and abiotic stress
(Holopainen and Gershenzon, 2010). These molecules represent a major source of
reactive carbon released into the atmosphere, with ca. 1015 g emitted annually
(Guenther et al., 2012), and hence play a significant role in tropospheric chemistry
both by acting as a sink for atmospheric oxidants, such as OH radicals, and through
their effects on the formation of secondary organic aerosol (SOA) and tropospheric
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ozone (Atkinson and Arey, 2003a). bVOCs therefore impact significantly on both the
climate system and local-to-regional air quality.

Ozone is formed photochemically in the troposphere by reactions involving volatile
organic compounds (VOCs) and NOx (NO and NO2) (Logan, 1985; Atkinson and
Arey, 2003a). In the northern hemisphere background ozone levels are generally in the
range 35-40 ppbv, but locally can peak above 100 ppbv depending on concentrations
of precursors and weather conditions (Royal Society, 2008). Recent studies indicate
that tropospheric ozone concentrations have stabilised, or are decreasing, in some
industrialised areas due to reductions in precursor emissions (Oltmans et al., 2013).
However, ozone concentrations in the troposphere continue to rise in parts of Asia (Fu
and Tai, 2015). Tropospheric ozone is an especially important pollutant due to the
detrimental impact it has been shown to have on both human health and crop yields
(WHO, 2003; Ashmore, 2005; Royal Society, 2008).

bVOC emissions from plants are affected by both biotic stress and the abiotic physical
conditions to which they are exposed (Laothawornkitkul et al., 2009; Holopainen and
Gershenzon, 2010), including the ambient concentrations of ozone. These effects are
not yet fully understood, with experimental evidence showing an increase (Heiden et
al., 1999), decrease (Ryan et al., 2009) or no significant effect (Ryan et al., 2009) on
bVOC emission from different plant species in response to ozone. However, an
increase in bVOC emissions, together with a change in the chemical composition of
the bVOC blend emitted, is commonly observed in response to biotic stresses. Both
constitutive and induced bVOC emissions can act as a direct defence, repelling
herbivores, or as an indirect defence through a “cry for help” (Dicke, 2009; Kessler
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and Baldwin, 2001) to attract the predators of the herbivorous organisms attacking
them.

Both monoterpenes and sesquiterpenes are commonly emitted in response to biotic
stress (Gosset et al., 2009; Laothawornkitkul et al., 2008) and have been shown to
play an important role in plant signalling (Degenhardt et al., 2009; Kappers et al.,
2005; Kessler and Baldwin 2001). There have been limited studies on the effect of
ozone on plant volatile signalling but the few available studies suggest that ozone may
affect plant-insect signalling (Pinto et al., 2010). Upon exposure to ozone, bVOCs
containing an alkene functional group, such as monoterpenes and sesquiterpenes, may
undergo ozonolysis in the gas phase or liquid phase, inside or outside of the plant
(Hewitt and Terry 1992). The gas phase ozonolysis of alkenes (Fig. 4.1) leads to the
formation of an energy-rich ozonide, which rapidly decomposes to a carbonyl and a
high energy Criegee intermediate (Criegee, 1975). The Criegee intermediate can then
be collisionally-stabilised or, depending on the structure of the Criegee intermediate,
can decay to either CO2 + RH or to the OH radical and a substituted alkyl radical
(Atkinson and Arey, 2003b). Thus the ozonolysis of terpenoids can act as a source of
OH and a range of oxygenated VOCs.

Figure 4.1, ozonolysis of alkenes leading to the formation of a carbonyl and a Criegee
intermediate where [ ]* represents a high energy species.
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Here we report, for the first time, bVOC emissions from the whole plant measured
simultaneously in the leaf and root zone, using the recently developed selective
reagent ionisation-time of flight-mass spectrometer (SRI-ToF-MS). The effect of
ozone fumigation on bVOC emissions both above- and below-ground is reported.
Using the highly time-resolved and sensitive SRI-ToF-MS, we could follow the initial
reaction of several biogenically emitted terpenoids with ozone and observed the
formation of a number of atmospherically-abundant oxygenated compounds. Brassica
napus (oilseed rape) was selected as the model plant species due to its wide
geographic distribution, its importance as a crop and its known emission of both
monoterpenes and sesquiterpenes (Himanen et al., 2009).

4.2

Methodology

Experiments were carried out in two blocks, July-September 2013 and April-June
2014. In 2013, bVOC emissions from potted plants enclosed in chambers were
recorded from both plant leaves and from the soil and roots using a SRI-ToF-MS.
During the 2014 experiments, measurements were made from above ground alone
using a SRI-ToF-MS in order to increase the time resolution of the leaf emission data.
Additionally, leaf chamber samples were collected for chemical identification by GCMS analysis.
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4.2.1 Plant material
Brassica napus plants (DK Cabernet, Monsanto) were grown from seed under natural
light with supplementary heating in glass houses at the University of Innsbruck
Botanical Gardens from May-July 2013 and January-April 2014. The soil used was
made up of steamed leaf mould (31%), steamed basic soil (15%), coconut fibre (15%),
sand (15%), rock flour (15%) and lava (12%). Measurements were carried out when
plants were at growth stages 1.4-1.6 (HGCA, 2012) meaning that plants had between
3 and 5 open adult leaves and had not yet undergone stem extension. Plants were
transplanted prior to experiments into 2 L root chambers and given a week to
acclimatise to lab conditions. In 2013 six replicates were carried out using unique
plants and in 2014 a further seven replicates were carried out.

4.2.2 Experimental setup
The experimental setup was based on that described by Jud et al. (2016) and is shown
in Fig. 4.2. Both the leaf and root chambers were designed with glass and PFA/PTFE
surfaces in order to limit background VOC emissions, loss of low volatility
compounds and to prevent artefact formation during ozone fumigation. Care was
taken to avoid skin contact with both the leaf and root chamber in order to prevent
artefact formation through the ozonolysis of lipids present on human skin (Fruekilde
et al., 1998; Wisthaler and Weschler, 2010). All tubing was PFA or PEEK and air
flow rates were controlled using mass flow controllers (Bronkhorst, Ruurlo, NL). Zero
air was generated by passing ambient air through a catalyst (Zero Air Generator
HPZA-7000, Parker Balston, Haverhill, USA) heated to 300 °C. This air flow was
then split between root and leaf chambers with ca. 0.5 L min-1 directed into the root
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chamber and ca. 3.0 L min-1 to the leaf chamber. Ozone was produced by passing the
leaf chamber air stream through an ozone generator (UVP, Upland, CA, USA).

The root chamber consisted of a 2 L glass vessel with ¼ inch (6.35 mm) inlet ports 20
mm from the top and bottom of the vessel and a 32 mm port capped with a PTFE
coated septum mid-way down the chamber. Zero air entered the root chamber through
a ring of PFA tubing, pierced in many places, at the base of the chamber and exited
the chamber through the top port situated above the soil level. Soil humidity was
recorded via a soil water content sensor (SM300, Delta-T Devices Ltd., Cambridge,
UK) inserted through the septum and temperature was recorded via a thermocouple
attached to the exterior of the chamber.
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Figure 4.2, plant chamber (bottom) and schematic diagram of experimental setup (top)

The leaf chamber was made up of a 17.2 L glass chamber resting on two 400 × 200 ×
15 mm PTFE plates with a semi-circle of radius 6.3 mm cut for the plant stem in each
plate. As with the root chamber, zero air was introduced to the leaf chamber through a
ring of PFA tubing pierced in many places in order to facilitate air mixing. The PTFE
plates and the glass leaf and root chambers were held in place by external clamps (see
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Fig. 4.2). PTFE tape was used between the PTFE plates, around the plant stem, and
between both the glass leaf and root chambers and the PTFE plates in order to prevent
leaks. Following installation of every new plant into the chamber tests were carried
out to ensure that the air flow in the root chamber was independent of that in the leaf
chamber and vice versa. An overflow PFA tube (ca. 3 m length, ¼ inch/6.35 mm
diameter), was installed between the leaf chamber and the SRI-ToF-MS in order to
prevent pressure changes when the SRI-ToF-MS was switched from leaf to root
chamber measurements. Light was provided from a growth lamp (Dakar, MT / HQIT/D, Lanzini Illuminazione, Brescia, Italy) positioned ca. 1 m above the chamber and
a water bath was installed between the lamp and the growth chamber to filter infra-red
radiation and so limit chamber heating. Light and temperature were monitored using a
BF3 Sunshine Sensor (Delta-T Devices Ltd., Cambridge, UK) and a thermocouple
beside and affixed to the exterior of the leaf chamber respectively. Light levels at the
chamber were ca. 400 μmol m-2 s-1 and the chamber temperature was 25 ± 3 °C.

Approximately 1 L min-1 of air was subsampled before and after passing through the
leaf chamber for analysis of O3 (ozone analyser, Model 49i, Thermo Fisher Scientific
Inc. Franklin (MA), USA), CO2 and H2O (LI-840A CO2/H2O Analyzer, LI-COR Inc.,
Lincoln (NE), USA) concentrations. Measurements of these inorganic gases were
switched between the inlet and outlet every two minutes. In order to maintain a
constant rate of flow into the chamber and to the SRI-ToF-MS, the same volume of air
was pumped from the inlet line while air was subsampled from the chamber outlet and
vice versa (see Fig. 4.2). The carbon dioxide mixing ratio entering the camber was
found to be ca. 450 ppm.
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Background measurements were made weekly with the leaf chamber background
consisting of the empty leaf chamber with and without ozone. The soil chamber
background consisted of a soil sample watered and cared for as if it contained a plant.

4.2.3 SRI-ToF-MS measurements
bVOC measurements were made using the University of Innsbruck SRI-ToF-MS.
This instrument is based on the proton transfer reaction time-of-flight mass
spectrometer (PTR-ToF-MS) developed at the University of Innsbruck (Graus et al.,
2010), with the additional ability to ionise analyte species using alternative reagent
ions (in this case NO+) as well as the more usual H3O+. This instrument is similar to
the commercial SRI-ToF-MS instruments produced by Ionicon Analytik GmbH
(Jordan et al., 2009a, 2009b). A detailed description of the theory behind PTR-MS has
previously been described in detail (Hansel et al., 1995; Hewitt et al., 2003; Lindinger
et al., 1998b). The University of Innsbruck SRI-ToF-MS differs from the commercial
instruments in that it uses a much higher sampling flow (ca. 500 - 1000 ml min-1
compared to 10-20 ml min-1) increasing the instrument’s ability to detect semi and low
volatility compounds by reducing the residence time in the inlet system and has a
modified ion source which enables rapid switching between the different reagent ions.

While analyte ionisation by H3O+ takes place predominantly via proton transfer,
chemical ionisation with NO+ can proceed via a number of chemical pathways. This
enables SRI-ToF-MS to provide more structural information than traditional PTRToF-MS. For example an aldehyde and a ketone with the same sum formula (M)
would be indistinguishable using PTR-ToF-MS as both would be detected at their
protonated mass, MH+. However when ionised using NO+ the aldehyde will typically
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undergo hydride ion abstraction to give [M-H]+ and the ketone will cluster with NO+
to give MNO+, thereby allowing aldehydes and ketones to be measured individually
(Španěl et al., 1997).

The SRI-ToF-MS was operated in H3O+ mode with a drift tube pressure of 2.3 mbar, a
temperature of 60 °C and with an applied voltage of 540 V, giving an E/N (the ratio of
electric field strength (E) and the buffer gas number density (N)) of 120 Td (1 Td =
10-21 V m-2). When NO+ was used as the reagent ion the drift tube temperature and
pressure remained the same but the applied voltage was reduced to 350 V, giving an
E/N of 78 Td. E/N was reduced in the NO+ mode in order to facilitate cluster
formation and therefore provide greater information with respect to the chemical
structure of the analyte.

The SRI-ToF-MS was switched from H3O+ to NO+ mode every 6 minutes. During the
first measurement period, July-September 2013, the SRI-ToF-MS sampled for 24
minutes from the soil chamber followed by 36 minutes from the leaf chamber before
switching back to the soil chamber. As is discussed above, from April-June 2014
measurements were made from the leaf chamber alone.
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4.2.4 SRI-ToF-MS calibration and data analysis
Six point calibrations were carried out weekly using dynamic dilution of a gas
standard (Apel-Riemer Environmental Inc.) comprising 20 VOC species with
protonated masses ranging from m/z 31 to 205. Mixing ratios within the gas standard
were 1000 ± 150 ppb for all compounds with the exception of formaldehyde (5280
ppb), acetonitrile (1186 ppb), decanal (770 ppb) and 1,3,5-triisopropylbenzene (666
ppb) with a ± 5% uncertainty. Monoterpenes were calibrated using α-pinene and
sesquiterpenes using 1,3,5-triisopropylbenzene. Compounds not present in the
calibration gas standard were quantified using the sensitivity calculated for the closest
calibrated mass with an equivalent dipole moment and oxidation state. Calibrations
were carried out in H3O+ and NO+ modes and using both ambient and humidified air,
the latter generated by passing ambient air through a water bubbler before catalytic
purification. Humidification of the air, however, had little effect on the sensitivities
calculated. Mass scale calibration was enabled by the addition of either 1-chloro-2iodobenzene or, in 2014, 1,2,4-trichlorobenzene to the sample air prior to the drift
tube. SRI-ToF-MS data were analysed using the PTR-TOF Data Analyser described
by Müller et al. (2013) and references therein.

4.2.5 GC-MS measurements
Sample collection for GC-MS analysis was performed throughout the 2014
measurement period to provide identification of isomeric terpene species. Samples for
GC-MS analysis were taken from the leaf chamber outflow prior to plant ozone
fumigation. Substantial losses of sesquiterpenes occur during sampling in the presence
of ozone (Pollmann et al., 2005) therefore GC-MS data are not available for the ozone
fumigation period. GC-MS analysis was performed following established procedures
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(Ghirardo et al., 2012; Kreuzwieser et al., 2014; Ghirardo et al., 2016; Weikl et al.,
2016). Air samples (30 L) were trapped at flow rate of 200 ml min-1 onto glass tubes
containing polydimethylsiloxane-foam-adsorbent material (Gerstel GmbH, Mülheim
an der Ruhr, Germany). Samples were then analysed using a thermo-desorption unit
(TDU, Gerstel GmbH) coupled to a GC-MS (GC type: 7890A; S type: 5975C Agilent
Technologies, Palo Alto, USA). VOCs were separated using a 5% phenyl 95%
methylpolysiloxane capillary column (60 m × 250 μm × 0.25 μm DB-5MS + 10 m
DG, Agilent Technologies) with a helium flow rate of 1.2 mL min-1 and a temperature
programme of 40 °C for 2 min, followed by ramping at 6 °C min-1 to 80 °C, holding
for 3 min, ramping at 3.4 °C min-1 to 170 °C and finally at 12 °C min-1 to 300 °C
before holding for 4 min. Calibration was achieved by injecting pure standard
mixtures in hexane at seven different concentrations (20-800 pmol μl−1). Each
concentration mixture was made independently in triplicate, and measured twice. The
resulting MS signal responses were found to be linear with increasing standard
concentrations (R2 0.978-0.999). Limits of detection (LOD) were set to twice σ, and
the limit of quantification (LOQ) to 5-folder of LOD. Sensitivity changes during
sample analysis were accounted for, by the use of a fix amount of δ-2-carene used as
internal standard.

Chemical identification was achieved by comparing the mass spectra obtained from
samples and commercially available authentic standards (Sigma-Aldrich, Taufkirchen,
Germany). When standards were not available, sample spectra were compared to
those found in the 2011 National Institute of Standards and Technology Mass Spectral
Library (NIST11) and Wiley library (v.275), and by comparing the non-isothermal
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Kovats retention indices (RI) calculated following standard procedure (Gonzalez and
Nardillo, 1999).

4.2.6 Emission rate calculation
Volume mixing ratios (χ, ppbv) were calculated from the raw SRI-ToF-MS data in
H3O+ mode (in counts per second) using the equation below.

(1)

Where I(RH+)norm represents the count rate observed for each of the protonated bVOC
species (I(RH+)), normalised to a primary ion (H3O+) and primary ion-water cluster
(H3O+.H2O) count of 106 and background corrected. Snorm is the normalised sensitivity
at that mass. This method is based on that described by Tani et al. (2004) and Taipale
et al. (2008) as applied by Acton et al. (2016). Concentrations (μg m-3) were then
calculated from the volume mixing ratios using the ideal gas law.

The emission rate from the leaf chamber (μg min-1) was then calculated from the
concentration and the flow rate into the chamber, which was recorded daily.
Following the chamber experiments leaf areas were calculated. Leaves were removed
from plants and scanned, leaf areas were then calculated using a program written in
MATLAB (MathWorks, USA). From the leaf area and chamber emission rate the
bVOC per m2 of leaf area was then calculated.
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4.3

Results and discussion

4.3.1 Root chamber measurements
The aim of this work was to identify the species emitted into the soil and to monitor
changes following ozone fumigation of the above ground foliage. However, as zero
air is introduced at the base of the chamber and passed up through the soil, thereby
artificially increasing diffusion from the soil, realistic emission rates cannot be
determined. It should also be noted that the term “root emitted bVOC” is used here to
describe the emission of bVOCs from both the roots of the plant and their associated
micro-organisms. A summary of the masses detected by the SRI-ToF-MS in H3O+
mode when sampling from the root chamber and their likely identity are shown in
Table 4.1. The mass spectral peaks, where observed, in NO+ mode are also reported.
Methanethiol, which has been shown to react slowly with NO+ (Pysanenko et al.,
2008) was not detected in NO+ mode. Mass spectral peaks in NO+ mode were
assigned to compounds identified in H3O+ mode on the basis of their exact mass and
agreement between the times traces recorded in each mode.
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Table 4.1, bVOC species detected from Brassica napus root zone measurements
following background correction against a soil filled chamber. Emission is compared
with previous studies made using Brassica species.
Mass
detected in
H3O

+

ionisation

NO+
ionisation
expected

mode

Mass detected
in NO+

Molecular

Proposed

ionisation

formula

compound

mode

Previously
reported
emission

van Dam et al.,
49.011

no

not detected

CH4S

methanethiol

2012 ; Danner et
al., 2012
van Dam et al.,

63.026

yes

62.017

C2H6S

dimethyl sulfide

2012; Danner et
al., 2012

74.005

no

not detected

C2H3NS

methyl thiocyanate

80.962

no

not detected

CH4S2

methanedithiol
van Dam et al.,

94.991

yes

93.990

C2H6S2

dimethyl disulfide

2012; Danner et
al., 2012

The dominant bVOCs detected in the root chamber were the sulfur compounds, CH4S,
C2H6S2 and C2H6S which were assigned to methanethiol, dimethyl disulfide (DMDS)
and dimethyl sulfide (DMS), respectively, in agreement with the observations made
by van Dam et al. (2012) using Brassica species. While the isothiocyanate marker
reported by van Dam et al. (2012) at m/z 60 was not observed, a mass spectral peak at
m/z 74.0052 in the SRI-ToF-MS’s H3O+ mode was assigned tentatively to methyl
thiocyanate. Both monoterpene and sesquiterpene emissions have previously been
reported from roots (for example by Lin et al., 2007), but in the study presented here
significant emissions could only be detected following damage to the plant, these data
are however not shown. Following ozone fumigation to the vegetation in the leaf
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chamber, we did not observe any significant changes to the bVOC emissions from the
roots.

4.3.2 bVOC emission from healthy leaves
bVOC emissions from leaves of B. napus prior to ozone fumigation are summarised in
Table 4.2. bVOCs were quantified from measurements taken using the SRI-ToF-MS
operated in H3O+ mode. NO+ ionisation was then used to provide additional structural
information aiding the identification of bVOC species. The bVOC emissions from
leaves prior to ozone fumigation were dominated by methanol and monoterpenes, with
emission rates of 24 and 3.4 nmol m-2 min-1 respectively. These species were detected
at m/z 33.034 and 137.134 in the H3O+ spectrum, and at m/z 62.018 and 136.130 in
the NO+ spectrum, suggesting that ionisation of methanol proceeded via cluster
formation (Španěl and Smith, 1997), and the ionisation of monoterpenes via charge
transfer, as would be expected for an alkene (Diskin et al., 2002).

Significant mass spectral peaks were also observed at m/z 49.011, 101.061, 139.114,
151.112, 153.053, 153.132 and 205.198 in the H3O+ spectrum and were tentatively
assigned to methanethiol (CH5S), oxopentanal (C5H8O2), an unknown aldehyde with
the molecular formula C9H14O (as hydride ion abstraction is seen in the NO+
spectrum), an unsaturated oxygenated species with the molecular formula C10H14O,
methyl salicylate (C8H8O), an unsaturated aldehyde with the molecular formula
C10H14O (as hydride ion abstraction is seen in the NO+ spectrum) and sesquiterpenes
(C15H25) respectively.
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GC-MS analysis of trapped samples was used to identify the species contributing to
the monoterpenes and sesquiterpene peaks identified using the SRI-ToF-MS. The
monoterpene emission was predominantly made up of α-pinene (36%), α-thujene
(29%), β-pinene (23%) and γ-terpinene (13%). The C15H25 signal was made up of
four sesquiterpenes: β-elemene (43%), isolongifolene (15%), β-caryophyllene (36%)
and α-farnesene (5%) together with the aromatic compound 1,3,5-tris(1-methylethyl)
benzene (1%). The sesquiterpene emission rate calculated using the GC-MS agreed
well with that calculated using the SRI-ToF-MS, but the GC-MS significantly
underestimated the total monoterpene emission rate. This may, in part, be caused by a
contribution from the fragmentation of higher masses to m/z 137.134 (for example,
sesquiterpenes are known to fragment to this mass) in the SRI-ToF-MS when operated
in H3O+ mode (Kim et al., 2009). The GC-MS analysis also detected significant
emission of the oxygenated monoterpene cis-β-terpineol. This compound is likely to
fragment after ionisation in the SRI-ToF-MS operated in H3O+ mode, eventually
leading to interference at the monoterpene’s mass 137.134. High levels of
monoterpene contamination in GC-MS background samples, however, suggest that an
overestimation of the GC-MS background may have resulted in an underestimation of
total monoterpene emission rate.

Previous analysis of bVOC emissions from oilseed rape (Himanen et al., 2009;
Ibrahim et al., 2008; McEwan and Macfarlane Smith, 1998) also reported significant
emissions of monoterpenes and sesquiterpenes. However, the blend of individual
monoterpenes and sesquiterpenes differs between these studies and ours. This is likely
caused by changes in cultivar and growth stage. Ibrahim et al. (2008) and McEwan
and Macfarlane Smith (1998) also reported a large emission of hexenyl-acetate, which
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was not detected in this study. This compound is associated with leaf wounding (Fall
et al., 1999; Maffei, 2010) so may have been caused by leaf damage as result of leaf
bagging prior to sampling in both studies.

