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Abstract

Pectin methyl esterase (PME) enzymes are produceddieria, fungi and higher plants,
and hydrolyse methyl ester groups present on tbkbloae of pectic polysaccharides

found in the primary cell walls of plants.

Pectic polysaccharides are required for intercatlatihesion in dicotyledonous plants. To
fulfil this function, they need to be cross-linkemyalently or non-covalently. The texture
of plant-based foods is affected by the locatioth @xtent of these linkages, ultimately
determined by chemical and subsequent structurdlfications undergone by the methyl
ester groups on the pectic polysaccharide backtorieg growth, ripening, storage,
cooking and processing. These processes resydatrakvariations in cell separation and
adhesion between the walls of adjacent cells. & hexdifications are due to the action of
PME enzymes. It has been suggesteddbaalent intercellular linkages are formed by
glycosidic bonds between xyloglucan and acidicipectHowever, the presence of non-
methyl esters has been confirmed and these linkargesandidates for the role of
intercellular adhesion. The correlation betweengbantity of these non-methyl ester
groups and the deterioration of potato tuber textluring the period of storage following
harvest was explored in two potato cultivars ugitngnetric techniques and atomic

absorption spectrometry.

Pectic methyl ester groups in plant material angagor reservoir of methanol in the
biosphere. PME enzymes are responsible for ttevatge of the ester bond between these
methyl groups and the pectic polysaccharide badakb@sulting in the release of methanol
and acidic pectin.Methanol from both anthropogenic and biogenic sesiis an important
precursor of the gaseous pollutant, troposphernez Thus the accurate quantification of
methanol emitted to the troposphere from both gngvand decaying plant material is
essential as the global balance of gases in th@’Eatmosphere is continuously skewed
as a result of anthropogenic activities. Particplanciples and techniques used in the
guantification of methyl ester groups in potatoexsowere developed and utilised in order
to quantify the amount of methanol contained ivésafrom tree species native to Great
Britain, in the form of pectic methyl esters, thatld potentially be emitted to the

troposphere as a consequence of the senescerEsefiéaves.

The potential impact on the quantity of methandhia troposphere of the growth of
certain crop species grown commercially in the U&&wnvestigated. A modified bell jar

headspace capture and purge method and thermaptiesdechnique, in conjunction



with gas chromatographic (GC) quantification, weeseloped and used to quantify
methanol emitted from the developing tissues ofifdpecies with significant agronomical

importance, both in the UK and globally.

Results obtained from the determination of pectithyl esters contained in mature leaves
of tree species, native to Great Britain and grgwmsites in Scotland, were extrapolated
using available leaf litterfall and leaf area indeAl) data to account for total area of trees
of the same species growing across Great Britairtfa globe. The results obtained
following the quantification of methanol emittean growing plant species of agricultural
significance were extrapolated to ultimately estarthe quantity of methanol being

emitted from these plant species on a global suabeally.
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Chapter One -
Introduction

1.1 Pectin Methylesterase Enzymes

The cell wall in plants comprises several intricateucturally independent networks
(Section 1.3), each dedicated to specific functemd subjected to various structural
changes as the cell wall initially forms, maturad @otentially decomposes. In the case of
the pectic fraction of the cell wall, several fasl of enzymes are responsible for the
observed alterations that pectic polysacchariddengo as the cell wall develops. These
enzymes, collectively known as pectinolytic enzymepectinases, are present in higher
plants and in many microorganisms and include jpetbtnases, polygalacturonases,
lyases and pectin esterases. The most abundtres® pectinases are the pectinesterase
enzymes, sometimes referred to as pectin methgtasss (PME’s), which liberate acidic
pectins and methanol by catalysing the de-estatifino of the methyl ester groups present
on the homogalacturonan pectin backbone (Figurg)1.1

Pectin methyl esterase (PME) enzymes allow pldhivagdls to extend whilst maintaining
their structural integrity and are subsequentlpoesible for the softening of some plant
tissues during ripening and storage. Endogenous Bdfivity is also considered to be
responsible for the abscission and senescenceaimif platerial. Saprophytic organisms,
particularly fungi, produce PME’s that are respbtesior a large proportion of the
decomposition of plant material in the natural emwiment, contributing to the global

balance of nutrients.

The mode of action of the PME and the subsequetdrpaof methyl esterification in the
pectin backbone of plant cell walls depends, toesextent, on the origin of the PME
involved in catalysing the demethylation reactidoggether with prevailing chemical
conditions within the cell wall. Demethylesterdioon of pectic polysaccharides in a
random fashion results in the release of protoasglomote the action on
endopolygalacturonase enzymes (Moustacas et 8l1) dhich subsequently result in cell
wall loosening. PME’s that remove methyl groupsa iblock-wise pattern allow the cross-

linking of divalent cations, particularly €abetween two adjacent free carboxyl groups



Christine Finlay, 2007 Chapter 1, 16

(Figure 1.14). This cross-linking results in abs¢aframework, contributing to the
stiffening of the cell wall (Goldberg et al., 1996)

Initial hypotheses suggested that PME’s originatmog fungi, thought to be
predominantly acidic PME’s, resulted in a randortigga of demethylation. Alkaline
PME’s were thought to be responsible for the rerhofaethyl groups in a linear fashion.
However, it has recently been demonstrated thagpdktern of PME activity depends also
on the pH of the cell wall and the initial degrdessterification of the pectic

polysaccarides (Catoire et al., 1998; Denes e2@Q0).

1.2 Emissions of Volatile Organic Compounds from

Plants

1.2.1 Introduction

Over the past 15 to 20 years it has been widelygmised that an extensive variety of
volatile organic compounds (VOC'’s), including isepe, terpenoid compounds, alkanes,
alkenes, alcohols, esters and acids (Pefiuelaslasid,[2001), are emitted to the
atmosphere, not only from the fruit (Nursten, 1930 seeds (Fisher et al., 1979) but also
from the leaves (MacDonald and Fall, 1993; Nemedekshall et al., 1995; Kirstine et al.,
1998) of terrestrial flowering plants. The compteture of the pathways via which these
compounds are biosynthesised, controlled and ednitbgether with their unstable
chemical nature has, until recently, hampered rebesttempts aimed at identifying and
quantifying these biogenic VOC'’s, or BVOC’s. Thaerase of BVOC's varies greatly, not
only between plant species, but also dependinguamenous spatial and temporal factors.
This variability results from a complex networkinferactions that may occur between the
plant and the atmosphere or between the plant doedl organisms. For example, VOC
emissions have been shown to vary depending oargastich as injury, herbivorous
predation, temperature, light and developmentges{donson et al., 1995; Lerdau and
Keller, 1997).

Isoprene and terpenoid compounds, collectively kmaw/isoprenoids, are produced in the
melavonic acid pathway, constitute over 50% ofttial volatile organic compounds
emitted by plants (Guenther et al., 1995; Kessadmaad Staudt, 1999) and have, as a

result, been extensively studied.
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1.2.2 Terpenoid Compounds

Terpenoid compounds constitute an enormously vaiedp of plant hydrocarbons, all
derived from 5-carbon isoprenesfds) subunits (Figure 1.2) (McGarvey and Croteau,
1995). Approximately 5000 terpenoid compounds Hzeen identified and structurally
characterised to date. These include monoterg€hgs(Figure 1.1), sesquiterpenes {C
diterpenes (&) and higher molecular weight species. Of thesb; monoterpenes are
sufficiently volatile to play an active role in paatmosphere interactions. They are
chemically highly reactive and subsequently hagheamical lifetime of a maximum of

only a few hours (Kesselmeier and Straudt, 1999).

Sabinene a-Ter?inene

o-Phellandrene Limonene

>~ )

Figure 1.1 — The molecular structure of some common monoterpene compounds (C10)

The roles of terpenoid compounds vary enormousipnfhormonal roles to photosynthetic
pigments, from attracting pollinating insects aagalling herbivorous invertebrates to
enzyme regulation. Terpenoids are of commeratadiBcance as they form naturally
occurring essential oils, waxes and resins in lgugntities that may be exploited
(Dawson, 1994). It is generally accepted that nemp@nes and sesquiterpenes are
synthesized in the plastids and cytosol respegtii@leizes et al., 1983; McCaskill and
Croteau, 1995) via either the mevalonic acid path{&purgeon and Porter, 1981; Sharkey
et al., 1991) or the novel melavonate-independeriRohmer pathway (Flesch and
Rohmer, 1988; Rohmer et al., 1993).

Because monoterpenes are always present in ledhegsemission rates are thought to be
dependent predominantly on ambient atmosphericeeatyres. In certain regions, for
example those extensively occupied by coniferousoorisoprene emitting tree species,
the emission of terpenoid compounds may be mudigréhan that of any other biogenic
VOC (Geron et al., 2002).
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1.2.3 Isoprene

Isoprene (GHsg), or 2-methyl-1,3-butadiene (Figure 1.2), is regpble for approximately
30% of the total biogenic VOC'’s emitted globallyggéselmeier and Straudt, 1999). Much
less is known about the biosynthesis and emisdisoprene than of other terpenoid
compounds as its concentration is very low in thtiral environment, generally <10ppb
(Jacob and Wofsy, 1988). This is predominantly duisoprene’s high reactivity and
subsequent very short atmospheric lifetime of @nfgw hours. Isoprene emissions from
plants to the atmosphere have, however been estin@be one of the most important
biosphere-atmosphere interactions, with approxiln&@0 Tg yi* being emitted from
plants globally (Wiedinmyer et al., 2006). It isdwn that isoprene is formed enzymically
through the elimination of diphosphate and protostr@action from dimethylallyl
diphosphate (DMAPP) (Silver and Fall, 1991). Mongtevidence has subsequently led to
the conclusion that isoprene synthesis is situatetiloroplasts, and that the reactions of
isoprene synthesis are possibly compartmentalisdadanfined to the thylakoid
membrane regions where the isoprene synthase msae embedded (Kuzma and Fall,
1993, 1994).

The precise function of isoprene in plants is aup&nown, although it is speculated that
the compound is responsible for thermotoleran@ime plant species (Sharkey and Yeh,
2001). Some research has hypothesised that isopms as an antioxidant in plants due to
its very rapid reaction with ozone and hydroxylicats (Penuelas et al., 2005). It has
however, been proven that isoprene emission issitse indicator of electrical-based
signals following the wounding of a plant (LoretadaSharkey, 1993). Burning had the
most profound effect on the emission rate of isogravith a reduction in isoprene
emissions from a terminal leaflet of up to 75% affterning a lateral leaflet with a match
(Loreto and Sharkey, 1993). Despite these findiridgs generally been found that
isoprene emissions to the atmosphere are eitraivedly unchanged or greatly enhanced
by the puncturing, smashing, cutting or burnindgotibge (Monson et al., 1994; Loreto et
al., 2006).

Isoprene

A

Figure 1.2 — The chemical structure of isoprene
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Approximately 40% of the biogenic VOC'’s releasedbgllly are made up of non-terpenoid

compounds such as hexene derivatives and methanol.

1.2.4 Methanol

1.2.4.1 Introduction

Methanol, or methyl alcohol, is a clear, colour]esdatile flammable liquid with mild
alcoholic odour when pure. Commercial manufactyprocesses involve the reaction of
hydrogen with carbon monoxide or carbon dioxidkigh temperature over a catalyst or
by oxidation of hydrocarbons (Windholz et al., 183he term ‘wood alcohol’ is also
used to refer to methanol and originates from thestance being produced from the

destructive distillation of wood.

Methanol is toxic to mammals via breakdown by atdatehydrogenase enzyme in the
liver to form formic acid and formaldehyde, bothwdiich cause blindness through
destruction of the optic nerve (Kavet and Naus80).9 However, methanol occurs
naturally in humans, animals and plants (Axelrod Baly, 1965) and has been found in
blood, urine and saliva (Leaf and Zatman, 1952yeas in expired air (Jones, 1990). It
has been suggested that methanol is produced huthan intestine by enzymic reactions
or possibly microflora (Axelrod and Daly, 1965)rokein carboxylmethylase enzyme,
which methylates the carboxyl groups of proteiaghought to be involved in methanol
production in the digestive system (Kim, 1973).eTdhemical structure of methanol is

shown in Figure 1.3.

I\?(NI
O

Figure 1.3 — The chemical structure of methanol

1.2.4.2 Sources of Atmospheric Methanol

Methanol, a biogeochemically active volatile orgacompound (VOC) is, together with
methane and isoprene, one of the most significagarac compounds found in the earth’s

atmosphere. The atmospheric lifetime of methdmoited by the reaction with gaseous
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hydroxyl radicals (HO), is approximately 19 dayeyiet al., 2001). In the free
troposphere, the estimated lifetime of isolatedn@aetl can vary between 69 hours (in the
presence of daylight) and over a thousand houtth@wi daylight) (Jacob et al., 1989).
Thus, under certain environmental conditions, mathaan be distributed globally from
its source (Singh et al., 2001). Comparing thegads with those for the lifetime of
isoprene, which reacts rapidly with HO and is reetbfrom the atmosphere in only a few
hours (Jacob et al., 1989), it is apparent thaharetdl is an extremely important organic

constituent of the troposphere.

Methanol is introduced to the atmosphere via atgrember of anthropogenic and
biogenic processes. Anthropogenic activities tesyin methanol production include
biomass burning, where the pyrolysis of methyl aredhoxy groups found in lignin and
hemicellulose is believed to be the methanol so(MtKenzie et al., 1995). The
biological decomposition of biological waste, seeamd sludges is also a source of

methanol in the troposphere (Nielsen et al., 1993).

Global industrial methanol production in 1996 wasmeated to be 24.3 Tg'ywith this

figure increasing to approximately 27 Tgip 2000 (Crocco 1997). Methanol is used
extensively in the manufacture of chemicals, faragle paints, solvents, varnishes, paint
thinners and certain anti-freeze solutions. Duksteelatively high flammability, methanol
has been used as a fuel in open wheel racing ndrenadel engines. As alternatives to
oil-based fuels are sought, the concentration dhaml in the atmosphere is likely to
increase considerably. Demand for biodiesel isdast to increase by 32% per year, rising
from 30 million gallons in 2004, to 150 million dgahs by 2008, and 350 million gallons

by 2013. The main transesterification reactionckmmverting oil to biodiesel involves the
reaction of methanol with the triglyceride oils tained in vegetable oils, animal fats, or

recycled greases, forming fatty acid alkyl esterdjiodiesel, and glycerol.

Sources of naturally occurring methanol, or biogenethanol, in the troposphere include
volcanic gases, respiration of anaerobic microasyas and insects (Holzer et al., 1977),
and emissions from plant material (e.g. Owens.efl869; MacDonald and Fall, 1993).
Table 1.1 lists some of the major sources of methianthe troposphere, together with
current estimates for the quantities of methanatrdouted by each source (Galbally and
Kirstine, 2000).
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Contribution from the Contribution from the
. . Global Methanol
Methanol Source Southern Hemisphere Northern Hemisphere Contribution (Tg yr-1)
(Tg yr-1) (Tg yr-1)
Higher Plants 38 62 100 (37-212)
Biomass Burning 5 8 13 (6-19)
Atmospheric production 9 10 19 (14-24)
Anthropogenic 1 3 4 (3-5)
Decay of dead plant material 5 8 13 (5-31)
Ocean sources - - <0.1
Total 58 91 149 (83-260)

Table 1.1 — Current estimates for the quantities of methanol contributed to the global
troposphere by various sources (from Galbally and K irstine, 2000)

Despite the fact that methanol, to some extemirasent in the troposphere as a result of
certain anthropogenic activities, the data in Tdblehighlights that the vast majority of
the methanol present in the troposphere origirfabes higher plants.

1.2.4.3 The History of the Quantification of Methan ol Emissions from Plants

In 1955, Went first suggested that VOC’s may betahifrom vegetation (Went, 1955).
Isoprene emissions from plants were also deteatétei 1950’s by Sanadze and Kursunov
and subsequent studies showed that these emisstwaighly dependent on temperature
and light (Sanadze and Kursunov, 1966; Sanadz&alahdaze, 1966; Sandze, 1969).
Rasmussen and Went independently identified is@peemissions from plants (Rasmussen
and Went, 1965) and drew attention to the imporasfchese emissions in the chemistry
of the lower atmosphere. At the time, the notiwat plants emitted these compounds was
widely rejected, however Sanadze and Rasmussenru#pendently identified isoprene
with the use of mass spectrometry (Sanadze,1969n&ssen, 1970). Methanol was
initially identified as one of the volatile compans emitted by plants by Owens and

colleagues (1969), who studied emissions fromfalfal

The sources, nature and quantities of volatile simis from plants were subsequently
investigated and it became well established thatstdrees are a major contributor to
tropospheric hydrocarbon totals (Rasmussen, 192nérman, 1979; Evans et al., 1982).
The major VOC species emitted by forest plantsserene and a small number of
monoterpene compounds, which have, as such besyutidy investigated (Zimmerman
et al., 1978; Isidorov et al., 1985; Lamb et é83,; Khalil and Rasmussen, 1992).
However, Zimmerman (1979) suggested that perha@gs@Qhe total VOC’s emitted from

plants may be comprised of compounds other thaorés@ and monoterpenes. Isidorov et
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al. (1985) subsequently identified methanol emissiof evergreen cypress in the forests

of Northern Europe and Asia.

Snider and Dawson (1985) carried out pioneeringkworestigating the concentration of

atmospheric methanol in both urban and rural areAasizona. Mean measured

concentrations were 7.9 ppb and 2.6 ppb respegtivighe concentrations of methanol

found in rural environments were such that theyldoot be accounted for purely as a

result of translocation from urban environmentslldwing this work, several groups have

carried out research in order to determine nedasgiimethanol concentrations in areas

dedicated to various land uses (Table 1.2). Tymales for rural forested areas in

Alabama vary between 11 ppb and 6 ppb during tyeadd night time respectively

(Goldan et al., 1995a). Typical values for methaomcentrations in urban areas, for

example Boston, Massachusetts and Houston, Texas,W.4 and 16.6 ppb respectively

(Kelly et al., 1993).

Despite the fact that the majority of the reseaatied out on emissions from plants has

concentrated on isoprene and monoterpenes, atl gp@cies that have thus far been

examined for volatile emissions have been founehtd significant quantities of methanol,

especially when their leaves are rapidly expan@emecek-Marshall et al., 1995). In

fact, growing trees of certain species have beanddo release methanol at rates that

range in the same order of magnitude as isoprethenamterpenes. Typical leaf emission

rates of monoterpene and isoprene have been demedsas 1.6ig C h*gdw’ and 35ug

C h'gdw* respectively (Guenther et al., 1994), whereas sionis of methanol were
detected at rates between 0.6 angid T h* gdw* (MacDonald and Fall, 1993).

Area of Measurement/Estimate

Mean Value (ppb)

Range ( ppb)

Reference

Remote Ocean (Pacific and N. Atlantic)
Tropical Rain Forest (Surinam)
Urban (Colorado)

Rural Forest Day (Alabama)
Rural Forest Night (Alabama)
Urban (Boston, Mass.)

Urban (Houston, Tex.)

Rural (Arizona)

Urban (Arizona)

Mountain Background (Colorado)

0.9
11
12.0
11.0
6.0
17.4
16.6
2.6
7.9
2.0

0.2-1.2
N/A
1.0-17.0
1.0-20.0
1.0-20.0
7.2-47
5.6-31
15-3.7
5.3-10.5
2.0-4.0

Singh et al., 2000, 2001
Williams et al., 2001
Goldan et al., 1995
Goldan et al., 1995
Goldan et al., 1995
Kelly et al., 1993
Kelly et al., 1993
Snider and Dawson, 1985
Snider and Dawson, 1985
Goldan et al., 1997

Table 1.2 — Atmospheric methanol observations (adap

ted from Heikes et al., 2002)
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Due to the magnitude of biogenic methanol emissamstheir implications on the global
atmosphere (Section 1.4.6), recent attempts haye ip@de to construct models of sources
and sinks of methanol on a global scale. Heiked. €2002) considered global sinks of
methanol, including gas and aqueous phase reactitim$1O radicals, and sources,
including fossil fuel combustion, biomass burnimgl @missions from growing terrestrial
plants, in an attempt to estimate the balance dham®l in the atmosphere. From their
estimates, it was concluded that the atmospheraicsrapproximately 4 Tg methanol and
that global sources and sinks of methanol totaliaB40 and 270 Tg yrrespectively.
Biogenic methanol emissions were estimated at 28@rTg yr-1 based on net flux

observations.

More recently, Jacob and colleagues (Jacob €2@G05) have developed a three-
dimensional model simulation of atmospheric methanorder to consider carefully the
consistency between current concentrations of githey& methanol and recent
understanding of sources and sinks. Sources imgjydant growth and decay, biomass
burning and anthropogenic sources were considergdther with the predominant sink
being gas-phase oxidation by HO radicals. The és&tghate of the global source of
methanol was suggested as being about 240 Tg i#etvever, many unknowns still exist
as regards the quantities of methanol introduceledroposphere from a variety of

sources.

Despite recent efforts to construct inventoriesceoning sources and sinks of methanol in
the global environment, many gaps still remainun enderstanding of the complex
processes involved. If the potential impact of maebl emissions on global tropospheric
chemistry is to be fully understood, these pararsetaist be more accurately quantified.

1.2.4.4 The Pathway for Methanol Release from Plant s

The variation between measured methanol concesrtigain a forest canopy during the day
compared to that at night (Goldan et al., 1995g}sests that methanol release from
growing plants is strongly correlated to photoswtithactivity, hence the day and night
variation. However, despite the fact that methamoission rates have been shown to
increase with increasing light intensity, the phaeaon has been attributed to the effect of
light on stomatal conductance rather than a deffett on methanol production
(Nemecek-Marshall et al., 1995). Stomatal conchaetas defined as a numerical measure
of the rate of passage of either water vapour,aadioxide or other gaseous substances

through the stomata (Koérner et al.,1979).
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Figure 1.4 (from MacDonald and Fall, 1993) illustisiclearly the relationship between
stomatal conductance and methanol emission rate d&rbush bean leaf left in the dark.
The changes in methanol emission rate occurreducantly with changes in stomatal
opening and closing, and independently of photdmgis.
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Figure 1.4 - Relationship between stomatal conducta  nce and methanol emission rate for a
bush bean leaf in the dark (MacDonald and Fall, 199 3)

Similar conclusions were reached by Nemecek-Marshall. (1995), who found that
methanol emissions were evident predominantly fiesh surfaces containing stomatal
openings, demonstrating that methanol is almoduskely emitted from stomata and not
from cuticular surfaces (Nemecek-Marshall et @93). Subsequent work by Huve et al.
(2007), studying the relationships between plaatvn rate, stomatal conductance and
methanol emission rates, likewise found that tleaggst rates of methanol emission from
leaves of cotton plant§0ssypium hirsutujroccurred first thing in the morning,

coinciding with the light-dependent increase imstal conductance.

The mechanism involved in the production of methamplants is not known, but it has
been suggested that the methanol is released wheng cell wall expansion, pectic
polysaccharides located within the cell wall arendéhylated enzymically.

The following sections will detail how, through tan developmental physiological
processes which take place within the plant, methasay be liberated and emitted from
plant tissues. Previous reviews on the topicriddibetween emissions from plants and

tropospheric methanol have failed to incorporataitesl analysis of the literature
available on this topic.
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1.3 The Cell Wall

The plant cell wall is a highly organised array gased of a wide variety of complex
polymers, including polysaccharides, glycoprotepwyesters and lignin, which surround

the protoplast as an extracellular matrix.

The primary cell wall consists, more specificalfytliree structurally independent, but
interacting networks. The fundamental celluloserofibril network interlaced with
xylogucan polymers is embedded in an independewnitanke of matrix polysaccharides
(Carpita and Gibeaut, 1993; McCann and Roberts] J19Bhe third network consists of
structural proteins in primary (growing) cell watisa phenylproanoid network in

secondary (woody) cell wall layers.

Molecules of the cell wall must provide shape, nagatal strength and extensibility,
regulate porosity and control cell-cell adhesidie plant cell wall is a source of signaling
and recognition molecules that elicit the apprdpri@sponse to extracellular influences,
such as pathogen invasion. The protection of éfledepends on the ability of the cell wall
to allow the penetration of small molecules suchuwsients, into the cell, while
simultaneously preventing predatory microorganifnms doing the same. The
complexity of plant cell wall architecture providas insight into the critical nature of the
many functions, both mechanical and biologicalfqrened by individual components of

the wall.

1.3.1 Cell Wall Structure

It has been found that two distinct types of priynaell walls exist in flowering plants,
known as ‘type I and ‘type II’ cell walls (Carpitnd Gibeaut, 1993). The type Il cell

wall is peculiar to Poaceae and closely relatedononfamilies, and differs from the type

I walls in many ways, including the manner in whihle cellulose microfibrils are
interlocked within the cell wall matrix. Type lelt walls also contain considerably less
pectin, and phenolic esters are present to a muggtieg extent than in type | walls (Carpita
and Gibeaut, 1993). Type | cell walls (Figure Jaf§ by far the most abundant type,
occurring in all Dicotyledonae and gymnosperms smmde Monocotyledonae that have

been studied.

It is worth bearing in mind that the proportionglatructure of various constituents of a
plant cell wall depend, to some extent, on the bgwreent, age and type of the wall. The
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components are subject to many structural and asmodifications between gene
expression and cell wall assembly in the apoplast.

Many of the polysaccharide and protein constituehtzll walls have been characterised
in recent years using a variety of methods inclgdaffinity methods, for example
antigen-antibody (Knox et al., 1990) and enzymessake (Vian, 1985), polarised infra-
red spectroscopy (Morikawa and Senda, 1978; Morketral., 1978) and Fourier
transform infra-red microspectroscopy (FT-IR) (Mc@eet al, 1992). However, initial
structural characterisation of most cell wall pogmwas carried out using degradative
wet chemical methods, for example methylation asedyin the case of polysaccharides
(Haworth and Hirst, 1933) and nitrobenzene oxida{mg. Leopold B. 1951) and
thioacidolysis for lignin (e.g. Lapierre C. et dl986).

Hypotheses have since been proposed in an atteregptain how these polymers are
assembled in such a way as to enable the structygerform its mechanical roles, such as
providing extensibility to the cell. Cleland (198kggested that transglycosylation or
hydrolysis enabled the microfibrils of the wall*stip’, thus allowing expansion of the

wall (Cleland, 1981). Albersheim and his colleagypeoposed a similar structural model
based upon polysaccharide and protein compondrasacterised by themselves and
others (Keegstra et al., 1973; Talmadge et al.3197

Middle [t e S | Pectlin

lamella

Primary__ |~
cell wall ,

Plasma. Cellulose

membrane

Hemicellulose

Figure 1.5 - Model of the primary cell wall of onio  n as propsed by McCann and Roberts
(1991)

McCann and Roberts proposed a model of the primmatywall of onion (McCann and
Robert, 1991) (Figure 1.5). Subsequently, Camoiich Gibeaut (1993) proposed the model
of the expanding type | primary cell wall that l®osvn in Figure 1.6.
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Figure 1.6 - Model of an expanding Type | plant cel | wall as proposed by Carpita and Gibeaut
(1993)

1.3.2 The Type-I Cell Wall

The type | cell wall is essentially a network oflglse microfibrils, consisting of several
dozen linear crystallised chains of{#)-3-linked D-glucose monomers (Figure 1.7). A
(1- 4)-p-D-glucan molecule terminated by a ‘reducing ergfting a free (unsubstituted)
hemiacetal hydroxyl (on the right) and a ‘nonredgtiend (on the left). The
hydroxymethyl groups at C6 of alternate glucoselte=s are on opposite sides of the
chain. Each carbon atom of the glucose ring caaireaxial hydrogen atom. For clarity

these are omitted.

&
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EMD L dm HYDRCA YL

Figure 1.7 — The chemical structure of cellulose (f  rom Stone, 2005)
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Xyloglucans are the major interlocking polysacctiesi that hold the microfibrils in place,
although other polysaccharides including glucomasrand galactoglucomannans may
also be present in some type | primary cell wallseit in smaller quantities. Xyloglucans
consist of linear chains of (14)B-D-glucan. Many xylosyl units, some of them further
substituted with galactosyl and other monomersypgche O-6 position of the glucosyl
units of the chain (Stone, 2005).

Although proportions of respective cell wall fraxts are highly variable, it is generally
considered to be the case that the cellulose-xytagi framework typically makes up
about 50% of the type | primary cell wall (Reid02). This portion of the cell wall is
embedded in matrix pectic polysaccharides, cornstgapproximately 30% of the total
mass. The remainder of the cell wall mass is mgdef structural proteins (Carpita and
Gibeaut, 1993).

1.3.3 Pectin

1.3.3.1 Introduction

Pectin is one of the most structurally complex pabicharides known. It is thought that it
performs numerous complicated roles within the well of a plant, including determining
wall porosity, acting as recognition molecules (MdMt al., 1984), and providing a
charged surface to modulate cell wall pH and idarf@e. The chemical structures of
pectin molecules are highly variable, not only begw plants of different species, but also
between different tissues of the same plant and beeveen different areas of the same
cell wall. The observed structural variability Wween pectic polysaccharides from
different sources are largely as a result of nuseroodification reactions which take
place during the growth and development of plaastues and during the ripening, storage

and processing of fruit and vegetables.

1.3.3.2 The Chemical Structure of Pectin

The term ‘pectin’ is used to describe one member @dmplex family of polysaccharides
present in the cell wall and intercellular regi@iplants. The major constituent of these
molecules is D-galacturonic acid residues (Figu83, In which ‘y’ represents the position
taken by an —OH, -OC}br -NHz group in then-(1 - 4)-linked linear chain, amide groups

being found only in commercial pectins. Althoudgiststructural feature is common to all



Christine Finlay, 2007 Chapter 1, 29

known pectic substances, the sugar residues assbovith the galacturonic acid backbone

vary greatly.

To date only three pectic structural units; homagaironan (HG), rhamnogalacturonans
(RG-I and RG-Il) and substituted galacturonansghasen isolated from cell walls and

structurally characterised (O’Neill et al., 1989s8er and Voragen, 1996).

\0 D%C"fy
0

HO H

0.

Figure 1.8 — The chemical structure of galacturonic acid, the main constituent of pectin

1.3.3.2.1 Rhamnogalacturonan
Rhamnogalacturonan is the general term given tmmnloge-rich and galacturonic acid-rich

regions of a pectin molecule.
Rhamnogalacturonan-|

Rhamnogalacturonan-I (RG-I) is the name given gooaup of polysaccharides comprised
of repeating units of alternating(1 - 2)-linked rhamosyl and-(1 - 4)-linked
galacturonosyluronic acid residues, first identifley Albersheim’s group (McNeil et al,
1980, 1984). These polysaccharides, isolated fwospension cultured sycamore cells,
were found to be as long as 100 to 300 units (Alveim et al. 1996; An et al., 1994) and
constitute a highly diverse and complex group nfdtires. The fine structure of the RG-I
fraction depends largely on the source of the peutd method of isolation, although it
can be said that between 20 and 80% of the rharhresglues (Rha) are substituted at
C4 with oligosaccharide side-chains (Figure 1.9Ngll et al., 2001).

The length and constituents of RG-I side-chainy dapending on the source of the
pectin. They tend to predominantly contain brauicésed linear groups of-L-

arabinofuranosyl (A}, andp-p-galactopyranosyl (Gp) residues.
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-B-D-Galp-(3—»6)-P-D-Galp-(1— 6)- B-0-Galp-(1—= 4) - 0-t:Rhap-(1—

-O-L-Araf-(T==5)-a-1-Araf-(1 —i-2)-oc-L-Arar’-(‘I-:-—3)- B-o-Galp-{1—4)-0i-.-Rhap-(1—»=

-L-Araf-(1—»=5)-c-L-Arak (1 —8= 5)-0-L-AraF-(1—9= 4) - ct-.-Rha p-( 1~ ,

Figure 1.9 - Selected examples of structures of oli  gosaccharides attached to the backbone
of RG-I (adapted from O’Neill et al., 2001)

Rhamnogalacturonan-II (or Highly Branched Galacturonan)

Rhamnogalacturonan-Il (RG-Il) accounts for aroufiéolof the pectin in cell walls and
was first isolated and characterised by Albeshegrsip (Spellman et al., 1983). RG-II
was found to consist of a chain of approximateheror teru-(1 - 4)-linked

galacturonosyl residues with four side chains dairtg numerous rare sugars such as
apiose, aceric acid, DHA (3-deoxy-D-lyxo-2-hept@os acid) and KDO (2-keto-3-deoxy-
D-mannooctulosonic acid) (Spellman et al., 1988jyFe 1.10). The four different side
chains shown in Figure 1.10 have been structucalfyacterised, however their exact

relative locations are unknown hence the ‘?’.

RG-II has been found to occur in the primary callwnot in the middle lamella (Williams
et al., 1996). Suggestions have been made fqrdbksibility of RG-II being involved in
cell wall porosity (Fleischer et al., 1999; Ishiiad., 2001).

The complex nature of the RG-II fraction of pedias hampered efforts to fully determine
the chemical sequence of the entire structure. é¥ew due to the development of
structural determining techniques such as higltHasisisted laser desorption mass
spectrometry (Vidal et al., 2001), the chemical&inre of RG-Il is being increasingly

refined.
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Figure 1.10 - The currently accepted glycosyl seque  nce of rhamnogalacturonan Il (RG-II)
OAc = O-acetyl ester, Me = O-methyl ether (adapted from Rodriguez-Carvajal eta |., 2002)

RG-II has been found to exist in primary cell waltsa dimer, cross-linked by a 1:2
borate-diol ester (Kobayashi et al., 1996; Ishalet1999). The structure of the RG-II
fraction of pectin is highly homogeneous in thd w&llls of higher plants, unlike that of
HG and RG-I, a feature that suggests the spegifatithe structural features required for
these cross-links to form. Indeed, the crossAigloccurs only between the OH-2 and
OH-3 of the apiosyl residues (Apbn the side chains of each monomeric RG-II subuni
(Figure 1.11).

The formation of this RG-II dimer is a self-asseyntocess, occurring in vitro without

the presence of a catalytic protein. The extedtrate of dimer formation in vitro have
been found to be increased in the presence ohditrasalent cations with ionic radii

>1.0A (Ishii et al., 1999). Higher calcium and isaacid concentrations (10mM) also
increase the rate of dimer formation in vitro (Matnd Kobayashi, 1998). The role of
calcium in dimer formation is not clear, but ifpgssible that it increases the stability of the
RG-I1l dimer (Fleischer et al., 1999; Kobayashilet 099).
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Backbone of one RG-Il molecule

A —
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Esterified 3'-linked 5 ‘\ Two borate ester cross-linked
Apif residues I 3'-linked Apif residues

Backbone of second RG-II molecule

Figure 1.11 - Cross-linking of two rhamnogalacturon an Il (RG-11) molecules with a borate
ester (adapted from O’Neill et al., 2001)

1.3.3.2.2 Homogalacturonan

It is widely accepted that HG is the most abungeatic polysaccharide and consists of a
linear chain oti-(1 - 4)-D-galactopyranosyluronic acid (GalpA) residueg(re 1.12).

The main structural variation that occurs betwédenHG regions of pectins with different
functions is the amount and distribution of cardaxypups that are methyl esterified.
HG’s may also be partially O-acetylated at C-3 e2,@epending on the plant source
(Ishii, 1995).

The distribution of ester groups on an HG backhkenery complex (De Vries et al.,
1983). For example, ester groups may occur imapbetely random fashion, where they
are distributed fairly evenly along the HG backhoiiéey can also occur in a more
‘blockwise’ pattern, where long chains of non-eftt residues are interrupted by almost

completely esterified chains of galacturonic aaiitsu

As a consequence, the distribution of methyl estexg vary considerably between
different pectin molecules, accounting for the oas physical behaviours of these

molecules.
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Figure 1.12 — The structure of homogalacturonan (fr ~ om O’Neill et al., 2001)

1.3.3.3 Pectin Biosynthesis

The complex nature of pectin structure and funchiame somewhat impeded the study of
pectin biosynthesis. Immunocytochemical eviderakected from research using
antibodies directed against certain epitopes dfwal carbohydrates (Hoson, 1991,
Moore et al., 1991; Knox, 1992; Staehelin and Mp&895) suggests strongly that the
synthesis of the pectic polysaccharides homogaiacén (HG) and rhamnogalacturonan-I
(RG-I) begins in the cis Golgi apparatus (Figure3](Lynch and Staehelin, 1992; Zhang
and Staehelin, 1992) and continues into the mé&lédi apparatus (Moore et al, 1991;
Zhang and Staehelin, 1992; Staehelin and Moore;)199G esterification appears to
occur in the medial and trans Golgi (Vian and Rd|a991; Zhang and Staehelin 1992;
Staehelin and Moore, 1995) and results from thiemactf pectin methyltransferases
(PMT’s) which transfer methyl groups from S-aderio®thionine to a polygalacturonic
acceptor. This process is followed by final asdgrahd transportation to the plasma

membrane in the Golgi vesicles.
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Figure 1.13 — Schematic representation of the hypot  hetical pathway for the biosynthesis of
pectin (from Goldberg et al., 1996)

It is generally accepted that HG’s are synthestsedpletely methyl-esterified and
deposited into the developing cell wall with 70-80%ihe galacturonic acid (GA) residues
esterified with methanol. The presence of thesepg prevents adjacent HG chains
becoming cross-linked by divalent cations suchadsiuum, which are abundant in the cell
wall matrix (Nari et al., 1991; Moustacas et a@91), and that would otherwise form a

rigid, stable framework (Jarvis, 1984) (Figure }.14

Figure 1.14 — The formation of calcium bridges lead ing to a rigid, stable pectic framework

Although HG is often inserted into the cell wallarhighly methyl esterified form (Carpita
and Gibeau, 1993; Liners et al, 1994), a numbeebftypes, for example melon callus

cells (Vian and Roland, 1991), have been founctoete unesterified pectin into the cell
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wall. There is also more recent evidence suggg#tiat the Golgi secretes pectins with
low degrees of esterification (Liberman et al., 999t may be the case that there are

randomly-esterified regions in any native HG raaglfrom incomplete esterification at
the time of synthesis. HG regions with a blockwisétern of esterification, with a high

affinity for C&*, may have been modified as a result of PME agtivit

Once deposited in the cell wall, depending on timetion to be performed by a particular
polysaccharide, galacturonic acid residues may bleesubjected to the action of pectin

methylesterase (PME) enzymes (Figure 1.15).

o CH,OH!
COL __ J:ISJ Coze(;
o O/ S O/
A OH - ~ OH
Pectin

— OH T methylesterase OH 1

Galacturonan Galacturonan

methy! ester demethylated

Figure 1.15 — Demethylation of an esterified GAres idue by PME, the major source of
methanol production in plants

Despite there being certain exceptions, it cardthat in a number of systems, the
degree of esterification falls during the growthtué plant due to the action of PME. This
process occurs concurrently with the stiffeninghef cell wall, which can be measured
mechanically (Cleland and Rayle, 1978; Ricard andtN1986; reviewed by Goldberg et
al., 1996). Itis generally accepted that pediaxceted into the cell wall with a high
degree of esterification and that the degree efriéisation reduces over time.

The demethylation of GA residues in an HG backhsm®nsidered to be the primary
source of methanol emitted from plants. Reseaashmiot only shown that methanol
emissions are much greater in rapidly growing ptesue than in mature tissue (Section
1.4.5.2.5; Nemecek-Marshall et al., 1995), but #hsd the demethylation of esterified GA
residues by PME quantitatively liberates metharmhfplant cell walls (Mangos and

Haas, 1997; Frenkel et al., 1998). Insignificammtities of methanol in plants may be
associated with protein repair pathways (Mudgett @larke, 1993) or may be present as a
result of the demethylation of DNA (Finnegan et 4098).



Christine Finlay, 2007 Chapter 1, 36

1.4 Methanol Produced by Plants

1.4.1 Introduction

The role of stomata in the control of methanolaskefrom plants to the atmosphere is
considered to be of utmost importance (Nemecek-Mdiret al., 1995), as discussed in
Section 1.2.4.4. The precise pathway via whichhamabl is transported from the cell wall
and subsequently emitted through stomata on letdas remains the subject of much
speculation. A further unknown quantity is thegmodion of the methanol produced in the
leaf, as a result of the demethylation of pectilygaccharides, that is released to the
atmosphere. It has been shown however, that mathathin plant tissue can have
several different fates (Figure 1.16). It may digs in water and be stored in the plant’s
tissue, it can be oxidised to formaldehyde (Gowatl.€2000) or a portion of the methanol
released from plant tissue may also be utilisechbthylotrophic microorganisms on the
leaf’'s surface. The most likely fate of methanaduced by the tissues of plants however,
is the release via diffusion to the atmosphereutpincstomata at the leaf’s surface.

1.4.2 Enzymic Oxidation

Methanol oxidase has successfully been isolated fracroorganisms, but despite
extensive research on the subject, has yet touralfm higher plants. It has been found
however, that plants can conveéfid]methanol td“CO, (Cossins, 1964) and that
[**C]methanol can readily be incorporated into sesiné methionine (Gout et al., 2000).
All the enzymic ingredients that allow the incorgibon of carbon derived from formate,
and possibly from methanol, into various organimpounds would appear to be present in
the tissues of higher plants. However, the pathwiayvhich methanol is initially oxidised
in order that it can become incorporated into tleeseplex compounds is, as yet,
unknown. It is possible that methanol is primaakidised by alcohol oxidase to
formaldehyde, followed by further oxidation to faate by formaldehyde dehydrogenase
(Gout et al., 2000). If this enzymic pathway degsst in higher plants, a portion of the
methanol released from the demethylation of pguilgsaccarides could potentially be

utilised in this fashion in the production of cemtamino acids.
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1.4.3 Methylotrophic Microorganisms

Methanol released from leaves may also be utilésed source of both carbon and energy
by methylotrophic bacteria, which are charactaristitheir ability to metabolise one-
carbon compounds, such as methanol and formaldel®deterial populations on leaves
occur in greatest abundance near the edges obthaah (lower) surface, although the
abundance of these bacteria vary greatly betwesatt ppecies, with the season, with leaf
age and depending on hourly changes in the mionatd at the leaf’s surface (Blakeman,
1982). The abundance of methylotrophic bacteridead and abscised leaves has been
found to be much reduced compared to that on lileages (Corpe, 1985), reinforcing the
evidence for the theory that methanol emissionsmaleed closely related to plant growth.
The methylotrophic bacteriufichia methanolicas able to grow on a medium comprised
of pectic polysaccharides (Nakagawa et al., 200%Jeed the growth yield d?.
methanolicancreases by 100% with increasing degree of metsidrification from 0% to
90%. Although methylotrophic bacteria may consgaseous methanol being emitted
through stomata on the leaf’s surface, it is likiblgt they do not constitute a significant

sink for methanol (Galbally and Kirstine, 2002).

1.4.4 Storage Tissues

An added complication that must be taken into antwinen studying the emission of
VOC'’s from plants stems from the fact that somatitds, for example terpenes in mint
and pine trees, may be stored in specially adaedes, depending on the volatile and the
species of plant. Plants lack the ability to sieoprene in their tissues, hence a cession in
the production of isoprene leads to the discontinnaf isoprene emission. The extent to
which plants store certain biogenic volatile commpasiseems to depend more heavily on
predetermined genetic traits of the plant spet¢ias prevailing environmental conditions
(Pefiuelas and Estiarte, 1998).

Very limited literature is currently available debing this phenomenon occurring in the
case of methanol. It has been shown howeverntb#tyl-betas-glucopyranoside (MeG)
is synthesised in the cytosol of cells from thevésaof the Alpine herlbuem monatunum
L. (Aubert et al., 2004), directly from glucose andthanol. It is considered that this
synthetic process may prevent the excess accumnlatimethanol and its toxic
derivatives in the cytoplasm. The proportion & thethanol produced as a result of
demethylation of pectic polysaccharides that ignately utilised in this way is thought to

be minimal.
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1.4.5 Release of Methanol to the Atmosphere
1.4.5.1 Introduction

Although there are several possible fates for methand other VOC'’s produced by
plants, it is thought that by far the greatest prapn of these volatiles is emitted directly
from the plant tissue to the surrounding atmosph®@C emissions from plants are the
result of diffusion from sub-cuticular cavities it the plant tissue along a vapour
pressure gradient to the atmosphere surroundingléime, where the concentration of these
gases is relatively low (Galbally and Kirstine, 2D0 Emissions of VOC'’s from plants will
therefore ultimately be controlled by VOC volatés and factors that alter this

concentration gradient, or present a barrier ttusiion.