4.3.3 Volatile emission from leaf chamber following ozone fumigation
Following fumigation of the B. napus leaf tissue with ozone (ca. 70 ppbv at the
chamber outlet) a burst of ca. 20 compounds was observed using SRI-ToF-MS
operating in H3O+ mode. The emission rates of these compounds averaged over 2 h
are displayed in Table 4.2.
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Table 4.2. The principle leaf emitted bVOCs from Brassica napus before and during the first 2 h of ozone fumigation detected using SRI-ToFMS. bVOC species quantified from measurements carried out in H3O+ mode. Standard deviations represent the standard deviation in emission
across the 13 plants measured.

Mass detected in
+

H3O ionisation
mode (sum
formula)

NO+
ionisation
expected

33.03 (CH5O+)

yes

49.01 (CH5S+)

no

57.04 (C3H5O+)

Mass detected in
+

Clean air

NO ionisation

Molecular

Proposed

mode (sum

formula

compound

formula)
62.02

Ozone fumigation

Emission (nmol

Standard

m-2 min-1)

deviation

Emission (nmol
-2

-1

Standard

m min )

deviation

CH4O

methanol

24.29

8.23

24.83

9.12

not detected

CH4S

methanethiol

1.79

0.99

1.97

0.79

yes

55.04 (C3H3O+)

C3H4O

propenal

0.05

0.05

0.07

0.05

57.07 (C4H9+)

yes

57.07 (C4H9+)

C4H10O

0.02

0.08

0.14

0.24

59.05 (C3H7O+)

yes

63.03 (C2H7S+)

yes

(NO.CH4O+)

88.04
(NO.C3H6O+)
not detected

butanol
fragment

C3H6O

acetone

0.42

0.33

1.14

1.10

C2H6S

dimethyl sulfide

0.37

0.19

0.32

0.19
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Table 4.2 (continued)

Mass detected in
+

H3O ionisation
mode (sum
formula)

NO+
ionisation
expected

Mass detected in
+

Clean air

NO ionisation

Molecular

Proposed

mode (sum

formula

compound

Emission (nmol

Ozone fumigation

Standard

Emission (nmol
-2

formula)

-1

Standard

m min )

deviation

0.28

0.83

1.19

0.02

0.02

0.02

0.04

0.11

0.80

0.12

0.07

m-2 min-1)

deviation

0.42

fragment of a
69.07 (C5H9+)

yes

69.07 (C5H9+)

C5H10O

secondary/tertiary
unsaturated
alcohol

100.04

methyl vinyl

71.05 (C4H7O+)

yes

73.07 (C4H9O+)

yes

74.01 (C2H4NS+)

no

not detected

C2H3NS

methyl thiocyanate

0.15

0.18

0.17

0.16

74.06 (C3H8NO+)

yes

73.06 ( C3H7NO+)

C3H7NO

unknown

0.12

0.11

0.11

0.09

+

C4H6O

+

C4H8O

(NO.C4H6O )
102.06
(NO.C4H8O )

ketone
methyl ethyl
ketone
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Table 4.2 (continued)

Mass detected in
+

H3O ionisation
mode (sum
formula)

NO+

Mass detected in NO+

ionisation

ionisation mode (sum

expected

formula)

Clean air
Molecular

Proposed

formula

compound

Emission (nmol
-2

-1

Ozone fumigation
Standard

Emission (nmol
-2

-1

Standard

m min )

deviation

m min )

deviation

0.03

0.06

0.53

0.90

fragment of a
83.09 (C6H11+)

yes

83.09 (C6H11+)

C5H12O

secondary/ tertiary
unsaturated
alcohol, hexenol?

85.07 (C5H9O+)

yes

85.07 (C5H9O+)

C5H10O2

unknown

0.01

0.01

0.01

0.02

88.08 (C4H10NO+)

yes

87.06 (C4H9NO+)

C4H9NO

unknown

0.12

0.07

0.14

0.06

93.04 (C3H9OS+)

yes

122.04(NO.C3H8OS+)

C3H8OS

unknown

0.39

0.47

0.61

0.37

0.00

0.00

0.09

0.17

0.80

0.53

0.77

0.55

fragment of a
97.10 (C7H13+)

yes

97.10 (C7H13+)

C7H14O

secondary/ tertiary
unsaturated
alcohol

100.08
+

(C5H10NO )

yes

129.07 (NO.
C5H9NO+)

C5H9NO

unknown
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Table 4.2 (continued)

Mass detected in
+

H3O ionisation
mode (sum

NO+

Mass detected in NO+

ionisation

ionisation mode (sum

Clean air
Molecular

Proposed

formula

compound

expected

formula)

101.06 (C5H9O2+)

yes

99.04 (C5H7O2+)

C5H8O2

107.08 (C7H7O+)

yes

105.04 (C7H5O+)

109.10 (C8H13+)

yes

108.09 (C8H12+)

formula)

Emission (nmol
-2

-1

Ozone fumigation
Standard

Emission (nmol
-2

-1

Standard

m min )

deviation

m min )

deviation

(4)-oxopentanal

2.91

2.26

7.43

14.41

C7H6O

benzaldehyde

0.01

0.01

0.02

0.02

C7H8O

unknown alkene

0.04

0.05

0.16

0.25

0.01

0.02

0.09

0.15

0.00

0.00

0.03

0.05

0.65

0.43

2.57

3.27

fragment of a
123.12 (C9H15+)

yes

123.12 (C9H15+)

C9H16O

secondary/ tertiary
unsaturated
alcohol
fragment of a

125.13 (C9H17+)

yes

125.13 (C9H17+)

C9H18O

secondary/tertiary
unsaturated
alcohol

127.11 (C8H15O+)

yes

126.10 (C8H15O+)

C8H14O

6-methyl-5hepten-2-one
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Table 4.2 (continued)

Mass detected in
+

H3O ionisation
mode (sum

NO+

Mass detected in NO+

ionisation

ionisation mode (sum

Clean air
Molecular

Proposed

formula

compound

expected

formula)

135.12 (C10H15+)

yes

134.10 (C10H14+)

C10H14

137.13 (C10H17+)

yes

136.13 ( C10H16+)

C10H16

139.11 (C9H15O+)

yes

137.13 (C9H13O+)

C9H14O

143.14 (C9H19O+)

yes

141.12 (C9H17O+)

C9H18O

151.11 (C10H15O+)

yes

150.11 (C10H14O+)

153.05 (C8H9O3+)

yes

153.13 (C10H17O+)

formula)

157.16
+

(C10H21O )

Emission (nmol
-2

-1

Ozone fumigation
Standard

Emission (nmol
-2

-1

Standard

m min )

deviation

m min )

deviation

p-cymene

0.13

0.05

0.11

0.07

monoterpenes

3.44

1.84

2.86

1.72

1.56

1.29

2.95

2.14

nonanal

0.43

0.50

3.52

3.21

C10H14O

unknown

1.29

0.83

3.13

1.85

152.05 (C8H8O3+)

C8H8O3

methyl salicylate

1.53

1.15

0.72

0.76

yes

151.12 (C10H15O+)

C10H16O

1.43

0.71

1.78

1.33

yes

155.15 (C10H19O+)

C10H20O

0.33

0.30

5.47

5.10

unsaturated
aldehyde

unsaturated
aldehyde
decanal

106

Table 4.2 (continued)

Mass detected in
+

H3O ionisation
mode (sum

NO+

Mass detected in NO+

ionisation

ionisation mode (sum

Clean air
Molecular

Proposed

formula

compound

expected

formula)

171.16 (C11H23O+)

yes

169.15 (C11H21O+)

C11H22O

205.20 (C15H25+)

yes

204.20 (C15H24+)

C15H25

formula)

Emission (nmol
-2

-1

Ozone fumigation
Standard

Emission (nmol
-2

-1

Standard

m min )

deviation

m min )

deviation

undeacanal

0.11

0.24

0.62

0.92

sesquiterpenes

0.33

0.27

0.06

0.03
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Previous investigations into the effect of ozone on plants have shown that ozone can
cause a change in constitutive bVOC emissions from plants. Ryan et al. (2009)
observed a decrease in isoprene emissions following ozone fumigation of an ozonesensitive poplar genotype, but observed no change in emission following fumigation
of an ozone-tolerant genotype. Both Heiden et al. (1999) and Vuorinen et al. (2004)
reported an increase in terpene emissions following ozone fumigation of pine, tobacco
and lima bean, whereas Himanen et al. (2009) observed a decrease in monoterpene
emissions following ozone fumigation of oilseed rape. In this present study no
significant increase in monoterpenes or sesquiterpene emission was observed directly
after ozone fumigation or during the following 24 hours. As was observed by Wildt et
al. (2003), ozone fumigation caused significant emissions of the saturated aldehydes
nonanal and decanal.

In contrast, during ozone fumigation, monoterpene and sesquiterpene emissions from
the above-ground leaf tissue were observed to decrease immediately, by 17 % and
82 % respectively. Both monoterpenes and sesquiterpenes contain alkene functional
groups and so would be expected to undergo ozonolysis via the mechanism proposed
by Criegee (1975) (Fig. 4.1). Rate constants (k) for the gas phase ozonolysis (at room
temperature) of the detected terpenes, where known, are shown in Table 4.3, together
with expected half-lives (τ) at an ozone mixing ratio of 100 ppbv. Gas phase rate
constants for the reaction of ozone with α-thujene and β-elemene have yet to be
reported. The calculated half-lives for ozonolysis range from 11.4 min to 7.5 h (Table
4.3). However, given the short residence time of air in the leaf chamber (ca. 6.5 min),
a significant drop in monoterpene emissions as a result of gas phase ozonolysis can be
discounted. While the gas phase ozonolysis of the more reactive sesquiterpenes, such
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as α-farnesene, is likely to account for some of the loss observed, this is insufficient to
explain the 82 % decrease observed upon ozone fumigation.

The addition of an excess of an OH scavenger (cyclohexane) to the leaf chamber
caused the monoterpene concentrations measured during ozone fumigation to return to
the levels observed prior to ozone fumigation. This indicates that the drop in
monoterpene emissions following ozone fumigation is a result of a reaction with OH
radicals rather than direct reaction with ozone. A burst of cyclohexanone was
observed during the period of cyclohexane addition indicating that OH was
successfully scavenged. The addition of cyclohexane had no effect on the
sesquiterpene emissions from the leaf chamber, thereby demonstrating that the drop in
sesquiterpene emissions is driven by ozonolysis. As has been shown by Fruekilde et
al. (1998) and Jud et al. (2016), large, semi-volatile terpenoids may undergo
ozonolysis on the leaf surface. The loss of sesquiterpenes, either prior to emission
from the plant, or after partition back into the condensed phase, could therefore
account for the large drop in sesquiterpene emissions observed.

The reaction of ozone with molecules containing the alkene functional group to form a
primary ozonide and the subsequent decomposition of this intermediate to a carbonyl
and an energy rich carbonyl oxide intermediate was described by Criegee (1975). The
so-called Criegee Intermediate (CI) may undergo a number of reactions including
collisional stabilisation to form a stabilised CI. In the case of dialkyl-substituted or
monosubstituted syn- CIs isomerisation leads to a “hot” hydroperoxide followed by
decomposition to alkyl and OH radicals and in the case of unsubstituted or
monosubstituted anti- CIs rearrangement leads to a “hot” ester followed by
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decomposition to CO2 and RH (Atkinson and Arey, 2003b; Kroll et al., 2001). The
CIs and radical decomposition products are however expected to be short lived, so in
order to observe sesquiterpene ozonolysis products we focused on the stable carbonyl
products. The reactions of the cyclic sesquiterpenes β-caryophyllene (Winterhalter et
al., 2009), β-elemene and isolongifolene with ozone, yield formaldehyde and a range
of large (> 204 amu) oxygenated compounds. Emissions of formaldehyde and these
high molecular weight species were not observed during this study. The proton
affinity of formaldehyde is only slightly higher than that of water, therefore, at high
humidity the instrumental sensitivity to formaldehyde is very low (de Gouw and
Warneke, 2007). As the humidity in the leaf chamber was high it is therefore likely
that if formaldehyde was produced it would not have been detected. It is likely that
the large oxygenated products formed remain on the plant surface, are lost by
deposition to the chamber walls, or partition into the aerosol phase (Hoffmann et al.,
1997; Winterhalter et al., 2009) and hence are not detected by SRI-ToF-MS in our
experimental set-up. However, ozonolysis of the acyclic sesquiterpene α-farnesene
leads to the formation of a number of short chain carbonyl compounds including
acetone, methyl vinyl ketone, oxopentanal and 6-methyl-5-hepten-2-one, all of which
were observed following ozone fumigation, supporting the suggestion that
sesquiterpenes are lost by reaction with ozone (Fig. 4.3). Emissions of oxygenated
bVOCs from plant surfaces during ozone exposure have also been observed by Karl et
al. (2005) who demonstrated that a number of compounds thought to be formed by gas
phase chemistry within the canopy may also originate by reaction with ozone on leaf
surfaces, and/or inside the leaf (Salter and Hewitt, 1992).
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Figure 4.3, the drop in sesquiterpenes (m/z 205.198, black diamonds) following ozone
exposure and the increase in the emission of the ozonolysis products acetone (m/z
59.050, blue diamonds), methyl vinyl ketone (m/z, 71.050 red squares), oxopentanal
(m/z 101.061, green triangles) and 6-methyl-5-hepten-2-one (m/z 127.111, purple
dashes), from a representative plant. Values are displayed as ten min averages in
normalised counts per second (ncps). Shaded area represents fumigation with ca 100
ppbv ozone.

During ozone fumigation, total measured carbon emissions (calculated by summing
the moles of carbon emitted) from the leaf chamber increased from 159 nmol C m-2
min-1 to 310 nmol C m-2 min-1. This almost doubling in measured volatile carbon
emissions clearly demonstrates that many of the compounds observed must be a result
of liberation of carbon through ozonolysis of leaf surface compounds and/or the
induced emission of oxygenated species from the plant rather than simply ozonolysis
of the bVOCs emitted by the plant prior to ozone exposure. The leaf surface waxes of
B. napus are predominantly made up of alkanes, saturated ketones, esters and alcohols
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(Holloway et al., 1977) which are all relatively unreactive with ozone, therefore loss
of ozone to the plant surface must be via reaction with emitted sesquiterpenes and
triterpenols.

Table 4.3. Gas phase rate coefficients (k) for the reaction of selected terpenes with
ozone (2.46 molecules cm-3 s-1, 100 ppbv) at 298 K and their expected half-lives (τ).

τO3 (h)

reference

α-pinene

8.4 × 10

-17

1.3

Lee et al., 2006

β-pinene

1.5 × 10-17

7.5

Lee et al., 2006

1.4 × 10

-16

0.8

Atkinson et al., 1990

5.9 × 10

-17

1.9

Ghalaieny et al., 2012

2.5 × 10

-17

4.5

Ghalaieny et al., 2012

5.9 × 10

-16

0.19

Kim et al., 2011

Terpene

γ-terpinene
β-caryophyllene
isolongifolene
α-farnesene

4.4

kO3

Conclusions

In this study we report for the first time whole plant (both above- and below-ground)
bVOC emissions recorded using SRI-ToF-MS. This method combines the high time
and mass resolution of traditional PTR-ToF-MS with the advantage of being able to
separate certain isomeric compounds (Lanza et al., 2013).

The dominant emissions from the roots of B. napus were the sulfur compounds
methanethiol, dimethyl sulfide, methyl thiocyanate, methanedithiol and dimethyl
disulfide. The emission of bVOCs from plant roots was shown to be unaffected by
fumigation of the above-ground leaf tissue with ozone.
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Emissions from the above-ground leaf tissue in ambient air were dominated by
methanol, monoterpenes, 4-oxopentanal and methanetiol. When the leaves were
fumigated with ozone at ~100 ppbv, over 20 oxygenated compounds were
immediately observed, together with a drop in monoterpene and sesquiterpene
emission rates. The drop in observed monoterpene emission rate was shown to be
caused by the gas phase oxidation of the C10 compounds by the OH radical rather than
by ozonolysis. The observed reduction in sesquiterpene emission rate from the leaf
chamber was greater than could be explained by the gas phase ozonolysis of
sesquiterpenes, suggesting that some of the emitted sesquiterpenes were lost by
ozonolysis at the plant surface. As sesquiterpenes have been shown to play a
significant role in plant signalling, where plant-plant and plant-insect signalling is
reliant upon sesquiterpene emissions (Kessler and Baldwin 2001), such signalling may
be significantly altered by increases in tropospheric ozone concentrations. It is not
clear how our laboratory observations apply at the community or ecosystem scale, but
our observations suggest that multi-trophic communication systems may be disturbed
by elevated ozone concentrations in ambient air (Blande et al., 2010).
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Chapter V

Ambient ozone degrades plant
volatiles and disrupts tritrophic
signalling

In chapter IV the effect of ozone fumigation on volatile emissions from B. napus was
investigated. It was shown that following ozone fumigation a wide array of
oxygenated compounds were released and that the emission of sesquiterpenes from
the leaf chamber reduced dramatically. The drop in sesquiterpene emissions being
attributed to ozonolysis of sesquiterpenes both in the gas phase and on surfaces. As
sesquiterpenes have been shown to play an important role in tritrophic signalling it
was therefore hypothesised that ozone fumigation could disrupt tritrophic signalling.
This chapter reports the results of a series of experiments performed using a Y-tube
olfactometer designed to investigate the effect of ozone on herbivore host location and
predator prey location using the model system Brassica napus – Myzus persicae Adalia bipunctata.

This work is presented in a traditional thesis format but is intended to be re-written in
a style appropriate for submission to a generalist journal. The authors and their
contributions are listed below:
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Ambient ozone degrades plant volatiles and disrupts
tritrophic signalling

Acton W. J. F.1, Hewitt C.N.1 and Taylor J. E.1
[1]{Lancaster Environment Centre, Lancaster University, Lancaster, LA1 4YQ,
United Kingdom}

Abstract
In response to herbivory, plants have been shown to emit a wide range of volatile
organic compounds. It is known that predatory insects make use of the stress induced
volatile emission to locate their prey, with this tritrophic signalling providing an
important plant defence mechanism. In this study the effect of ozone on tritrophic
signalling and herbivore host location is investigated using a Brassica napus – Myzuz
persicae – Adalia bipunctata larvae model system. Using a Y-tube olfactometer M.
persicae are shown to successfully identify a host plant and A. bipunctata larvae
successfully identify a M. persicae infested plant in clean air. Following ozone
fumigation (100 ppbv) both herbivore host location and tritrophic signalling were
inhibited. In order to elucidate whether this effect was caused by a change in plant
volatile emission as a response to abiotic stress or degradation of the volatile
compounds emitted, the experiment was repeated introducing ozone after the plant,
and again herbivore host location and tritrophic signalling were inhibited. This
suggests that ozone disrupts tritrophic signalling through degradation of plant emitted
volatiles. Infestation of B. napus with M. persicae is shown to induce the emission of
the sesquiterpene β-farnesene. Following ozone fumigation, emission of the βfarnesene

ozonolysis

products:

acetone,
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methylglyoxal,

4-oxopentanal,

4-

methylenehex-5-enal and 6-methylhept-5-en-2-one is observed supporting the
hypothesis that tritrophic signalling is disrupted by volatile degradation.

5.1

Introduction

Plants emit a plethora of volatile organic compounds (biogenic VOCs or bVOCs) into
the atmosphere. The single most important bVOC is probably isoprene, but the wide
array of compounds emitted include terpenoids, alkanes, alkenes, alcohols, aldehydes,
aromatic compounds, esters, ketones and organosulfur compounds. These compounds
fulfil numerous biological roles including mitigation of abiotic stress, acting in both
direct and induced plant defences, the attraction of pollinators and seed dispersers and
as signalling compounds in plant-plant communication (Holopainen and Gershenzon,
2010; Maffei, 2010). The emission of bVOCs is influenced by both biotic and abiotic
stress and the blend of bVOCs emitted by plants has been shown to change
qualitatively and quantitatively following stress (Holopainen and Gershenzon, 2010;
Loreto and Schnitzler, 2010; Maffei, 2010).

Following the exposure of plants to biotic stress, the emission of constitutive and
induced bVOCs may be stimulated (Maffei, 2010). Constitutive defences are bVOCs
stored in structures such as resin ducts or glandular trichomes within the plant which
are released following damage to the plant. Induced bVOCs are synthesised following
exposure to a herbivore or pathogen and may act as direct or indirect defence. The
release of both constitutive and induced bVOCs following biotic stress may enable the
priming of plant defences in neighbouring plants (Baldwin et al., 2006) or in distal
plant parts (Heil and Ton, 2008). These bVOCs also enable tritrophic signalling, the
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so-called “cry for help”, attracting the predators of herbivorous insects attacking the
plant (Dicke, 2009; Pichersky and Gershenzon, 2002).

Ground-level ozone is a major secondary air pollutant of global significance. At high
concentrations it has detrimental impacts on both human health and crop yields
(Ashmore, 2005; Royal Society 2008). Ozone is formed in the troposphere through the
photochemical degradation of NOx (NO2 and NO) in the presence of VOCs of
biogenic and/or anthropogenic origin (Fehsenfeld et al., 1992). Exposure to ozone has
been shown to impact upon the emission of bVOCs from plants (Laothawornkitkul et
al., 2009). Both reductions and amplifications of isoprene emission have been
observed from plants in response to ozone exposure with the response depending on
ozone concentration and/or plant sensitivity to ozone (Fares et al., 2006; Ryan et al.,
2009). Ozone can also damage cellular membranes leading to the emission of green
leaf volatiles, aldehydes containing 6 carbon atoms (Beauchamp et al., 2005).

As both terpenoids and green leaf volatiles have been shown to play a role in plant
signalling (Kappers et al., 2005; Kessler and Baldwin 2001) the emission of these
compounds in response to ozone could feasibly disrupt plant signalling. Vuorinen et
al. (2004) tested this hypothesis using a model system consisting of lima beans, spider
mites and predatory mites and found that tritrophic signalling was not disturbed by
ozone exposure. However, Cui et al. (2014) found that ozone fumigation of whitefly
infested tomato plants enhanced the emission of monoterpenes, green leaf volatiles
and aldehydes, leading to increased attraction of the whitefly parasitoid Encarsia
formosa.
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Together with its impact on the emission of bVOCs from plants, ozone may also
affect plant signalling through its reaction with bVOCs. Volatiles containing the
alkene functional group will react with ozone both in the gas phase and in the liquid
phase on the leaf surface and inside leaves (Hewitt and Terry 1992). The ozonolysis of
sesquiterpenes and other large terpenes can lead to the rapid degradation of these
signalling molecules (Acton et al., 2016). Ozone has been shown to disrupt plant-plant
communication (Blande et al., 2010), plant-pollinator communication (FarreArmengol et al., 2015) and herbivore host location (Fuentes et al., 2013). Pinto et al.
(2007a), however, found that tritrophic communication (using Brassica oleracea–
Plutella xylostella–Cotesia plutellae and Phaseolus lunatus–Tetranychus urticae–
Phytoseiulus persimilis model systems) was unaffected by ozone exposure suggesting
that more atmospherically stable bVOCs, such as the aromatic compounds methylsalicylate and benzyl cyanide, prevented signal degradation.