Figure 1.16 shows a schematic representation gidtievay that methanol produced in the

plant cell wall follows as it is emitted to the atsphere.

Free

water in Methanol

CH,OH inter- —_— Gas phe}se —p released to the
cellular sub-cuticular atmosphere
cavity cavity

Methanol production l Leaf epidermal cells
during c'ell wall with stomata
maturation Possible conversion to

formaldehyde by
methanol oxidase

Figure 1.16 — Schematic diagram for methanol releas e from plant leaves

1.4.5.2 Factors Influencing the Rate of VOC Emissio  n from Growing Plants

The rate, quantity and composition of VOC’s emitienn vegetation is highly variable in
both the short term (the response in emissionu@at® an hour) and long term (the
response after several hours, days or months)ndepeon both internal factors, for
example genetics, and external factors, such agaeature and light intensity. The
complexity of factors influencing volatile emissicates from plants is a major hindrance

in the compilation of reliable data for global VQr@ventories.
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Unfortunately, very little work has thus far beempleted regarding the effect of short-
term (scale of minutes) external environmental p&tars on the rate of methanol
emissions from plants. In the following sectioting effects on isoprene and monoterpene
emission rates of these factors will be discussapkther with data on methanol where
available. It may be the case that the emissitas raf all three volatiles display similar
patterns, due to the fact that the emission ofresog, terpenoids and methanol are all
controlled by stomatal conductance.

1.4.5.2.1 Genetic Predetermination
Genetics plays a significant role in determining tlature of VOC emissions from plants.

For example, methanol emissions from young leat&assafrasJassafras albidujrand
Soybean Glycine max have been measured at 13.6.2ugh'gdw” and 36.G: 7.0ugh
lgdw* respectively (MacDonald and Fall, 1993). Assunttmgmethanol emitted from
plants originates entirely from the demethylatiépectic polysaccharides in the primary
cell wall, it is logical to assume that the varyjmectin content between particular plant

species will have an impact on the quantity of raeth emitted.

The predetermined genetic characteristics of véigetapecies obviously have a pivotal
role in determining the particular nature and qitistof VOC emissions from certain
plant species. For example, certain Monocotyledarmantaining type 1l cell walls will
contain a fraction of the quantity of pectin angngiicantly more phenolic esters than type
| cell walls, which occur in all Dicotyledonae aggmnosperms and some
Monocotyledonae that have been studied (CarpitaGibeaut, 1993). This compositional
difference may lead to the emission of differenamfities and possibly different volatile
species depending on the prominent cell wall typlee emission of volatiles from plants
is, however also highly dependent on temporal gadia variations (Kesselmeier and
Straudt, 1999).

1.4.5.2.2 Temperature
The effects of varying temperature on the emisbgmaviour of VOC'’s from plants have

been investigated rather extensively. However,oterpenes and isoprene are by far the
most closely examined volatile species. Studieslaoted to date have all shown that the
emissions of monoterpenes and isoprene are hdawigerature-dependent, with emission
rates generally increasing exponentially to anmptn at about 40 °C before decreasing
rapidly (Guenther et al., 1993; Monson et al., 24 docchi et al., 1995). This

phenomenon is thought to be as a result of sefatdrs, for example elevating the
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enzymic activity related to particular volatile grection, increasing the vapour pressure
and decreasing the resistance of emission path(izaysto et al., 1996).

Isoprene emissions increase rapidly frlBhragmites australi$ollowing an increase in
temperature, but this phenomenon is not sustainécter about 30 minutes, the emission
rate steadily decreases to a level below the @igate of emission (Loreto et al., 2006),
supporting the evidence for a lack of significattgrene pools within the plant. This
increase is not surprising given that the optimampgerature for isoprene synthase activity
is 42 °C (Monson et al., 1992).

Little information is available regarding the effed short-term temperature changes on
the emission rate of methanol from plants and tfexieof temperature on isoprene
emission rates are likely not to be closely relatechethanol emission due to the fact that
isoprene emissions are related to stress evettigy than physiological changes (Sanadze,
2004). It has been shown that methanol is emitted leaves when the stomata are open
(MacDonald and Fall, 1993, Figure 1.4). Methamolssion rates from leaves therefore
follow a diurnal cycle, with methanol emission ratereasing with increasing ambient
temperatures (Shade and Goldstein, 2001). Thefamission will consequently

decrease significantly in times of drought or & tiottest part of the day, when stomata are
closed (MacDonald and Fall, 1993).

Loreto et al. (2006) found that, on a single plaadis, methanol emissions increased in
elevated temperatures over a period of about andralia half, but increases in emissions
were observed at a much lower rate and to a mesledeextent than those of isoprene
(Loreto et al., 2006). Further work has been edraut on the effects of temperature on
methanol emission rates over longer timeframesoandrger scales.

The first canopy-scale measurements of methana vemorded by Shade and Goldstein
(2001), determining long-term fluxes of volatileganic compounds above a ponderosa
pine Pinus ponderosgplantation. Results confirmed that methanol emisis dependent
on temperature, with methanol emission rate in@ngasith temperature in an exponential
fashion (Shade and Goldstein, 2001). Howeverag also apparent that factors other than
temperature were affecting the emission of methaasticularly light which, given the
pathway via which methanol is thought to be emi{téemecek-Marshall et al., 1995) is
not unexpected. Schade and Goldstein (2006) cadsrasonal quantities of methanol
above a remote mountain site, the predominate plaaties present being ponderosa pine.

One third of the daytime variability of methanolsammer was accounted for solely by air
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temperature. However, higher emissions in thengfime could not be accounted for by
increases in ambient temperature, but was attabwatéentensified pectin demethylation
that is thought to be the source of methanol eomssirom plants (Section 1.2.4.3,
MacDonald and Fall, 1993; Galbally and KirstineD2p

Mao et al. (2006) measured methanol concentratioas above two sites in New
Hampshire during the summer months of 2004. Aectmsrelation between methanol
concentration and air temperature was observedmatinanol concentrations increasing

linearly from approximately 1 to 3.5 ppbv as tengperes increased from 11 to 30 °C.

1.4.5.2.3 Light
Isoprene production in plants is closely correlatéith photosynthesis, due to the fact that

isoprene is formed from photosynthetic products @MR) in the chloroplasts (Section
1.2.3; Loreto and Sharkey, 1990; Sharkey and Y@d1R There is no large pool of
isoprene within plant tissue due to a lack of flé@astorage tissue. Therefore, unlike
monoterpenes, synthesis and therefore emissioe<aéfter a matter of minutes of the
plant being immersed in darkness (Guenther e1@81; Sanadze, 1991; Sharkey et al.,
1991).

The response of isoprene emission to light intgresitdently varies depending on the
origin of the plant species being investigatedr é&x@ample, emissions from temperate
plant species tend to increase rapidly to a maxirataround 120Q@moles nt s* and
increasing light intensity beyond this has littféeet on the emission rate of isoprene
(Baldocchi et al., 1995). The relationship betwhgint intensity and emission rate from
typical plants in tropical deciduous forests isc#iy linear up to a maximum methanol
emission rate of 2000moles nf s* (Lerdau and Keller, 1997).

Substantial correlation has been reported betwieert-term methanol emission rates and
stomatal conductance from a number of plant specghsding cottonwoodRopulus
deltoidg and quaking aspe®¢pulus tremuloidgqSection 1.2.4.4, MacDonald and Fall,
1993). The relationship between temperature aadate of methanol emission during the
day was found to be much less convincing thatlleaétzeen emission rate and stomatal

conductance.

Further work has been carried out on leaves obnatbod plants whereby they were
exposed to varying light intensities in constanhidity and temperature conditions

(Nemecek-Marshall et al., 1995). Methanol emissaias were positively correlated with
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light intensity, however following 4 hours in tharét, methanol emission had not ceased.
Although methanol emissions increased with increaBght intensities, it was apparent
from the results that despite the fact that methamissions increased with increasing
light intensities, stomatal conductance, rathen thairect affect on methanol production
was ultimately responsible. In the longer termrapgeters more influential than light, for
instance temperature and leaf age, were considetealve a greater effect on the rate of
methanol production.

1.4.5.2.4 Wounding
A number of studies have been carried out invetstigahe effect of the process of cutting

of plant material on VOC emission rates from vasidifferent plant species. For
example, Kirstine et al. (1998) measured VOC'’s &difrom unimproved pasture in
south-eastern Australia using a grab sampling igalerfollowed by gas
chromatography/mass spectrometry (GC/MS) analysiwas found that methanol
emissions constituted between approximately 158t fygrass and 33%, from clover, of
the total VOC flux of approximately 32Q@)(C) m? h* emitted from the plants. The
findings also showed that VOC emission rates irsgdaignificantly following the
mechanical coarse cutting of the vegetation. V@tssion rates from grass increased by
180 times compared to the maximum measured emisaierfrom undamaged grass, with

approximately 10% of this being contributed by naibi.

Studies have subsequently been carried out exagninenemission of volatiles from a
variety of damaged plant materials including gi@isfsson et al., 2003) and alfalfa
(Warneke et al., 2002). An immediate significamb@&ncement of VOC emissions was
observed from all plant species studied, followgdmore prolonged period of elevated
VOC emission during the drying process of cut lsaid® Gouw et al., 1999; Karl et al.,
2002; Warneke et al., 2002; Olofsson et al., 2003).

Increased pectin degradation as a result of aeaserin PME is known to occur in plants
during episodes of mechanical and environmentasstKunzek et al., 1999; Fall, 2003).
The rapid increase in methanol emission rate fallgva wounding event strongly suggests
the presence of a small pool of aqueous methamokize of which is depleted after
wounding through evaporation (Fall et al., 2003¢dto et al., 2006). The magnitude of
increase in VOC emission following a wounding evsrdlso reported as being

proportional to the size of the wound (Fall et 8899).
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De Gouw et al. (2000) investigated further theaséeof VOC'’s from crop species,
including clover and corn, following cutting andyoirg processes using proton-transfer
chemical-ionisation mass spectrometry. It wasutated from the results of these
experiments that, following a wounding event, thettmnol released from clover plants
was approximately 90g of C gdw". Converting this figure into mg methanol per gdw
plant material, we arrive at a methanol releasgpproximately 24@wg of methanol
released per gdw clover following abscission. hia ¢ase of corn, it was found the amount
of methanol released was small compared to that flover. An interesting observation
from the experiments was that there was a sigmificecrease in methanol emission from
corn plant material after the stem was cut, b ptienomenon did not occur following
cutting of the leaves. This could be due to tiot fiaat the rapidly growing part of the corn

plant, where rapid cell wall expansion predominatakes place, is at the base of the stem.

As the emission of methanol from corn was measasdokeing a factor of ten lower than
that from clover, it may be reasonable to assurattttere will indeed be an increase in
methanol emission following the cutting of a gragsm. However, this increase is likely
to be small in comparison to the increase in methamission rate during the harvest of a
dicot, for example oilseed rape. Indeed, it wasnshby Karl et al. (2005) that the
emission rate of methanol from fully developed sb®@ots and leaves did not alter
significantly during drying.

Studies carried out on monoterpene emitting plaat® found that, following even slight
mechanical stress, there is a significant emissiost of monoterpenoid compounds
(Guenther et al., 1991; Arey et al., 1995; Stanei.e 1997), possibly a plant signalling
mechanism. On the contrary, isoprene emissions hagn found to be unaffected or even
significantly reduced by damage to the plant (Lo@atd Sharkey, 1993), although the

signals regulating isoprene emissions are as yatawn.

1.4.5.2.5 Stage of Development
Emission rates of methanol from growing leaves &ystantially during the growth and

development of the plant tissue (MacDonald and E8®3; Nemecek-Marshall et al.,
1995). Substantial quantities of methanol weredet from the leaves of a variety of
plant species by MacDonald and Fall (1993). Matiuiy expanded leaves were found to
emit methanol at a rate comparable to those destab typical for isoprene emissions

from leaves, about 14 h* gdw? (Hewitt et al., 1990). However, on average, rhpid
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expanding immature leaves emitted methanol at almoce the rate of mature leaves on a
dry weight basis (MacDonald and Fall, 1993).

Work carried out by Nemcek-Marshall et al. (199&)rid that young, rapidly expanding
leaves of soybears{ycine makx emitted methanol at a greatly elevated rate coetpto
more mature leaves. These findings support thethgsis that methanol is released from
plants as a result of the enzymic degradation dofipeolysaccharides within the plant cell
wall. However, in some other plant species studmdexample bush beaRljaseolus
vulgaris) and cottonwoodRopulus deltoides methanol emission rates were greatest in

very young leaves, with rates decreasing steadily@ leaves matured.

Karl et al. (2003) found that methanol emissiomrsaiver a mixed hardwood forest in the
US reached a maximum in spring, with methanol eiomssfrom young leaves apparently
being in the region of three times greater thaseéifoom mature leaves, presumably as a
result of the rapid expansion of leaves. A quattie methanol emissions model, based on
plant physiology, was developed by Galbally andstie (2002), whereby the amount of
methanol released from the plant to the atmosphaserelated to the process of plant
growth. The net primary productivity (NPP) wasdiss an estimate for the relative stage
of growth of different plant species in order tkeganto account the variation in methanol

emission rates from plant tissue at various stafdsvelopment.

The rate of methanol emissions from young, rapigbwing leaves was found to be
several times greater than that from mature leav@ossypium hirsuturplants (Huve et
al., 2007). Following the removal of younger les\uie reduction in methanol emissions
suggested that approximately 75% of the total arhotimethanol emitted was due to leaf
growth. It was also discovered that, in concureanwth the findings of Nemecek-
Marshall et al. (1995), very young leaves havengelrate of methanol emission than
those slightly older, thought to be associated withlack of functional stomata in the

former.

1.4.5.3 Methanol Emissions from Decaying Plant Mate rial

Fluxes in methanol emission rates from a mixeddiesis woodland in the US have been
reported as being 1.7 times lower in the autumn thase in the spring (Karl et al., 2003),
suggesting that the majority of the methanol emiftem plant material is as a result of
growth. However, observed methanol emissions faran were still significant and

attributed predominantly to the decomposition af léter on the forest floor.
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The methanol contained in a plant is releasede@timosphere when it dies (Galbally and
Kirstine, 2002). Pectic polysaccharides contaimmeghyl esters may also be degraded
enzymically following the death of the plant resudtin the release of methanol. Pectin
methylesterase (PME) remains active under a widgeaf conditions (Castaldo et al.,
1997) so that, even after the death of a plantxample following harvest, PME will
continue to remove methyl groups from the HG patgbarides in the plant material,
resulting in the release of methanol. The extenttich the methyl esters are cleaved
depends on the source and therefore structurahcteaistics of the pectin and the form of
the PME. For example, the majority of PME enzymesacted from higher plants result
in the block-wise removal of methyl ester groups. not all methyl esters present in
pectic polysaccharides are arranged in block-wisdigurations and often occur randomly
distributed, the complete removal of methyl estethin the plant is unlikely. However, it
is probable that the greatest proportion of me#isyers present is converted to methanol by
PME (Rexova-Benkova and Markovic, 1976; Massialgt1997) and is released to the
atmosphere as methanol following the death of thetp

Significant emissions of methanol were detectethfbeech leaves during their
degradation by Warneke et al. (1999). Emissioesraf methanol were greater in
magnitude than all other emitted organic compounasitified, including acetone. The
quantity of methanol emitted as a result of theodgmosition of plant material was
extrapolated and the annual global production ahar®l! from the decomposition of plant

material was estimated as being between 18 andj40 T

1.4.5.3.1 Fungal Degradation of Plant Material
Methanol may be emitted from decaying plant matesaa result of the demethylation of

lignin by the action of fungal enzymes (Ander antk&Son, 1985; Kirk and Farrell, 1987).
Lignin accounts for only about 5% of the total bess of dead leaves (van Elsas et al.,
1997), with 18% of the total mass being compriseliyain molecules containing methoxy
groups (Bourbonnais and Paice, 1992). Of thisybeh approximately 4 and 25% is
liberated as methanol by white-rot fungihéneochaete chryososporipomder optimum
conditions (Ander and Eriksson, 1985). This preaasy account for a significant input of
methanol from decaying plant material to the trgghese were it not for the fact that the
enzymic degradation of lignin methyl ester groupmhibited by the presence of oxygen
(Ander and Eriksson, 1985). As a result, it igljkthat only a small fraction, perhaps only
10% (Galbally and Kirstine, 2002), of the metham@sent as methoxy groups on lignin

molecules is released to the troposphere.
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Several types of pectin methylesterase enzymes e purified from thaspergillus
genus of fungi (reviewed by de Vries and VissefQ1)0 This large group of filamentous
fungi consists of a number of pathogenic fungi, thetgroup of black aspergillA( niger
andA. tubingensisare of particular importance in industrial apgtions (Alkorta et al.,
1998). Aspergillusproduces a wide range of enzymes that can beeadtilisthe
degradation of plant cell wall polysaccharides, mgkhem of major importance in the
food and feed industry. Fungal pectin methylese(®ME) enzymes cleave the ester
bond between the HG pectic region and methyl residiiberating acidic pectin and
methanol (Khanh et al., 1991), in the same waylas fPME. However, the optimum pH

for fungal PME activity is 3 to 4, whereas thahajher plants ranges between 7 and 8.

The ability of fungi to produce enzymes with thadtion of utilising plant cell walls has
been well studied (e.g. Vries and Visser, 2001,egfer et al., 1997). Saprophytic fungi,
such asNeu. crassandA. nidulans and opportunistic pathogens suchAasumigatusand
A. flavusproduce a broad spectrum of protein and polysamt#hdegrading enzymes,
indicative of their less specialized nutritionatsis (St Leger et al., 1997). It is therefore
likely that a proportion of the methanol containedbscised leaves in the form of pectic

methyl esters, enters the troposphere as a rdshk activity of fungal PME.

1.4.6 The Atmospheric Consequences of Methanol int  he

Troposphere

1.4.6.1 Introduction

Prior to 1992, literature reporting atmospheric sugaments of methanol was scarce.
Snider and Dawson (1985) reported mean methanckobrations of approximately 7.9
ppbv and 2.6 ppbv in urban and rural sites respagtiocated in Arizona. Methanol
concentrations of up to 11 ppbv have been detelitadg the day in a forested area in the
southeastern US, compared to a concentration aft&bppbv for isoprene (Fehsenfeld et
al., 1992).

In the continental boundary layer of the earthfa@phere the concentration of methanol
is typically in the region of between 1 and 10 ppind between 0.1 and 1 ppbv in the
upper troposphere (Singh et al., 1995; Heikes.e2@02). Despite the fact that methanol
emission rates from plants have been quantifieme cases as being of the same order
of magnitude as isoprene and monoterpenes, thesatrdmncentration of methanol is,
after methane, the second most abundant organia glas earth’s atmosphere.
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The substantial abundance of methanol in the tygpa® is due, in part to the relatively
low reactivity of methanol compared to other biagelOC'’s such as isoprene. The
tropospheric lifetime of methanol of approximatelge days as opposed to only a few
hours for isoprene has profound consequences wgrticydar relationships that exist
between gaseous species present in the tropodpbtéreaturally and as a result of
anthropogenic activities. The importance of metthamd indeed all VOC's present in the
troposphere originating from either biogenic ormaapogenic sources, stems from their
role as major precursors of hydroxyl radicals (Oétynetimes referred to as ‘odd
hydrogen’ radicals which, in the upper troposphaltmately result in the formation of

tropospheric ozone.

In the stratosphere, ozone is formed through tloéghysis of oxygen and, in areas where
ozone is depleted due to the free radical deg@uati ozone by chlorinated and
fluorinated organic compounds, the earth’s surfa@xposed to harmful solar ultraviolet
radiation. Conversely, tropospheric ozone has-detumented deleterious effects on
human and animal health, as well as plant ecosgs(Emlayson-Pitts and Pitts, 1993).
The chemistry behind the formation of tropospherone involves VOC'’s and is, in itself,
complex, as well as being highly dependent on pliegeenvironmental conditions,

particularly short wavelength actinic UV radiation.

1.4.6.2 Troposopheric Ozone Formation

Ozone formation in the troposphere is a highly hiear process related to its main
precursors: nitric oxide (NO), nitrogen dioxide (NQcollectively termed N, and

VOC'’s. In certain conditions, tropospheric ozoaeration is almost entirely independent
of VOC concentration and is controlled by N€oncentrations. Certain other prevailing
environmental conditions however, dictate that @zfammation is directly proportional to

VOC concentration and may actually decrease witheising NQ concentrations.

The formation of tropospheric ozone may be categdrinto two distinct series of
chemical reactions, known as VOC-sensitive ang{§€nsitive regimes. In general, a
freshly-emitted plume of pollutant gases, predomiiyeoriginating from urban areas, is
dominated by VOC-sensitive chemistry but develapgards NQ-sensitive chemistry as
the plume moves downwind of its source and thg [d@llutants within the plume become
less concentrated.
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Tropospheric ozone formation is also heavily dejgem on sunlight, particularly radiation
of wavelengths 290 nm and greater, termed theiacegion, which is responsible for
inducing photochemical reactions. The formatiolzdne in the troposphere can be
attributed directly to the presence of anthropogét,, which undergoes photolysis to
form NO and O (Reaction (1.1)).

NO, + hv (L <420 nm) — NO + OfP) (1.1)
OCP) + Q(+ M) -~ Os (1.2)

Reaction (1.2) shows the subsequent ozone formatioere M is a third molecule that is
capable of stabilising the highly reactive reaciitiermediate.