In this study we investigate the effect of ozone on herbivore host location and on
tritrophic interaction using a Brassica napus-Myzus persicae- Adalia bipunctata
model system. Phloem feeding insects such as aphids cause little tissue damage to
plants, therefore bVOC emissions from plants following aphid infestation consist
mainly of induced compounds. For example, Staudt et al. (2010) reported the emission
of methyl-salicylate and terpenoids following Myzus persicae attack on a variety of
peach genotypes. As terpenoids are known to react rapidly with ozone (Acton et al.,
2016; Atkinson and Arey, 2003a) one might expect the volatile signal to be disrupted,
although, as reported by Pinto et al. (2007a) the emission of compounds with a low
reactivity towards ozone such as methyl-salicylate may preserve tritrophic signalling.
Volatile emissions from healthy and M. persicae infested plants are recorded here
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using GC-MS and the changes in bVOC composition following ozone exposure are
recorded at high time resolution using a proton transfer reaction-mass spectrometer
(PTR-MS).

5.2

Methodology

5.2.1 Plant material and insects
Oilseed rape plants (Brassica napus cv. DK Cabernet, Monsanto, UK) were grown in
plastic pots (55 mm diameter × 48 mm deep) using Levingtons M3 compost. The
plants were housed in a greenhouse with a 16 h photoperiod, an average temperature
of 24.5 °C, 44.8 % relative humidity and an average day-time light intensity of
286 W m-2. Plants were used in decision experiments at 4-6 weeks of age, equivalent
to growth stage 1.3 (recorded using the system described by HGCA, 2012). Aphids
(Myzus persicae) were reared on B. napus at ca. 20 °C with a 16 h photoperiod.
Ladybird larvae (Adalia bipunctata, Fig. 5.1) were obtained from commercial sources
(Fargro, Sussex, UK and Green Gardener, Great Yarmouth, UK). A. bipunctata were
maintained on M. persicae infested B. napus and were given at least 24 h to
acclimatise prior to use in the behavioural assay. Plants were infested with ca. 200 M.
persicae 48 h prior to A. bipunctata decision experiments.

5.2.2 Experimental setup
Experiments were conducted in two formats, described henceforth as investigation 1
and investigation 2 (Fig. 5.2). Investigation 1 aimed to investigate the effect of ozone
fumigation on a. A. bipunctata choosing between a M. persicae infested plant and a
healthy plant and b. M. persicae choosing between a plant and a blank chamber. For
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A. bipunctata decision experiments, a M. persicae infested plant and a healthy plant
were installed in two 1 L glass chambers (screw topped jars (Wilkinsons, Lancaster,
UK) modified so that the steel/rubber caps were replaced by a PTFE disk). Both a. and
b. were repeated 5 times with different plants.

Figure 5.1. Myzus persicae and Adalia bipunctata larvae

Purified air was generated by pumping ambient air (Eheim Air Pump 100LPH,
Warehouse Aquatics, Preston, UK) through a charcoal filter followed by a bubbler to
restore humidity. This air stream was then split providing 200 ml min-1 to each plant
chamber. Ozone was generated by passing compressed air through a UV dissociation
ozone generator (Opsis, Furulund, Sweden) and was added to the purified air stream
before air entered the plant chamber. The outflow from the two plant chambers was
then directed into the two side arms of the glass Y-tube olfactometer (main arm
11 cm, side arms 8 cm, O.D. 24 mm, I.D. 20 mm, angle between side arms 90°,
Soham Scientific, Ely, UK). All tubing used was ¼ inch (O.D. 6.35 mm, I.D
4.76 mm) PTFE and all fittings exposed to ozone or bVOCs were made of PTFE or
stainless steel. During ozone fumigation experiments, ozone mixing ratios were
121

recorded using a photometric ozone analyser (model 400E, Enviro Technology,
Stroud, UK) connected to the base of the Y-tube olfactometer and were maintained at
100 ± 15 ppbv. Ozone mixing ratios in during clean air experiments ranged from 0-15
ppbv.

Figure 5.2 experimental setup used for behavioural tests with the setup for
investigation 1 displayed on the left and investigation 2 displayed on the right. For
aphid decision experiments the Y-tube olfactometer was covered with a cardboard
sheet with a circular hole allowing light to shine between the arms of the Y-tube
olfactometer.

For M. persicae decision experiments, a healthy plant was installed into one chamber
and the second chamber remained blank. The experimental setup was then the same as
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described above with the addition of a cardboard sheet with a circular hole allowing
light to shine between the arms of the Y-tube olfactometer. This was installed so that
light only shone on fork of the Y-tube. This encouraged the aphids to move towards
the fork of the Y-tube olfactometer and therefore be in position to make a decision.

Decision experiments with both M. persicae and A. bipunctata were carried out by
inserting insects (ca. 10 and ca. 5 at once respectively) 2 cm into the stem of the
olfactometer. Insects were then left undisturbed for 10 min and after this period the
number of insects which had moved 2 cm or further into each branch of the
olfactometer were recorded as having made a decision. This procedure was repeated
using different insects until > 50 decisions had been recorded for each pair of plants.

Investigation 2 (Fig. 5.2) was carried out in order to identify whether the behavioural
changes observed in investigation 1 were as a result of ozone interaction with the plant
or ozone interaction with the bVOCs emitted by the plant and/or ozone interaction
with the insects. Investigation 2, therefore, followed a similar procedure to that
described for investigation 1 except that ozone was introduced after the plant chamber
and air entered a blank chamber (1 L) before the Y-tube olfactometer so that the
ozone-bVOC reaction time remained the same as in investigation 1.

5.2.3 Preliminary experiments
In order to confirm that there was no bias towards the left or right hand arm of the Ytube olfactometer, experiments were performed using M. persicae with two healthy
plants. In these experiements (data not shown) M. persicae showed no significant
preference for the left or the right arm of the Y-tube olfactometer demonstrating that
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the insects were not bias towards one arm of the Y-tube olfactometer. In oreder to
confirm that M. persicae and A. bipunctata behaviour was not effected by other
insects within the Y-tube olfactometer preliminary experiments were carried out using
individual insects and regularly washing the tube to prevent memory effects. These
trials (data not shown) generated the same results as when insects were placed into the
Y-tube olfactometer in groups indicating that the insects were not influenced by each
other.

5.2.4 Statistical analysis
Statistical analysis was carried out with the aid of the R lme4 package (Bates et al.,
2015; R Core Team 2012). The ability of M. persicae and A. bipunctata to make
decisions in clean air was tested against the null hypothesis using the chi‑square test
(χ2). The effect of ozone fumigation on insect decisions was assessed using linear
mixed models. The data were fitted to a generalised linear mixed effect model (glmer)
where the presence/absence of ozone was considered a fixed effect and each plant
repetition a random effect. In order to ascertain the effect of ozone, two models, one
including ozone and one not, were compared using ANOVA to give a p-value, i.e. the
probability of the observed results occurring when the null hypothesis is true.

5.2.5 GC-MS measurements
The emissions of bVOCs from the fully expanded leaves of healthy and aphid infested
plants were recorded with GC-MS using a method based on that described by Vickers
et al. (2009). A Li-Cor Li-6400 portable photosynthesis system equipped with a 640040 leaf chamber fluorometer (Li-Cor Inc., Lincoln, USA) was used to record stomatal
conductance and net photosynthetic rate. The leaf chamber exhaust was modified
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using a PTFE t-piece so that 2 L of air (at a flow rate of 200 ml min-1) could be
subsampled onto sample tubes packed with the adsorbent resins Tenax TA and
Carbotrap (Supelco Inc, Bellefonte, USA). Sampling commenced once stable
photosynthetic rate and stomatal conductace values were achierved and plants
exhibing very low levels of photosynthesis were excluded from the study. During
sampling the leaf in the chamber was held at constant conditions with
photosynthetically active radiation (PAR) set to 1000 μmol m-2 s-1, a temperature of
30 °C and a CO2 mixing ratio of 400 ppbv.

An automated thermal desorption unit (Turbomatrix ATD; Perkin Elmer, Norwalk,
USA) was then used to desorb samples. Sample tubes were heated to 280 °C and the
released volatiles were trapped onto a Tenax TA cold trap (-30 °C for 6 min) in order
to focus the sample before rapid heating to 300 °C in order to release the sample into
the GC. The sample was then introduced onto an Ultra-2 capillary column (50 m ×
0.22 mm I.D. × 1.05 mm film thickness, 5% phenylmethylsilica, Hewlett Packard;
Varian Inc, Palo Alto, USA) with a helium carrier gas. The oven temperature was held
initially at 35 °C for 2 min before heating to 160 °C at 4 °C min-1, then heating at 45
min-1 to 300 °C before holding at 300 °C for a final 10 min. Compounds were
identified by comparison of their retention time and mass spectral fragmentation
pattern with commercially available standards (Sigma-Aldrich Inc., Gillingham, UK),
where available, and with the Wiley (John Wiley & Sons, Hoboken, USA) and NIST
Mass Spectral Libraries supplied with the TurboMass software (Turbomass version
5.4.2; Perkin Elmer Instruments).
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The GC-MS was calibrated using a 6 point calibration. Pure standards (α-pinene, γterpinene, octanol and β-caryophyllene, Sigma-Aldrich Inc., Gillingham, UK) were
made up in methanol (ca. 3 ng μl-1) and a range of volumes of these standards were
then injected onto sample tubes (1-10 μl). The signal response to increasing mass of
standard was found to be linear allowing calibration curves to be constructed.
Sesquiterpenes were quantified from β-caryophyllene, monoterpenes from α-pinene
and γ-terpinene and oxygenated compounds from octanol.

5.2.6 Emission rate calculation
Emission rates were calculated from the GC-MS results. The mass of the analyte
species traped onto the GC-MS sampling tube was obtained via GC-MS analysis. This
value was then dived by the sampling time and the leaf area within the cuvette to
obtain the emission rate (μg m-2 s-1).

5.2.7 PTR-MS measurements
The effects of ozone on bVOC emissions from B. napus were recorded using a proton
transfer reaction – mass spectrometer (PTR-MS) (Ionicon Analytik GmbH, Innsbruck,
Austria). This instrument is described in detail by Blake et al. (2009), Hansel et al.
(1995) and Lindinger et al. (1998b) therefore only the instrumental setup and
operational parameters are described here. The PTR-MS sampled through a 1/8 inch
(3.18 mm O.D., 1.59 mm I.D.) diameter PTFE tube, heated to avoid condensation and
memory effects, from the plant chamber outlet.

Operation of the PTR-MS was

performed in mass scan mode with masses recorded from m/z 21 to 137 with a dwell
time (τ) of 0.5 s. Masses above 137 were not analysed due to low quadrupole
transmission at high masses. The instrument was operated with a 45 °C drift tube

126

temperature and 600 V drift voltage giving an E/N (the ratio of the electric field
strength, E, to the buffer gas number density, N, in the drift tube) of 130 Td (where
1 Td = 10-21 Vm-2). Count rates for the primary ion (H3O+), inferred from its isotope at
m/z 21 remained in the range 9.96 × 106 – 2.55 × 107 cps throughout the measurement
period.

A five point PTR-MS calibration was made by dynamic dilution of a 500 ± 5% ppb
gas standard (3 years old, Apel Riemer Environmental Inc., Broomfield, USA) with
zero air generated from ambient air using a home built zero air generator operated at
300 °C. Mixing ratios used in the calibration in ranged from 0-5 ppbv. This generator
was made up of 1 g of platinum coated quartz wool packed inside a 3/8 inch stainless
steel tube (as described by Shaw et al., 2015). The gas standard contained 14
compounds ranging in molecular mass from 33 to 137 amu. Instrumental sensitivities
for compounds present in the gas standard were calculated directly. For compounds
not present in the gas standard instrumental sensitivities were calculated using a
relative transmission curve generated from the masses present in the analytical
standard (Davison et al., 2009; Taipale et al., 2008). The PTR-MS sensitivities for
each of the compounds reported are summarised in Table 5.1.

Mixing ratios (χ) were then calculated using the method described in Acton et al.
(2015), based on that of Taipale et al. (2008) and Tani et al. (2004).

(1)

127

Where I(RH+)norm is the count rate for each protonated VOC species I(RH+)
normalised to a primary ion (H3O+) + primary ion-water cluster (H3O+H2O) count of
106, a drift tube pressure (pdrift) of 2 mbar and background corrected. Snorm represents
the normalised sensitivity at that mass.

128

Table 5.1., the mixing ratios of the major bVOCs (> 0.3 ppbv) present in the plant
chamber prior to and during ozone fumigation recorded using PTR-MS. Mass spectral
fragments are reported at unit mass resolution together with compounds tentatively
assigned to each mass and for masses present in gas standard, PTR-MS sensitivity.
average VMR prior
unit mass

compound(s) tentatively

to ozone fumigation

(amu)

assigned to this mass

(standard deviation)
(ppbv)

33

methanol

41

average VMR
after ozone

PTR-MS

fumigation

sensitivity (ncps

(standard

ppbv-1)

deviation) (ppbv)

3.35 (1.90)

3.19 (2.12)

0.28 (0.09)

0.58 (0.27)

43

multiple species

1.34 (0.55)

2.68 (1.35)

45

acetaldehyde

2.66 (0.36)

3.80 (0.58)

47

0.88 (0.11)

1.12 (0.38)

49

0.54 (0.31)

0.54 (0.35)

15.94

16.22

59

acetone

1.87 (7.18)

12.36 (7.37)

61

acetic acid

1.07 (1.07)

1.56 (1.45)

63

dimethyl sulfide

0.54 (0.22)

0.50 (0.20)

7.73

1.12 (0.36)

3.93 (1.83)

6.14

0.71 (0.02)

1.01 (0.20)

11.52

0.27 (0.06)

0.54 (0.18)

15.68

0.44 (0.06)

0.84 (0.25)

0.94 (0.22)

2.41 (1.00)

69

71

73

81

isoprene
unsaturated alcohol
methyl vinyl ketone
methacrolein
methyl ethyl ketone
methylglyoxal
monoterpene fragment
hexenal fragment
hexenol, hexanal and

83

hexenyl acetate
fragments

85

ethyl vinyl ketone

0.36 (0.07)

0.46 (0.12)

87

2-methyl- 3-buten-2-ol

0.48 (0.01)

0.66 (0.07)

0.35 (0.35)

0.66 (0.13)

95
97

unsaturated alcohol

0.27 (0.20)

0.95 (0.48)

99

hexenal

0.24 (0.09)

0.38 (0.15)

101

4-oxopentanal

0.96 (0.23)

1.72 (0.83)

0.62 (0.10)

1.90 (0.08)

109
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Table 5.1 (continued)
average VMR prior
unit mass

compound(s) tentatively

to ozone fumigation

(amu)

assigned to this mass

(standard deviation)
(ppbv)

average VMR
after ozone

PTR-MS

fumigation

sensitivity (ncps

(standard

ppbv-1)

deviation) (ppbv)

4-methylenehex-5-enal,
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C5-carbonyls and

0.39 (0.17)

1.08 (0.45)

0.39 (0.26)

0.49 (0.19)

methacrylic acid
113
115

heptanal

0.20 (0.08)

0.40 (0.16)

120

unknown

0.36 (0.18)

0.32 (0.04)

121

C9-aromatics

0.43 (0.08)

0.42 (0.06)

122

0.49 (0.04)

0.42 (0.06)

124

5.31 (1.45)

4.88 (0.72)

125

0.25 (0.05)

0.46 (0.08)

126

0.55 (0.13)

0.57 (0.09)

0.27 (0.10)

0.90 (0.17)

127

6-methylhept-5-en-2one

129

octanal

0.24 (0.11)

0.43 (0.15)

131

p-cymene

0.50 (0.41)

0.51 (0.35)

137

monoterpenes

0.26 (0.08)

0.35 (0.08)

5.3

6.66

2.94

Results

5.3.1 Insect behavioural tests
In clean air, M. persicae were able to discriminate between a Brassica napus plant and
a blank chamber (P < 0.05) in the Y-tube. A. bipunctata larvae were also able to
distinguish between a M. persicae infested plant and a healthy plant in clean air (P <
0.05) in the Y-tube. The effect of ozone on M. persicae and A. bipunctata decision
making was assessed in two investigations, with ozone added before the plant
chamber in investigation 1 and after the chamber in investigation 2. In investigation 1
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ozone was observed to significantly reduce the ability of M. persicae to locate a host
plant over a blank chamber (P < 0.05) and to significantly reduce the ability of A.
bipunctata to locate a M. persicae infested plant over a healthy plant (P < 0.01) (Fig.
5.3). In investigation 2 ozone again significantly reduced the ability of M. persicae to
locate a host plant over a blank chamber (P < 0.01) and to significantly reduce the
ability of A. bipunctata to locate a M. persicae infested plant over a healthy plant (P <
0.01) (Fig. 5.4).

Figure 5.3, proportion of M. persicae choosing host plant instead of blank chamber
when exposed to clear air and ozone (left) and proportion of A. bipunctata larvae
choosing M. persicae infested plant instead of a healthy plant in investigation 1. The
significance of ozone on insect decision making is highlighted with asterisks where *
indicates P < 0.05 and ** indicates P < 0.01. Error bars represent the standard
deviation across 5 plants.
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Figure 5.4, proportion of M. persicae choosing host plant instead of blank chamber
when exposed to clear air and ozone (left) and proportion of A. bipunctata larvae
choosing M. persicae infested plant instead of a healthy plant in investigation 2. The
significance of ozone on insect decision making is highlighted with asterisks where *
indicates P < 0.05 and ** indicates P < 0.01. Error bars represent the standard
deviation across 5 plants.

5.3.2 Effect of M. persicae infestation on bVOC emission
The emissions of bVOCs from healthy and M. persicae infested plants were recorded
using GC-MS and are summarised in Fig. 5.5. Average volatile emissions from nine
healthy plants were dominated by the emission of the oxygenated species decanal (42
± 9 μg m-2 h-1) and an unidentified alcohol (58 ± 17 μg m-2 h-1) together with
isothiocyanato-cyclohexane (51 ± 22 μg m-2 h-1), an unidentified compound (38 ± 9 μg
m-2 h-1), and the monoterpene α-thujene (54 ± 50 μg m-2 h-1) Emissions of the
monoterpene α-thujene varied significantly between plants. Emissions of the
monoterpenes α-pinene, α-terpinolene and α-phellandrene and the sesquiterpenes βcaryophyllene and β-farnesene were also observed. The emissions of bVOCs from M.
persicae infested plants showed a very similar pattern to the bVOC emissions from
healthy plants with the exception of the sesquiterpene β-farnesene where emission
increased from 3 ± 1 to 7 ± 4 μg m-2 h-1 from the infested plants.
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Figure 5.5, bVOC emission (μg m-2 s-1) from healthy (solid grey) and M. persicae
(striped) infested B. napus recorded using GC-MS. Error bars represent the standard
deviation across 9 plants.

5.3.3 Effect of ozone on bVOC emission
The effect of ozone on the bVOC mixing ratios in the plant chamber was monitored
using a PTR-MS. The PTR-MS operates at unit mass resolution, therefore the mixing
ratios presented at each protonated mass represent the sum of all compounds at this
mass. The mixing ratios present in the plant chamber before and during ozone
fumigation are reported in table 5.1 for all significant mass spectral peaks (> 0.3
ppbv). Compounds are tentatively assigned to mass spectral peaks on the basis of
those observed following ozone fumigation of B. napus using a selective reagent
ionisation-time of flight-mass spectrometer (SRI-ToF-MS, Acton et al., 2016),
compounds commonly observed in the atmosphere (Gouw and Warneke, 2007) and
expected sesquiterpene ozonolysis products (Kourtchev et al., 2009). The change in
bVOC mixing ratios within the mass range 31-137 amu in the plant chamber
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following ozone fumigation is displayed in Fig. 5.6. Acetone was the dominant
compound emitted following ozone fumigation with an increase of 10.5 ppbv in the
outflowing air, with large increases also observed at m/z 43, 45, 69, 83 and 109.
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Figure 5.6, the change in the volume mixing ratios (VMR, ppbv) of the mass spectral fragments (amu) recorded using PTR-MS following ozone
fumigation of B. napus. Error bars represent the standard deviation across the 4 plants measured.
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5.4

Discussion

M. persicae is an important pest of oilseed rape crops, causing both direct damage and
transmitting viral infections (Ahuja et al., 2010). Attack by M. persicae has been
shown to cause the emission of a range of chemical species including isothiocyanates
(Blande et al., 2007) and β-farnesene (Francis et al., 2001) from Brassicaceae with
Blande et al. (2007) showing that herbivore-induced volatiles enable the parasitoid
Diaeretiella rapae to locate M. persicae infested plants. Here we focused on the
ability of M. persicae to identify host plants (B. napus) and, following M. persicae
infestation, the ability of the aphid predator A. bipunctata to locate its prey under an
ozone polluted atmosphere.

In clean air, A. bipunctata larvae were able to successfully locate M. persicae infested
plants. Most research on the role of volatiles in aphid host location has focused on
alates (the winged form) as they are primarily responsible for the location of suitable
host plants (Webster 2012). Wingless aphids have been shown to be more reliant upon
visual stimuli in host location (Gish and Inbar, 2006). While M. persicae were highly
sensitive to light, when light levels were the same on both branches of the
olfactometer M. persicae were also shown to be able to choose a host plant over a
blank chamber in clean air. This is in contrast to previous work which demonstrated
using a Y-tube olfactometer that, for an Artemisia arborescens - Macrosiphoniella
artemisiae model system, plant volatiles did not play a significant role in host location
(Gish and Inbar, 2006).
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Our results show that fumigation with ozone at ca. 100 ppbv significantly reduced the
ability of M. persicae to identify a host plant instead of a blank chamber and
significantly reduced the ability of A. bipunctata larvae to distinguish between a M.
persicae infested plant and a healthy plant (Fig. 5.3). The mixing ratios of ozone used
in the investigations (ca. 100 ppbv) are typical of summertime air during
photochemical smog episodes in, for example, the Mediterranean basin (Royal
Society, 2008). The disruption of plant-insect communication by ozone could occur
via one or a combination of three potential mechanisms: 1. oxidative stress causes
quantitative and qualitative changes in the bVOC emissions from plants, masking the
signals associated with biotic stress; 2. ozone could cause the chemical degradation of
the bVOCs responsible for transmitting signals between plants and insects; and 3.
ozone could disrupt the ability of insects to detect the bVOCs responsible for
host/prey location.