By far the greater proportion, typically more tH#%6, of anthropogenic NCemissions,

for example from fossil fuel combustion, occur lire form of nitric oxide (NO). A small
amount of nitrogen dioxide (Nis emitted directly to the atmosphere as a result
combustion processes (Lenner, 1987), but @resent predominantly in the troposphere
as a result of the oxidation of NO after dilutionair. The formation of NOfrom NO

involves the removal of tropospheric ozone viardection shown in equation (1.3).
NO + @ - NO, + O (1.3)

Normally, equations (1.1) and (1.3) are counteriz@d by each other. Removal of ozone
from the troposphere occurs when reaction (1.3)idatas over reaction (1.1). This
occurs at night when ozone is removed via the ftionaf NO,, sometimes referred to as
NOx titration, but there is no photolysis taking pladeis phenomenon also occurs during
the day, but only in areas close to a largeN@issions source as equilibrium is shifted in

equation (1.3).

NOx titration reactions (equations (1.1) to (1.3)) stitate important processes that occur
in the atmosphere involving anthropogenic sourd¢estagenous combustion by-
products. However, the formation of tropospherdore can also occur via reaction
sequences involving VOC'’s and carbon monoxide,ttegavith NG, and hydroxyl
radicals (OH). This series of reactions resulthaconversion of NO to NQhrough
processes other than that shown in equation (1.3).
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1.4.6.2.1 The Hydroxyl Radical (OH)

The hydroxyl radical plays a pivotal role in atmbegpc chemistry due to its high reactivity
with both organic and inorganic compounds. Dudaglight hours, the photolysis of
existing tropospheric ozone results in OH formawr@reactions (1.4), (1.5) and (1.6). It
has also been suggested that another significantesof OH could be reactions of ozone
with alkenes including any biogenic VOC'’s contagni@=C bonds, for example isoprene
and monoterpenes (Paulson and Orlando, 1996).eTkastions may take place during

the day and at night.

Ozone undergoes photolysis to form the electrolyiecited reaction intermediate D)
atom. OtD) can either react with 4 or become deactivated to the ground state oxygen
atom OfP) (reactions (1.5) and (1.6)).

O; + hv (A <420 nm) -~ O(D) + O (1.4)
o(D) + O - 20H 1L
o(D) (+ M) - OFCP) (1.6)

It is this hydroxyl radical that plays a pivotaleen atmospheric chemistry due to the fact
that it initiates the majority of organic oxidatem the troposphere (Wayne, 1985;
Finlayson-Pitts and Pitts, 1986). Through the psses detailed in reactions (1.4) to (1.6),
increases in tropospheric ozone itself result aneased OH formation and a subsequent
decrease in the atmospheric lifetimes of organécigs such as biogenic VOC's, including

methanol.

The details of ozone chemistry in the troposphesecamplex, involving a variety of
atmospheric conditions and chemical species. Esgegies involved in these reactions,
whether originating from anthropogenic or biogesocirces, must be fully quantified and
sources understood so that tropospheric ozone fanmean be better controlled. For this
reason it is vital that tropospheric VOC inputgluding biogenic methanol, are better

understood and quantified.

1.4.6.2.2 The Role of VOC's in Tropospheric Ozonerfmation
The reaction processes that lead to ozone formatitre troposphere are almost always

initiated by reactions of hydrocarbons, for exampkthanol, or carbon monoxide (CO)
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with the hydroxyl radical (OH). Hydroxyl radicaisemselves are formed from the

photolysis of ozone (reactions (1.4) and (1.5)).

OH radical levels are particularly important ineaffing the @formation rate in the
presence of NQbecause the reaction of OH with VOC'’s is a majad & many cases the
only process resulting in the formation of highdactive hydrocarbon radicals, in the case
of methanol CHOH or CHO (see reactions (1.7i) and (1.7ii)). The essekrtla played

by VOC's in the formation of ozone in the troposghis the contribution made to the
atmospheric content of hydroperoxyl radicals gH@hich, in turn oxidise NO, present in
the troposphere as a result of combustion process8ED,, the immediate precursor of
ozone. NQ@then undergoes photolysis to form NO and an alaatally excited oxygen

atom (reaction (1.1)) which reacts with moleculaygen to form ozone (reaction (1.2)).

Reactions (1.1) to (1.7) illustrate the role of V®(n this case methanol, in OH and

therefore ozone formation.

- CHOH + HO ®.7
CH3;OH + OH
- CHO + HO (1.7ii)
CH,OH + O - H,CO + HG (1.8)
CHO + @ - HO, + HCO (1.9)
HG + NO - NO, + OH (1.10)
OH + N@(M) — HNO; (1.11)

Initiation of the reaction sequence above involesreaction of OH with methanol to
form one of two free radicals (reactions (1.7i) &hdii)). These free radicals react with
molecular oxygen to form formaldehyde and the hygdroxyl radical (HQ) (reactions

(1.8) and (1.9)). Herapidly oxidises NO to NgX(reaction (1.10)), which crucially results
in the regeneration of OH radicals. Reaction (Lid the termination step of the reaction
sequence and results in the formation of nitrid agikey component of acid rain and a co
pollutant of ozone (Finlayson-Pitts and Pitts, 1999 is a third molecule, capable of

stabilising the highly reactive reaction intermeelia
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1.4.6.3 Current Global Methanol Inventories

Singh et al. (2000) presented the original estirétbe global budget of methanol in the
environment, considering both anthropogenic anddme sources. Subsequent models
have been developed and estimates made regaraingl gburces and sinks of methanol
by Galbally and Kirstine (2002) and Heikes et 2002). These inventories were reviewed
and compared collectively by Singh et al. (200dgether with further estimates made by
Singh and co-workers (Singh et al., 2004). Imsiediately apparent from this work that
many uncertainties and inaccuracies still exishenglobal estimates of methanol
contributions made by a variety of sources andssinkth the total estimated source
ranging between 75 (Singh et al., 2000) and 499rfdHeikes et al., 2002). The major
inconsistency incorporated into these calculatlessin the widely differing estimates for
biogenic emissions, which have been estimatedyatlzere between 37 (Galbally and
Kirstine, 2002) and 280 Tg yr(Heikes et al., 2002).

More recent estimates made by Horowitz et al. (2008 Lathiere et al. (2006) have
estimated mean global biogenic methanol emissisteig 107 and 106 TgCyr

respectively. This translates as approximately@&5283 Tg methanol yrespectively.

Methanol emissions from plants to the troposphegebath significant and highly variable
in quantity. Emission rates of methanol are depahdn several complex internal and
external factors, the intricate natures of whiatuiman inherent degree of inaccuracy in
attempts to calculate quantities contributed byousr biological sources on a global scale.
It is obvious from the results reviewed by Singlale{2004) that there remains much
investigative work to be completed before an adeugaantification of the global

methanol source may be achieved.

1.5 Pectin Esterification and Potato Texture

1.5.1 Introduction

Texture is a central quality characteristic ofpddint-based foods. Specific cell wall
components are modified during the ripening, steyagoking and processing of these
foods, resulting in spatial variations in the degaed extent of cell separation and
adhesion between the walls of adjacent cells. rifeming of different fruit species results
in a variety of physiological changes at a celllgael, which determine the textural
changes that occur during the ripening of thatipaler species. For example, in fruit such
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as strawberry or avocado, which develop a softgmtexture during ripening, swelling

of the cell wall is evident. However, in fruit $uas apple, which ripen to a crisp texture,
cell wall swelling is not observed (Redgwell et 4097). Bourne (1979) separated
temperate fruits into two groups according to ripgrbehaviour and textural properties.
Group 1 consisted of fruit that softened greatlgt anquired a soft, melting texture. Group
2 comprised fruit that softened moderately and wbagacterised by a crisp, fracturable

texture.

Pectin methylesterase (PME) activity is widely ifrogted in the ripening of fruit, as well
as in the deterioration in the texture quality @in® plant-based foods during the period of

storage prior to distribution.

The quality of the texture of potato tubers hasmbd@monstrated to decline over the period

following harvest, when the potatoes are storedtawgprocessing and distribution.

1.5.2 Potato Texture and the Cell Wall

The degree and extent of cell adhesion and sepayathich ultimately determines the
texture of plant-based foods, may be strongly eelad the fine structure of the pectic
polysaccharides at the edge of the cell faces.eMpecifically, it has been suggested that
the relative abundance of non-esterified and meghigrified homogalacturonan plays a

significant role in cell adhesion and separatioplants(Jarvis et al., 2003).

In dicotyledonous plants (dicots), the adhesiomnvbeh adjacent cells is provided by pectic
polysaccharides located within the middle lametid the junctions at which three cell
walls meet, sometimes referred to as tricellulacjions (Figure 1.17). The regions of the
cell wall at which these junctions occur are sulgi@do extreme stresses, as the cells’
turgor pressure tends to pull the cells apartdituby Knox et al. (1990) in carrot root,
Liners and Van-Cutsem (1992) in suspension-cultaegtbt cells and Roy et al. (1994) in
ripe cherry tomato, have used immunogold labelllndetermine structural characteristics
of the cell walls, particularly at the tricellulamctions. Results have strongly suggested
the concentration of pectic polysaccharides wibvadegree of esterification in these
areas, allowing for extensive cross-linking by aattions (Figure 1.14) (Goldberg et al.

1996) and thus resulting in highly fortified adlwsbetween adjacent cells in these zones.

In potato cells during the cooking process, intata starch becomes gelatinised and

forms a network, the extent of which is determibgdhe starch content of the raw potato.
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In potatoes with a high starch content, a highegduilike pressure is exerted on the points
in the tricellular junctions at which cell walls etgFigure 1.17) as a result of the swelling
of the starch. The cells are therefore pulledtapa terms of the texture of cooked
potatoes, a high starch content results in a satistaeduction in intercellular adhesion
and a mealy consistency. Potatoes low in starotiyme a waxy texture on cooking as a
result of the retention of a large proportion ofiesion between cells (Van Marle et al.,
1992).

PRt T

TR

Cell Wall

Tricellular Junction

Figure 1.17 — Tricellular junction.  @enotes p  oints of extreme stress (adapted from Jarvis
and Doud, 1995)

Because the swelling of intracellular starch isrtfen cause of cell separation in potatoes,
it could be speculated that the degree to whickgurs should correlate with starch, and
consequently dry matter (DM) contents of differpatato cultivars. It is also plausible to
suggest that the extent of intercellular adhesaon, consequently potato texture, is
influenced significantly by the nature and exteinthe forces holding adjacent cells
together. In other words, potato texture may derdaned by the degree of esterified GA
residues, whether esterified with methanol or amotimndetermined constituent, and
consequently the extent of calcium cross-links fedrm the middle lamella between the

walls of each pair of cells.

During the storage of potatoes it has been fouatithie textural quality of tubers
deteriorates (Van Marle et al., 1997). The orgfithese textural changes is unknown but
could be attributed to a number of structural amehaical characteristics. For example,
changes in the starch content or changes in thebditon, quantity and composition of

cell wall pectic polysaccharides.
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One aim of this thesis is to determine whetheratrtine deterioration of the texture of
potato tubers over the storage season can beustwlibo the quantity of certain structural

characteristics of pectic polysaccharides withitepmtuber cell walls.
1.5.3 The History of Non-Methyl Ester Determination

Since the 1960's, researchers involved in the éatmn of the structure of pectin have
concluded that chelating agents were not capaldetodicting all pectins in plant cell walls
(Cocking, 1960). This fact strongly suggests thates other than the well-established
Cc&* cross-links (Jarvis, 1984) are involved in bindpegtins within the cell wall. Since
this time, researchers have been seeking to deaalepeatable, reliable, efficient method
for the quantification of esters within the celllixand subsequently to develop a method
of determining the nature of covalent cross-linksAeen pectin and another constituent of

the cell wall.

A colorimetric method for the determination of peasterified with methanol was
developed by Wood and Siddiqui (1971) and thenlifigs related to pectin esterase
metabolism. However, the methods used here wenedaut on commercially available
pectins rather than those extracted, in an unaltstae, from a plant cell wall. Therein
lies the main hindrance in research with the airdesérmining pectin structure. At this
time, the main method used in pectin structuraaesh involved a hot alkaline extraction,
which resulted in depolymerisation of the pectitypaccharides vif-elimination
reactions. As a result, pectic polysaccharidesaeted in this way do not necessarily
reflect the structure of pectin situ.

The problem off-elimination was investigated by Keegstra et 8@.7@) who attempted to
extract pectin from cell walls without chemicallyeasing the structure. Their findings
strongly suggested the presence of covalent conedbetween xyloglucans and pectic
polysaccharides in suspension-cultured sycamole ddbwever, they concluded that
pectin extraction required severe conditions thatle inevitably result in the degradation

of the polysaccharides in question.

Keijbets and Pilnik (1974) exploited the abilitydctin to reduce copper to quantify the
total uronoyl content of pectins but this deternimawas carried out on commercially
available apple pectin with a known degree of dgtation. As early as the mid 1970’s
infrared spectroscopy was proposed as a usefutdaplantitatively determine pectic

uronic acids (Bociek and Welti, 1975; Casu etl#878). However, the techniques
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involved sample dispersal in,O, which interfered with sample analysis and reslih an
underestimation of total uronic acids (Casu etl&l78).

Kim and Carpita (1992) and McCann et al. (1994 )iadmas chromatographic methods to
maize coleoptile cell walls and tobacco cell cidturespectively, to determine total pectic
ester contents. The quantity of methyl-esterifjathcturonosyl residues was determined
following saponification and the presence of northyleesters confirmed in significant
amounts in cell walls extracted from both monoeotd dicots. However, the method used
here was complex and relied on Naf@D selectively reduce methyl-esterified uroniaaci
groups whilst leaving the free acid groups unreduddaBD,, which has a natural pH of
around 11, readily degrades to borate in non-alkatonditions. In these conditions pectic
esters may be hydrolysed rather than reduced tirggut a lower figure for esterified

galacturonosyl residues in the cell walls thanttbe value.

Brown and Fry (1993) isolated apparent non-methkigrs from the galacturonoyl fraction
of pectin from suspension-cultured spinach plaktewever, the specific nature of these
esters was not determined. Hou and Chang (1996)dad further evidence for the
presence of non-methyl esters and also indicatgdiiring the cooking of pea sprouts,
changes occurred in the quantity of these estéosvever, the colorimetric method

employed here provided many possibilities for if@esnce from non-galacturonoyl esters.

Diffuse reflectance Fourier transform infrared (F}-spectroscopy has been utilised in
the determination of the degree of esterificatmeommercially available pectin samples
(Gnanasambandam and Proctor, 2000). This mettmasathe rapid analysis of a large
number of samples but variations in spectral respdretween batches of samples

introduce an element of unreliability to results.

MacKinnon et al., 2002 demonstrated that about dfi%e galacturonate units in potato
pectinsin situ carry intermolecular esters other than the estétl methyl or acetyl
substituents. Titrimetric methods were used tagbathe total amount of anionic sites
before and after saponification, hence measuriagsterified and total galacturonosyl
units in the pectin in potato cell walls. A methadolving the binding of copper(ll) ions
to non-esterified carboxyl groups on the pectidkbaoe was also employed. The methyl
ester content was determined using a colorimetathod originally developed by Klavons
and Bennett (1986). The same methods of analyais applied to pectic polysaccharides
of citrus origin and it was confirmed that all esteould be accounted for as being methyl

esters.
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The methods described above (MacKinnon et al., Pa@?e employed in this work to
determine whether the occurrence of methyl andmethyl esters could account for the

deterioration in the texture of potato tubers diercourse of the storage season.
1.6 Aims and Objectives

Pectin methylesterase (PME) enzymes are resporisitiiee selective cleavage of methyl
ester bonds on the pectic backbone, resultingarsditening of fruit and vegetables and
leaf expansion. This process could result in éease of methanol to the troposphere,
especially during the early, rapid stages of ptaotvth. Pectic non-methyl esters in the
primary cell walls of plant tissue could potentigherform an intercellular bridging
function, important in the separation and adhesicadjacent cells. The initial aim of this
work was to investigate the presence of these netinyhesters in potato tuber and pea
epicotyl cell walls and, in the case of potato tsbeelate the findings to the observed

deterioration in tuber texture quality in the pdrmf storage following harvest.

However, midway through my research the aims otliesis changed. These original
biochemical principles may be examined from a déifeé angle, for example in the context
of the formation of schizogenous aerenchyma irageglant species or the potential role
for waste potato material in the treatment of wasters contaminated with heavy metal
ions. However, my interests lay more towards ustdeding larger scale biogeochemical
cycles and thus decided that, with the importatnoduction to the relevant
biogeochemical processes, to direct the reseavedrtis a little-studied problem: the
impact of plant emissions of methanol, as a resfydectin degradation, on the global
troposphere. Thus, whilst the underlying princiglevolving the de-esterification of
pectic polysaccharides and many of the methodsinemathe focus of the research area
shifted from biomolecular analysis to atmosphehennistry. As a result of this, one aim
of this thesis was to quantify the emissions offragbl from young, rapidly growing

plants at different stages of their development.

As a result of the decomposition of leaf materialinly the autumn and winter months, the
bonds between pectic methyl groups and the peatiklione are cleaved, which may lead
to the emission of methanol to the tropospherathieuaims of this thesis were to
determine the stage of senescence at which metisareé¢ased from leaves of species of
tree native to Great Britain and to quantify theakamount of methanol contained in
leaves from a variety of native tree species aetiteof the summer in the form of pectic

methyl esters. The ultimate aim of this work wagvaluate the approximate contribution
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of UK plant-derived methanol sources, and compaged with one another and to current
global totals.
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Chapter Two -
Methods and Materials for Pectic Ester

Determinations
All glassware used in the chemical extraction amaracterisation of the cell wall material

(CWM) was washed in 2-5% Decon, rinsed twice wigiodised water, rinsed with 0.2 M

HCI and rinsed a further twice with deionised watktmwas then thoroughly dried.

2.1 Methyl and Non-Methyl Ester Determination of Pe  a
Epicotyl and Potato Tuber Primary Cell Walls

2.1.1 Growth and Harvest of Pea Seedlings

Pea Pisum sativumseeds (cv. Meteor; Dagg and Son, Bath Streesg6ia) were soaked

in deionised water overnight and grown on dampipgttompost in the dark at 2C for 8
days. The seedlings were harvested using scis3ties.main growing region, which is
considered to be the top three centimetres of pietyl below the hook of the seedling
(Martinezgarcia, 1992), was removed and discarddmbles were also removed, so that the
plant material was as uniform as possible. Thetptaaterial was then frozen to prevent

enzymic degradation of the cell wall components.
2.1.2 Harvest and Storage of Potato Tubers

Maris Piper potatoes were grown in Cambridgesmcketarvested on 24th August 2003.
Estima potatoes were also grown in Cambridgesinideharvested on 29th August 2003.
Both varieties were transported to Sutton Bridgpdfdment Station, Lincolnshire where
Maris Piper and Estima tubers were stored at 419C respectively in nets.
Representative samples of each variety of potate sent to Glasgow at three different
stages throughout the storage season, after 157rt1 299 days and 117, 218 and 299
days of storage for Estima and Maris Piper tubespectively. A dozen potatoes from
each representative sample were peeled, removengethderm, the outer layer of dead
cells, and diced into cubes with edges approximd&ehm in length. Approximately 50 g
from each sample was then sealed in a plastic hagtared at —18 °C until the analyses

were carried out.
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2.1.3 Extraction of Primary Cell Wall Material - Pe a Epicotyl

This method was developed in order to isolate ptetitwall material in a form that
resembles, as closely as possible, the cell wat inatural state. Cell walls were isolated
from frozen pea material. This method is basethermethod used by Jardine (2002).
The method was designed for various potato tissoespme alterations were required.
Starch removal was not necessary as 8-day-oldgeatgs have a negligible starch
content. This was verified by the absence of biuits in pea epicotyl material following

staining with 1% Kl / 0.5%ylsolution and inspection under a light microscope.

The initial steps of the protocol were carried ioute cold conditions to prevent extensive
enzymic degradation. The entire procedure wasechout in mixed cation buffer (MCB),
which mimics the conditions in the apoplast, thetsining the natural cell wall
conformation by restricting solubilisation of celall polymers, which may result from
sudden changes in ionic conditions. The salt aonagons present in the MCB solution
were derived from Goldberg et al. (1996) and amwshin Table 2.1.

Salt Concentration (mM)
Sodium acetate 10
Potassium chloridd 3
Magnesium chlorid¢ 3
Calcium chloride 1

Table 2.1 - Salt concentrations in the MCB

100 g frozen pea epicotyl tissue (cut into sectamzroximately 10 mm long) was blended
in 300 mL chilled MCB, containing Triton-X detergeat a concentration of 2 mg'L The
detergent was necessary in order to disrupt thevedls and solubilise cytoplasmic

material and also to prevent poly-phenol-peptideractions that may reduce the activity
of enzymes utilised in future analytical methodgproximately 5 mL octan-1-ol was
added to the mixture prior to blending to preveddess frothing. 150 g ice was also added
so that enzymic degradation of the cell walls ddlaccur. The mixture was blended for

Six successive eight-second bursts.

The tissue was then transferred to and filteredludin a 20Qum sieve (to collect any
vascular tissue) above a fifh sieve. The washings have been found to contaghgible

amounts of solubilised pectins (MacKinnon, 2002y, in large enough quantities to justify
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retention of the washings. The cell wall matef@WM) retained in the 58m sieve was

rinsed with cold MCB followed by methanol in these.

The CWM was transferred to a soxhlet flask using 20 80% methanol and boiled
gently for 10 minutes to denature endogenous engyniibe suspension was allowed to
cool and then transferred to a ® sieve, with several thorough washings with deiedi
water. It was imperative that all methanol wasaeed as any remaining methanol would
interfere in future analyses. The CWM was transfitto a grade 4 glass sintered funnel
using deionised water and rinsed several times W% acetone to remove all traces of
moisture. The CWM was then removed from the furamel left in a sinter to dry
overnight.

2.1.4 Modifications in the Protocol for Extraction of Primary Cell

Walls for Frozen Potato Tuber

100 g frozen potato tuber material was blendedtb@gevith 150 g ice, 300 mL chilled
MCB (with identical ionic composition as that usedhe original protocol) containing 2
mg L* Triton detergent and approximately 5 mL octan-148hdogenous enzymes were
denatured by boiling the plant material gently @@methanol for ten minutes. The

primary cell wall structure was then disrupted byoegrinding.