In order to ascertain whether changes in bVOC emissions from plants following
oxidative stress were responsible for the disruption in plant-insect communication a
second investigation was carried out (Fig. 5.2, right hand side). In this investigation a
second chamber was added between the plant chamber and the Y-tube olfactometer
and ozone was introduced between the plant chamber and the second chamber. This
ensured that while the plant was not exposed to ozone the bVOCs and ozone had
comparable reaction time to investigation 1. During this investigation ozone was again
observed to significantly reduce the ability of M. persicae to identify a host plant
instead of the blank chamber and to significantly reduce the ability of A. bipunctata
larvae to distinguish between a M. persicae infested plant and a healthy plant (Fig.
5.4). This, for the first time, suggests that the disruption in M. persicae host location
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and A. bipunctata larvae prey location is driven either by the oxidative degradation of
signalling molecules or by disruption of the insects ability to detect bVOCs following
ozone exposure and not a change in direct bVOC emission from the plant. Pinto et al.
(2007a) investigated the effect of elevated ozone levels (60-120 ppb) on prey location
by Cotesia plutellae and Phytoseiulus persimilis, demonstrating using a Y-tube
olfactometer that tritrophic signalling was not disrupted by ozone due to the presence
of atmospherically stable aromatic bVOCs such as methyl-salicylate in the suite of
emitted compounds. This finding indicates that the insects’ ability to detect bVOC
species was unaffected by ozone at mixing ratios comparable to those used in this
present study. Although it may be that M. persicae and A. bipunctata larvae are more
sensitive to ozone than C. plutellae and P. persimilis, we believe that the most likely
cause of the disruption in plant-insect communication that we observe is the oxidative
degradation of plant emitted volatiles.

The emissions of bVOCs from a healthy Brassica napus plant were dominated by
methanol (table 5.1). Terpene emissions were dominated by the monoterpenes αthujene, α-terpinolene and α-phellandrene together with the sesquiterpene βcaryophyllene. This shows reasonable agreement with that reported by Acton et al.
(2016) where a SRI-ToF-MS instrument was used to record bVOC emission from B.
napus cv. DK Cabernet. In contrast to this study we did not detect the emission of the
aromatic species methyl-salicylate. The differences between this study and that
reported by Acton et al. (2016) are likely a result of differences in growth stage and
growing conditions. Following infestation with M. persicae, the terpene emissions
from B. napus were unchanged with the exception of β-farnesene, the emission of
which increased by a factor of 2.3. Enhanced emission of β-farnesene from M.

138

persicae infested plants has been reported by Francis et al. (2001) and this compound
is also known to act as an aphid alarm pheromone (Maffei, 2010).

The effects of ozone fumigation on bVOC mixing ratios in the plant chamber were
monitored using PTR-MS. Owing to poor instrumental sensitivity at high masses the
PTR-MS could not be used to directly monitor the impact of ozone fumigation on the
sesquiterpene mixing ratios in the leaf chamber. However, the PTR-MS could be used
to indirectly monitor sesquiterpene ozonolysis through the formation of ozonolysis
products. Kourtchev et al. (2009) studied the reaction of β-farnesene with ozone,
identifying the reaction products acetone, methylglyoxal, 4-oxopentanal, 4methylenehex-5-enal, 6-methylhept-5-en-2-one and (E)-4-methyl-8-methylenedeca4,9-dienal. In the PTR-MS these compounds would be expected at m/z 59, 73, 101,
111, 127 and 179 respectively. The change in volume mixing ratio at each unit mass
in the range m/z 31-137 during ozone fumigation is displayed in Fig. 5.6. An increased
mixing ratio is observed during fumigation at m/z 59, 73, 101, 111, 127, assigned to
acetone, methylglyoxal/methyl ethyl ketone, 4-oxopentanal, 4-methylenehex-5-enal
and 6-methylhept-5-en-2-one respectively. This suggests that under ozone fumigation
β-farnesene was lost through ozonolysis, thereby supporting the hypothesis that plantinsect communication is disrupted by the oxidative degradation of bVOCs in air
during transport from the leaf surface to the insect receptor.

Previous investigations into the effect of ozone on tritrophic communication have
shown that under elevated ozone tritrophic signalling can be enhanced (Cui et al.,
2014), unaffected (Pinto et al., 2007a; Vuorinen et al., 2001) or impeded (Gate et al.,
1995; Himanen et al., 2009). The resilience of a tritrophic system is likely to depend
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on the nature of the key signalling molecules. Systems reliant upon terpenes will be
more sensitive to ozone than those reliant upon aromatic species or green leaf
volatiles. While for some plant species phloem feeding insects such as M. persicae
have been shown to induce the emission of aromatic species such as methyl-salicylate
(Staudt et al., 2010), the reliance of tritrophic systems involving phloem feeding
insects on induced volatiles rather than constitutive volatiles is likely to make these
systems more sensitive to rising ozone concentrations than those involving chewing
insects.

As aphids in their wingless form are primarily reliant on visual stimuli to locate
suitable host plants (Gish and Inbar, 2006) the impact of ozone on their ability to find
a host is unlikely to have a large effect at field scale. The influence of ozone on the
ability of aphid predators such as A. bipunctata larvae to locate prey could, however,
have a significant impact for crop protection. Although there has yet to be a field-scale
study on the influence of increased ozone concentrations on tritrophic signalling, an
investigation into the effect of elevated ozone on insect community composition in an
aspen-birch forest (Hillstrom and Lindroth, 2008) found that elevated ozone resulted
in an increased abundance of sucking insects (Aphididae, Cicadellidae and Miridae).
While this represents a far more complex system than that observed in the laboratory,
the finding is consistent with a reduction in the ability of the predators of phloem
feeding insects to locate their prey in an elevated ozone environment.
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5.5

Conclusions

The results of the Y-tube olfactometry experiments presented here show that in the
absence of ozone M. persicae can make use of plant emitted volatiles to locate a host
plant and that A. bipunctata larvae can identify M. persicae infested plants.
Fumigation of the plants with ca. 100 ppbv ozone caused a significant reduction in the
proportion of M. persicae successfully locating a host plant (P < 0.05) and the
proportion of A. bipunctata larvae locating a M. persicae infested plant( P < 0.01).
This effect was still observed when ozone was introduced to the system after the plant,
indicating for the first time that the disruption to plant-insect communication was
caused by the ozonolysis of bVOCs rather than changes in the emission of bVOC
species from plants following abiotic stress.

The influence of rising ozone on tritrophic signalling has yet to be tested at a fieldscale but these results suggest that the B. napus-M. persicae-A. bipunctata larvae
tritrophic system is likely to be sensitive to rising ozone concentrations. As M.
persicae is an important crop pest globally a reduction in the ability of the natural
predators of M. persicae (such as A. bipunctata larvae) to locate their prey could have
a significant impact on crop production
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Chapter VI
Canopy-scale flux measurements and
bottom-up emission estimates of volatile
organic compounds from a mixed oak and
hornbeam forest in northern Italy

This chapter details the findings from flux measurements of a range of bVOC species
recorded using PTR-MS during a field campaign carried out June and July 2012 at a
semi-natural forest situated in the Po Valley. This campaign was carried out as a part
of the ÉCLAIRE (Effects of Climate Change on Air Pollution and Response Strategies
for European Ecosystems) EC FP7 project. The initial aim of these measurements was
to observe the effect of ozone on bVOC emission at a canopy scale, unfortunately no
clear ozone effect could be observed. In this chapter, therefore, fluxes and mixing
ratios of bVOCs recorded at 4 m above the forest canopy are reported and for the first
time the calculation of fluxes of isoprene and monoterpenes using PTR-MS, PTRToF-MS and leaf level GC-MS measurements up-scaled to canopy level are
compared.

This work was accepted for publication the journal Atmospheric Chemistry and
Physics Discussions on the 16th May 2016 and published on the 10th June 2016.
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Abstract
This paper reports the fluxes and mixing ratios of biogenically emitted volatile organic
compounds (BVOCs) 4 m above a mixed oak and hornbeam forest in northern Italy.
Fluxes of methanol, acetaldehyde, isoprene, methyl vinyl ketone + methacrolein,
methyl ethyl ketone and monoterpenes were obtained using both a proton transfer
reaction-mass spectrometer (PTR-MS) and a proton transfer reaction-time of flightmass spectrometer (PTR-ToF-MS) together with the methods of virtual disjunct eddy
covariance (using PTR-MS) and eddy covariance ( using PTR-ToF-MS). Isoprene was
the dominant emitted compound with a mean day-time flux of 1.9 mg m-2 h-1. Mixing
ratios, recorded 4 m above the canopy, were dominated by methanol with a mean
value of 6.2 ppbv over the 28 day measurement period. Comparison of isoprene fluxes
calculated using the PTR-MS and PTR-ToF-MS showed very good agreement while
comparison of the monoterpene fluxes suggested a slight over estimation of the flux
by the PTR-MS. A basal isoprene emission rate for the forest of 1.7 mg m-2 h-1 was
calculated using the Model of Emissions of Gases and Aerosols from Nature
(MEGAN) isoprene emissions algorithms (Guenther et al., 2006). A detailed tree
species distribution map for the site enabled the leaf-level emissions of isoprene and
monoterpenes recorded using Gas Chromatography-Mass Spectrometry (GC-MS) to
be scaled up to produce a “bottom-up” canopy-scale flux. This was compared with the
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“top-down” canopy-scale flux obtained by measurements. For monoterpenes, the two
estimates were closely correlated and this correlation improved when the plant species
composition in the individual flux footprint was taken into account. However, the
bottom-up approach significantly underestimated the isoprene flux, compared with the
top-down measurements, suggesting that the leaf-level measurements were not
representative of actual emission rates.

6.1

Introduction

The term volatile organic compound (VOC) describes a broad range of chemical
species emitted from natural and anthropogenic sources into the atmosphere. VOCs
emitted from the biosphere are commonly termed biogenic VOCs (BVOCs). Of the
BVOCs, isoprene is almost certainly the dominant species globally with an estimated
annual emission of 535–578 × 1012 g C (Arneth et al., 2008; Guenther et al., 2012).
Isoprene, along with larger terpenoids, are the BVOCs that have received the most
attention in the literature to date. Although isoprene is the most commonly measured
BVOC, global emission estimates of isoprene continue to differ and there are still
large uncertainties associated with the emission estimates of many other compounds.
For example, annual monoterpene emission estimates vary between 32 × 1012 and 127
× 1012 g C (Arneth et al., 2008). A better understanding of how emissions change with
land cover, temperature, soil moisture and solar radiation is required to constrain
model descriptions of the effects of BVOCs on atmospheric chemistry in the past,
present and future (Monks et al., 2009).

BVOCs are a major source of reactive carbon into the atmosphere and as such exert an
influence on both climate and local air quality. BVOCs are oxidised primarily by the
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hydroxyl radical (OH), itself formed by the photolysis of ozone, to form peroxide
radicals (RO2). In the presence of NOx (NO and NO2) these RO2 radicals can oxidise
NO to NO2, which may undergo photodissociation leading to the net formation of
tropospheric ozone (Fehsenfeld et al., 1992). Tropospheric ozone can then impact
human health, forest productivity and crop yields (Royal Society 2008; Ashmore
2005). In addition, BVOC species contribute significantly to the formation of
secondary organic aerosol (SOA) in the atmosphere. This affects climate both directly
and indirectly by the scattering of solar radiation and by acting as cloud condensation
nuclei. The formation of cloud condensation nuclei leads to increased cloud cover and
therefore an altering of the Earth’s albedo (Hallquist et al., 2009).

The Bosco Fontana campaign was carried out as a part of the ÉCLAIRE (Effects of
Climate Change on Air Pollution and Response Strategies for European Ecosystems)
EC FP7 project to study the surface/atmosphere exchange within a semi-natural forest
situated within one of the most polluted regions in Europe, and its interaction with air
chemistry. During the Bosco Fontana campaign, VOC fluxes and mixing ratios were
measured 4 m above the canopy of a semi-natural forest situated in the Po Valley,
northern Italy (45° 11' 51'' N, 10° 44' 31'' E), during June and July 2012. The Po
Valley experiences high levels of anthropogenic pollution caused by its proximity to
the city of Milan’s high levels of industrial and traffic-related emissions of pollutants,
intensive agriculture and periods of stagnant air flow caused by the Alps to the north
and west and the Apennines to the south (Bigi et al., 2011; Decesari et al., 2014).

In order to make accurate air quality predictions, precise regional and global models
of BVOC emission are necessary. The modelling of BVOC emissions at regional and
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global scales is generally dependent upon species specific emission factors for the
BVOCs of interest (Guenther et al., 2006; Steinbrecher et al., 2009). These emission
factors are usually determined by the measurement of BVOC emission at a leaf level
and at standard conditions (generally a leaf temperature of 30 °C and
1000 μmol m-2 s-1 PAR). It is, however, important that leaf level BVOC emission
factors accurately represent canopy scale emissions. Here we report the fluxes and
mixing ratios of a range of BVOCs recorded from mixed mesophile forest at the
Bosco Fontana field site. We compare BVOC flux calculation from above canopy
eddy covariance measurements using both a proton transfer reaction-mass
spectrometer (PTR-MS) and a proton transfer reaction-time of flight-mass
spectrometer (PTR-ToF-MS) with isoprene and monoterpene fluxes obtained by
scaling up leaf-level emission factors using the Model of Emissions of Gases and
Aerosols from Nature (MEGAN) to produce a canopy-scale “bottom-up” modelled
flux estimate. We further explore the potential of accounting for the spatial tree
species distribution for improving the comparison between top-down and bottom-up
approaches, in what we believe is the first approach of its type.

6.2

Methods

6.2.1 Site description
Measurements were taken at a site within the Bosco Fontana natural reserve (45° 11'
51'' N, 10° 44' 31'' E), a 233 ha area of semi-natural woodland situated in the
municipality of Marmirolo in the Po Valley. The forest canopy had an average height
of approximately 28 m and was principally comprised of Carpinus betulus
(hornbeam) and three oak species Quercus robur (pedunculate oak), Quercus cerris
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(turkey oak) and the introduced Quercus rubra (northern red oak) (Dalponte et al.,
2007). In the centre of the forest there was a cleared area containing a seventeenth
century hunting lodge surrounded by hay meadows. The surrounding area was
predominantly arable farm land with some pastures to the north and west and a
reservoir to the north-west. The city of Mantova lies approximately 5 km to the south
east, with the small towns of Marmirolo, Soave and Sant'Antonio approximately 2 km
north, 1 km west and 3 km east, respectively. A 42 m measurement tower was situated
near the centre of the forest to the south west of the central hay meadows. The
measurement tower was ca.760 m from the edge of the forest in the direction of the
easterly wind direction that dominated during this measurement period.

6.2.2 PTR-MS and PTR-ToF-MS setup and measurement procedure
In order to record BVOC fluxes and concentrations, both a high sensitivity PTR-MS
(Ionicon Analytik GmbH, Innsbruck, described in detail by Blake et al., 2009; de
Gouw and Warneke 2007; Hansel et al., 1995; Lindinger et al., 1998b) and a high
resolution PTR-ToF-MS (Ionicon Analytik GmbH, Innsbruck, as described by Graus
et al., 2010; Jordan et al., 2009) were used, together with a sonic anemometer (Gill
HS, Gill Instruments Ltd, UK). The PTR-MS was equipped with a quadrupole mass
analyser and three turbo molecular pumps (Varian). The Silcosteel inlet and internal
tubing were heated to avoid condensation of BVOCs onto internal surfaces. The
application of PTR-MS to atmospheric measurements has previously been described
by Hewitt et al. (2003) and Hayward et al. (2002).

The sonic anemometer was situated 32 m above the ground on the north-west corner
of the tower. This measurement height was chosen due to the fetch restrictions. Fluxes
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of sensible heat and momentum were compared with a flux measurement at the top of
the tower (42 m) and were on average 15% larger for sensible heat and 5% for
momentum (Finco et al., in preparation). It is unclear whether this reflects differences
in fetch, instrumentation or the effect of measuring within the surface roughness layer,
but it is possible that fluxes reported here are slightly overestimated for this reason.
The angle-of-attack was uncorrelated with wind direction suggesting that there was no local
influence on the wind flow. Both the PTR-MS and the PTR-ToF-MS were housed in an

air-conditioned cabin at the base of the tower. The PTR-MS sub-sampled via a ca.
10 cm, 1/8 inch (O.D.) PTFE tube (I.D.: 1 mm, flow rate: 300 ml min-1, residence
time: 0.04 s and with a Reynolds number inside the tube of ca. 258, indicating laminar
flow but the very short residence time means that this does not provide the limiting
factor for the overall response time of the measurement system) from a ½ inch O.D.
PTFE common inlet line (I.D. 3/8 inch), heated to avoid condensation, which led from
ca.10 cm below the sonic anemometer to the cabin. Solenoid valves were used to
switch between the sample line and zero air which was generated by passing ambient
air through a glass tube packed with platinum catalyst powder heated to 200°C. The
PTR-ToF-MS subsampled via a 3-way valve from the common inlet line; 0.5 L min-1
was pumped through a 1/8 inch (O.D.) and 1/16 inch (O.D.) capillary (together ca. 20
cm long), with 30 ml min-1 entering the instrument and the remaining flow being sent
to an exhaust. The common inlet line had a flow rate of ca. 63 L min-1, giving a
Reynolds number of ca. 9700 which indicates a turbulent flow. There was no
observable influence of the high flow rate on readings from the sonic anemometer,
even during periods of relatively low turbulence. Data from both the PTR-MS and the
sonic anemometer were logged onto a laptop using a program written in LabVIEW
(National Instruments, Austin, Texas, USA).
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The PTR-MS was operated continuously throughout the measurement campaign with
interruptions for the tuning of the instrument and refilling of the water reservoir. PTRMS settings were controlled so that the reduced electric field strength (E/N, where E is
the electric field strength and N the buffer gas density) was held at 122 Td (1.22 × 1019

V m-2), with drift tube pressure, temperature and voltage maintained at 2.1 mbar, 45

°C and 550 V respectively. The primary ions and the first water cluster were
quantified indirectly from the isotope peaks at m/z 21 (H218O+) and m/z 39
(H218O.H2O+), respectively. The inferred count rate of H3O+ ions over the course of
the campaign varied between 1.33 × 106 and 9.00 × 106 counts s-1. O2+ (m/z 32) was
kept below 1 % of the primary ion count throughout the campaign in order to limit
ionisation of VOCs through charge transfer reactions with O2+ and minimise the
contribution of the O2+ isotope (16O17O+) to m/z 33.

During PTR-ToF-MS operation the drift tube temperature was held at 60°C with 600
V applied across it. The drift tube pressure was 2.3 mbar resulting in an E/N of 130
Td. A more detailed description of the PTR-ToF-MS operation is provided by
Schallhart et al. (2015).

The PTR-MS was operated in three modes: the instrument measured zero air for 5
min, followed by 25 min in flux mode, 5 min in scan mode and then a final 25 min in
flux mode. While in flux mode, 11 protonated masses were monitored sequentially:
m/z 21 the hydronium ion isotope, m/z 39 a water cluster isotope and 9 masses relating
to VOCs: m/z 33, 45, 59, 61, 69, 71, 73, 81 and 137. The mass spectral peaks at m/z 21
and 39 were analysed with a 0.2 s dwell time (τ). For the nine VOC species τ = 0.5 s
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was used in order to increase the instrumental sensitivity to these masses. This gave a
total scan time of 4.9 s and the acquisition of ca. 306 data points in each 25 min
averaging period. The response time for this instrument, assessed during previous
studies and laboratory tests, is ca. 0.5 s, and dwell times were chosen to match this
time in order to minimise overall duty cycle loss due to m/z switching. The uncertainty
caused by disjunct sampling was calculated and found to cause a 0.17 % error in the
flux estimation (see Supplementary Information for details).

Identification of the compounds observed at each of these masses is complicated by
the fact that PTR-MS only allows the identification of nominal masses, therefore it is
impossible to distinguish between isobaric compounds. As such there may be more
than one compound contributing to each of the measured masses; Table 6.1 displays
the masses monitored and the compounds likely to be contributing to each mass
together with the exact masses observed at each unit mass using the PTR-ToF-MS
which has much greater mass resolution than does the quadrupole PTR-MS
instrument. It was assumed that the dominant contributions at m/z 33, 45, 59, 61, 69,
71, 73, 81 and 137 were from protonated methanol, acetaldehyde (ethanal), acetone
(propanone), acetic acid (ethanoic acid), isoprene (2-methyl-1,3-butadiene), methyl
vinyl ketone (MVK, butenone) and methacrolein (MACR, 2-methylprop-2-enal),
methyl ethyl ketone (MEK, butanone), a monoterpene mass spectral fragment and
monoterpenes respectively. A further contribution to m/z 71, recently identified, are
isoprene hydroxy hydroperoxides (ISOPOOH, Rivera-Rios et al., 2014). However, the
concentrations of this intermediate are small if NOx concentrations are high and
therefore are likely to be negligible at this site, where NOx concentrations were large
(Finco et al., in preparation).
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6.2.2.1

PTR-MS calibration

The PTR-MS was calibrated using a gas standard (Ionicon Analytic GmbH,
Innsbruck) containing 17 VOCs at a mixing ratio by volume of approximately 1 × 10-6
(ca. 1 ppmv). The protonated mass of the VOCs ranged from m/z 31 (formaldehyde,
CH3O+) to m/z 181 (1,2,4-trichlorobenzene, C6H4Cl3+). Methanol (m/z 33),
acetaldehyde (m/z 45), acetone (m/z 59), isoprene (m/z 69), MEK (m/z 73) and the
monoterpene α-pinene (m/z 81 and m/z 137) were present in the calibration gas
standard, allowing sensitivities to be calculated directly. Due to reduced quadrupole
transmission for high masses, monoterpenes were quantified using the fragment ion at
m/z 81. For compounds not contained in the gas standard (acetic acid (m/z 61) and
MVK and MACR (m/z 71)) empirical sensitivities were calculated. A relative
transmission curve was created using the instrumental sensitivities calculated from the
masses present in the standard, and from this curve sensitivities for the unknown
masses were calculated (Davison et al., 2009; Taipale et al., 2008). Error in calibration
using the gas standard was assumed to be below 15 %, whereas relative errors in
calibrations using the relative transmission approach are < 30 % (Taipale et al., 2008).
The change in instrumental sensitivity from before the campaign to the end of the
campaign was +1.9, -2, -2.1, -0.3 and -0.7 ncps ppbv-1 for methanol, acetaldehyde,
acetone, isoprene and methyl ethyl ketone respectively.
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Table 6.1, Unit masses measured using the PTR-MS during the ÉCLAIRE campaign
at Bosco Fontana and the exact masses observed using the PTR-ToF-MS. Where the
PTR-MS sensitivity was calculated directly from a compound in the calibration
standard this compound is indicated in brackets. At m/z 61 and 71 the sensitivity was
calculated from a transmission curve.
Unit mass

Exact mass

Contributing

(PTR-MS)

(PTR-ToF-MS)

compound(s)

21

21.023

Water isotope

H318O+

32.997

Oxygen isotope

O17O+

33.033

Methanol

CH5O+

39.033

Water cluster

H5O18O+

44.997

Protonated carbon

45.033

dioxide

33
39

45

Acetaldehyde
59

61

69

Formula

PTR-MS sensitivity
(ncps ppbv-1)

C1H1O2+
C2H5O+

59.049

Acetone

C3H7O+

59.049

Propanal

C3H7O+

61.028

Acetic acid

C2H5O2

11.60 (methanol)
-

9.90 (acetaldehyde)

8.82 (acetone)
8.40 (transmission
curve)

69.0699

Isoprene

C5H9+

69.0699

2-Methyl-3-buten-2-ol

C5H9+

69.0699

fragment

C5H9+

69.0699

Methyl butanal

C5H9+

3.80 (isoprene)

fragment

71

73

81

137

71.049

Methyl vinyl ketone

C4H7O+

71.049

Methacrolein

C4H7O+

71.085

Unknown

C5H11+

73.026

Unknown

C3H5O2+

73.047

Unknown

Unknown

73.065

Methyl ethyl ketone

C4H9O

+
+

73.065

Butanal

C4H9O

80.997

Unknown

C4H1O2+

81.033

Unknown

C5H5O+

81.070

Monoterpene fragment

+

C6H9

curve)

5.87 (Methyl ethyl
ketone)

1.59 (α-pinene
fragment)

+

81.070

Hexenal fragment

C6H9

137.056

Unknown

Unknown

137.133

Monoterpenes

C10H17+
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5.29 (transmission

0.16 (α-pinene)

6.2.2.2

PTR-ToF-MS calibration

Background measurements of the PTR-ToF-MS were made up to three times a day
using zero air generated by a custom made catalytic converter. Calibrations were
made using a calibration gas (Appel Riemer Environmental Inc., USA) which
contained 16 compounds, with masses ranging from 33 to 180 amu. For VOCs not
included in the calibration standard, the average instrument sensitivities towards the
known CxHy, CxHyOz or CxHyNz compound families were used.