Small quantities of plant material were added tocatar containing liquid nitrogen and
subsequently ground in a small coffee grinderviar successive bursts of ten seconds.
Portions of the frozen, ground material were adddabiling MCB and stirred for
approximately 40 seconds. Immediately followingg the potato CWM was decanted
into a volume of chilled MCB, thus allowing rapidating of the sample to gelatinise the
starch present, while causing minimal degradatiareth wall polymers.

Approximately 1 gn-amylase (containing approximately 13,400 units ngHeunit will
liberate 1 mg maltose from dissolved starch in Butegs at 20C) was added to the
suspension. Excess amylase was used as the exanteof starch present in the samples
was unknown. 0.0f8L pullulinase (containing 0.4 units, where one wvilt liberate 1uM
maltotriose from pullulan in one minute at Z5) was subsequently added in order to

remove the amylopectin branch points in the stpatiimers.
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Approximately 2 mL toluene was also added to prewanrobial degradation and the
mixture was incubated overnight on orbital shakertex) at 25°C. Complete starch
removal was verified following staining with 1% K0.5% b solution and inspection
under a light microscope. Once starch removalaeasplete, the potato CWM was rinsed

thoroughly in 100% acetone and allowed to dry o

2.1.5 Chemical Characterisation of Potato Tuber and Pea Epicotyl
Primary Cell Walls

The analyses undertaken in order to characteresprimary cell walls isolated from both
pea epicotyl and potato tuber material were idahtiwith the exception of the
determination of residual starch, which was cardetion samples isolated from potato

tuber only.

2.1.5.1 Determination of Residual Starch in MCB-ins  oluble Material Isolated
from Potato Tuber

This procedure was based on the enzymic methodsajmd by Batey (1982) and
Karkalas (1985). Residual starch was simultangagelatinised and hydrolysed by
heating in suspension with thermostadlamylase at 94 °C. Amyloglucosidase and o-
dianisidine were then added sequentially in orddirstly hydrolyse the maltose to
glucose and secondly oxidise the liberated glucabé&h forms a coloured complex upon
reaction with o-dianisidine. The procedure wasiedrout in order to quantify starch not
removed by treatment witlramylase/pullulinase (Jardine, 1998). This quaraiion
ensures that subsequent results are calculatedadalgy taking into account the fact that a

certain proportion of the cell wall mass is comgdi®f starch.

To a screw-cap Pyrex tube, 25 mg potato tuber CWML 0.05 MTRIS buffer (where the
buffer pH had been reduced from approximately pHoldH 8.2 using about 25 mL 0.1 M
HCI) and 0.1 mL thermostabteamylase were added and boiled for one hour. Alffter
suspensions were cooled, they were centrifugeniL df the supernatant was removed
from each sample and to each 0.2 mL amyloglucosittasn Aspergillus niger(diluted to
45 units per mL where 1 unit liberates 1 mg of geecfrom starch in 3 minutes at pH 4.5

and 55 °C) was added. The solutions were therbated for 2.5 hours to produce glucose.
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Glucose standards of concentrations between 18@mag > were made up in distilled
water. 3.5 mL of a mixed enzymic solution wereetlth both samples and standards.

Solutions were then incubated at 25 °C in the #arkifty minutes.
The mixed enzymic solution contained the following:

1. 65 mg glucose oxidase type Il (containing 1500i@s) fromAspergillus niger
Sigma (where 1 unit liberates 1 mg of glucose fetanch in 1 minute at pH 5.1 at
35 °C),

2. 3.5 mg peroxidase type | (containing 300 uriitsn horseradish, Sigma (where 1

unit liberates 1 mg purpurogallin from pyrogaliol20 seconds at 20 °C),
3. 50 mg o-dianisidine

As the glucose resulting from the depolymerisatbsetarch reacts with this enzymic
mixture, glucose is oxidised to gluconic acid, tdteng hydrogen peroxide. A red colour
is produced as a result of the oxidation of o-dimtme by hydrogen peroxide in the
presence of peroxidase. Absorbances of sampéagjastds (glucose solutions ranging
from 0.1 to 1.0 mg mt) and blanks were measured at 455 nm, in tripljdatd.5 mL

disposable plastic cuvettes.
2.1.5.2 Determination of Non-esterified Carboxylic ~ Acid Content

Two different methods were used to measure thenerftecarboxyl groups present in the

cell wall that were not esterified.

2.1.5.2.1 Titration with NaOH
This method was developed by MacKinnon et al. (2002e cell walls were acidified

with dilute acid in aqueous ethanol solution to oemester groups present on the
homogalacturonan (HG) backbone. The resultingifamidcell walls were then titrated
against dilute NaOH. 70% ethanol was used inglosedure so that if any hydrolysis of
the polysaccharides occurred, they were not redeiase solution. It was imperative that

analytical grade ethanol was used in order to ekte the possibility of contamination.

0.125 g isolated CWM was acidified overnight withrhM HCI in 70% ethanol at 4C.

A second batch of CWM was acidified for two nigldsensure that, following
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acidification, all cell wall polysaccharides wemegent in the free acid form. The acid was
completely removed in a grade three sintered dglagsel with several thorough washings
using 70% ethanol. To ensure that all the acidnea®ved, the pH of each rinse was
monitored. The acid was judged to be completetyoreed when the filtrate had a pH
greater than 4. The CWM was then washed thorougltlyacetone and left to dry.

0.03 g CWM was transferred to a three-necked rdaottbmed flask using 50 mL
degassed 0.1 M NaCl. Degassed 0.01 M NaOH wagdithated against this under
nitrogen gas. Degassing of the solutions was aeHdiby submerging each in an ultrasonic
bath for 10 minutes immediately prior to the analydt was important to remove carbon
dioxide from all solutions in this procedure asbcatyl ions may artificially lower the pH

of the solutions thus increasing the volume of Na®¢lired to reach the end point. The
pH of the CWM suspension was monitored closelyughmut and the titration was halted
at pH 7. When the titration neared the end p&iafDH was added gradually and the pH
reading was allowed to stabilise, which took aldauat minutes. Deesterification would
take place if the pH of the solution was allowedise above pH 7 for any length of time,

resulting in a higher than actual value for noreeéd carboxylic acid content.

2.1.5.2.2 Copper Binding Method
Divalent copper cations bind chemically to non-gBéel galacturonic acid residues in

pectin molecules. These ions can subsequentlgrnewed using excess acid. The copper
(1) content in the resulting filtrate gives a valtor the amount of galacturonic acid
residues that are not esterified.

The pH of the copper solution is of utmost impoctm this procedure. The pH must be
maintained at approximately 6.1. If the pH is ¢geeshan 6.1, CuOHwill bind to the
non-esterified sites, resulting in a higher valmerfon-esterified carboxyl acid content than
is actually present in the pectin molecule (i.e. bmding of the copper to non-esterified
carboxyl groups will exceed the stoichiometric lgvéf the pH is significantly less than 6,
a proportion of the carboxyl groups will becometprmated, reducing the proportion of
galacturonic acid residues carrying a negativegdand thus resulting in a smaller
measurement for bound copper (Jardine et al., 28ifhets and Pilnik, 1974).

0.075 g CWM were saturated in 30 mL 0.2% coppetadedor 30 minutes. Copper
acetate was chosen as the pH is approximatelywér9,similar to the natural pH of CWM.

This procedure was also carried out using 2.0% eogapetate, 2.0 % copper sulphate and
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0.2% copper sulphate, in order to find out howwvakies for chemically bound copper
varied with the concentration and pH of the commutions. The pH and conductivity of

the solutions were monitored throughout the prooedu

The copper not chemically bound to the pectin veasaved using deionised water in a
grade four glass sintered funnel. All unbound @ppas considered to have been
removed when the conductivity of the filtrate wasd than 1QS. Bound copper was
removed using approximately 40 mL 1 M HAjl@ 60% ethanol. Each replicate was made
up to 50 mL, diluted to 1 in 10 and analysed byratcabsorption.

2.1.5.3 Determination of Total Galacturonic Acid

This method uses the same principles as the titratiethod for determination of the non-
esterified carboxyl acid content (Section 2.1.5.2However, CWM was saponified prior
to acidification to remove ester groups presentheHG backbone of the pectic

polysaccharides. Figures obtained from these aealgan then be subtracted from each

other in order to determine the ester content ®fpictin present.

0.125 g isolated CWM was saponified overnight véithM NaOH in 70% ethanol at°€

to remove ester groups from the HG backbone oigpotysaccharides present. CWM
was then acidified overnight with 20mM HCI in 70%hanol at £C in order to ensure that
the resultant free carboxyl groups were complegelglified. Following acidification, the
CWM was washed thoroughly in a grade 3 sintereslsglannel using 70% ethanol.
Several washings were required in order to remdhacal not associated with the pectin.
The pH of the filtrate was monitored and it wasged that all non-bound acid was

removed when the pH of the filtrate was greaten tha

0.03 g CWM was transferred to a three-necked rdaottbmed flask using 50 mL
degassed 0.1 M NaCl. Degassed 0.01 M NaOH waditrated against this under
nitrogen gas. The pH of the CWM suspension wasitor@d closely throughout and the
titration was halted at pH 7. When the titratieared the end point, NaOH was added
gradually and the pH reading was allowed to stedjwhich took about two minutes. De-
esterification would take place if the pH of théusion was allowed to rise above pH 7 for
any length of time, resulting in a higher than atualue for non-esterified carboxylic acid

content.
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2.1.5.4 Methyl Ester Determination

The extent of methylation of esters in cell wallsswneasured using a method based on
that used by Klavons and Bennet (1986). This ve®khe cleavage of the methyl ester
groups from the pectic molecules, resulting inrflease of methanol. The methanol is
then oxidised to formaldehyde using alcohol oxidaElee formaldehyde concentration can
subsequently be measured colorimetrically on agldlibf pentanedione, which forms a

coloured complex.

12 mg isolated CWM was weighed accurately in atgl@entrifuge tube and 6.25 mL
distilled water followed by 1 mL 1 M KOH was addedihe resulting suspensions were
left at room temperature for one hour, after whiate they were neutralised with 1 mL
0.49 M KPO,. Controls consisting of CWM with 6.25 mL distdlevater and 1 mL acid
followed by the addition of 1 mL KOH were simultanesly made up. These suspensions
had an identical ionic composition as the sames/ever the ester groups were not
cleaved from the HG. Samples and controls wer&itgged for 5 minutes at 3000 rps,
releasing 1 mL of supernatant.

Methanol standards ranging between 2 andM6les in 50 mL volumetric flasks were
made up in phosphate buffer (0.2 M monobasic aPlll @ibasic sodium phosphate) from
a 10 mM methanol stock solution in phosphate buffesmples, standards and controls
were incubated for 15 minutes at 25 °C with 1 mdohbl oxidase (1 unit nit) from

Pichia pastorig(Sigma, where 1 unit oxidiseguinole of methanol to formaldehyde at pH
7.5 at 25°C). 2 mL 0.02 M 2,4-pentanedione in arivmonium acetate and 0.05 M acetic
acid was added to each sample, standard and canttadolutions were subsequently
incubated at 60 °C for 15 minutes. The solutioasavcooled and the absorbance
measured at 412 nm in 4.5 mL plastic cuvettes usiHgachi U-1500 spectrophotometer.

If sample dilutions were required, they were mag@uor to enzymic incubation, so all

suspensions containing CWM were maintained untisfsetory results were obtained.
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2.2 Pectic Methyl Ester Content of Mature Leaves fr om

Native Tree Species

2.2.1 Collection of Mature Leaf Material

Approximately 100 g of fully matured leaves (priorcolour change and abscission) were
collected from trees of twelve indigenous spectdb@end of August and beginning of
September 2005 from three sites in Scotland. fdeedpecies and sites from which they
were collected, together with the dates on whidy thiere collected, are listed in Table
2.2.

Tree Species Location of Trees Date of Leaf Harvest
Oak (Quercus robur) Carstramon Wood, Gatehouse-of-Fleet 29th August
Wych Elm (Ulmus glabra) Carstramon Wood, Gatehouse-of-Fleet 30th August
Ash (Fraxinus excelsior) Carstramon Wood, Gatehouse-of-Fleet 31st August
Beech (Fagus sylvatica) Carstramon Wood, Gatehouse-of-Fleet 32nd August
Sycamore (Acer pseudoplatanus) Carstramon Wood, Gatehouse-of-Fleet 33rd August
Horse Chestnut (Aesculus hippocastanum) Glasgow University Campus 30th August
Silver Birch (Betula Pendula) Glasgow University Campus 30th August
Lime (Tilia x europea) Botanic Gardens, Glasgow 5th August
Alder (Alnus glutinosa) Botanic Gardens, Glasgow 5th August
Scots Pine (Pinus sylvestris) Botanic Gardens, Glasgow 5th August
Yew (Taxus baccata) Botanic Gardens, Glasgow 6th August
Hazel (Corylus avellana) Botanic Gardens, Glasgow 6th August
Oilseed Rape (Brassica napus) Leaves Lochwinnoch 2nd September
Oilseed Rape (Brassica napus) Flowers Lochwinnoch 2nd September

Table 2.2 - Tree species, the names of sites fromw  hich leaves were collected and dates of
collection

Leaves were collected from at least three typiealthy trees of each species from the
locations listed in Table 2.2. Discoloured leaffes example due to attack by micro
organisms) were not included in the sampling precé&ue to the possibility of losses of
methyl esters from the pectic polysaccharides withe cell walls of sampled leaves as a
result of the action of indogenous PME immediatdter removal from the tree, leaves

were frozen at -1% within three hours of sampling until analysesevearried out.

2.2.2 Extraction of Primary Cell Wall Material — Ma  ture Leaves

This method was adapted from those protocols etilia the extraction of pea epicotyl cell
wall material (Section 2.1.3), based on the metisetl by Jardine (2002).
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20 g frozen leaf material, together with 150 g mgproximately 5 mL octan-1-ol and 300
mL chilled MCB containing Triton-X detergent at ancentration of 2 mg 'L, was

blended for ten successive ten second bursts.

The blended plant tissue was then quantitativelysferred to and filtered through a 200
pum sieve (to collect any vascular tissue) above prb&ieve. The CWM was rinsed
several times with cold MCB followed by acetonesach of the two sieves and ice was
added as required. The fine plant material andesyeently the vascular tissue, was then
transferred quantitatively to a grade 3 sintereggfunnel and rinsed thoroughly with
acetone, which was completely removed under sucfidre fine CWM was transferred to
a pill jar and placed in an oven at 100 °C overigrhe vascular tissue was treated in the
same way. The CWM was not boiled in 80% methamdtis procedure because of the
risk of residual methanol, which would contributeajly to the determination of the

methyl ester content of the pectic cell wall playsaides.

2.2.3 Determination of Methyl Ester Content in Matu  re Leaf
Primary Cell Wall Material

The total amount of homogalacturonan (HG) monoroarsying a methyl ester group in
the cell walls of mature leaves was determinedgiaimethod based on that developed by
Klavons and Bennet (1986), adapted from the mettesdribed in Section 2.1.5.4. This
involves the cleavage of the methyl ester groupshfthe pectic molecules, resulting in the
release of methanol. The methanol can then beectad/to formaldehyde using alcohol
oxidase. The formaldehyde concentration can tleeméasured colorimetrically on

addition of pentandione, which forms a coloured plax with formaldehyde.

The percentage yield of CWM from the original 2Bagen leaf material used in the cell
wall isolation method was determined. The totalghes of both fine material and

vascular tissue obtained from the cell wall isalatmethod were also obtained. 12 mg of
isolated CWM, comprised of the same proportiond find vascular tissues as was
present in the original frozen leaf material offea€the sample species, was weighed into
a plastic centrifuge tube. 6.25 mL deionised watet 1 mL 1 M KOH were added and
the suspensions were left for 1 hour. This sotuti@s neutralised with 1 mL 0.49 M
H3PQOy. Controls were made up using 12 mg CWM comprisdthefand vascular CWM

in the same proportions as in the sample analy$e25 mL water and 1 mL4RO, were
added to each. Controls were left for 1 hour beferutralisation with 1 mL 1 M KOH.
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The following concentrations of methanol standandtsoons were made up froma 1 M
methanol stock solution in deionised water usipgasphate buffer (0.2 M monobasic, 0.2

M dibasic sodium phosphate solution): 0, 1, 4,3, 6, 8 and 1Qig mL™* methanol.

1 mL of each sample, control and standard solwias incubated at 25 °C with 1 mL
alcohol oxidase (1 unit mtactivity) for 15 minutes. 2 mL 0.02 M 2,4-pentée

(acetyl acetone) in 2 M ammonium acetate and 0.GEdlic acid were added.

The solutions were incubated at 60 °C for 15 misated the absorbance at 412 nm was
measured in plastic cuvettes using a Hitachi U-1&i¥xtrophotometer.

2.3 Determination of the Stage of Senescence atwhi ch

Methanol is Lost from Leaves

2.3.1 Sampling of Leaf Material From Mugdock Countr y Park

Oak Quercus petragaalder Alnus glutinospand beechKagus sylvaticatrees were
selected as the three sample species to be staslibey exhibit very different trends in
relation to the senescence and abscission ofldeies. For example, premature
abscission is a characteristic of alder treestiagun the majority of senescence of alder
leaves occurring on the ground. Conversely, bésmres appear to remain on the trees for
a relatively long period of time following senescen

Approximately 50 g of leaves from oak, beech anigatrees were collected at three
different dates throughout October, November ancebder 2005, at approximately
monthly intervals. Three sample trees of eaclhetihree sample species (oak, alder and
beech) were selected from three different sitebiwithe same area located within
Mugdock Country Park (Figure 2.1). All three sitgs located within an area occupied by
deciduous woodland. The National Grid Referenoeshie centre of Sites A, B and C are
NS 54617590, NS 54797595 and NS 54877592 resphctive

Leaves classed as completely green, intermediate@npletely brown were collected,
where available, off the branches of selected saitngés and also from the ground

immediately surrounding the sample trees.
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Figure 2.1 - Map showing positions of the three sam  pling sites. Red, pink and blue circles
denote Sites A, B and C respectively

Estimates were recorded of the proportion, in paege terms, of leaves that were green,
intermediate and brown (the colour immediately pd#cg abscission) (see Figures 2.4-
2.6), both for the leaves on the branches of sadesample trees and for those leaves that
had apparently been abscised by each of the indil/idees. Leaves at different stages of
senescence were collected from sample trees iloxppately the same proportions as
they were present on the trees. The apparent grop® of leaves that had abscised
previous to the sampling dates were also estimatpdrcentage terms for each of the nine

sample trees on each site.

1 metre-square quadrats were placed in precisdpnapositions around the base of
sample trees and the proportion of the quadrat@egprised of green, intermediate and
brown leaves apparently originating from that sfiesample tree was estimated and
recorded in percentage terms. On each of the Hanepling dates, the quadrats were
placed in their original, specific positions, whichd been accurately recorded on the
original sampling date. Representative sampleg weltected from the ground by
sampling leaves at different stages of senesceanedround the trunk of each of the
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sample trees in similar proportions to the estismiatade from the quadrats. Those leaves
sampled from the ground were collected from area®gnding the base of the particular
sample tree out-with the quadrat positions solde&tcoverage was not underestimated
during subsequent sampling visits. The moistureéesdrand subsequently the methyl ester
content of leaf samples collected from each ofttinee sample trees of each of the three
sample species from each of the three sample Btdsaves sampled from both the tree
and the ground surrounding the tree were determined

Figure 2.2 - Examples of a green (leaf on the left) , intermediate (two central leaves) and
brown (leaf on the right) oak leaves as collected f  rom Mugdock Country Park in order to
determine the stage of decomposition at which metha nol is lost from leaves

Figure 2.3 - Examples of a green (leaf on the extre me left), intermediate (two central leaves)
and brown (leaf on the extreme right) alder leaves as collected from Mugdock Country Park
in order to determine the stage of decomposition at which methanol is lost from leaves
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Figure 2.4 - Examples of a green (leaf on the left) , intermediate (four central leaves) and
brown (leaf on the right) beech leaves as collected from Mugdock Country Park in order to
determine the stage of decomposition at which metha nol is lost from leaves

2.3.2 Extraction of Cell Wall Material - Leaf Sampl es from

Mugdock Country Park

This cell wall isolation method is based on thehodtfor the extraction of cell wall
material from mature leaves (Section 2.2.3) an@dhasm the method used by Jardine
(2002).

20 g frozen leaf material, in the proportions cagr, intermediate and brown (colour
immediately preceding abscission) leaf that wees@nt in the sample, was blended for
ten successive ten second bursts together witly 1&6), approximately 5 mL octan-1-ol
and 300 mL chilled MCB containing Triton-X detergem a concentration of 2mg'L

The blended plant tissue was then transferred gaawely to and filtered through a 53
pum sieve. The cell wall material (CWM) was rinsederal times with cold MCB
followed by acetone and ice was added as requiféé. CWM (including both the fine
material and vascular tissue) was transferred gaéaely to a grade 3 sintered glass
funnel and rinsed thoroughly with acetone, whicls wampletely removed under suction.

The CWM was transferred to a pill jar and placednmoven at 100 °C overnight.
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2.3.3 Determination of Methyl Ester Content in Prim  ary Cell Wall
Material of Leaves Sampled from Mugdock Country Par  k

The determination of methyl ester content in thewalls of leaves collected from
different sites in Mugdock Country Park was basedhe method used by Klavons and
Bennet (1986) and adapted from the method desciib®dction 2.2.3.

A representative sample of 50 mg CWM, comprised m@presentative proportion of both
fine and vascular CWM, was weighed out into a ptasgntrifuge tube. 8 mL deionised
water and 1 mL 1 M KOH were added to the sampl&sntrols were made up
simultaneously by adding 8 mL water followed by L 8249 M HPO, to 50 mg CWM.

The suspensions were left for 1 hour af@5after which time samples and controls were
neutralised with 1 mL 0.49 M 4RO, and 1 M KOH respectively.

Methanol standards of the following concentratisi@se made up from a 1 M methanol
stock solution in deionised water using a phosphatter (0.2M monobasic, 0.2M dibasic
sodium phosphate solution): 0, 1, 2, 3, 4, 5, 1@ 10ug mL™* methanol.

1 ml of supernatant was removed from each of thgpsss, controls and standards and
incubated at 25 °C with 1 mL alcohol oxidase (1t/amL activity) for 15 minutes. 2 mL
0.02 M 2,4-pentandione (acetyl acetone) in 2 M amioma acetate and 0.05 M acetic acid

were added.

The solutions were incubated at 60 °C for 15 miswtEhe absorbance of the resulting
coloured compound was measured at 412 nm in plastettes using a Hitachi U-1500

spectrophotometer.

2.4 Methyl Ester Determination of Barley Seedling
Primary Cell Walls

2.4.1 Introduction

The total amount of methanol present in barley lsegsiat various stags of development
was determined. The purpose of these analysesavasal-fold. The methyl ester content
of very young barley seedlings could be quantiftedether with how this characteristic
altered over time as the seedlings developed. eTtat could also be combined with the



Christine Finlay, 2007 Chapter 2, 73

results of the quantification of methanol emitteshf barley seedlings using GC-FID
(Section 3.4) and extrapolated in order to deteentive proportion of the total methyl ester
content of seedlings at early stages of developthenis emitted to the troposphere as
methanol as the plants grow. Using the results fitus calculation, the residual methyl
ester content of the barley plants following a ¢gbigrowing season could be determined,
thus determining the amount of methanol that cbeldeleased to the troposphere as a
result of the decomposition of barley straw.

2.4.2 Extraction of Primary Cell Wall Material - Ba rley Seedlings

Barley seedlings were harvested at three diffestages of their development and the cell
wall material was extracted from the plant materitihe method used in this procedure
was based on the method developed by Jardine (@08R) and developed from that

utilised in Section 2.2.3.

Six seedlings were harvested after 6, 9,11 anca¥8 df growth. The plant material was
blended for ten successive ten second bursts tgeith 100 g ice, approximately 5 mL
octan-1-ol and 200 mL chilled MCB containing Trit¥ndetergent at a concentration of 2

mg L™.

The blended plant tissue was then transferred gaawly to and filtered through a 53
pm sieve. The CWM was rinsed several times witld &CB followed by acetone and
ice was added as required. The CWM (including blo¢hfine material and vascular
tissue) was transferred quantitatively to a gradatred glass funnel and rinsed
thoroughly with acetone, which was completely reetbunder suction. The CWM was

transferred to a small glass vial and placed iovam at 100 °C overnight.

2.4.3 Determination of Methyl Ester Content in Prim  ary Cell Wall

Material of Barley Seedlings

The method used by Klavons and Bennet (1986) asdritbed in detail in Section 2.2.3
was used in order to quantify the methyl estereanof primary cell wall material

extracted from barley seedlings at different stagjegowth.

12 mg of isolated CWM was weighed out into a ptaséintrifuge tube. 6.25 mL deionised
water and 1 mL 1M KOH were added to the samplemti©ls were made up at the same

time. The suspensions were left for Lhour at@bafter which time samples and controls
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were neutralised with 1 mL 0.49 MsPIO, and 1 M KOH respectively. Methanol
standards of concentrations between 1 andgl®L™" methanol were made using a

phosphate buffer (0.2 M monobasic, 0.2 M dibasditsn phosphate solution).

1 mL of supernatant was removed from each of thgpes, controls and standards and
incubated at 25 °C with 1mL alcohol oxidase (1umit/activity) for 15 minutes. 2 mL

0.02 M 2,4-pentandione (acetyl acetone) in 2 M amiora acetate and 0.05 M acetic acid
were then added. The solutions were incubate@ &C6or 15 minutes and the absorbance
at 412 nm was measured in plastic cuvettes ushliggahi U-1500 spectrophotometer.
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Chapter Three -

Method Development for the Quantification of
Methanol in Plant VOC Emissions

3.1 Introduction — Methods Previously Used in the

Quantification of Methanol in the Atmosphere

Determining the quantity of methanol emitted frolants has proven to be a complex,
arduous challenge for a variety of reasons. Tghklhivolatile, reactive nature of methanol
demands a reliable capturing technique followedamyd transfer to the researcher’s
chosen instrumentation for quantification. In tase of quantifying methanol emitted
from growing plant material, the plant or part ¢t being studied must be enclosed in
such a way as to minimise the impact on the typbtgsiological functioning of the plant.

The particular methods implemented in the quariifocy of methanol emitted from plants
vary between groups of researchers, with no paaticnethod having been proven more
reliable or accurate than another. Novel analytezhniques, designed with the aim of
improving the ease of the procedure and accuracgsoits in the quantification of
methanol emitted from plants, are consequentlyicoally being developed and

implemented.

The most commonly applied techniques used to giyangthanol and indeed VOC's in
general emitted from plant material, incorporate garomatography (GC) in one form or
another. GC may be coupled with a number of detesistems, the role of which is to
identify individual volatile species within a saraplFor example, GC-FID (GC coupled
with a flame ionisation detector) is a well-estabéd method for the quantification and
identification of volatile hydrocarbons. This tewtue may additionally be coupled with
mass spectrometry (MS) in order to determine tkatity of unknown compounds or
confirm the identity of species within the samgdegsent in concentrations in the order of
parts per million or parts per trillion per volum&he highly unstable chemical nature of
methanol compared to other common VOC'’s emittechfpdants, such as isoprene and
terpenoid compounds, means that some analytidahiggees employed in the

quantification of these VOC'’s are unsuitable foitma@ol quantification.

In work which originally confirmed the emissionmkthanol from plants in quantities
comparable to those of isoprene, MacDonald and(E@83) devised a method using gas

chromatography coupled with a flame ionisation dete(GC-FID) to quantify methanol
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emitted from a variety of plant species. NemecekgWall et al. (1995) utilised a water-
jacketed, clamp-on cuvette, originally devised ayt Bnd Monson (1992) to determine
isoprene emission rates from certain tree spettegjantify methanol emitted from the
abaxial and adaxial surfaces of leaves. Methamated from each of the leaf's surfaces
was quantified using either the GC-FID method dewetl by MacDonald and Fall (1993)

or a colorimetric method involving methanol oxidase

Jordan et al. (1992) quantified an array of vagatifganic compounds such as alcohols,
although not including methanol, aldehydes, andhat@ compounds emitted from
Ceratiola ericoidesan evergreen shrub native to southern USA. Leand stems were
placed in a ‘purge vessel’ and the volatiles adstitnto Tenax TA prior to thermal
desorption and quantification using GC-MS. Halatlal. (1998) enclosed a branch of a
willow enclosed in a Teflon chamber to quantify #mission rates of terpenes and
isoprene. The collected volatiles were pumpedutinca canister containing Tenax TA

which was subsequently thermally desorbed and sedlysing GC-FID.

Other techniques such as Proton-Transfer-React@assNbpectrometry (PTR-MS) (Fall et
al., 1999), vapour phase-Fourier transform infragectrometry (FT-IR) (Garrigues et al.,
1997) and Headspace Solid Phase MicroextractionRQPABIE) (Alcaraz Zini et al., 2001)
have also been used in the determination of VO®isted from plants or other media.
PTR-MS allows the quantification of VOC'’s withoupee-concentration step which may
bias the detection of compounds more efficientinperapped on adsorbent material (Fall
et al., 1999). The utilisation of FT-IR allows autigative monitoring of methanol in the
vapour phase following volatilisation in a heatéalsg chamber and transportation into an
FT-IR gas cell (Garrigues et al., 1997). SPME $naple, sensitive pre-concentration and
extraction technique which, when coupled with G@ arsensitive detection system, may

semi-quantitatively determine VOC emission ratesfiplants (Alcaraz Zini et al., 2001).
3.2 Development of Method

3.2.1 Introduction

The method of plant volatile quantification deveddy Nemecek-Marshall et al. (1995)
from initial work carried out by MacDonald and FglB93) was used as a starting point in
developing a headspace capture and purge techiogthee quantification of methanol
emitted from growing plants. A headspace captotepurge sample collection system

was considered to be more reliable than a contisiwilow adsorption technique, as it
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significantly reduces the risk of analytes beingoged from the adsorbent material by the
continuous through-flow of air. This method alsmimises disturbance to the atmosphere
within the chamber during the sampling procedurerdg a small proportion of the air
within the chamber was actually removed for a @ragialysis. A method involving the
collection of a headspace sample over a perionnd, tfollowed by sample concentration
on an adsorbent material, could also easily betadap sample many different volatiles
from a wide variety of plant materials, growingdacomposing in different environmental
conditions. The development of a much larger charttman was utilised by MacDonald
and Fall (1993) allowed the incubation of largemdole plant samples, which would

contribute to the accuracy of the scaling-up ofssmoins data collected using this method.

Due to economic constraints, GC-FID was considaydzke the most appropriate method
of methanol quantification, as the necessary ins¢ntation was readily available.
Multiple GC columns were tested to determine thatappropriate for the analysis. The
column decided upon as being most useful in thiiegtion was different to that used by
researchers in previous studies of this naturegfample Nemecek-Marshall et al.
(1995)). This demonstrates that there is soméhiléy in the choice of column for the
quantification of methanol in headspace samplebenrdas Nemecek-Marshall et al.
(1995) contained a single leaf and quantified meh&om abaxial and adaxial leaf
surfaces, in order to speculate on the potentiausrmnof methanol emitted by certain plant
species on a global scale, it was deemed morediogiquantify methanol emissions from
whole plants growing hydroponically. Volatiles é¢ted by the plant material studied by
this group were concentrated onto the GC colummguailiquid nitrogen cryotrap, a
technique also employed in this work.

Solid-phase micro extraction (SPME) was also exqu@s a possible method for the
quantification of methanol emitted from plant matker However, although this technique
Is a useful semi-quantitative method for the dédeodf low-molecular weight volatiles, it
was considered to be lacking the level of accuraqguired for the analyses in this study.

3.2.2 Sample Analysis

Gas chromatography (GC) with flame ionisation dete@~1D) was considered to be a
suitable method for the analysis of methanol iradspace sample as, by incorporating an
appropriate column, trace volatiles can be isolaredl quantified from a complex gaseous

mixture. GC-MS was also considered to be a viapten in the quantification of
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methanol although this method is complicated byféloethat Q, which is present in
reagent gases, has the same molecular ion masstlasmol (32).

A Hewlett Packard 5890 GC-FID split injection systeoupled with a Varian 4270
integrator was considered to be a suitable instntrioe the quantification of methanol in
headspace samples. The temperature was initetligtH0°C although this was altered
throughout the development of the method as netdaltier retention times on
chromatograms. The injector and detectors wereaRB®0CC respectively. The He
carrier flow rate was initially 45 mLsbut this was also altered as necessary throughout
the method development.

3.2.3 Sample Collection

The initial concept, as shown in Figure 3.1, ineal\encapsulating a piece of growing
plant material in an airtight, transparent contgiaed was based on a system developed
by Nemecek-Marshall et al. (1995). The gases @by the plant material would then be
circulated continuously through an adsorbent matetich as Tenax using a peristaltic

pump. Suitable flow rates are considered to bevdet 20 and 40 mL mith

Tenax-TA (80/100 mesh (Supelco, Bellefonte, PA)}¥ watially considered to be a
suitable adsorbent material for this method of meth analysis due to its physical
properties. These properties include very highntia stability (Sakodynskii et al., 1974),
which allows the material to be conditioned andodesd at very high temperatures with
no detrimental effects. Tenax-TA has no affinty Water (Russell, 1975) which, if
present on the adsorbent material, would resuherrapid saturation of the adsorbent
resin. Tenax-TA is a porous polymer [poly(p-2,prdnyleneoxide)yvhich has been
specifically designed for the trapping of volatibasd semi-volatiles from matrices
including air. Tenax-TA can be conditioned as masyifteen times without affecting its
trapping efficiency. It can also be stored fortophree weeks without significant loss of
adsorbed compounds (Pellizzari et al., 1976).

An alternative adsorbent resin, also suitableterdollection of small volatile compounds
is Carbosieve Slll (60/80 mesh (Supelco, BellefpRi&)). This particular carbon
molecular sieve has a higher affinity for watemtimaost other adsorbent resins, but the
small pore size provided by this resin is idealtfapping the smallest volatile compounds,
such as methanol. Carbosieve Slll can also be wsé¢d a temperature of 400 °C.
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Experiments were conducted using both adsorbemsrés determine the impact of resin

type on the quantification of methanol emissiosfigrowing plants.

Prior to being packed with adsorbent material, gtabes must be silanised to prevent the

occurrence of reactions between the active sitdb@glass and analytes in the sample.

Plant materic Adsorbent Materi:
l = e
) ¢ <4— Pumg
T Direction of air flow f
Airtight containe PVC tubinc

Figure 3.1 - Initial idea for collection of VOC’'s e  mitted from plant material

3.2.4 Sample Desorption

Desorption of the VOC'’s could be achieved in onéaaf ways. The first would involve
dissolving the methanol contained on the adsonatérial in a suitable solvent, for
example 2-methoxyethanol, acetonitrile, hexaneentgne. The greatest disadvantage
with this method was considered to be the incorpmraf impurities from the solvent into
samples. 2-methoxyethanol may contain small ansooftnethanol, which would affect

results of methanol determinations in experiments.

The second possible method for desorbing VOC'sh&ffadsorbent material and onto the
GC column would involve thermally desorbing thelgies directly onto the column
without the use of a solvent. This method was ictemed to be preferable, as it would

eliminate the possibility of the incorporation ofpurities from the solvent into samples.

3.2.5 Silanisation of Glass Tubes for Methanol Adso  rption

A number of glass tubes with lengths and intermainéters of 80 mm and 4 mm
respectively were obtained. The glass tubes wdymsrged in acetone followed by

toluene for 5 minutes each. Subsequently they wébenerged in a 5%
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hexamethyldisilazane (HMDS) solution in toluene I&rminutes.Through the
silanisation process bonding sites on the surfatieeoglass are deactivated and thus
possible reactions between polar compounds in plgaamd the glass are eliminated.
Following removal from the HMDS solution, the tubwesre rinsed in toluene followed by
acetone and dried in an oven at 2@0for at least one hour. Once dry, the glass tubes

were removed from the oven and stored in a desiccat

3.2.6 Packing of Silanised Glass Tubes with Adsorbe  nt Material

The adsorbent material (Tenax or Carbosieve) wekegobinto each tube between two
silanised glass wool plugs at a depth of 30 mmn(@sand 110 mg respectively).

3.2.7 Conditioning of Adsorbent Tubes

Before use, the adsorbent tubes were conditioneddier to remove any contaminants that
might have been held on the adsorbent materiainatiog from the ambient air. Each
packed tube was inserted into a specially congdualuminium heating block, ensuring
that the adsorbent material was sitting fully witkhe heating block, at approximately
200°C with nitrogen gas passing through each tuberateaof approximately 30 mL mifn
The tubes were conditioned for 3 hours, after wiidy were removed from the heating
block and left to cool with nitrogen gas continulgutowing through each. Once cooled,
the ends of each tube were sealed with PTFE tagh@dividually wrapped in aluminium
foil. The conditioning process was repeated eswh the tubes were used to collect
samples. Boyd (1984) showed that conditioned puewas could be stored for up to 7

days at 20C prior to use with no significant accumulationbaickground volatiles.

In the methods used here, precolumns were storéet iftidge (3-4C) after conditioning
and used within four days. Samples were genedaltprbed immediately following
sample collection, thus minimising the loss of gted and accumulation of contaminants

for the air.
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3.2.8 Determination of Most Suitable Column for GC

Quantification of Methanol

Having decided on a method for desorbing the aeslytf the adsorbent material (Tenax-
TA initially), a GC system was required that wapaiale of quantifying methanol
accurately at trace levels. In order to determihe&ch columns were capable of achieving
this, a series of methanol standards were made hexane, ranging between 0% and 1%.
Standards were initially injected directly ontola™ (porous layer open tubular) fused
silica capillary column, 50 m x 0.53 mm, film thieéss 1Qum (Varian BV, Middleburg,
The Netherlands). Following several direct injent of methanol standards onto this
column under various conditions, it was concludet it was unsuitable for this particular
analysis due to the instability of the baselinéof@ing injections, possibly as a result of

column bleed or general poor condition of the calum

The PLOT fused silica column was replaced by a D&{simn 50 m x 0.2 mm, film
thickness 0.33im (J & W Scientific, Folsom, CA). Initially smakolumes (0.3uL) of
HPLC grade methanol were injected directly ontodblemn at 130C in order to
determine whether it was capable of qualitativelsilgsing methanol. Resulting
chromatograms showed two adjacent peaks of roupblgame size with retention times
of approximately 8 minutes. To determine whetherdolumn would be capable of
guantitatively measuring methanol, a series ofctnpes of HPLC grade methanol were

made, of volumes varying between 0.1 andiQ.8
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Figure 3.2 — Calibration attempt using DB-5 column with varying volumes of methanol
injected directly onto column
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Figure 3.2 shows that, although there was a degfreerrelation between the volume of
methanol injected directly onto the DB-5 column &mel area under the methanol peak at
retention times of approximately 5.5 minutes, #latfonship was not considered to be

strong enough to accurately measure methanol tisimgalibration method.

An alternative calibration method was attemptedhwhie DB-5 column whereby methanol
standards ranging between 0% and 10% were madedgidrmine whether or not this
column was capable of quantifying methanol in seraimounts. Water was considered a
suitable solvent but the chromatogram resultingifeodirect injection of water consisted
of a sloping baseline with a large amount of noidexane was thought to be an
appropriate alternative to water as a solvente®imjections of HPLC grade hexane
resulted in chromatograms with a single, clear @approximately 9 minutes. A series
of methanol standards from 0% to 10% in hexanemeade up and directly injected onto
the DB-5 column at 13€C.
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9000 -

8000 -
7000 -
6000 -
5000 -
4000 -
3000 -+
2000 -
1000 -

0 T T T T T 1
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Mean Area Under Methanol Peak

Methanol Concentration (%)

Figure 3.3 — Calibration attempt using DB-5 column with varying concentrations of methanol
in hexane

Figure 3.3 shows that again there was a degreeradlation between the size of the
methanol peak and the concentration of the methsolotion injected directly into the GC.
However, although the relationship between the gfizee methanol peak and the
concentration of the methanol solution was rel&§ig&rong, especially with the exclusion
of the higher concentrations of methanol, the hexard methanol peaks on the
chromatograms were overlapping to a large extagu(g 3.4), thus giving an inaccurate
value when the peaks were integrated. The temperaf the oven and the carrier gas
flow rate were altered accordingly but the retemtilmes of the methanol and hexane
remained too similar for the individual peaks toftiéy separated. It was therefore

concluded that the results of the calibration of-®Br methanol were inconclusive and
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there was no obvious way in which to determine Wwlebr not this column was capable of
guantifying methanol at trace levels.

Figure 3.4 — An example of the chromatograms obtain  ed when methanol standards in
hexane were injected directly onto the DB-5 column

A calibration was then attempted using a Carbovadxnen (15 m x 0.54 mm, film
thickness 1.2um; Alltech, Deeerfield, IL) and a series of methlastandards in HPLC
grade hexane. Figure 3.5 shows that there wasmably good correlation between the
size of the methanol peak, with retention timemgraximately 1.5 and the concentration
of methanol in the standard injected directly di® column.
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Figure 3.5 - Calibration attempt using Carbowax col ~ umn with varying concentrations
methanol in hexane (0-6%)

Despite this however, the concentrations of methaxected within a system such as that
shown in Figure 3.1, containing a sample of grovplamt material, were predicted to be in
the ppb range. It was therefore considered advgalascertain whether the Carbowax

GC column was capable of quantifying methanol as¢éhlow concentrations.
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Figure 3.6 - Calibration attempt using Carbowax col ~ umn with varying concentrations
methanol in hexane (0-1%)

A series of methanol standards of concentratiosstlean 1% were subsequently directly
injected onto the Carbowax column to determine fdredr not it was capable of
guantifying methanol at much lower concentratioRgjure 3.6 illustrates the close
correlation between the mean areas under the nwtpaaks on the chromatograms and
the concentration of the methanol solution inject&dctly onto the column. On the basis
of this calibration and the fact that the retentiomes for hexane and methanol were
approximately 0.7 and 1.5 minutes respectivelyfed.7), it was concluded that a
Carbowax column would be suitable for the quardtimn of methanol emitted from plant

material.

Figure 3.7 - An example of the chromatograms obtain  ed when methanol standards in
hexane were injected directly onto the Carbowax col umn

3.2.9 Sample Desorption Technique

Having concluded that the most suitable methodrfethanol quantification involved the
use of a Carbowax column, a method was requirgdsbald allow the sample to be
thermally desorbed from the adsorbent materialigihy Tenax-TA) directly onto a

Carbowax column.

A mechanism was devised whereby a glass precolomtaicing the adsorbent material,
onto which the sample VOC'’s were adsorbed, wastedénto a heated block. A carrier
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gas flow was connected to the top of the glass &mokethe base of the tube was coupled
directly to the GC injection port. The precolumasaflash heated to a temperature of
220°C to volatilise VOC's trapped on the adsorbent miatevhich were then flushed onto
the GC column with the flow of He carrier gas (Fg3.8).

Nitrogen carriel—»
gas - 4—— Modified injection port

Precolumn packed with————»

adsorbent material

<4— Heating block

Nitrogen carrier g¢ — »—————— <4—— GC injection port

Liner —
<4— GC columt

Figure 3.8 — Schematic representation of the heatin g block system coupled with the
conventional injector system for gas chromatography

This system was considered to be a suitable mdtrdatermally desorbing the VOC's off
the adsorbent material and onto the GC columrhablbck allowed sample Tenax tubes
to be analysed without interrupting the carrier jas to the column. It also allowed the
direct injection of standard solutions onto theuooh via the modified injection port above
the precolumn. Sample tubes could simply replaedube already inserted in the heating
block. It also negated the need for a solventaexivn step, which might have introduced

contaminants to the procedure.