6.2.3 Calculation of volume mixing ratios
Mixing ratios by volume were calculated from data generated using the PTR-MS
using a program written in LabVIEW (National Instruments, Austin, Texas, USA).
Mixing ratios by volume (χVOC) were calculated from the raw PTR-MS data (in counts
per second (cps)) using a method based on those of Taipale et al. (2008) and Tani et
al. (2004).

(1)

where Snorm is the normalised sensitivity and I(RH+)norm represents the background
corrected normalised count rate (ncps) for the protonated compound R which was
calculated as shown below.
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(

∑
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(

)

)(

)

(2)

where I(RH+), I(H3O+) and I(H3O+H2O) represent the observed count rate for the
protonated compound R, H3O+ and the H3O+H2O cluster, respectively. Subscript zero
refers to zero air measurements, n is the number of zero air measurement cycles and
pdrift is the drift tube pressure. The drift tube pressure was normalised to 2 mbar (pnorm)
and the sum of the primary ion and first water cluster was normalised to a count rate
of 106 cps (Inorm). The compound specific limit of detection (LoD) was calculated
using the method described by Karl et al. (2003):

(3)

where SVOC is the instrumental sensitivity to the VOC and σBackground is the mean
background normalised count rate.

6.2.4 Flux calculations from PTR-MS
The 25 min PTR-MS flux files were inspected and incomplete or disrupted files were
removed. BVOC fluxes were then calculated using a program also written in
LabVIEW, based upon the virtual disjunct eddy covariance technique (vDEC)
developed by Karl et al. (2002), also termed continuous flow disjunct eddy covariance
(Rinne et al., 2008). This method has been successfully applied in a number of studies
(e.g. Davison et al., 2009; Langford et al., 2009; 2010a; 2010b; Misztal et al., 2011;
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Rinne et al. 2007). This approach allows direct calculation of fluxes of atmospheric
constituents, as with standard eddy covariance, yet in this case sampling of scalar
concentrations is not continuous. The flux, Fx, for each compound was calculated
using a covariance function between the vertical wind velocity, w, and the VOC
mixing ratios, χ:

∑

(4)

where ∆t is the lag time between the PTR-MS concentration measurements and the
vertical wind velocity measurements from a sonic anemometer, ∆tw is the sampling
interval between wind measurements (0.1 s), N is the number of PTR-MS
measurement cycles in each 25 min averaging period (typically 306 in our study) and
primes represent the momentary deviations from the mean concentration or vertical
wind speed (e.g.

̅).

Variations in temperature, pressure and the performance of the sample line pump can
cause small deviations in ∆t. Therefore these values were calculated using a cross
correlation function between w' and χ'. Lag times were calculated individually for
each m/z monitored by the PTR-MS by selecting the absolute maximum value of the
covariance function within a 30 s time window (MAX method, Taipale et al., 2010).
This analysis resulted in a clear isoprene flux but for most masses a high proportion of
the data fell below the limit of detection. These data, especially in the case of acetone,
showed a significant amount of flux values with the opposite sign, “mirroring” the
true flux. These “mirrored” points occur when the measured flux is of comparable
magnitude to the total random error of the system (Langford et al., 2015). As the
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cross-correlation maximum is likely to be an over-estimate when the noise to signal
ratio is greater than one, these points were substituted with fluxes calculated using a
fixed lag time.

A histogram of isoprene lag times calculated using the MAX method is displayed in
the Supplementary Information showing a clear maximum at 7.5 s. Therefore 7.5 s
was chosen as the isoprene fixed lag time and fixed lag times for the other masses
were calculated from the isoprene fixed lag time, accounting for the dwell times of the
different compounds in the measurement cycle.

6.2.4.1

Flux quality assessment and potential losses

In order to assess the quality of each 25 min flux file, the resultant fluxes were
subjected to three quality checks following a two-dimensional coordinate rotation
which was applied to correct for tilting of the sonic anemometer (see Table 6.7 in the
Supplementary Information document for summary). Following the criteria of
Langford et al. (2010a), data points were labelled if the mean friction velocity (u*)
over the 25 min averaging period was found to be below 0.15 m s-1. Data falling
below this threshold predominantly occurred at night when wind velocity reached a
minimum. Detection limits for each 25 min flux file were calculated using a method
based on that of Wienhold et al. (1994) as applied by Spirig et al. (2005) where the
signal of the flux at the true lag is compared to the background noise of the covariance
function. The 95th percentile of the covariance function in the lag range 150-180 s was
calculated and flux files falling below this value were labelled as having fallen below
the LoD. Finally data points underwent a stationarity test as described by Foken and
Wichura (1996), which assessed that stability of the flux across the 25 min averaging
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period, data points found to be generated from periods of non-stationarity were also
labelled. Flux files in which all three tests were passed and where only the LoD test
was failed were included in all further analysis. Files which failed the LoD test were
included to prevent a positive bias being introduced to results. Flux files failing the
stationarity check or falling below the u* threshold were excluded from further
analysis.

The integral turbulence characteristics were assessed using the FLUXNET criteria
described by Foken et al. (2004). The turbulence at the Bosco Fontana field site was
well developed with 87% of the data in the first three categories, defined by Foken et
al. (2004) as suitable for fundamental research. Less than 1% of the data fell into
category 9, characterised as data to be excluded under all circumstances.

The flux losses in the virtual disjunct eddy covariance system were assessed. Loss of
flux at frequencies higher than the PTR-MS response time and/or dwell time was
corrected for using the method described by Horst (1997). Correction factors in the
range 1.01 - 1.23 were calculated and applied to each 25 min flux file with a mean
correction of 8.8 %. Rotating the coordinates in order to set the vertical mean vertical
wind velocity to 0 for each twenty five minute flux averaging period and block
averaging itself act as a high pass flux filter (Moncrieff et al., 2004), leading to the
loss of low frequency fluxes. The loss of these low frequency fluxes due to an
insufficient averaging period is assessed in the Supplementary Information. Sensible
heat flux data were averaged over 50, 75, 100 and 125 minutes before a coordinate
rotation was applied and plotted against the sum of two, three, four and five 25 minute
coordinate rotated flux files, respectively. The gradient of the fitted line between the
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two fluxes gives an estimate of the flux lost by the use of twenty five minute
averaging periods. As is shown in Fig. 6.13 of the Supplementary Information, eddies
with a time period between 25 and 125 minutes carry only an additional 2.8 % of the
sensible heat flux. Therefore if we assume that the frequency of VOC and sensible
heat fluxes are comparable, 1.0-3.6 % of the VOC flux is lost by limiting the
averaging period to 25 minutes. This correction has not been applied to the displayed
data as it is so small.

The effect of the measurement tower (situated to the south-east of the sonic
anemometer) on flux measurements was assessed in two ways. Firstly, the vertical
rotation angle (θ) used to realign the anemometer to achieve zero average w was
plotted against wind direction (Fig 6.15 in Supplementary Information). No change in
θ was observed when the wind came from the south east, demonstrating that the tower
did not affect θ. Secondly, the potential of wake turbulence created by the tower was
assessed using the method developed by Foken (2004). The quality of the turbulence
within each flux averaging period was assessed by calculating the percentage
difference between the measured integral turbulence statistics of the vertical wind
velocity and values modelled for an ideal set of conditions. Plotting the percentage
difference between the measured and modelled values against wind direction (Fig 6.15
in Supplementary Information) showed that the tower had little effect on this
percentage difference and thus on flux measurements (for a more detailed discussion,
see Supplementary Information). Therefore, flux averaging periods during which the
wind was coming from the south-east were not systematically excluded from further
analysis.
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The percentage of flux averaging periods during which > 25 % of the flux originated
from outside the forest area was also assessed by footprint analysis and found to
account for 26 % of the data set. As the flux footprint moves with atmospheric stability,
fluxes from outside the forest predominantly occurred during night-time conditions when
emission rates were very small. Therefore it was not deemed necessary to specifically remove
these data prior to further bulk analysis of the dataset, although it is recognised that the u*
filter criterion removed many of these measurements. A more detailed analysis of the effect of
the tree species composition within the footprint on measured and modelled fluxes is
presented below.

6.2.5 Flux calculations from PTR-ToF-MS
BVOC fluxes were calculated from PTR-ToF-MS data using the eddy covariance
(EC) method similar to that described above for the PTR-MS. The PTR-ToF-MS flux
analysis differed in that the cross correlation between w' and χ' was calculated using
the method described by Park et al. (2013). Whilst in the PTR-MS measurement, the
target compounds are predetermined through the measurement cycle, in the PTR-ToFMS the entire high resolution mass spectrum can be used to search for compounds that
carry a flux. PTR-ToF-MS data were analysed using the TOF Analyzer V2.45 as
described by Müller et al. (2013) and TofTools (Junninen et al., 2010). An automated
flux identification routine was then used to calculate the average of the absolute cross
covariance functions during a mid-day period. The maximum value was then
automatically selected from the averaged spectrum and checked against the manually
selected noise level (10

) to determine whether a flux was present.

The fluxes were filtered using the 70% stationary criteria as presented by Foken and
Wichura (1996), as was applied to the PTR-MS data and corrected for loss of high
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frequency flux Horst (1997). For a more detailed description of the flux calculation
from the PTR-ToF-MS see Schallhart et al. (2015).

6.2.6 Leaf level GC-MS measurements
A portable gas exchange system equipped with a controlled-environment 6-cm2
broadleaf cuvette (LI6400, Li-COR, Lincoln, USA) was used to measure net
photosynthetic rate (A) and stomatal conductance (gs) at basal conditions of PAR
(1000 μmol m-2 s-1), leaf temperature (30 °C) and a CO2 concentration (400 ppm)
from fully expanded leaves. These conditions were comparable to those observed during the
campaign where the average day time temperature was 29 °C. While the cuvette is capable of
reproducing ambient light and temperature conditions, unstable environmental conditions
below the canopy make it difficult to achieve steady state fluxes. BVOC emission was
therefore recorded at basal conditions, to ensure that steady state fluxes could be obtained and
to enable comparison between different individual measurements. When A reached a

steady-state, the outlet tube from the leaf cuvette was replaced with a Teflon tube, and
the air stream exiting from the cuvette was used to sample BVOCs (according to the
methodology in Loreto et al., 2001) by adsorbing them onto a silco-steel cartridge
packed with 200 mg of tenax (Supelco, PA, USA). Tenax is a very hydrophobic and
adsorbent material with high thermal stability generally used for trapping BVOC
(Dettmer and Engewald, 2002). The flow rate through the leaf cuvette was maintained
at 500 μmol s-1, and a subsample of 200 mL min-1 (130 μmol s-1) was pumped through
the cartridge with an external pump (AP Buck pump VSS-1) for a total volume of 6 L
of air. Blank samples of air without a leaf in the cuvette were collected every day
before and after the BVOC samplings. Finally the cartridges were sealed and stored at
4 °C until analysis.
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The cartridges were analyzed using a Perkin Elmer Clarus 580 gas-chromatograph
coupled with a Clarus 560 Mass-Detector and a thermal-desorber Turbo Matrix
(Perkin Elmer Inc., Waltham, MA, USA). The gas-chromatograph was equipped with
an Elite-5-MS capillary column (30 m length, 250 μm diameter and 0.25 μm film
thicknesses). The carrier gas was helium. The column oven temperature was kept at
40 °C for 5 min, then increased with a 5 °C min-1 ramp to 250 °C and maintained at
250 °C for 5 min. BVOC were identified using the National Institute of Standards and
Technology (NIST) library provided with the GC-MS Turbomass software. GC peak
retention time was substantiated by analysis of parent ions and main fragments of the
spectra. Commercially available reference standards (gaseous standards, Rivoira,
Milan, Italy and liquid standards, Sigma Aldrich, Milan, Italy) were used to create the
calibration curves and to quantify the emissions. To normalize the BVOC results, the
quantities of terpenes collected from the empty cuvette (blanks) were subtracted from
the plant emission results.

6.2.7 Mapping tree species distribution
Tree species distribution data were obtained from Dalponte et al. (2007) who used a
combination of Light Detection and Ranging (LIDAR) and hyperspectral data to
develop a high resolution tree species distribution map of the Bosco Fontana natural
reserve.

The overall accuracy (kappa coefficient) of this species map is particularly high
(0.89), considering the number of classes (23) and the number of training samples
(20% of the data are used in the training set and 80% in the test set) per class. The
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LIDAR channels provide relatively sparse information for discriminating between tree
species, increasing the overall accuracy of the tree species assignment using the
hyperspectral data by only 1 % but the LIDAR data significantly increase the accuracy
of understory and underrepresented classes. The kappa coefficient of the main species
is also very high (0.88-0.93) showing the effectiveness of this approach for species
classification in a very complex forest with 20 different broad-leaves species, some of
which, such as Q. cerris, Q. robur and Q. rubra, belong to same genus. For a more
detailed discussion of the mapping results and methodology see Dalponte et al. (2007)
and Dalponte et al. (2008).

6.3

Results and discussion

6.3.1 Meteorological conditions
The measurement campaign at Bosco Fontana ran from 01/06/2012 to 11/07/2012 (41
days) with data recorded using the PTR-MS from the 13/06/2012 to the 11/07/2012.
The meteorological conditions recorded at the measurement site during this period are
summarised in Fig. 6.1, times are reported in central European time (UTC + 1) as used
throughout this paper. The campaign average flux footprint is displayed in Fig. 6.2.
With the exception of two heavy thunderstorms, the first in the first week of June
before measurements began and the second overnight on 6th July, there was no
precipitation during the measurement period. During the measurement period ambient
temperature varied from a low of 14 °C to a high of 35 °C, with temperatures lowest
early in the campaign. Daily photosynthetically active radiation (PAR) peaked within
the range 1890-2105 μmol m-2 s-1 and the relative humidity during the campaign
varied between 29 and 90 %. Winds were generally easterly or north westerly. For
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most of the campaign wind speeds were below 3.5 m s-1 but peaked at 5.6 m s-1 on
23rd June, with the mean wind speed for the campaign period of 1.6 m s-1.

166

Figure 6.1, Time series of meteorological conditions recorded over the campaign
period. From top to bottom: PAR (μmol m-2 s-1), air temperature (°C), relative
humidity (%), wind speed (m s-1) and wind direction (°).

Figure 6.2, Satellite image (map data © Google 2016) of the field site showing the
flux tower and footprint containing 80 % of the flux measured during the campaign
(13/06/2012 – 11/07/2012).
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6.3.2 BVOC mixing ratios and fluxes
BVOC fluxes were recorded at the Bosco Fontana site using both the PTR-MS and the
PTR-ToF-MS. Unless stated, the results displayed here were calculated from
measurements made using the PTR-MS. Data analysis was carried out with the aid of
the R openair package (Carslaw and Ropkins, 2012; R Core Team 2012). For a full
discussion of all fluxes and concentrations recorded using the PTR-ToF-MS see
Schallhart et al. (2015).

The mixing ratios of the eight BVOC species measured in flux mode using the PTRMS are displayed in Fig. 6.3 and are summarised in Table 6.2 (for further details, see
Fig. 6.17 of the Supplementary Information). These mixing ratios were calculated
using the high frequency flux measurements so the presented mixing ratios are an
average over 25 minutes. The mixing ratio LoDs, calculated as described above (Karl
et al., 2003; Langford et al., 2009; Misztal et al., 2011) were in the same range as
those calculated on previous campaigns (Langford et al., 2009; Misztal et al., 2011)
and, with the exception of isoprene where the mixing ratio dropped towards zero at
night, the recorded mixing ratios generally remained above their respective LoD.
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Table 6.2. Summary of the bVOC mixing ratios (ppbv) recorded at 4 m above the forest canopy during the Bosco Fontana measurement
campaign and limits of detection (LoD, ppbv), based on 25-minute averages.
m/z

33

45

59

61

69

71

73

81

Compound

Methanol

Acetaldehyde

Acetone

Acetic acid

Isoprene

MVK+MACR

MEK

Monoterpenes

Max

14.6

3.44

7.31

14.9

4.79

1.95

1.05

0.419

Min

2.13

< LOD

1.18

0.396

< LOD

0.083

0.097

< LOD

Mean

6.16

1.46

3.24

1.92

1.07

0.506

0.454

0.198

2.52

0.67

0.91

1.09

0.80

0.28

0.21

0.07

Median

5.69

1.30

3.14

1.73

0.934

0.506

0.428

0.199

1st Quartile

4.19

0.964

2.68

1.22

0.409

0.325

0.311

0.140

3 Quartile

7.53

1.87

3.82

2.31

1.53

1.95

0.568

0.245

LOD

0.436

0.712

0.239

0.141

0.167

0.081

0.048

0.067

Standard
deviation

rd
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Table 6.3. Summary of the bVOC fluxes (mg m-2 h-1) recorded during the Bosco Fontana field campaign based on 25-minute values. Values in
brackets cover the campaign period where data is available from both instruments to enable direct comparison (15/06-06/07/2012 and 15/0625/06/2012 for isoprene and monoterpenes, respectively).
m/z

33

45

59

Compound

Methanol

Acetaldehyde

Acetone

0.492

0.436

-1.589

61

69

71

Acetic

Isoprene

Isoprene

MVK +

acid

PTR-MS

PTR-ToF-MS

MACR

0.585

0.328

9.867 (9.867)

9.195 (9.195)

0.641

-0.335

-0.692

-0.876

-0.238 (-0.238)

-0.305 (-0.305)

-0.032

-0.011

-0.029

-0.044

0.005 (0.005)

3 Quartile

0.070

0.053

0.057

0.033

Mean

0.017

0.024

0.016

0.123

0.067

0.010

Max emission
flux
Max deposition
flux
1st Quartile
rd

Standard
deviation
Median
Mean day-time
flux (06:00-18:00)
Standard
deviation
Median day-time
flux (06:00-18:00)

73

81
Monoterpenes

Monoterpenes

PTR-MS

PTR-ToF-MS

0.181

0.478 (0.478)

0.609 (0.603)

-0.457

-0.128

-0.167 (-0.167)

-0.065 (-0.057)

0.019 (0.019)

-0.012

-0.012

-0.009 (-0.008)

0.005 (0.001)

1.624 (1.796)

2.661 (2.661)

0.054

0.024

0.093 (0.101)

0.159 (0.137)

-0.007

0.961 (1.003)

1.465 (1.465)

0.025

0.009

0.056 (0.060)

0.098 (0.088)

0.098

0.091

1.369 (1.387)

1.911 (1.911)

0.076

0.039

0.108 (0.111)

0.138 (0.134)

0.013

0.008

0.000

0.168 (0.199)

0.410 (0.410)

0.011

0.005

0.020 (0.021)

0.036 (0.028)

0.033

0.045

0.030

0.001

1.912 (1.978)

2.917 (2.917)

0.049

0.018

0.117 (0.120)

0.206 (0.207)

0.161

0.082

0.125

0.096

1.401 (1.383)

1.842 (1.842)

0.095

0.050

0.141 (0.129)

0.141 (0.144)

0.038

0.044

0.026

0.001

1.635 (1.790)

2.905 (2.905)

0.041

0.014

0.090 (0.099)

0.192 (0.164)
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MEK

Figure 6.3. Mean 4 m above-canopy diurnal volume mixing ratios of volatile organic
compounds measured during the Bosco Fontana field campaign. Error bars represent
one standard deviation from the mean and the dashed line denotes limit of detection.
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Table 6.3 summarizes the flux data recorded during the Bosco Fontana measurement
campaign. Wind speeds decreased at night, leading to a large proportion of the night
time data falling below the u* threshold of 0.15 m s-1. Consequently, average emission
fluxes of all eight compounds are reported for the daytime period 10:00-15:00 LT as
well as for the whole campaign. Large fluxes of m/z 69 and m/z 81 (assigned to
isoprene and monoterpenes respectively) were observed and are shown in Fig. 6.4.
Fluxes of m/z 33, 45, 59, 61, 71 and 73 (assigned to methanol, acetaldehyde, acetone,
acetic acid, MVK + MACR and MEK, respectively) were also observed, but these
fluxes were weaker, leading to a high percentage of fluxes failing the LoD check.
However, as is described by Langford et al. (2015), when these flux data are averaged
to show the average diurnal cycle, it is appropriate to use a combined LoD value
appropriate for the same period rather than the LoD attached specifically to each 25
min flux file. It is, though, essential that each individual flux period be processed
carefully to avoid the introduction of a bias due to the use of the MAX method of
time-lag identification. The LoD for the mean (̅̅̅̅̅ ) decreases with the square root of
the number of samples averaged (N).

̅̅̅̅̅

√∑

(5)

Therefore, while the flux time series of methanol, acetaldehyde, acetone, acetic acid,
MVK + MACR and MEK are not presented here, the campaign average diurnal fluxes
are shown (Fig. 6.5). As discussed above, 25 min averaged flux files flagged as below
the LoD were included in these diurnal averages. Flux files falling below the 0.15 m s1

wind speed threshold were also included to prevent the night time flux being biased

high for depositing compounds. For compounds showing emission, night-time fluxes
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are close to zero anyway and the application has little influence on the results. Data
flagged for non-stationarity were excluded. For a more detailed discussion of the
fluxes and mixing ratios of each BVOC and comparison made with other temperate
and Mediterranean ecosystems, see the Supplementary Information.
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Figure 6.4. Time series of isoprene (top) and monoterpene (middle) fluxes (mg m-2
h-1) measured using vDEC. 25 min averaged flux data from the PTR-MS which passed
all tests, fell below the u* threshold and fell below the LoD are represented by blue
circles, triangles and diamonds respectively. Red circles and lines represent PTR-ToFMS isoprene and monoterpene fluxes with 30 min averaged flux files failing the
stationarity test removed. Bottom, scatter plot showing the relationship between
isoprene fluxes calculated using PTR-MS and PTR-ToF-MS.
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Figure 6.5. Mean diurnal fluxes of volatile organic compounds measured using vDEC.
Shaded area represents the limit of detection of the averaged data, and error bars
represent one standard deviation between days from the mean.
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The fluxes of isoprene and monoterpenes calculated using both the PTR-MS and the
PTR-ToF-MS instruments are displayed in Fig. 6.4 and summarised in Table 6.3. The
isoprene fluxes calculated using both instruments show very good correlation (R2 =
0.91, slope 1.3 and intercept 0.17 mg m-2 h-1). The monoterpene fluxes, calculated
using m/z 81 with the PTR-MS and m/z 81.070 with the PTR-ToF-MS show an R2 =
0.50. Three additional mass spectral peaks are observed at m/z 81 in the PTR-ToFMS: m/z 80.92, 80.99 and 81.03, however statistically significant fluxes from these
peaks could not be calculated using the PTR-ToF-MS. Owing to the lower sensitivity
of the PTR-MS at m/z 81 and the lower sampling frequency of the disjunct sampling
protocol (Rinne and Ammann 2012), the monoterpene flux calculated using this
instrument is significantly noisier than the flux calculated using the PTR-ToF-MS.

PTR-MS and PTR-ToF-MS mass scans were averaged over a ten day period (14th –
24th June). A comparison of these mass scans over the range m/z 33 to 100 at unit
mass resolution is displayed in Fig. 6.6, with masses reported relative to m/z 59
(acetone). A good agreement between the PTR-MS and PTR-ToF-MS is seen for all
masses, except for m/z 33 where the PTR-MS gives a significantly higher signal. As
both instruments have comparable sensitivities at this mass (11.6 and ca. 10-12 ncps
ppbv-1 for the PTR-MS and PTR-ToF-MS respectively) this discrepancy must be the
result of interference from another ion at this mass. O17O+ could interfere with the
methanol signal at m/z 33 but as a significant peak is not observed at m/z 34 (O18O+) a
large contribution from O17O+ to m/z 33 is unlikely. This suggests that there is a
greater formation of O2H+ in the PTR-MS than in the PTR-ToF-MS under these
particular operation parameters. No major mass spectral peaks are observed in one
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instrument alone, indicating that there is no artefact formation or unexpected loss of
chemical species with either instrument. The mass scans show a much cleaner
spectrum than was reported by Misztal et al. (2011) above an oil palm plantation in
South-East Asia, suggesting an atmosphere dominated by fewer chemical species at
higher concentrations.

Figure 6.6, Comparison of PTR-MS (blue) and PTR-ToF-MS (red) mass scans
relative to m/z 59 at unit mass resolution averaged between 14th and 24th June.
Compounds recorded in flux mode using the PTR-MS are presented in black with
compounds tentatively identified in grey.
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6.3.2.1

BVOC correlations

Scatter plots were used to investigate the relationship between the measured species.
Methanol, acetone and MEK (Fig. 6.7) all showed a shift in the regression of the
BVOCs with increasing temperature with two linear groupings observed, one at lower
temperature (ca. < 20°C) and another at higher temperatures (ca. > 20°C). The change
in regression could be a result of either different proportions of BVOCs present in
high and low temperature air masses or by two different sources contributing to the
mixing ratios (most likely an atmospheric background and a photochemical source at
higher temperatures). It is possible that a second compound could contribute to the
nominal mass at higher temperatures but as few compounds have been reported to
contribute to m/z 33 or 59, this seems unlikely.

Figure 6.7, Scatter plots displaying the relationship between the volume mixing ratios
of methanol, acetone and MEK measured 4 m above the canopy, coloured by
temperature.
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6.3.2.2

Short-chain oxygenated BVOCs

A mean methanol mixing ratio of 6.2 ppbv at 4 m above the canopy was recorded over
the duration of the campaign, making it the dominant BVOC observed at Bosco
Fontana. Large mixing ratios of methanol compared with other VOC species (caused
by its low photochemical reactivity) have been reported in urban landscapes
(Langford et al., 2009). This suggests that the large methanol mixing ratios relative to
other VOCs observed 4 m above the forest at Bosco Fontana may be due to the
surrounding agricultural and urban landscape. Mean acetaldehyde, acetone and acetic
acid mixing ratios were 3.4, 3.2 and 1.9 ppbv at 4 m above the canopy, respectively.
Methanol, acetaldehyde and acetic acid mixing ratios all followed similar diurnal
cycles (Fig. 6.3), with mixing ratios remaining stable through the night before a drop
in the morning, probably caused by expansion of the planetary boundary layer after
sunrise. Then mixing ratios increased again in the late afternoon as emissions
accumulated in a shrinking boundary layer. Acetone mixing ratios remained on
average stable throughout the day (Fig. 6.3). This would suggest a day-time source of
acetone offsetting the dilution caused by expansion of the planetary boundary layer.
As the flux of acetone, where observed, was very small this source must either be
photochemical or situated outside the forest.

The flux of methanol peaked at 0.49 mg m-2 h-1 with a mean day-time flux of
0.03 mg m-2 h-1 (Fig. 6.5). Methanol deposition was observed during the night and
mornings followed by a rapid increase in methanol emission in the late morning and
peaking in the early afternoon. Bidirectional exchanges of methanol have been
reported previously (for example Fares et al., 2012; Karl et al., 2004) with methanol
absorption/desorption thought to occur in thin water films within the canopy
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(Wohlfahrt et al., 2015). The mean morning (06:30-10:30 LT) methanol deposition
velocity (Vd) at the measurement height (zm) was calculated using the relationship
(Misztal et al., 2011):

(6)

and was found to be 0.31 cm s-1. The night-time deposition velocity was lower, 0.02
cm s-1, falling at the bottom end of the 0.02 – 1.0 cm s-1 range reported by Wohlfahrt
et al. (2015) from a review of eight different north hemisphere sites.

Acetic acid deposition was also observed in the morning, but any emission flux in the
afternoon remained below the limit of detection, even if aggregated into mean diurnal
cycles. The mean diurnal acetaldehyde flux is shown in Fig. 6.5. The flux increased
from below the detection limit in late morning to a peak in the early afternoon before
dropping again towards zero at night. The flux peaked at 0.44 mg m-2 h-1 on 29th June
and the campaign mean day-time flux was 0.06 mg m-2 h-1. As can be seen in Fig. 6.5,
the acetone flux remained below the limit of detection for most of the day with a small
positive flux observed in the late afternoon.

6.3.2.3

MVK + MACR and MEK

MVK and MACR are the main products formed following the first stage of isoprene
oxidation in the atmosphere (Atkinson and Arey 2003a), accounting for ca. 80% of the
carbon. MACR can also be directly produced within plants as a by-product in the
production of cyanogenic glycosides (Fall 2003) and experimental observation
demonstrated that emissions of MVK and MACR increase with temperature stress
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(Jardine et al., 2012). The mid-day (10:00-15:00 LT) mixing ratios of MVK + MACR
at 4 m above the canopy showed a positive correlation with those of isoprene (R2 =
0.49), suggesting that the oxidation of isoprene was responsible for the formation of
MVK and MACR.

The production of MVK and MACR from isoprene at the Bosco Fontana site has been
modelled by Schallhart et al. (2015), who estimated that 4 - 27 % of the MVK +
MACR flux was formed from isoprene oxidisation products. MVK and MACR
mixing ratios recorded at 4 m above the canopy (Fig. 6.3) increase in the morning as
isoprene concentrations rise, before boundary layer expansion causes them to drop in
the middle of the day. The mixing ratios then increase again in the evening as the
boundary layer contracts. The flux of MVK + MACR (Fig. 6.5) peaked in the early
afternoon with a mean day-time flux of 0.05 mg m-2 h-1. This flux is comparable to the
0.03 and 0.08 mg m-2 h-1 observed, respectively, by Kalogridis et al. (2014) and Spirig
et al. (2005) over European oak and mixed forests.

MEK may be directly emitted by plants (Fall, 2003) or formed photochemically
(Luecken et al., 2012). MEK mixing ratios 4 m above the forest canopy remained
stable through the night at ca. 0.6 ppbv before dropping in the morning, probably
caused by expansion of the planetary boundary layer, to ca. 0.3 ppbv and rising again
in the evening (Fig. 6.3). A plot of the mixing ratios of MEK against those of acetone
reveals a bimodal distribution suggesting two distinct sinks or sources (Fig. 6.7), the
first occurring at lower temperatures (ca. 12-20 °C) with a MEK to acetone ratio of ca.
0.17 and the second at higher temperatures (ca. 20-34 °C) with a MEK to acetone ratio
of ca. 0.06. A relationship between acetone and MEK has been reported by Riemer et
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al. (1998) who observed an MEK to acetone ratio of 0.07 at temperatures between 20
and 37 °C. This compares well with the observations at Bosco Fontana. This trend
was not observed when data were coloured by PAR indicating that the bimodal
distribution is not driven by the faster rate of reaction of MEK than of acetone with
OH. A low MEK emission flux was observed in the afternoon with a mean day-time
flux of 0.02 mg m-2 h-1.

6.3.2.4

Isoprene and monoterpenes

Isoprene mixing ratios 4 m above the canopy began to rise in the mid-morning from a
night-time zero, peaking in the late afternoon at ca. 2 ppbv before falling again to zero
in the late evening (Fig. 6.3). Isoprene fluxes were not observed at night, but increased
in the morning to a peak in the mid afternoon before dropping to zero again in the
evening (Fig. 6.5) with a mean day-time flux of 1.9 mg m-2 h-1.

Isoprene fluxes correlated with leaf temperature (estimated using a method based on
that described by Nemitz et al. (2009) and explained in more detail in the
Supplementary Information, R2 = 0.73 for an exponential fit), PAR (R2 = 0.75 for an
exponential fit) and with sensible heat flux (H) (R2 = 0.67). The relationship between
isoprene fluxes and mixing ratios, temperature and PAR is displayed in Fig. 6.8. Table
6.4 compares isoprene flux measurements with the fluxes recorded during other field
campaigns in the Mediterranean region and the isoprene emission factor under basal
conditions. As would be expected, the flux of isoprene is shown to be highly
dependent on ecosystem type. The fluxes observed during this measurement period,
when normalised to standard conditions, were lower than those observed over
woodland dominated by isoprene emitting oak species (Baghi et al., 2012; Kalogridis
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et al., 2014) due to the lower proportion of isoprene emitting species in the canopy but
closer in magnitude to that observed over a mixed pine and oak forest (Fares et al.,
2013).

The campaign mean monoterpene mixing ratio 4 m above the canopy was 0.2 ppbv.
The diurnal profile (Fig. 6.3) shows a night-time mixing ratio of ca. 0.18 ppbv which
increases to ca. 0.21 ppbv in the morning remaining stable through the day and
dropping again to ca. 0.18 ppbv at night. The monoterpene flux (Fig. 6.5) peaked in
the early afternoon with a campaign mean mid-day flux of 0.12 mg m-2 h-1.
Monoterpene mixing ratios were not significantly correlated with leaf surface
temperature or with PAR (R2 = 0.11 and 0.12 respectively). However, the flux
displayed a correlation with both leaf surface temperature and PAR (R2 = 0.44 and
0.39 respectively).
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Figure 6.8, the relationship between temperature (°C) and isoprene fluxes (mg m-2 h-1)
and volume mixing ratios (ppbv), coloured according to the magnitude of
photosynthetically active radiation (μmol m-1 s-1).
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Table 6.4, non-exhaustive summary of isoprene fluxes recorded in the Mediterranean region and the isoprene emission factor under basal
conditions (temperature: 30 °C and PAR: 1000 μmol m-2 s-1).

Ecosystem

Dominant species

Mean day time

Isoprene emission factor

isoprene flux

under basal conditions

Season

-2

Mixed oak and

Carpinus betulus

hornbeam forest

Quercus robur

Oak forest
Oak forest
Mixed oak and pine
forest

Quercus pubescens

Quercus pubescens

-1

-2

Reference

-1

(mg m h )

(mg m h )

Summer

2.6

1.7

Spring

2.8

7.4

Summer

5.4-10.1

5.4

Baghi et al. 2012

Autumn

ca. 0.13

0.61

Fares et al. 2013

This study
Kalogridis et al.
2014

Pinus pinea
Quercus ilex
Quercus suber
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6.3.3 Impacts on air quality
The forest at Bosco Fontana provides a large source of BVOCs in a region of
predominantly agricultural and urban land use. The oxidation of BVOCs leads to the
formation of low volatility organic compounds which in turn contribute to SOA (Ehn
et al., 2014). The importance of individual BVOC species to SOA formation is,
however, variable, with large and cyclic compounds likely to contribute more to SOA
formation (Hallquist et al., 2009). Monoterpenes are known to contribute significantly
to SOA formation. The principal monoterpene species observed during this campaign
were α-pinene, β-pinene, sabinene and limonene (Table 6.5). Following ozonolysis of
α-pinene and β-pinene, Lee et al. (2006) observed aerosol yields of 41 and 17 %
respectively. Aerosol yields of 41 and 17 % were assigned to limonene and sabinene,
respectively, due to the placement of C-C double bonds within/or external to the
cyclic structure. The average aerosol yield from monoterpene ozonolysis during the
campaign may then be calculated based on the proportion of each compound emitted.
This gives a ca. 39 % yield of aerosol, contributing ca. 0.38 μg C m-3 to aerosol (based
on the campaign average monoterpene mixing ratio (0.198 ppbv).

Significant aerosol formation from isoprene has been reported in low NOx
environments (Claeys et al., 2004), however, the high NOx concentrations at the
Bosco Fontana natural reserve (Finco et al., in preparation) make a significant
contribution to SOA from isoprene unlikely.

In the presence of NOx, BVOCs can facilitate the formation of tropospheric ozone. As
the potential for photochemical ozone formation is five times greater from isoprene
than from VOCs emitted following urban anthropogenic activity (Derwent et al.,
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2007; Hewitt et al., 2009), the high isoprene emission observed here will have a
significant impact on tropospheric ozone formation in the high NOx environment at
the Bosco Fontana natural reserve and downwind. The emission of isoprene from the
Bosco Fontana reserve, together with other forest fragments and poplar plantations
with the Po Valley, is likely to have a significant impact upon tropospheric ozone
concentrations in the region.

6.3.4 Calculation of isoprene and monoterpene canopy level emission
factors
Although other approaches do exist, isoprene fluxes are widely modelled using the
MEGAN (Guenther et al., 2006). MEGAN calculates isoprene fluxes based on the
product of an emission activity factor (γ), a canopy loss and production factor (ρ) and
a canopy emission factor (ε). Therefore, plotting isoprene flux against γ × ρ enables
the calculation of a canopy-specific isoprene emission factor (Fig. 6.9), giving value
of 1.68 mg m-2 h-1 at standard conditions (1000 μmol m-2 s-1 PAR and 303 K) for the
campaign period. For the purpose of this work, ρ was assumed to be 0.96. This is
supported by Schallhart et al. (2015) who found that between 3 and 5 % of isoprene
emissions were lost within the canopy at the Bosco Fontana reserve. The emission
activity factor, γ, was calculated using the algorithms described by Guenther et al.
(2006). Radiative transfer through the canopy was modelled using the model applied
by Müller et al. (2008). This model was based on that of Goudriaan and van Laar
(1994) and ambient temperature was recorded 4 m above the canopy. The standard
light and temperature conditions for MEGAN canopy scale emissions factors are
~1500 μmol m-2 s-1 and 303 K (Guenther et al., 2006). In order to enable direct
comparison between the GC-MS data and literature emissions factors, the factor
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which sets the emission activity to unity at standard conditions (CCE) was increased to
1.42. This gave standard light and temperature conditions of 1000 μmol m-2 s-1 and
303 K, respectively.

The emission factor is lower than those calculated by Kalogridis et al. (2014) and
Baghi et al. (2012) from oak (Quercus pubescens) dominated forests in southern
France (7.4 and 5.4 mg m-2 h-1, respectively). However, this is to be expected, owing
to the high proportion of low or non-isoprene emitting species such as Carpinus
betulus, Corylus avellana, Sambucus nigra and Acer campestre present in the forest at
Bosco Fontana.

Figure 6.9, measured isoprene fluxes against the product of γ (emission activity factor,
itself the product of the temperature, light and leaf area index activity factors) and ρ
(the canopy loss and production factor).

Monoterpene emission from plants may take the form of pool or de novo emission.
Emission from stored pools is temperature controlled whereas de novo is driven by
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photosynthesis and is therefore controlled by light as well as temperature (Ghirardo et
al., 2010). Emission from stored pools was modelled using the monoterpenetemperature relationship described by Guenther et al. (1995), this model correlated
well with the observed monoterpene flux (PTR-ToF-MS) giving R2 value of 0.55. In
order to assess the effect of light on monoterpene emission, the residual values from
the temperature only model were plotted against PAR (Fig. 6.10). The residuals
displayed a correlation with PAR (R2 = 0.45) indicating that light as well as
temperature have a significant impact on monoterpene emissions from the forest
canopy and therefore a significant proportion of monoterpene emission represent de
novo emission. However, in order to accurately assess the contribution of pool and de
novo emissions to the canopy scale monoterpene flux, a species specific leaf level
investigation would be required. A monoterpene canopy emission factor calculated
using the MEGAN algorithms, which only simulate de novo emission, was found to
be 0.14 mg m−2 h−1.

Figure 6.10, plot of the residual values from the temperature only monoterpene
emission model against PAR, demonstrating that light as well as temperature has a
significant impact on monoterpene emissions.
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Table 6.5, leaf level isoprene and monoterpene emission (mg m-2 h-1) from single leaves under basal conditions (temperature: 30 °C and PAR:
1000 μmol m-2 s-1). ND signifies not detected.
Tree species

Carpinus betulus

Quercus robur

Quercus rubra

Corylus avellana

Acer campestre

Sambucus nigra

Cornus sanguinea

isoprene flux

α-pinene flux

sabinene flux

β-pinene flux (standard

limonene flux

sum monoterpene

(standard error)

(standard error)

(standard error)

error)

(standard error)

flux

2.25 × 10-3

1.07 × 10-2

1.81 × 10-2

5.14 × 10-2

5.83 × 10-1

(1.50 × 10-3)

(6.00 × 10-3)

(1.36 × 10-2)

(1.23 × 10-2)

(2.36 × 10-1)

2.39 × 100

2.81 × 10-2

4.70 × 10-3

2.16 × 10-1

(6.12 × 10-1)

(1.45 × 10-2)

(3.08 × 10-3)

(6.49 × 10-2)

7.95 × 10-3

2.34 × 10-2

(2.22 × 10-3)

(7.11 × 10-3)

2.08 × 10-2

7.57 × 10-1

(4.80 × 10-3)

(4.15 × 10-1)

2.27 × 10-1

1.07 × 10-1

-2

-2

(1.41 × 10 )

-3

2.49 × 10-1

9.14 × 10-1
(2.02 × 10-1)

ND

ND

4.97 × 10-4

1.30 × 10-2

(3.93 × 10-4)

(8.00 × 10-3)

4.40 × 10-4

5.14 × 10-2

-4

-2

(3.11 × 10 )
4.09 × 10

ND

(2.95 × 10 )

ND

ND

-3

(3.66 × 10-3)

ND

4.00 × 10-1

1.11 × 10-3

(4.00 × 10-1)

(1.11 × 10-3)

ND

ND
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(3.54 × 10 )
9.67 × 10

(2.69 × 10-3)

(1.41 × 10-1)

1.95 × 10-2

2.28 × 10-1

(4.91 × 10-3)

(1.73 × 10-1)

6.63 × 10-1
2.49 × 10-1
3.13 × 10-2
7.90 × 10-1
3.85 × 10-1
2.59 × 10-1
2.49 × 10-1

6.3.5 Speciated bottom-up isoprene and monoterpene flux estimates
derived from leaf-level measurements
Tree species distribution data combined with information on leaf-level isoprene and
monoterpene emission rates and meteorological data were used to produce a “bottomup” estimate of the total canopy level flux. Tree species distribution data were
obtained from Dalponte et al. (2007), this tree species distribution map reveals an
uneven distribution of isoprene emitting species within the forest canopy, with the two
main isoprene emitting species (Q. robur and Q. rubra) concentrated in the south of
the forest.

Leaf-level isoprene and monoterpene emissions from the dominant tree species were
recorded using GC-MS (Table 6.5). Together these species represent 76.6 % of the
total vegetation cover. Isoprene emission was dominated by Q. robur and Q. rubra
with C. avellana and C. betulus the highest monoterpene emitting species. The
isoprene emission recorded for both oak species was lower than that previously
reported (Karl et al., 2009; Keenan et al., 2009). For species where GC-MS data were
not available, literature values were used. Leaf-level emission factors for minor
species for which no GC-MS measurements were made were taken from Karl et al.
(2009) with the exception Rubus sp. (Owen et al., 2001) and Acer negundo and Morus
sp. (Benjamin et al., 1996). Emission factors taken from the literature were converted
from µg gDW−1 h−1 to mg m-2 h-1 using the mean leaf mass to area ratio, 115 gDW m−2,
reported by Niinemets (1999) from a study of ca. 600 species. The leaf-level
emissions data were then scaled up to a canopy level using the MEGAN algorithms
(Guenther et al., 2006) and incorporated measured PAR and temperature values
averaged over 30 minutes and a single sided leaf area index (LAI, m2/m2) of 5.5.
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The hyperspectral/LIDAR data of Dalponte et al. (2007) was remapped onto a grid
centred on the measurement site, with a resolution of 5 m2, providing fractional
ground cover by each of the 20 tree species within each grid cell. The contribution of
each grid cell to each 25-minute flux measurement was then calculated at 5 m2
resolution using a high resolution 2-D footprint model based on Kormann and
Meixner (2001) similar to that described by Neftel et al. (2008). Finally, the MEGAN
algorithm was applied to all plant species using the 25-minute meteorology. The
information was combined to provide a bottom-up estimate of the flux that the
canopy-scale measurements should have detected, based on the leaf-level data. This
footprint and species dependent bottom-up flux estimate showed significantly better
agreement with the measured isoprene flux (R2 = 0.75, slope = 0.56) than was
observed when the canopy-scale isoprene emission factor calculated above was used
(R2 = 0.65, slope = 0.76). This demonstrates the large effect an uneven distribution of
isoprene sources can have on the above canopy flux, even within what appears to be a
uniform canopy, and the benefit for accounting for spatial species distributions in
uniform vegetation canopies.