Figures 3.9 and 3.10 show responses obtained wBgi. HPLC grade hexane and 0.3
uL HPLC grade methanol respectively were injected the Tenax tube which was held

within the heating block at a temperature of 220
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Figure 3.9 — An example of the chromatograms obtain  ed when hexane was injected into a
Tenax tube within the heating block

Figure 3.10 - An example of the chromatograms obtai  ned when methanol was injected into a
Tenax tube within the heating block

Figures 3.9 and 3.10 illustrate the fact that bezrhal desorption of hexane and methanol
from the Tenax material within the heating blockuléed in relatively sharp peaks.
However, due to the additional distance that theodeed gases had to travel before
reaching the GC column and the subsequent dedretemperature of the system, and
therefore the volatiles, there was a significantéase in the amount of tailing observed in

the responses for each of the VOC'’s.

Figure 3.11 - An example of the chromatograms obtai  ned when methanol standard in
hexane was injected into a Tenax tube within the he  ating block

Figure 3.11 shows a typical chromatogram resuftiom the injection of 0.3.L 1%
methanol standard in hexane into the Tenax tub@mihe heating block. Not only has
the hexane peak become split, but due to tailinh@hexane peak, there is also a
significant amount of overlapping. The temperatifrthe heating block was increased to
240°C and the length of tubing between the block aed3k was reduced in order to try
to reduce the extent to which the peaks were ogupirig. Neither of these alterations
resulted in the peaks becoming completely separdbd temperature of the oven was
reduced from 48C to 35°C and although this change lessened the overlapipwgs still
considered to be significant. The overlapping nhézet the integration of the methanol
peak might have been inaccurate resulting in accurate methanol calibration.

Therefore the accurate quantification of methanmlilgl not be possible using this method.
It also transpired that the process of replacirgpitecolumn tube was time consuming and
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awkward, possibly resulting in the loss of volaifeom a sample precolumn as it was
introduced to the heating block.

An alternative thermal desorption method was dewgkereby the injection liner at the
head of the GC column was replaced by a Tenax-plicie onto which the sample
VOC'’s were adsorbed. This method involved intetingpthe carrier gas flow between
sample introductions, which might have damagecdttemn had the oven been run at a
high temperature. In this case however, the ova@snwn at temperatures no greater than
50 °C and consequently interruption of the carrier f@as would have no detrimental

effect on the column.

The initial tests using this thermal desorption moetinvolved the injection of methanol
standards in hexane directly into the liner atitéad of the GC, which had been replaced
by a glass tube with the same dimensions, packed™enax. Figure 3.12 is an example

of the typical response following the injection@8 pL 1% methanol standard in hexane.

Figure 3.12 — An example of the chromatograms obtai  ned following direct injection of a
methanol standard in hexane into a ‘Tenax liner’

The methanol and hexane peaks are overlappingnach greater extent than those
obtained from the same standard being thermallgrbes within the heating block. It was
concluded that if a thermal desorption method wasgto be employed for the methanol

determinations in the future, a new GC column wddde to be purchased.

An Equity™-1 fused silica capillary column (30 m x 0.53 mitmfthickness 3.um) was
purchased from Supelco, Bellefonte, PA. This paléir column was chosen as the
retention times for methanol and hexane on thismalat a temperature of 4G with a
carrier gas flow rate of 40 mL*sdiffered by approximately 8 minutes. This methait
the respective peaks would be completely indepearafezach other on a chromatogram,

thus the calibration of methanol would be accurate.

Initially a series of methanol standards in hexaree injected directly into the liner,
which had been replaced with a precolumn tube auntaapproximately 8pg Tenax-

TA. The responses showed clear, but rather widkpelt was concluded that the
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methanol and hexane in the standards were beimglstsonto the Tenax and being held
for a small but significant time resulting in pedkat were not as sharp as they would be
following direct injection of the same solutionsarthe system containing a liner rather

than the Tenax precolumn.

In order to rectify this problem a cryotrap wasaduced to the system (Figure 3.13). A
portion of the GC column was submerged in liquidagen for a period of time prior to
the introduction of a sample or standard to théesysn order to focus VOC's that were

trapped on the adsorbent resin.

Nitrogen carrierg¢ ——®» - <——— GC injection port

<4— Tenax precolumn

GC columt > _
Main part of GC column and

FID

Plastic beaker————»/ |
<— Liquid nitrogen

Figure 3.13 — Schematic representation of the cryog  enic trapping system with a Tenax
precolumn replacing the liner and a portion of the Equity ™.1 column submerged in liquid
nitrogen

A standard protocol was devised that allowed theitid"-1 GC column to be accurately

calibrated for methanol using methanol in hexaaadsdrds. Initially, methanol standards
in hexane were introduced by direct injection ithte system via the GC injection port. A
portion of the column was submerged in liquid rg&n for ten minutes prior to and five

minutes following the introduction of a standardusion to the system.

Figure 3.14 is an example of the typical resporained following direct injection of 0.3
uL 1% methanol in hexane. The retention time fothaeol was approximately 1.4

minutes.
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: — == Peak due to methanol in stanc

Figure 3.14 - An example of the chromatograms obtai  ned following direct injection of a
methanol standard in hexane into the cryogenic trap ping system

The response from the direct injection of hexane fhe cryogenic trapping system was a
large number of peaks with retention times randpetyveen approximately 2.5 to 5.5
minutes, the majority of which being as a resulingburities present in the hexane. This
did not prevent the column from being calibratedusately for methanol however,
because the retention times for methanol and hexane significantly different from each

other.

A series of methanol standards in hexane rangitgdsn 0 and 1% were subsequently
injected directly into the cryogenic trapping systeFigure 3.15 illustrates the very close
correlation between the concentration of the meghstandard injected into the system

and the mean area under each of the respectivensspeaks.

The relationship between methanol concentrationased under the response peaks is
such that this method was considered to be suitablée accurate quantification of
methanol in VOC's emitted from plant material.
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Figure 3.15 - Calibration attempt using Equity ™.1 column and cryogenic trapping system
with varying concentrations methanol in hexane

3.2.10 Standard Protocol for the Introduction of Sa  mples to

the Cryogenic Trapping System

The GC oven was switched off and allowed to codbteea portion of the GC column was
submerged in liquid nitrogen for ten minutes. Therier gas flow was halted using the
column head pressure gauge and the existing linsrreplaced with a precolumn Tenax
tube containing the sample VOC'’s. The flow of Eargas was resumed at 40 mt.and

the column remained in liquid nitrogen for a furtheminutes. The column was removed
from beaker containing the liquid nitrogen, the mdeor closed and the oven switched on

at 40 °C. The integrator was immediately switcbed

Figure 3.16 is an example of the typical respomgengwhen the GC liner was replaced
with a clean, dry, empty glass tube of the samesdsions of the liner, following the
protocol above. There is only one significant paa# retention time of 1.63 minutes.
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Figure 3.16 — A typical chromatogram resulting from the replacement of the liner with an
empty glass tube of the same dimensions following t he standard protocol

Figure 3.17 shows the same obvious peak at a i@tetithe of 1.61 minutes that is present
in Figure 3.16. All subsequent chromatograms, fetamdards or samples, as a result of
following the standard protocol for the introductiof samples to the cryogenic trapping
system, contained this peak. It was speculatddhigpeak is a result of the carrier gas
being switched back on following the introductidrtloe Tenax precolumn to the system.
It could possibly be due to the presence of an awkncontaminant in the Tenax

adsorbent resin.

S

-

— TR

Figure 3.17 — A typical chromatogram resulting from the replacement of the liner with a
freshly-conditioned Tenax precolumn glass tube foll owing the standard protocol

3.2.11 Sample VOC Collection

3.2.111 TLC Tank Experiments

Having decided on a suitable method for the quiaatibn of methanol in VOC emissions
from plants, an appropriate method for sample VOI&ction was required. The initial
sample collection concept detailed in Figure 3.% s@aled up in order to accommodate a
large quantity of leaves that were in a state chgl€Figure 3.18).



Christine Finlay, 2007 Chapter 3, 92
The lid of a 5 L TLC tank was adapted in such a ey it contained two circular holes of
diameter 6 mm. Onto the outer edge of each hetaall length of threaded 6 mm external
diameter glass tubing was attached using adhe3ike.lid was attached to the tank using
adhesive tape so that an airtight seal was achieVhd holes in the tank’s lid were sealed

using screw caps into which septa had been fitted.

Tenax precolumn (outlet)

Peristaltic
pump Tenax pre-sample filter
(inlet)
PVC tubing

Glass tank

Figure 3.18 — Initial set-up for the collection of VOC's emitted from a large quantity of
decomposing leaves. The direction of air flow is d enoted by red arrows

During sample collection a Tenax tube was insartadthe tank at the inlet end of the
system in the hope that it would filter out any t@oninants present in the circulating air.
A further Tenax tube, the sample collection tubaswmserted in the outlet end of the tank
to pick up VOC's from the sample. During the samgbrocess, it was proposed that the
sample itself would be located within the tank. @right seal was achieved between the
inlet and outlet Tenax tubes and the threaded ¢léossg on the tank lid by sliding a

Teflon collar onto each of the Tenax glass tubestatening the screw cap onto it.

Tenax-TA has a low breakthrough volume for methaidie term breakthrough volume is
defined as the volume of carrier gas that will guag analyte through 1 g of adsorbent
resin in a desorption tube at a specific tempeeawiven in litres or millilitres per gram of
resin. It is vital to be aware of the breakthrowghume of a specific analyte for a specific
adsorbent material in order to ensure that theabyi@s are not purged off the resin during
a dynamic headspace sampling process. The breakthvolume for methanol on Tenax-
TA is quoted as being in the region of 40 mL peb iy of resin at 20C. It has been
shown that very little methanol is removed from tegin following purging with 20 mL
carrier gas. For this reason, the pump was s@inp at a rate of 4 mL mifnand for each

sample or standard and the collection time wasriutes.
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Figure 3.19 illustrates a typical chromatogram wietd after the empty tank was incubated
for 3 hours at a temperature of Z5, followed by 5 minutes of pumping through a pre-

sample filter and a precolumn Tenax tube at aohemL miri™.

Considering the tank was completely empty and legohbinsed thoroughly with deionised
water and dried at a temperature of 200 there were many peaks on the chromatogram,
the origins of which were unknown. One possiblgree of the apparent contamination
was the PVC tubing connecting the pump to bothréwax filter and precolumn. The
tubing was significantly reduced in length and thiesed with deionised water and dried
at a temperature of 10C to attempt to remove any residual chemical coimants.
However, following this process there were appdyestill a number of contaminants
adsorbed on the Tenax after the empty tank had inegbated for 3 hours and the gas

contained in it purged through a Tenax precolumm rate of 4 mL miti for 5 minutes.

These contaminants could potentially have beeriipizars or antioxidants originating

from the PVC tubing in the sampling system. The&CRWbing was replaced with Teflon
tubing in an attempt to alleviate the risk of conitaant introduction to the system from the
PVC. The alternative tubing did nothing to redtlee number or extent of the contaminant

peaks in the resulting chromatograms.

Although the tank itself was rinsed and dried thigtdy between each analysis, there
continued to be contaminants present in the systeaveral analyses were carried out on
the outlet Tenax precolumn following thorough flughof the tank with air prior to any

incubation. Again, this failed to eliminate thausze of the volatile contamination.

Figure 3.19 — A typical chromatogram obtained follo ~ wing 3 hours of incubating the empty
airtight tank at 25 °C and circulating air through the Tenax precolumn f or 5 minutes at a rate
of 4mL/min
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Araldite was used as an adhesive in attachinghteatied glass tubing to the tank lid in
the experimental set-up shown in Figure 3.18. Tty have been a source of volatile
contamination that could lead to the responsesiseleigure 3.19. The Araldite

surrounding the glass tubing in the tank lid wase¢fore covered in Teflon tape, which
contains no adhesive and therefore will not inteedvolatile compounds to the system.

The resulting chromatograms however, continueddplaly several significant peaks.

The peristaltic pump could potentially have bedroaiucing contaminants to the system.
In order to determine whether or not this was dmeca series of experiments were set up
whereby a Tenax precolumn was directly attachegtla¢r end to the pump via small
lengths of polyethylene tubing. The pump was dismantled and the Santoprene tubing
within the pump was cleaned and dried. The resyithromatograms displayed much the
same peaks as were shown in the earlier experiménis&as deemed likely therefore, that
the main source of the contamination seen in tihenchtograms was the pump.

A system was devised that eliminated the needhperistaltic pump and relied on the
purging of the system using an air cylinder coupted regulator. The flow was

monitored using an SKC low range flotometer. Hoaredue to the large volume of gas
contained within the tank, the air flow rate wasiclilt to control and fluctuated
significantly during sampling. It was vital to bertain of the volume of air that had
passed through the Tenax precolumn, not only teube that the breakthrough volume had
not been reached, but also in order to accuratdbulate methanol emission rates from
samples of plant material. The TLC tank set up thasefore abandoned due to
difficulties in accurately regulating the air floate and also due to the fact that

contamination originating within the system congéduo be detected.

3.2.11.2 Modified Glass Bell Jar Experiments

An airtight glass jar was designed (Figure 3.20)iclv did not require adhesive or sealant

materials that could potentially be a source o&titd contamination within the system.



Christine Finlay, 2007 Chapter 3, 95

Tenax presample filter
(inlet)

Young's air inlet
valve

Tenax precolumn (outlet)

Young's spherical ball al
joint with ¢c-ring and
thumb screw clip

Screwthread plasti
cap inlaid with a
rubber ring and GC
septum

Figure 3.20 — The bell jar system utilised in thet  rap and purge method for the determination
of methanol emitted from growing plant material. T he direction of air flow is denoted by red
arrows

The jar lid comprised of an inlet attached to aytérof glass tubing that reached to
approximately 10 mm above the base of the bell Jdre outlet was also located in the lid
of the jar. The additional inlet in the body oétjar, sealed with a screwthread plastic cap
inlaid with a rubber ring and GC septum, allowedtfe introduction of a known volume
of methanol into the system, in order to calibtageadsorbent resin for methanol. An
airtight seal was achieved between the lid and laddliye jar by inserting a rubber o-ring
and clamping them together tightly with a thumbecalip. A length of PTFE tubing was
attached to the Tenax presample filter, connectiegglass tube packed with adsorbent
resin to an air cylinder via a gas flow regulatdhe Tenax precolumn attached to the
outlet of the bell jar lid was, in turn connectedan SKC low range flotometer via a small
length of PVC tubing.

3.2.11.2.1  Calibration of Equity-1 GC Column for Nteanol Using the
Modified Bell Jar System

The adsorbent resin, initially Tenax, was calibdgftr methanol using the bell jar system
in order to ultimately quantify the volume of metishemitted from a known amount of
plant material.
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Volumes of methanol varying between O pL and 2 jerenntroduced to the modified bell
jar, after it had been thoroughly rinsed with wated dried at a temperature of 100 °C.
The methanol was allowed to equilibrate with thraraide the jar for 1 hour at 2T,

following which time air was introduced to the systat a rate of 4mL mihfor 5 minutes.

5 minutes prior to the end of the hour equilibritime, a portion of the Equity-1 GC
column was submerged in liquid nitrogen as desdribeSection 3.2.&nd shown in
Figure 3.13.0nce the column had been submerged for 5 mindtesit flow through the
bell jar system was commenced, so that by the 2L of air had passed through the
precolumn at a rate of 4 mL minthe GC column had been submerged in liquid némog
for 10 minutes, as originally described. The pheem was removed from the system
following 5 minutes of sample collection and seaédoth ends using PTFE tape. The
precolumn was then inserted directly into the itiggcport of the GC chromatograph as
described in Section 3.2ahd shown in Figure 3.13. The GC column was lgfhserged
in liquid nitrogen for a further 5 minutes follovgrihe introduction of the standard
precolumn into the injection port. The oven do@aswthen closed and the integrator
started.

Prior to the calibration process, the exact retentime of methanol under these conditions
had to be determined. Figure 3.21 shows a typimamatogram resulting from the
introduction of 0.2 uL methanol into the jar, falled by the procedure described above
for the trapping and introduction of the sampl@itite GC. Comparing this to the typical
chromatogram following the introduction of a blahdnax precolumn into the GC

injection port, it was apparent that there wereimlper of additional peaks in the standard
precolumn chromatogram. By varying the volume etmanol within the jar it was
possible to determine that the response for whiethemol was responsible was that with a

retention time of 1.63 minutes.
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Peak due to the presence of
0.2uL methanol in jar

Figure 3.21 — A typical chromatogram obtained follo  wing the introduction of 0.2uL methanol
into the bell jar system and collection on a Tenax precolumn as described above

In order to verify the assertion that the breaktigtovolume for methanol on Tenax was
greater than 20 mL per 100 mg of resin, two Tenaxg@umns were set up in sequence at
the outflow end of the bell jar system containing L methanol. The chromatogram
obtained from the second Tenax precolumn, followimgpurging of the system with 20
mL air, displayed no response at the retention typeal for methanol, demonstrating
that no methanol had broken through the first Tgmaxolumn.

3.2.11.3 Results of the Calibration of Tenax for Me thanol

Figure 3.22 illustrates the close correlation betwthe mean area underneath the peak due
to methanol, with retention times of between 1.68 4.74, and the volume of methanol
introduced to the bell jar. This method was thenettonsidered to be suitable for the

quantification of methanol emitted from plant tissu
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Figure 3.22 — Calibration graph for Tenax with meth  anol using the modified bell jar system
and following the protocol described in Section 3.4
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3.2.11.3.1 Determination of the Recovery Factor fdethanol using Tenax-
TA in Conjunction with the Modified Bell Jar System

The volume of the bell jar, together with the lihs determined to be 340 mL. A volume
of 0.2uL methanol was introduced to the sealed jar usisgiage through the septum-
sealed inlet. If a representative sample of 20ahthe air inside the bell jar was purged
through the Tenax precolumn, then the equivalehtrme of methanol that would be
subsequently adsorbed onto the precolumn woulgppmaimately 0.0121L. Following
the introduction of methanol, the sealed jar wasilrated at 21C for 1 hour. 20 mL of

air was then purged through the system and thelsgmgcolumn, and introduced to the
GC as described in Section 3.2.9. This process&mesated several times and the
methanol responses shown in the resultant chromaategrecorded. The averaged result

is shown in Table 3.1.

In order to determine the recovery factor of meth@m the adsorbent resins, a freshly
reconditioned adsorbent resin precolumn was inteduo the injection port of the GC
after a portion of the GC column had been submeirgéduid nitrogen for 10 minutes.
Approximately 0.012i1L methanol was injected directly onto the precolusnd the GC
column was subsequently left in liquid nitrogen &diurther 5 minutes, after which time
the liquid nitrogen was removed, the oven switchedt 40°C and the integrator started.
The responses shown on the resulting chromatognaaresthen recorded and compared to
those obtained from the purge and trap protocatrideed above. This procedure was
repeated five times and the results obtained ®relcovery of methanol from Tenax using

the methods developed in this chapter are showialite 3.1.

Mean Area Under Methanol | Mean Area Under Methanol Peak

Peak Following Injection of | Following Trap and Purge Metho

0.012uL Methanol Directly into| with 0.2uL Methanol Injected into
Tenax Precolumn Jar (Tenax precolumn)

o

Recovery Factor (%)

10201853 1093576 10.7 (9.23-13.2)

Table 3.1 — Comparison of methanol responses obtain  ed during recovery experiments for
methanol with Tenax-TA (error range in brackets)

The calculated recovery factor of 10.7% is low, betause it was relatively consistent for
the series of recovery experiments that were choig using this system, it was deemed a
suitable figure for the calculation of methanol ssions from plants. The observed losses
of methanol were proved not to be a result of litgakigh. It was therefore concluded
that losses were incurred during the transfer efatisorbent tube from the bell jar system

to the injection port of the GC.
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The alternative adsorbent resin, Carbosieve SHE subsequently investigated to
determine its suitability for the determinationneéthanol emitted from plant material
using the modified bell jar system (Section 3.24).0.

3.2.11.3.2 Determination of Methanol Released fr@mch Twigs using
Tenax-TA as the Adsorbent Resin

Although it had been established that the modifiellljar could be used in conjunction
with Tenax precolumns to quantify the amount ofepmethanol present in the jar, it was
unclear whether or not the method could be usegiamtify methanol being emitted from
a growing plant system. There was a possibiliaf the plant material could emit a VOC
with a similar retention time on the Equity-1 GQuan to that of methanol. If this was
the case, the peaks of the respective compoundd ceerlap on sample chromatograms,
resulting in inaccurate integration measurementshi® methanol peak. Subsequent

calculations for methanol concentration in thewauld therefore be inaccurate.

Initially, a series of experiments were carried tmutletermine how the amount of
methanol detected within the modified bell jar systvaried depending on the length of
time for which a birch twig was sealed within tlae.j This experiment was designed to
confirm that the incubation process had minimat&fbn the sample plants’ natural
physiological processes, therefore the rate of amthrelease from the plant material,
whilst ensuring that a measurable quantity of mathaould be released. From the
results of this series of experiments, the optinmeabation time for subsequent
experiments, involving different types of plant eval, could be determined.

A number of twigs were removed from a healthy, dgpgrowing silver birch tree in May
2006 and sealed in the bell jar for lengths of tiragying between 3 and 24 hours, at 15-17
°C and 20-21 °C night and daytime temperaturesotisely. The relative humidity was
between 60 and 70% and light intensity was appraséty 350umol m? s*. After this

time the sample VOC'’s were adsorbed onto a Tenecofurmn by purging air through the
precolumn tube at a rate of 4 mL mifor 5 minutes as described in Section 3.2.10.2.1.
The sample VOC'’s were then thermally desorbed tyrento the Equity-1 GC column
following the procedure described in Section 3.2.9.

In order to determine whether or not any sample $@itted from sample plant
material interfered with the peak obtained methaaasleries of experiments were carried
out involving the incubation of silver birch twiggthin the jar and the purging of trapped
VOC'’s through a Tenax precolumn. Twigs were rendldvem a silver birch tree using
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secateurs and placed in a modified glass belhjin, the severed end of the twig
submerged in water in a small vial, as shown iuFe@@.20. The jar was incubated for 24
hours in the light/dark regime described abovesrafthich time the VOC’s were purged
through the system with air and adsorbed onto #re&X precolumn at a rate of 4 mL fin
for 5 minutes, as described in Section 3.2.10.ZHe sample precolumn tubes were
introduced to the GC injection port following theopedure described in Section 3.2.8.