However, despite capturing the shape of the flux time series, the bottom-up flux
underestimated the magnitude of the flux, capturing 56 % of the isoprene flux as
measured by vDEC. This could in part be caused by changes in vegetation cover
between the tree distribution mapping in 2008 and the flux measurements in 2012.
There are anecdotal reports that Populus sp. coverage has increased in the understory
vegetation but it is unlikely that, despite their high rates of growth, the Populus
coverage changed significantly in the 4 years between mapping and this campaign.
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Since 2008, the non-native Q. rubra is gradually being removed from the forest.
However, this does not explain the discrepancy between the vDEC isoprene flux
measurements and the bottom-up flux estimate as the reduction in the number of Q.
rubra trees should have decreased the flux. Whilst the hyperspectral/LIDAR tree
species data for this site provides a unique opportunity for comparing the canopy-scale
measurements with a detailed bottom-up estimate, the hyperspectral/LIDAR data only
provides information on projected tree species area as seen from above, whilst the flux
is regulated by leaf mass and its exposure to radiation. Thus there are uncertainties in
the ability of the hyperspectral/LIDAR to detect understorey vegetation and a single
conversion factor was used between projected tree area and leaf mass. However,
understorey vegetation is less exposed to sunlight reducing its emission. Indeed, the
main reason for the underestimate of isoprene flux is probably that the leaf level
isoprene emission rate recorded from the leaves sampled at ground level (albeit taken
at the edge of sun exposed clearings) are not representative of those at the canopy top.
Substituting the measured Q. robur and Q. rubra emission factors with those reported
by Karl et al. (2009) caused the bottom-up estimate to give 130 % of the measured
flux and improved the correlation between bottom-up estimates and canopy-scale
measurements further.

The speciated monoterpene flux (calculated using GC-MS data and literature values
for species where GC-MS data were not available) also showed good agreement with
the above canopy flux (R2 = 0.72) and captured 57 % of the flux. The discrepancy
between the magnitude of the speciated monoterpene flux and the above canopy flux
could be partially explained by loss of monoterpenes through within canopy oxidation.
Schallhart et al. (2015) investigated the flux loss due to chemical degradation using
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measured concentrations of ozone and NO2, together with calculated OH and NO3
concentrations. They found that 5-20 % of the monoterpene flux was lost via
degradation (in comparison just 3-5 % of the isoprene flux was lost). The bottom-up
monoterpene flux estimate may also have been affected by the changes to the tree
species distribution in the 4 years between mapping and this campaign, as discussed
above, and by deposition of monoterpenes within the forest canopy.

The contribution of different species to the isoprene and monoterpene fluxes over the
course of an example day is shown in Fig. 6.11. As is shown, the isoprene flux was
dominated by Q. robur but was sensitive to the species composition within the flux
footprint. The change in wind direction around 14:00 LT reduced the contribution of
Q. rubra to the total flux, with the contribution of Populus × canescens increasing
significantly. The monoterpene flux was predicted to have been dominated by C.
betulus, the dominant tree species in the canopy at Bosco Fontana. A greater number
of tree species contributed to the monoterpene flux, and emissions were therefore
much more uniform across the canopy and less affected by changes in wind direction.
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Figure 6.11, the contribution of individual tree species to the speciated isoprene and
monoterpene flux on the 2nd July 2012 with PAR displayed as a yellow line, wind
direction as a black line and the flux recorded using the PTR-MS as bold black bars.

The fit between the above canopy measured isoprene and monoterpene fluxes and the
“bottom-up” flux estimate was improved by optimising the leaf-level emission factors,
within the constraints displayed in Table 6.6, using Chi2 minimisation as implemented
by the solver function in Microsoft Excel. Use of the optimised isoprene and
monoterpene emission factors gave good correlations with measured fluxes (R2 values
of 0.75 and 0.76, respectively). The optimised isoprene and monoterpene emission
factors are presented in Table 6.6 and show a reasonable agreement with literature
values (Karl et al., 2009).
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Table 6.6, species specific isoprene and monoterpene emission factors (for a standard
temperature of 30 °C and a PAR value of 1000 μmol m-2 s-1) derived from optimising
the leaf level emission factors to give the best fit with the measured above canopy
isoprene and monoterpene fluxes within the constraints displayed.

Isoprene

Isoprene

Monoterpene

Monoterpene

emission factor

constraint

emission factor

constraint

(mg m-2 h-1)

(mg m-2 h-1)

(mg m-2 h-1)

(mg m-2 h-1)

Acer campestre

0.00

< 1.0

0.15

< 0.50

Acer negundo

0.00

< 1.0

0.33

< 0.64

Alnus glutinosa

0.01

< 1.0

0.22

< 0.50

Carpinus betulus

0.00

< 1.0

0.57

< 0.63

Corylus avellana

0.00

< 1.0

0.23

< 0.50

Fraxinus angustifolia

0.00

< 1.0

0.00

< 0.50

Juglans nigra

0.00

< 1.0

0.12

< 0.50

Juglans regia

0.36

< 1.0

0.15

< 0.50

Morus sp.

0.00

< 1.0

0.19

< 0.50

Platanus hispanica

2.97

< 4.4

0.50

< 0.50

Populus × canescens

10.66

< 16.1

0.29

< 0.50

Populus × hybrida

8.06

< 16.1

0.00

< 0.50

Prunus avium

0.00

< 1.0

0.01

< 0.50

Quercus cerris

0.02

< 1.0

0.07

< 0.50

Quercus robur

7.46

< 16.1

0.19

< 0.50

Quercus rubra

1.38

< 8.1

0.02

< 0.50

Robinia pseudoacacia

1.38

< 2.8

0.01

< 0.50

Rubus sp.

0.00

< 1.0

0.01

< 0.50

Tilia sp.

0.00

< 1.0

0.00

< 0.50

Ulmus minor

0.01

< 1.0

0.01

< 0.50

Grass

0.06

< 1.0

0.06

< 0.15

Not woodland

0.06

< 1.0

0.08

< 0.15

Outside forest

0.06

< 1.0

0.06

< 0.50

Species
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6.4

Conclusions

Direct above-canopy fluxes of methanol, acetaldehyde, acetic acid, isoprene, MVK +
MACR, MEK and monoterpenes were calculated using the method of virtual disjunct
eddy covariance from mixing ratio data obtained with a PTR-MS above a semi-natural
mixed oak and hornbeam forest in northern Italy from June 13th to July 11th 2012.
Isoprene was the dominant BVOC emitted with a mean day-time flux of 1.91 mg m2

h-1. When normalised to standard conditions (temperature of 30 °C, PAR of 1000

μmol m-2 s-1) using the MEGAN model (Guenther et al., 2006), a canopy scale
emission factor of 1.68 mg m-2 h-1 was derived. Mixing ratios of VOCs measured at 4
m above the forest canopy were dominated by those of methanol, with a campaign
mean mixing ratio of 6.2 ppbv.

The isoprene fluxes obtained using the PTR-MS/vDEC system showed good
agreement with those obtained using a direct eddy covariance (with mixing ratios by
volume measured with a fast response PTR-ToF-MS instrument). Monoterpene fluxes
recorded using the PTR-MS were noisier and marginally higher than those recorded
using the PTR-ToF-MS due to a lower sensitivity and, probably, the inclusion of
isobaric compounds. Comparison of mass scan data generated using the PTR-MS and
PTR-ToF-MS (m/z 33-100) showed very good agreement with no significant masses
observed in one instrument but not in the other.

Up-scaling leaf-level isoprene and monoterpene emissions to the canopy scale, using a
high spatial resolution tree species database and a 2D footprint model, showed
significantly better correlation with the measured above canopy fluxes than was
obtained using a canopy scale emission factor. Leaf-level isoprene emissions resulted
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in an underestimate of the above-canopy isoprene flux and this was assumed to be the
result of differences in isoprene emission rates from leaves sampled at ground-level
and those at the canopy top.

Overall, the data obtained give confidence in the measurement of biogenic VOC
fluxes by the method of virtual disjunct eddy covariance and highlight the importance
of using leaf-level emissions data from sun-lit canopy-top leaves when up-scaling
leaf-level emissions to produce a “bottom-up” canopy-scale emissions estimate.
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6.5 Supplementary material for “Canopy-scale flux measurements and
bottom-up emission estimates of volatile organic compounds from a
mixed oak and hornbeam forest in northern Italy”

6.5.1 Virtual disjunct eddy covariance lag time determination
The lag time between the measurement of vertical wind speed and concentration
measurements using PTR-MS were calculated by identifying the absolute maximum
value of the covariance function within a 30 s time window (MAX method, Taipale et
al., 2010). Points for which the noise to signal ratio was greater than one were
substituted for a flux calculated using a fixed lag time to prevent an overestimation of
the flux from the MAX method. A histogram of isoprene lag times calculated using
the MAX method is displayed in Fig. 6.12. This histogram shows a clear maximum at
7.5 s, hence 7.5 s was taken to be the fixed isoprene lag time and lag times of other
masses measured were calculated from this value ± the instrumental dwell time.

Figure 6.12, histogram of isoprene lag times calculated using the MAX method
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6.5.2 Assessment of the underestimation of total flux through the loss of
low frequency fluxes
The loss of low frequency fluxes caused by the rotation of coordinates in order to set
the mean vertical wind velocity to zero for each 25 minute averaging period is
assessed in Fig. 6.13. Sensible heat flux data were averaged over 50, 75, 100 and 125
minutes before coordinate rotation and plotted against the sum of two, three, four and
five 25 minute coordinate rotated flux files respectively. The flux lost from the use of
25 minute averaging periods can be estimated from the gradient of the fitted line
between the two fluxes. Eddies with a time period between 25 and 125 minutes were
shown to carry an additional 2.8 % of the sensible heat flux. Therefore assuming that
the frequency of VOC and sensible heat fluxes are comparable, 1.0-3.6 % of the VOC
flux is lost by limiting the averaging period to 25 minutes.
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Figure 6.13. Plots of sensible heat flux (H) determined over differing averaging times
during the intensive field campaign at Bosco Fontana. Solid line represents the best
linear fit.
6.5.3 The uncertainty caused by disjunct eddy covariance
The uncertainty caused by disjunct eddy covariance was estimated by comparing the
sensible heat flux (H) calculated using eddy covariance with H calculated using
temperature measurements taken every 4.9 s. Fig. 6.14 shows the correlation between
H measured using eddy covariance and disjunct eddy covariance, as is shown the
uncertainty introduced by disjunct sampling is 0.17 %.

Figure 6.14. Sensible heat flux calculated (H) calculated using eddy covariance (EC)
and disjunct eddy covariance (DEC).

6.5.4 Flux quality assessment
Each 25 min VOC flux file calculated from the PTR-MS data using the virtual
disjunct eddy covariance (vDEC) method was subjected to three quality tests, each
performed independently (Langford et al., 2010a). Flux files were flagged if they the
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mean frictional velocity over the 25 min averaging period dropped below 0.15 m s-1, if
they dropped below the limit of detection (Wienhold et al., 1994) or if they failed a
stationarity test (Foken and Wichura, 1996). The percentage of flux files passing or
failing these tests is summarised in Table 6.7 for each compound measured. In
addition the percentage of the flux footprint falling outside the forest was assessed for
each flux file with 26 % of files having > 25 % of flux from outside the forest area.
Table 6.7. Summary of flux quality assessment test results
Compound

Turbulence test

25 minute Limit

Stationarity test

Passed all

failed

of detection test

fail

tests

(u* < 0.15 m s-1)

failed

(∆s > 60%)

(F < LOD)
Methanol (m/z 33)

29 %

60 %

6%

25 %

Acetaldehyde (m/z 45)

29 %

74 %

3%

18 %

Acetone (m/z 59)

29 %

82 %

3%

11 %

Acetic acid (m/z 61)

29 %

70 %

7%

14 %

Isoprene (m/z 69)

29 %

36 %

2%

50 %

MVK + MACR (m/z 71)

29 %

78 %

3%

15 %

MEK (m/z 73)

34 %

85 %

1%

7%

Monoterpenes (m/z 81)

34 %

74 %

0%

19 %

6.5.5 The effect of the tower on atmospheric flow
The measurement tower was a large structure so could conceivably impact on
atmospheric flow and therefore flux measurements. In order to assess the impact of
the tower on flux files θ, the rotation angle used to realign measurements of u and w
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was plotted against wind direction (Fig. 6.15, top). The measurement tower located to
the south east of the sonic anemometer does not appear to significantly affect θ.

The effect of wake turbulence from the tower on the flux measurements was assessed
using the method developed by Foken (2004). The integral turbulence statistics of the
vertical wind velocity (σw/u*, the standard deviation of the vertical wind velocity
normalised by the friction velocity) of each flux file were compared with σw/u*
calculated for an ideal set conditions. The percentage difference between the measured
and modelled data was then used to assess the overall data quality. This percentage
difference plotted against wind direction is displayed in Fig. 6.15 (bottom). As can be
seen the wind direction has little effect on the percentage difference indicating that the
tower does not impact upon the flux measurements.
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Figure 6.15 Wind rose plots showing the effect of wind direction (°) on the rotation
angle (θ) required to set w to zero (top) and the % difference between the measured
and modelled turbulence statistic (bottom).
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6.5.6 Leaf surface temperature
The leaf surface temperature was estimated by extrapolation of ambient temperature
using the resilience approach described by Nemitz et al. (2009). Fig. 6.16 shows the
diurnal patterns of average ambient and leaf surface temperature. At night average leaf
surface temperature was found to be approximately 2 °C below the average ambient
air temperature, during the day average leaf surface temperature peaked
approximately 10 °C above the average ambient air temperature.

Figure 6.16, the diurnal pattern of average ambient temperature recorded 4 m above
the canopy (blue) and leaf surface temperature (red).

6.5.6 Discussion of flux measurements
The fluxes and mixing ratios of the 8 masses monitored using the PTR-MS instrument
during the field campaign at Bosco Fontana are discussed in more detail below.
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Methanol (m/z 33)
The mass spectral peak at m/z 33 is commonly assigned to methanol (Misztal et al.,
2011, Rinne et al., 2005) and published GC-PTR-MS measurements did not reveal
any other significant contribution to this mass (de Gouw and Warneke, 2007). Here
m/z 33 has been assigned to methanol, there may be some contribution to m/z 33 the
O2H+ cluster ion but this should be removed in the background subtraction.

Methanol emission is of interest to atmospheric science and has been shown to have a
significant effect on tropospheric oxidants (Tie et al., 2003). However, uncertainties in
surface emission estimates result in significantly different model predictions of
atmospheric oxidants (Jacob et al., 2005; Millet et al., 2008; Tie et al., 2003).
Methanol fluxes have been recorded above temperate woodland (Karl et al., 2003;
Park et al., 2013; Rinne et al., 2007; Spirig et al. 2005) and agricultural ecosystems
(Custer and Schade 2007; Ruuskanen et al., 2011). The methanol mixing ratios
recorded over the course of this study are displayed in Fig. 6.17. Methanol was the
most abundant compound recorded during the campaign with a mean mixing ratio of
6.2 ppbv over the campaign which is comparable to the results obtained by Sprig et al.
(2005) above a mixed European deciduous forest. The diurnal profile of the methanol
mixing ratio is shown in Fig. 6.17, it can be seen that mixing ratios are stable through
the night at ca. 7 ppbv and drop to a low of ca. 5 ppbv in the mid-afternoon, most
probably caused by expansion of the planetary boundary layer. The flux of methanol
peaked at 0.49 mg m-2 h-1 with a mean day-time flux of 0.03 mg m-2 h-1 (Fig. 6.5).
Methanol deposition was observed in the mornings followed by a rapid increase in
methanol emission in the late morning peaking in the early afternoon, a similar
emission pattern of morning deposition followed by afternoon emission was observed
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by Langford et al. (2010a) and Misztal et al. (2011) above tropical rain forest and oil
palms in South East Asia.

Biogenic methanol emission stems from a number of sources the largest of which is
the demethylation of pectin in the primary cell walls (Galbally and Kirstine, 2002; Fall
2003). The strong temperature dependence of emissions reported previously (Hayward
et al., 2004; Custer and Schade, 2007) indicates enzymatically driven emission or
release from stored pools (inside the leaf or in water on the leaf surface). However,
this was not observed in this study (data not shown suggesting that emission directly
resulting from the enzymatically controlled demethylation of pectin is unlikely to be
the sole source of methanol at this site. Other possible sources of methanol include
emissions from decaying biomatter (Warneke et al., 1999; Grey et al., 2010) and as a
result of herbivore feeding on the local vegetation and other wounding events (von
Dahl et al., 2006; Arneth and Niinemets, 2010).

As a result of its low Henry’s law constant methanol can be lost from atmosphere
through precipitation, wet deposition and dry deposition (Riemer et al., 1998; Seco et
al., 2007). While the rain immediately preceding measurements and on the 6th of July
corresponded with a period of lower methanol mixing ratios no drop was observed
immediately following rainfall. This suggested that lower methanol mixing ratios
were not caused by the rain event but by air mass change prior to the rain itself as
shown by Schade and Goldstein (2006). There is also evidence (Asensio et al., 2007)
that soil may act as a sink of bVOCs, this may therefore also be a contributing factor
to the methanol deposition observed in the mornings but from our findings it is
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impossible to determine whether the sink driving the downwards flux was the soil,
plant surfaces (wet or dry), the stomata or a combination of the above.

Acetaldehyde (m/z 45)
The signal measured at m/z 45 was attributed to acetaldehyde, while there may be a
small contribution at this nominal mass from CO2 this was corrected for by
background subtraction. It has been reported that acetaldehyde may be formed as an
artefact following the reaction of ozone with impurities in the inlet line (de Gouw and
Warneke, 2007) but no correlation was observed between ozone and acetaldehyde so
this is not thought to be a significant source of acetaldehyde in these measurements.

Together with formaldehyde, methanol and acetone, acetaldehyde is one of the major
oxygenated volatile organic compounds in the atmosphere and plays a significant role
in atmospheric chemistry (Andrews et al., 2012; Millet et al., 2010). Acetaldehyde
emission has previously been reported from woodland (Karl et al., 2002; Karl et al.,
2003) and grassland (Custer and Schade, 2007; Ruuskanen et al., 2011), and the close
proximity of the forest at Bosco Fontana to urban areas means that a contribution from
anthropogenic sources to the observed ambient concentrations is also likely (Langford
et al., 2009; Langford et al., 2010b). Acetaldehyde mixing ratios above the Bosco
Fontana nature reserve peaked at 3.4 ppbv from a mean value of 1.5 ppbv, a time
series of acetaldehyde mixing ratios is displayed in Fig. 6.17. The acetaldehyde daily
profile, shown in Fig. 6.3, shows a stable night time mixing ratio of ca. 1.5 ppbv
dropping to ca. 1 ppbv in the mid-to-late afternoon. The daily mean acetaldehyde flux
is displayed in Fig. 6.5. While the peak acetaldehyde flux was recorded at 0.44 mg m-2
h-1 the daily maximum was usually ca 0.12 mg m-2 h-1. The daily flux profile shows
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that emission fluxes increased until the early afternoon before stabilizing and then
decreasing to zero in the evening. This represents a lower emission flux than reported
previously from both a pine canopy (Rinne et al., 2007) and mixed forest (Karl et al.,
2003). This may be related to the relatively small area of the forest at Bosco Fontana
as the surrounding farmland is unlikely to contribute significantly to the acetaldehyde
flux (Custer and Schade, 2007).

Millet et al. (2010) recently used the GEOS-Chem atmospheric chemistry model to
identify acetaldehyde sources and sinks, identifying hydrocarbon oxidation as the
largest acetaldehyde source. Both isoprene and monoterpenes have been identified as
acetaldehyde precursors (Lee et al., 2006; Luecken el al., 2012), no correlation was
seen between acetaldehyde and isoprene mixing ratios over the canopy at Bosco
Fontana but a weak correlation (R2 = 0.27) was observed between acetaldehyde and
monoterpene mixing ratios. As well as formation from hydrocarbon oxidation,
acetaldehyde is also directly emitted by plants in response to wounding (Brilli et al.,
2011; Loreto et al., 2006) and via ethanolic fermentation in leaves and roots subject to
anoxic conditions (Fall, 2003; Seco et al., 2007; Winters et al., 2009). In addition to
emission from plants Schade and Goldstein (2001) also determined that soil and litter
emission of acetaldehyde contributed significantly to the canopy-scale flux. As well as
acting as a source of acetaldehyde into the atmosphere it has been shown that some
tree species may act as an acetaldehyde sink at high ambient concentrations
(Rottenberger et al., 2005; Seco et al., 2007). However, significant net deposition
fluxes were not observed in this campaign.
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The correlation between acetaldehyde and monoterpene mixing ratios indicates that
there is likely to be a significant contribution from hydrocarbon oxidation to the
acetaldehyde mixing ratio. However, the early afternoon peak in acetaldehyde flux
coupled with no correlation with ozone suggests that the observed flux is
predominantly of biogenic origin and most probably originates from ethanolic
fermentation in leaves and soil.

Acetone (m/z 59)
The mass spectral peak observed at m/z 59 may be attributed to acetone or propanal.
However, previous studies have indicated that contribution of propanal to this mass is
low, 0-10 %, (de Gouw and Warneke, 2007) therefore m/z 59 is here attributed to
acetone.

Acetone is one of the most abundant oxygenated VOCs in the atmosphere and fluxes
of acetone have been recorded over both anthropogenic (Langford et al., 2009;
Langford et al., 2010b) and woodland environments (Karl et al., 2002; Karl et al.,
2003). Acetone may also play a significant role in tropospheric chemistry as it can act
as a source of HOx radicals in the upper troposphere leading to increased ozone
production (Singh et al., 1995).

At the Bosco Fontana site acetone was the second most abundant volatile recorded
after methanol, the mixing ratio remained constant throughout the day (Fig. 6.3) with
a mean value of 3.2 ppbv. This value was higher than mixing ratios previously
observed over hardwood forest where average mixing ratios have been reported in the
range of 1.2-1.9 ppbv (Kalogridis et al., 2014; Karl et al., 2003) but comparable to
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mixing ratios recorded over ponderosa pine (Goldstein and Schade, 2000). No
significant acetone flux was observed at night, the flux appeared to increase in the
afternoon but remained below the LoD throughout the day (Fig. 6.5). The mean daytime emission of 0.03 mg m-2 h-1 was significantly lower than that observed by Karl et
al. (2003) above a mixed hardwood forest.

Acetone is produced in the atmosphere through the oxidation of VOC precursors
(Jacob et al., 2002; Lee et al., 2006). It is also emitted directly by plants into the
atmosphere via a number of pathways, for example acetone is produced as a byproduct of cyanogenesis and is then released into the atmosphere (Fall, 2003).
Acetone may also be produced by acetoacetate decarboxyation in the soil (Fall, 2003).
While Jacob et al. (2002) found emission from plant decay inconsistent with the
seasonal cycle observed at European sites, Karl et al. (2003) reported emission from
decaying biomass based on the emission factors calculated by Warneke et al. (1999).
Enhanced acetone emission is also commonly reported following plant wounding
events (Davison et al., 2008; Ruuskanen et al., 2011).

Acetic acid (m/z 61)
The mass spectral peak observed at m/z 61was assigned to acetic acid, this is
supported by de Gouw et al. (2003) who observed a correlation between m/z 61 and
acetic acid. This mass spectral peak, assigned to acetic acid, has been detected
previously over a Mediterranean oak forest (Kalogridis et al., 2014).

The dominant source of acetic acid in the troposphere is the photochemical oxidation
of biogenically emitted hydrocarbons (Glasius et al., 2001; Lee et al., 2006, Paulot et
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al., 2011), and the direct emission of acetic acid into the atmosphere is comparatively
low. However, acetic acid is emitted into the atmosphere by vegetation (Seco et al.,
2007) with emission shown to be predominantly from tree species rather than crop
plants (Kesselmeier et al., 1998). Emission is triggered by light (Kesselmeier et al.,
1998; Staudt et al., 2000) and has been seen to correlate with transpiration
(Kesselmeier et al., 1998; Seco et al., 2007). Acetic acid emission has also been
recorded following stress events such as cutting (Ruuskanen et al., 2011) and
herbivory (Bartolome et al., 2007; Llusià J. and Peñuelas, 2001; Scutareanu et al.,
2002).

Field-scale emission of acetic acid from Citrus sinensis L. was observed by Staudt et
al. (2000) in the noon and afternoon with deposition occurring in the early morning
and night. Sinks of acetic acid include wet deposition and dry deposition with wet
deposition the most important sink (Paulot et al., 2011). Photochemical losses are low
as acetic acid may be considered as the final product of the photo-oxidation of many
BVOCs. Kuhn et al. (2002) hypothesised that the primary control on acetic acid
uptake by plants was the ambient mixing ratio and that a mixing ratio compensation
point exists. When acetic acid mixing ratios are above this compensation point acetic
acid will be absorbed by plants and when ambient mixing ratios drop below this point
acetic acid will be emitted. Soil may also act as an acetic acid sink with uptake of
acetic acid by a Mediterranean forest soil observed by Asensio et al. (2007).
Deposition of acetic acid has been reported both over tropical forests (Karl et al.,
2004; Langford et al., 2010a) and pine woodland (Karl et al., 2005), but fluxes of
acetic acid over temperate deciduous woodland have yet to be reported.
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During the Bosco Fontana campaign the acetic acid mixing ratios dropped in the early
morning and remained relatively stable at ca. 1.5 ppbv throughout the day before
rising again to ca. 2.5 ppbv, in the evening (Fig. 6.3). This likely corresponded to the
changing height of the planetary boundary layer. In the latter half of the campaign a
large increase in mixing ratio was observed at ca. 21:00 each day peaking at 14.9 ppbv
on the 29th June (Fig. 6.17), these spikes correspond to a northerly wind direction but
no source could be identified. The acetic acid flux was low but appears to show a
pattern similar to that observed by Staudt et al. (2000) with deposition observed in the
morning followed by emission in the afternoon (see Fig. 6.5). The change from acetic
acid deposition to emission occurs when the ambient mixing ratio drops below
ca.1.9 ppbv which is within the compensation point range calculated by Kuhn et al.
(2002) for tropical tree species but no conclusions can be drawn with confidence from
such a weak flux.

Isoprene (m/z 69)
Isoprene measurements using the PTR-MS mass spectral peak at m/z 69 have been
shown to agree with GC-MS measurements (Kuster et al., 2004). Isoprene fluxes
recorded using PTR-MS have been reported previously from temperate forest
canopies (for example Karl et al., 2003) and given the clear diurnal cycle of m/z 69
fluxes and mixing ratios (Figs 6.3 and 6.5) coupled with the presence of two
significant isoprene emitting species (Quercus robur and Quercus rubra). In the
Bosco Fontana forest canopy m/z 69 was assigned to isoprene. Interferences from
furan, associated with biomass burning, as well as a number of BVOCS, in particular
2-methyl-3-buten-2-ol (MBO) have previously been reported at m/z 69 (de Gouw and
Warneke, 2007). While large concentrations of MBO have been observed over
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coniferous forests in the USA (Goldan et al., 1993) emission has not been reported
from European deciduous species and as biomass burning in the Italian summer is low
a significant contribution from these species at m/z 69 was considered to be unlikely.

Four tree species: Carpinus betulus, Quercus robur, Quercus rubra and Quercus
cerris (Dalponte et al., 2007) make up ca. 75 % of the Bosco Fontana canopy, and of
these only Quercus robur and Quercus rubra are known to emit isoprene (Pérez-Rial
et al., 2009; Pier, 1995). Owing to isoprene emission only occurring during the day
time coupled with a short atmospheric lifetime both mixing ratios and fluxes peaked
in the afternoon, with fluxes peaking ca. 2 h before mixing ratios and dropping to
zero at night. At the Bosco Fontana field site large day-to-day variations in the daily
maximum isoprene mixing ratios (ppbv) and fluxes were observed due to changing
environmental conditions. Isoprene mixing ratios (ppbv) peaked in the late afternoon
with maximum values ranging from 0.8 ppbv to 4.8 ppbv (Fig. 6.17). The mean above
canopy isoprene mixing ratio (1.1 ppbv) was comparable to that observed by Karl et
al. (2003) above a North American hardwood forest but lower than the 1.2 ppbv
observed by Kalogridis et al. (2014) above a French oak forest. This is to be expected
given that 90 % of this canopy was made up of the isoprene emitting species Quercus
pubescens. In addition, Bosco Fontana represents a relatively small area of isoprene
emitting vegetation in mainly agricultural surroundings, with low isoprene emissions,
possibly with the exception of some fields of poplar plantations. This implies that, as
local isoprene emissions shut off at night, low-isoprene air is advected into the forest,
giving rise to lower night-time concentration that found in extensive isoprene emitting
areas.
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The mean day-time isoprene flux, 1.91 mg m-2 h-1, was higher than that observed by
Laffineur et al. (2011) over a European temperate mixed forest but lower than the flux
reported by Spirig et al. (2005) and Kalogridis et al. (2014) over European mixed
broadleaf and oak forests, respectively.

MVK and MACR (m/z 71)
The structural isomers MVK and MACR are both detected at m/z 71 when analysed
using PTR-MS. Analysis using PTR-MS only enables compound identification on the
basis of nominal mass so it is not possible to separate these species, and for this reason
together with their common chemical origin, they will be treated together here.
Previous studies have shown good agreement between PTR-MS and GC-MS
measurements of MVK+MACR (de Gouw et al., 2003) although a significant
contribution from crotonaldehyde at this mass has also been reported (Karl et al.,
2007).

MVK and MACR are the main products formed following the first stage of isoprene
oxidation in the atmosphere (Atkinson and Arey 2003a), accounting for 80 % of the
carbon. Isoprene oxidation predominantly occurs via reaction with OH during the day
and with NO3 at night with a relatively small contribution from ozone (Monks et al.,
2009). It has been proposed that isoprene oxidation to MVK and MACR may occur
within the plant (Jardine et al., 2012; Llusià et al., 2011) as well and the atmosphere.
MACR can also be directly produced within plants as a biproduct in the production of
cyanogenic glycosides (Fall, 2003). Once formed MVK and MACR may undergo
further atmospheric oxidation and photochemical reactions (Millet et al., 2010;
Atkinson and Arey, 2003b) or be deposited onto the canopy (Karl et al., 2010).
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Fluxes and mixing ratios of MVK and MACR have previously been reported over
deciduous forests (Apel et al., 2002; Kalogridis et al., 2014; Spirig et al., 2005).
Above the canopy of the Bosco Fontana natural reserve a positive flux of MVK +
MACR (Fig. 6.5) was observed peaking in the early afternoon with a day-time mean
flux of 0.05 mg m-2 h-1, suggesting significant within canopy oxidation of isoprene.
This value is comparable to that observed by Spirig et al. (2005) over a European
deciduous forest. The flux of MVK + MACR dropped below the limit of detection at
night which was expected as isoprene mixing ratios fell to ca. 0 ppb overnight (Fig.
6.3). As with previous campaigns over European deciduous forest no clear evidence
for deposition was observed (Kalogridis et al., 2014; Spirig et al., 2005), this is in
contrast to measurements over more remote tropical forests where deposition is
usually reported (Karl et al., 2004; Langford et al., 2010a; Misztal et al., 2011). This
suggests that deposition of these species to the forest canopy is low and that these
species are lost through atmospheric transportation or undergo further reaction prior to
being deposited. At the Bosco Fontana natural reserve, this is likely to be driven by
the high oxidative capacity of the Po valley atmosphere. The mean MVK and MACR
mixing ratio observed was 0.51 ppbv.

MEK (m/z 73)
The mass observed at m/z 73 was assigned here to methyl ethyl ketone (MEK),
however the isomeric compound butanal could also contribute to this signal (Table
6.1). Previous studies have shown a quantitative agreement between PTR-MS and GC
analysis of MEK at m/z 73 (Davison et al., 2008; de Gouw et al., 2006) but
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measurement is complicated by the humidity dependent background contribution from
H3O+(H2O)3.

MEK can be emitted directly from some plant species as a by-product of hydrogen
cyanide production from lotaustralin (Fall, 2003). MEK emission has predominantly
been reported following plant wounding events such as grass cutting (Davison et al.,
2008; Karl et al., 2001; Llusià et al., 2011) and insect herbivory (Peñuelas et al., 2005;
Pinto et al., 2007). As well as direct emission MEK may also be formed
photochemically (Luecken et al., 2012). MEK has been recorded over oak (Kalogridis
et al., 2014) and coniferous forests (Müller et al., 2006), with mixing ratios peaking at
0.15-0.51 ppbv and 1.8 ppbv respectively. Above the canopy at Bosco Fontana MEK
mixing ratios fell between these values peaking at 1.0 ppbv (Fig. 6.3). MEK mixing
ratios peaked at night before dropping to a low in the late afternoon, most likely
caused by dilution in the expanding planetary boundary layer. Fluxes of MEK have
not been reported in the literature and few of the flux files from this campaign passed
the quality tests, the daily averaged flux (Fig. 6.5), however, showed a low emission
of MEK in the afternoon with a mean day-time flux of 0.02 mg m-2 h-1.

Monoterpenes (m/z 81)
Measurement of monoterpenes using PTR-MS is complicated by the differing
fragmentation patterns of the numerous monoterpene species, however monoterpenes
are commonly measured using PTR-MS at m/z 137 and 81 corresponding to the
protonated parent ion and a principle fragment ion respectively (de Gouw and
Warneke, 2007). Owing to poor instrumental sensitivity at higher atomic mass units
(amus) the monoterpene fluxes and mixing ratios reported here are calculated from
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m/z 81. While there could be some contribution from sesquiterpene and hexenal
fragment ions at this mass, previous studies have demonstrated that this signal can be
assigned to monoterpenes (de Gouw et al., 2003; Rinne et al., 2005). Variability in the
ratio between parent and fragment ions was limited by ensuring the E/N ratio was held
constant throughout the measurements period.

Many plant species, including the four dominant species in the Bosco Fontana canopy,
have been shown to emit monoterpenes (Isebrands et al., 1999; König et al., 1995;
Owen et al., 2001; Pérez-Rial et al., 2009). Monoterpenes are emitted from plants both
directly and from stored pools such as glandular trichomes and resin ducts (Maffei,
2010). Emission is driven by temperature (Tarvainen et al., 2005) and also occurs as a
response to both biotic (Copolovici et al., 2011; Peñuelas et al., 2005) and abiotic
(Kaser et al., 2013; Llusià et al., 2002) stress. As well as emission from plants, low
levels of monoterpene emission have also been reported from litter and soil (Gray et
al., 2010; Hayward et al., 2001; Leff and Fierer, 2008).

Above the Bosco Fontana forest canopy monoterpene fluxes peaked in the early
afternoon with a mean day-time flux of 0.12 mg m-2 h-1 (Figs 6.4 and 6.5) which is
comparable to the flux observed by Spirig et al. (2005) above a European mixed
deciduous forest but much lower than those observed by Davison et al. (2009) over a
macchia ecosystem in western Italy. As was observed by Spirig et al. (2005) the
monoterpene flux dropped to ca. 0 mg m-2 h-1 at night. Laffineur et al. (2011) detected
a weak temperature dependent monoterpene flux at night over a mixed European
forest, this discrepancy may be due to larger emission from monoterpenes stored in
pools from the coniferous species present in the mixed forest. While monoterpene
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deposition has previously been observed (Bamberger et al.2011) no net deposition was
observed above the canopy at Bosco Fontana. The monoterpene mixing ratios
followed a diurnal cycle with values peaking at ca. 0.2 ppbv at mid-day, dropping to
ca. 0.18 ppbv at night (Figs 6.3 and 6.4). The mean monoterpene mixing ratio
observed (0.2 ppbv) was much higher than the 0.06 ppbv observed by Kalogridis et al.
(2014) over a Mediterranean oak forest but were within the 0.13-0.30 ppbv range of
values recorded by Davison et al. (2009) and comparable to the mixing ratios
observed by Spirig et al. (2005).
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Figure 6.17. Time series of the volume mixing ratios of methanol, acetaldehyde,
acetone, acetic acid, isoprene, MVK & MACR, MEK and monoterpene (calculated
from fragment at m/z 81) measured at 4 m above the forest canopy
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Chapter VII
Conclusions

Biogenic volatile organic compounds (bVOCs) play important roles in many
ecological systems, including the attraction of pollinators (Dudareva et al., 2006;
Pichersky and Gershenzon, 2002), seed dispersal (Dudareva et al., 2006), mitigation
of abiotic stresses (Loreto, Schnitzler, 2010; Sharkey et al., 2008), within plant
communication (Heil and Ton, 2008), plant–plant communication (Baldwin et al.,
2006) and the direct (Vancanneyt et al., 2001) and indirect (Heil, 2008) defence of
plants against herbivores. The impact of ground-level ozone, an important and
ubiquitous air pollutant, on these systems is now receiving increased attention (Blande
et al., 2014; Pinto et al., 2010). However, many aspects of the relationship between
ozone and plant signalling remain unknown or unclear, and it was the intention of this
study to provide further information on these interactions. The main findings of the
work presented in this thesis are, briefly:
Chapter III


The new and emerging analytical method of selective reagent ionisation – time
of flight – mass spectrometry (SRI-ToF-MS) allows the better detection and
identification of a range of bVOCs than does, for example, the more
established method of quadrupole PTR-MS. The principal mass spectral
fragment ions formed following the ionisation of 10 large organic compounds
with H3O+, NO+, O2+ and Kr+ with a at a range of drift tube energies (85-225
Td for H3O+, NO+, O2+ and 45-115 Td for Kr+) are reported.
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SRI-ToF-MS enables the separation of two isomeric large organic compounds.

Chapter IV


Ozone fumigation of Brassica napus leaves at environmentally-realistic
mixing ratios (ca. 100 ppbv) does not affect bVOC emission from below
ground parts of the plant compared with those observed when the plant is
exposed to ozone-free clean air.



Ozone fumigation of B. napus leaves at environmentally-realistic mixing ratios
(ca. 100 ppbv) causes the emission of over 20 oxygenated compounds and a
drop in monoterpene and sesquiterpene emissions compared with those
observed when the plant is exposed to ozone-free clean air.



The decrease in sesquiterpene emissions observed during ozone fumigation is
greater than could be accounted for by gas phase ozonolysis of the
sesquiterpenes.



The emission of reactive carbon from B. napus leaves is almost doubled during
ozone fumigation compared with that observed when the plant is exposed to
ozone-free clean air.

Chapter V


Ozone disrupts Myzus persicae host location in a B. napus - M. persicae Adalia bipunctata larvae model system under controlled conditions in a
laboratory experiment.



Ozone disrupts tritrophic signalling in a B. napus - M. persicae – A. bipunctata
model system under controlled conditions in a laboratory experiment by
inhibiting the location of prey by A. bipunctata larvae.
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This disruption of plant–insect signalling is caused by degradation of bVOCs
through ozonolysis following their emission from the leaf surface and not by
changes in bVOC emission caused by abiotic stress.

Chapter VI


The fluxes of bVOCs measured above a mixed oak and hornbeam forest in
Italy during a field campaign in the summer of 2012 were dominated by
isoprene. However the mixing ratios recorded 4 m above the canopy were
dominated by methanol.



Isoprene and monoterpene fluxes recorded using proton transfer reaction –
mass spectrometry (PTR-MS) agreed well with those recorded using proton
transfer reaction – time of flight – mass spectrometry PTR-ToF-MS).



Up–scaling leaf level isoprene emission rates to the canopy scale leads to an
under-estimation of isoprene flux compared with those observed by the
method of eddy covariance but captures variation in the above-canopy flux
better than the use of a canopy scale bulk emission factor.

7.1

General conclusions

PTR-MS is widely used for bVOC measurements where a high time resolution is
required, for example flux measurements (Davison et al., 2008; Langford et al.,
2010a; Müller et al., 2010) and monitoring plant wounding events (Peñuelas et al.,
2005; van Dam et al., 2012). However, due to its quadrupole mass analyser the PTRMS operates only at unit mass resolution therefore providing little structural
information. The high mass resolution of the PTR-ToF-MS (> 5000 m/Δm, Jordan et
al., 2009a) enables the identification of the molecular formula of mass spectral
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fragment ions and therefore the separation of isobaric compounds. In this thesis
canopy scale flux measurements of isoprene and monoterpenes made using PTR-MS
and PTR-ToF-MS were directly compared. Isoprene fluxes showed very good
agreement between the methods and monoterpene fluxes showed good agreement,
despite the lower sensitivity of the PTR-MS compared with the time-of-flight method
at this mass.

The newly emerging technology of SRI-ToF-MS (Jordan et al., 2009b; Sulzer et al.,
2012a) provides more detailed analyte structural information than can be obtained
using PTR-ToF-MS. Here we investigated the ionisation of a range of complex
organic molecules using H3O+, NO+, O2+ and Kr+ demonstrating that switching
between reagent ions enabled rapid separation of isomeric compounds. SRI-ToF-MS
also facilitates the identification of analyte functional groups. For example NO+
ionises aldehydes through hydride ion abstraction and ketones via clustering reactions
(Španěl et al., 1997b) thereby allowing the functional group to be identified. However,
the separation of large classes of molecules with the same functionality, for example
monoterpenes and sesquiterpenes is still not possible. The identification of these
species still requires a chromatographic method such as GC-MS or the recently
developed fastGC-PTR-ToF-MS (Materić et al., 2015).

In the work presented here SRI-ToF-MS was used for the first time to record bVOC
emission from the economically-important crop B. napus (rapeseed) from both aboveground and below-ground parts, before and during ozone fumigation. This enabled the
monitoring of volatile emissions at high time resolution and the identification of
analyte functionality. As reported by van Dam et al. (2012) volatile emission from the
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roots were shown to be dominated by the sulfur compounds methanethiol, dimethyl
sulfide, methyl thiocyanate, methanedithiol and dimethyl disulphide. Following ozone
fumigation of the leaves (at ca. 100 ppbv) no change in volatile emissions from the
roots were observed. This is in contrast to the effects of biotic stress, where it has been
previously shown that the addition of a leaf herbivore can effect bVOC emission from
below ground biomass (Rasmann and Turlings, 2007). Ozone fumigation of the plant
leaves caused the immediate increase in the emission rates of ca. 20 oxygenated
compounds as well as a 17 and 82 % decrease in the emissions of monoterpenes and
sesquiterpenes respectively from the above-ground biomass. The decrease in
monoterpene emissions was shown to be due to gas-phase reactions with the OH
radical and the decrease in sesquiterpene emissions to ozonolysis reactions, both in the
gas phase and on the plant and/or chamber surfaces. As sesquiterpenes have been
shown to play an important role in a number of tritrophic systems (Kappers et al.,
2005; Kessler and Baldwin 2001) it was hypothesised that ozone could disrupt
tritrophic signalling in a model system.

The impact of ozone on tritrophic signalling was investigated using a B. napus – M.
persicae – A. bipunctata larvae (rapeseed – green peach aphid – two-spotted ladybird
larvae) model system. In clean air, M. persicae was shown to successfully identify a
host plant and A. bipunctata larvae could locate a M. persicae infested plant.
Following ozone fumigation at levels typical in polluted summertime ambient air
during photochemical smog episodes (ca. 100 ppbv) it was shown that both herbivore
host location and tritrophic signalling were disrupted. In order to identify whether this
effect was caused by a change in bVOC emissions from the plant due to oxidative
stress or degradation of the bVOCs between the plant and insect the experiment was
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repeated adding ozone after the plant. In this second experiment herbivore host
location and tritrophic signalling were again shown to be disrupted. This effect is
summarised in Fig. 7.1, where tritrophic signalling in an unpolluted system (clean air)
is shown using green arrows and signalling in the presence of the anthropogenic
pollutant NOx (NO and NO2) is shown using blue arrows. NOx acts as an ozone
precursor leading to ozone formation and therefore signal disruption and a breakdown
in tritrophic signalling.

Figure 7.1. The effect of anthropogenic pollution by the oxides of nitrogen on
signalling in the B. napus – M. persicae – A. bipunctata larvae tritrophic system.
Green arrows represent signalling in unpolluted air and blue lines represent signalling
in the presence of the anthropogenic pollutant NOx (NO and NO2) which reacts with
volatile organic compounds in the presence of sunlight to form ozone. This ozone, not
present at mixing ratios above ~35-40 ppbv in clean air (Royal Society, 2008), can
react with the emitted bVOCs, disrupting communications in this tritrophic system.
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Previous investigations into the effects of ozone on tritrophic signalling did not show
a detrimental effect of ozone. However these studies focussed on the emissions of
relatively ozone-resistant compounds such as methyl salicylate and benzyl cyanide
and hence any signalling provided by these compounds is not inhibited by elevated
ozone concentrations (Pinto et al., 2007a; Pinto et al., 2007b). However, the work
presented here, together with earlier studies into the effects of ozone on plant–plant
and plant–pollinator communications (Blande et al., 2010; Farre-Armengol et al.,
2015) have shown that ozone can disrupt plant signalling, even at mixing ratios
commonly observed in polluted summertime air.

In Chapter V, it was shown that the observed disruption to tritrophic signalling is
likely to be caused by the chemical reactions of ozone with the signalling compounds
(β-farnesene) occurring between the point of emission at the plant leaf surface and the
receptor insects. Future work must therefore focus on the identification of the
compounds involved in plant signalling, with tritrophic systems reliant upon reactive
bVOCs as communication media likely to be susceptible to disruption during high
ozone events.

Further investigations are also needed to identify whether other

oxidative species in the atmosphere such as the hydroxyl and nitrate radicals disrupt
plant - insect systems in the same way. Finally it is important that field scale
experiments, akin to those reported by Pinto et al. (2008), are carried out to determine
whether the breakdown in tritrophic signalling observed in laboratory experiments
during the work reported here also occurs at the crop or ecosystem scale in the field.
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Appendix
Addition papers W. J. F. Acton has contributed to.

A1

Selective reagent ionisation-time of flight-mass spectrometry: a rapid

technology for the novel analysis of blends of new psychoactive substances
This paper build upon the work presented in Chapter I and demonstrated the ability of
SRI-ToF-MS to provide rapid identification of compounds in an unknown blend of
new psychoactive substances.

W. Joe Acton (Lancaster University): Designed experiment, carried out data
analysis and wrote the paper together with M. Lanza.
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A2

Eddy-covariance data with low signal-to-noise ratio: time-lag

determination, uncertainties and limit of detection

The bVOC flux data presented in Chapter V was used to develop and test new
methods to determine bVOC fluxes where the flux data has a low signal to noise ratio.
This method was then used to determine fluxes of bVOCs in Chapter V.
W. Acton (Lancaster University): Provided data, helped test the method and
contributed to the manuscript.
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