A jar containing the glass vial holding 5 mL wategether with an injection of Oj8L
methanol was set up along with a jar containingy @8 L methanol to determine

whether or not the water absorbed any methanol thematmosphere within the jar,
resulting in a measured rate of methanol emissiaet than the actual figure. The
resulting chromatograms showed that the methansinsadissolved in the water in

significant quantities.

3.2.11.3.3 Results from the Determination of Mett@mReleased from Birch
Twigs Using the Modified Bell Jar System

Figure 3.23 shows that the emission of methanohfibirch twigs is a progressive process
and that, as far as can be ascertained from thaf gperiments, headspace collection up
to a time of 24 hours does not significantly affpleysiological processes taking place in
the plant tissue. Therefore a headspace collettimnof 24 hours was determined to be
suitable for subsequent experiments using varitarg pnaterials.
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Figure 3.23 — Graph to show the area under the meth  anol peak following headspace
collection above birch twigs for various lengths of time
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Figure 3.24 - A typical chromatogram resulting from headspace collection above a birch

twig incubated for 24 hours

Figure 3.24 illustrates the fact that the respdhaeis due to the presence of methanol (at
approximate RT of 1.70) is not significantly oventeed by any of the other peaks present
on the chromatogram, possibly resulting from vi#gatompounds with similar physical

and chemical properties to methanol emitted froenglant material.

The chromatogram shown in Figure 3.24 supportshibery that the sample collection,
trapping and analysis methods developed in thipteh@an be implemented in the

quantification of methanol emitted from a rangelifierent plant materials.

3.2.11.4 Carbosieve Slll as an Adsorbent Resinint he Determination of
Methanol Emitted from Plants

Carbosieve Sl was considered to be a suitableradst resin for the quantification of
methanol emitted from plant material due to itsbal properties and its affinity for
methanol. Carbosieve Sl (60/80 mesh (Supelctie@amte, PA)) is a high surface area
molecular sieve and, although it has a high affifor water relative to other adsorbent
resins, its small pore size enables it to effetyit@p volatile organic compounds and
straight chain alcohols. Like Tenax TA it is ateermally stable, up to a temperature of
400°C. In addition, Carbosieve SlIl was consideretea suitable adsorbent material for
this analytical method as it has a relatively Higbakthrough volume for methanol. The
breakthrough volume of methanol for Carbosieve iSlfjuoted as being 7.5L for 1.0 g of
resin at 20C. This means that even following purging with mpg@mately 3.75L of air in

the modified bell jar system, methanol would notémoved from the resin.

Identical glass tubes to those used to make Teremwolumns were packed with

Carobsieve SllI to a depth of approximately 3 caughly 0.3 g) as described for Tenax in
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Section 3.2.5. Carbosieve precolumns were comgiticand stored as described for Tenax
precolumns in Section 3.2.6. The precolumn tub&®when used to determine whether
Carbosieve Sl was a suitable resin for the gdiaation of methanol released from plant
material in the purge and trap method described émax TA. Figure 3.25 is an example
of the chromatograms obtained following the incidrabf an empty modified bell jar for

1 hour at 2PC. The air inside the jar was subsequently puegetithe VOC'’s present
were trapped on the resin in exactly the same wayas carried out using Tenax TA, as
described in Section 3.2.10.

The chromatogram in Figure 3.25 shows several gpealks across the region of the
chromatogram between retention times of approxilpdteninute and 2.5 minutes. These
peaks were present on all subsequent chromatogvemesher resulting from the
introduction of a blank, standard or sample Cadasprecolumn to the injection port of
the GC. In order to determine whether these peaksd interfere with the methanol peak
on standard and sample chromatograms, a seriepefiments were undertaken whereby
0.2 uL methanolas introduced to the modified bell jar through skeptum-sealed inlet of
the jar (Figure 3.20).

Figure 3.25 — A typical chromatogram obtained from a blank Carbosieve SlllI precolumn;
one-hour incubation of an empty bell jar with subse quent purging with 20 mL air

The jar was then incubated for an hour at@before a portion of the air was passed
through the system and trapped on the Carbosiewe r&he procedure that was carried
out with Carbosieve was identical to that used Withax as the adsorbent resin in Section
3.2.10.2.1. Figure 3.26 is an example of a chrograin obtained following this

procedure.
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Figure 3.26 — A typical chromatogram following the
bell jar system and collection on a Carbosieve prec
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introduction of 0.2uL methanol into the
olumn

The chromatogram shown in Figure 3.26 shows clehdithe retention time for methanol

under the conditions used in the experiment was hiiutes. To verify that this peak was

indeed due to the presence of methanol, a seriespafriments was conducted whereby

volumes of methanol ranging between 0 and.2vere introduced to the jar. The

procedure carried out for the calibration of Tefaxmethanol using the modified bell jar

system, detailed in Section 3.2.10.2.1, was folebweorder to calibrate the system for

methanol using Carbosieve. The results of théion experiments are shown in Figure

3.27.
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Figure 3.27 - Calibration graph for Carbosieve with
system

methanol using the modified bell jar
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Figure 3.27 illustrates the close correlation betwthe mean area underneath the peak due
to methanol, with retention times of between 1.68 4.74, and the volume of methanol
introduced to the bell jar. This method was thenettonsidered to be suitable for the

quantification of methanol emitted from plant tissu

3.2.11.4.1 Determination of the Recovery Factor fdethanol using
Carbosieve Slll as the Adsorbent Resin in the Modd Bell Jar System

The recovery factor for methanol on a Carbosieee@umn was determined in exactly
the same way as was achieved for that on a Tem@olpimn, as described in Section
3.2.10.3.1. A volume of 0 gL methanol was introduced to the sealed jar usisgiage
through the septum-sealed inlet of the modified jaelsystem. Following incubation at
21°C for 1 hour, the system was purged with 20 mLiofram an air cylinder and the
VOC'’s adsorbed onto the Carbosieve precolumn. pfeeolumn was then immediately
introduced into the injection port of the GC asalldxed in Section 3.2.9. This process
was repeated several times and the areas undetheattethanol peaks on the resultant
chromatograms were recorded. The mean peak aelimg from this procedure is shown
in Table 3.2.

From the initial 0.2uL methanol in the jar, it was calculated that thaiealent volume of
methanol that should theoretically have been adsbdnto the Carbosieve precolumn was

approximately 0.01L following the introduction of 20 mL air to the sgm.

To determine the recovery factor for methanol dythis experiment, a freshly
conditioned precolumn was inserted into the GCctigpa port and approximately 0.012
puL methanol injected directly into it, following esidy the same procedure as was
followed for a Tenax precolumn in Section 3.2.10.3This experiment was repeated five
times. The results obtained from the experimentettaken to determine the recovery of
methanol from Carbosieve using the methods devdlopthis chapter are shown in Table
3.2.

Mean Area Under Methanol | Mean Area Under Methanol Pea

Peak Following Injection of | Following Trap and Purge Metho

0.012uL Methanol Directly into| with 0.2uL Methanol Injected into
Carbosieve Precolumn Jar (Carbosieve precolumn)

o x

Recovery Factor (%)

9991024 162424 1.63 (1.39-2.32)

Table 3.2 - Comparison of methanol responses obtain  ed during recovery experiments for
methanol with Carbosieve Slll (error range in brack  ets)
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The recovery factor for methanol on a Carbosieee@umn is significantly lower than
that for Tenax. However, as with the Tenax premwiuthe reproducibility of the results
were such that it was considered suitable for tethod developed in this chapter to be
used in conjunction with a Carbosieve precolumguantify methanol. Consequently,
both adsorbent resins were employed in separa@tekperiments quantifying the rate of
methanol emission from growing plants, using theliined bell jar.

3.3 Final Experimental Procedure for the Determinat  ion

of Methanol Using the Bell Jar System

The quantification of methanol emitted from growjlgnt material was undertaken using
the modified bell jar system shown in Figure 3.2@ aoth adsorbent resins used in the
method development process. Plant material wasduated to the jar through the neck of
the jar and sealed in such a way that any disrapadhe growth of the plant was kept to a
minimum. The plant material was incubated for 2dirls in a growth cabinet with a
temperature program of 15-17 °C and 20-21 °C ragttdaytime temperatures
respectively. The relative humidity was betweerail 70% and light intensity was

approximately 35qumol m? s™.

Five minutes prior to the end of the 24-hour indidraperiod, a portion of the Equity-1
GC column was submerged in liquid nitrogen, as shimwFigure 3.13. The aim of this
process was to ensure that VOC's thermally desooffdtie adsorbent resin were
subsequently trapped and focused before beingduntex to the body of the GC column.
At the end of the 24-hour incubation period thecamtaining plant material was attached,
via a pre-sample Tenax filter, to an air cylind@rprecolumn containing either Tenax TA
or Carbosieve adsorbent resin was then attachiie toutlet tube of the jar using small
lengths of PVC tubing. A low range flowmeter wétsiehed to the outflow end of the
sample precolumn using a further length of PVCrigbi

The flow of air passing through the system wassétmL min* and regulated using the
air inlet valve at the top of the lid of the jakir was allowed to pass through the jar
containing the sample for 5 minutes, after whiohetithe sample precolumn was inserted
directly into the injection port of the GC. The @Glumn was immersed in liquid nitrogen

for a further 5 minutes before being removed ardoven and integrator switched on.
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3.4 Quantification of Methanol Emitted from Plants Using
GC-FID

3.4.1 Introduction

Barley, ryegrass and oilseed rape were chosentablsuplant species for the
determination of methanol emitted from leaves @fwgng plants as they are all grown
commercially in large quantities across the UK. gByantifying the amount of methanol
emitted from individual, or near-individual plaris a dry weight basis, the amount of
methanol introduced to the UK troposphere coulésienated by extrapolating these
findings to account for the total amount of eaclthefse plant species grown in the UK.
Two graminaceous plant species were chosen (baniéyyegrass) together with oilseed
rape, a hon-graminaceous species, in order to &eatny differences in the amount of

methanol emitted by plants of different classes.
3.4.1.1 Barley

With a UK acreage totalling 881 thousand hectarelkine 2006 (Anon, 2007a), barley is
the second most abundant arable crop grown in Kieselcond only to wheat. Barley is
the most widespread arable crop in Scotland a2@@» some 298 thousand hectares of
barley were grown north of the border. It is rewdne to assume therefore, that any
volatiles emitted from the barley plants as theywgwill have a considerable impact on
the overall composition of the UK stratosphere.ai@jt is a high yielding malting variety
of spring barley and is therefore grown predomilyaiot the beer-making industry. A
total of 14752 tonnes of spring barley of the vgriéhariot was produced in England and
Scotland in 2003.

3.4.1.2 Ryegrass

Perennial ryegrass is a tufted, fibrous rootedmp@ed grass that is common throughout the
UK and regarded as a native plant. The wide thstion may be due to the fact that
perennial ryegrass was once used exclusively isdkaeng of leys. It has been in
cultivation as a forage grass since the 17th cgntiRyegrass became established along
roads probably as a consequence of the spreadsegdt during the transportation of hay
from fields. Perennial ryegrass prefers fertiléssand occurs as a weed in cereals and

other arable crops.
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3.4.1.3 Oilseed Rape

Oilseed rape was barely known as a crop in the bt po the 1970’s. At this time an
explosion in commodity prices encouraged farmeigoav the crop. The total area used

to grow oilseed rape in the UK is growing year ealyas farmers appreciate the increasing
value of the crop in relation to the productiorcatftle feed and oil, which may be
processed for use as biodiesel.

Essex Broadleaved is a spring-sown, fast growingg®e rape. Rape pastures have been
used to fatten lambs and feed ewe flocks for wedk @00 years. Forage varieties of rape
are commonly employed today in many UK, Northerndpean, Australian and New
Zealand farming systems. Spring rape may also ée as a break crop in cereal rotations
so that, for example, weeds may be treated witlex8ve herbicide. Spring oilseed rape
is predominantly a crop of northern parts of the dlk€ to its ability to grow in cool and
damp weather conditions. Between 12 and 24% offotiad oilseed rape production in the
UK between 1993 and 1998 consisted of spring allsepe and one third of that total
amount was grown in Scotland (Anon, 2007a). Altfioa large number of varieties of
oilseed rape are grown in the UK, it is assumet tteatainly at the early stages of growth,
plants of different varieties will not emit sigraéintly different amounts of VOC'’s from

their leaves.
3.4.2 Growth of Barley Seedlings

20-30 spring barleyHordeum vulgarev. Chariot) seeds (Nickersons Seeds Ltd.,
Lincolnshire) were rinsed by swirling in approxiraigt100 mL deionised water for 20-30
seconds. The excess water was decanted off ths,sekich were then placed in a 600
mL beaker together with 100 mL deionised watere Bbhaker containing the water and
seeds was placed in a growth chamber at 15-17@Q@421 °C night and daytime
temperatures respectively and the water was bulg@atly overnight using a small pump.
The relative humidity was between 60 and 70% agitt intensity was approximately 350

umol m?s™.

Following 24 hours of bubbling in the growth chami&l 0.5 mM CaS@solution was
made up in a 5 L volumetric flask and transfereed 1.0 L opaque plastic tray. The water
was decanted off the imbibed seeds, which weredinsing approximately 100 mL
deionised water for 10-20 seconds. The seedspeened evenly onto a wire mesh

platform suspended above the CaS@ution. Deionised water was added to the GaSO
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solution up to the level of the wire mesh that ekl barley seeds. The tray was placed in
a growth chamber under the conditions detailed epboavered with aluminium foil and

the solution was bubbled gently using an electimp connected to several lengths of
PVC tubing. The seeds remained covered in thethroabinet for 72 hours. The level of
the CaSQ@solution was topped up with deionised water intéently to prevent the seed
coat and endosperm drying out.

After the seeds had been growing under darknes&ftwours, the aluminium foil was
removed and the seedlings exposed to the lighe sEedlings were left on the wire mesh
above the aerated Cag&dlution for a further 72 hours in the light/daggmme detailed
above.

A 10 L stock solution of modified Hoagland nutriesatiution was made up intwo 5 L

volumetric flasks. The first volumetric flask cairted a solution comprised of

macronutrients, while the second contained a swiuif micronutrients. The

concentrations of the various constituents of tlaenonutrient and micronutrient solutions

are listed in Tables 3.3 and 3.4.

Constituent of Macronutrient Solution

Concentration of Constituent in Modifi¢
Hoagland Solution (mM)

NH,H,PO,
(NH,),HPO,
KNO,
MgSQ, (x 7H,0)
NaCl
Ca(NGy), (x 4H,0)

0.5
0.5
2
0.5

0.5
2

Table 3.3 - Concentrations of constituents used in
Hoagland solution

the macronutrient fraction of the modified

Constituent of Micronutrient Solution

Concentration of Constituent in Modifi¢
Hoagland Solution (mM)

H;BO;
CuSQ (x 7TH,0)
MnSQ, (x H,0)

Na,MoO, (x 2HGO,)

ZnCl,
Felll NaEDTA

6.28
0.12¢
0.t
0.1¢
0.t
27

Table 3.4 - Concentrations of constituents used in
Hoagland solution

the micronutrient fraction of the modified
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The 6-day-old barley seedlings were transferrdddagland solution as shown in Figure
3.28. Approximately 450 mL of each of the macroieat and micronutrient solutions
detailed above were poured into a 1 L beaker whazhbeen wrapped in aluminium foil.
The seedlings were placed within a sponge bungressated into a polystyrene lid so that
the root tips were submerged in nutrient solutidhe seedlings were placed in a growth
cabinet under the same light and temperature redeseribed above. The nutrient
solution was bubbled using a small pump.

Seedlings were removed from the Hoagland solutiandt a time at different stages of
development, between 6 and 15 days old, and placgdnodified glass bell jar, as shown
in Figure 3.30. A cotton wool disk of approximaiameter 40 mm was placed in the base
of the bell jar, together with 30 mL modified Hoagtl solution. The barley seedlings
were introduced carefully to the bell jar to prevédamage to the plants, especially the
roots which are particularly fragile. It has betrown that mechanical damage to plant
tissue can result in the increased emission carexOC's, possibly including methanol
(Karl et al., 2005). The jar was sealed and placabe growth cabinet for 24 hours under
the light and temperature regime detailed abovse dmitted methanol was then adsorbed

onto an adsorbent resin and quantified using GCdddescribed in Section 3.4.

Figure 3.28 - 10-day-old barley seedlings growingi  n modified Hoagland solution
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3.4.3 Growth of Ryegrass Seedlings

Perennial ryegrass.glium perenngseeds were obtained from Cotswold Seeds,
Gloucestershire. Cotton wool disks of approxinthégneter 35 mm were placed in a seed
tray. 20 ryegrass seeds were placed on top of@éiakh Each disk was saturated with 5
mL modified Hoagland solution (see Section 3.4r®) a further 150 mL modified
Hoagland solution was carefully added to the bésleeotray to prevent the seed coat and
endosperm drying out. The tray was placed in avtireabinet at 15-17 °C and 20-21 °C
night and daytime temperatures respectively. Etaive humidity was between 60 and
70% and light intensity was approximately 3660l m?s*. The tray was covered with

tin foil and left for 72 hours, by which time thast majority of the seeds had germinated.
The foil was removed and a further 150 mL modifitmhgland solution added to the tray.
Further volumes of modified Hoagland solution wadeled to the tray to prevent the
seedlings from drying out. Ryegrass seedlingshogvn in Figure 3.29 following 9 days

of growth on cotton wool disks saturated with mmdifHoagland solution.

Figure 3.29 - 9-day-old ryegrass seedlings

Ryegrass seedlings were removed from the trayffereint stages of development and the
intact cotton wool disk placed into a modified glé&®ll jar. 30 mL modified Hoagland
solution were added to the base of the bell jaréwent the cotton wool from drying out
and the sealed jar placed in the growth cabinegutiek light and temperature regime

detailed above for 24 hours.
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3.4.4 Growth of Oilseed Rape Seedlings

Oilseed rapeRrassica napuscv. Essex Broadleaved) seeds were obtained fratsw®©ld
Seeds, Gloucestershire. Cotton wool disks of apprate diameter 35 mm were placed in
a seed tray. 20 oilseed rape seeds were placedabncotton wool disk, which were then
saturated with 5 mL modified Hoagland solution (Seetion 3.4.2). The tray was covered
with tin foil and placed in a growth cabinet. Tdgr@wth cabinet was set on a temperature
program of 15-17 °C and 20-21 °C night and daytengperatures respectively, with
relative humidity of between 60 and 70% and ligiténsity of approximately 35@mol m
25! The foil was removed after 72 hours, by whichetithe majority of the seeds had
germinated.

The intact disks were removed at 24-hour interaal$ the seedlings placed in a modified
bell jar, as shown in Figure 3.30. The seedlingsewncubated for 24 hours in the growth
cabinet, after which time the methanol emittedh®/seedlings was quantified using GC-
FID.

Figure 3.30 - 11-day-old oilseed rape seedlings in  modified bell jar
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3.4.5 Quantification of Methanol Emitted from Plant s

GC was performed using a Hewlett Packard 5890 GiCigjection system with an
Equity™-1 fused silica capillary column (30 m x 0.53 mitmfthickness 3.qQum;
Supelco, Bellefonte, PA) coupled with a Varian 42w@grator. He carrier gas flow was
set at 4 ml mitf and the oven temperature was°@0 The injector and detector

temperatures were 220 and Z@respectively.

Ten minutes prior to the end of the 24-hour incidmaperiod, the modified bell jar
containing the sample plants was removed from the/lp cabinet. The GC was switched
off and a portion of the GC column was submergdajiid nitrogen, as illustrated in
Figure 3.13. A glass tube containing adsorbernh neas attached to a small length of
PVC tubing at both the inlet (to filter impuriti&®m the air) and outlet end of the bell jar,
as shown in Figure 3.20. An air cylinder and l@amge flotometer were coupled to the
inlet and outlet end of the jar respectively, sat the rate of air flow purging the system
could be accurately monitored throughout the samgpderiod. After the column had been
submerged in liquid nitrogen for 5 minutes, theMlof air through the system was
commenced and maintained at 4 mL thirsing the air inlet valve. Following a sampling
time of 5 minutes, the sample adsorbent tube, ggogphe outlet end of the system, was
removed and transferred immediately to the injecport of the GC, as illustrated in
Figure 3.13. The column was left in the liquidogen for a further 5 minutes with the GC
oven switched off to allow the complete thermaladpson of the volatile compounds
adsorbed on the resin. The column was subsequentigved from the liquid nitrogen
and the oven door closed. The oven switchedrahthe integrator started.
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Chapter Four —

Methyl and Non-Methyl Ester Determination on Pea
and Potato Material

4.1 Methyl and Non-Methyl Ester Determination of Pe a

Epicotyls
4.1.1 Introduction

Pectic polysaccharides are required for intercatlatihesion in dicotyledonous plants
(Jarvis et al., 2003). To fulfil this function,eyr need to be cross-linked, covalently or
non-covalently. Partial cell separation by chalgigents (Cocking et al., 1960) implied

that both covalent and non-covalent cross-linksavwevolved.

There is accumulating evidence to suggest thatietlsas calcium cross-linking, covalent
linkages are responsible for cell to cell adhesibar example, treatment with EDTA has
been shown to result in minimal cell separationerels additional treatment with PG
caused separation of both transverse and longaldialls (Briggs, 2004). It has been
suggested that these covalent linkages are formegiybosidic bonds between xyloglucan
and acidic pectins (Thompson and Fry, 2000) oeyiadttively, that ester bonds could be
fortifying the calcium cross-links (Hou and Chatg97).

It has also been suggested that alcohols othemtigdimanol can form galacturonoyl esters
in a similar manner to methanol. It has alreadgnbestablished that acetic acid forms
ethanoyl, rather than galacturonyl, esters with@k2 and O-3 hydroxyl groups of
galacturonosyl residues.

Here, methods described in Section\&eke utilised in order to quantify non-esterified
galaturonyl residues, total uronic acid content] arethyl esters content of pea epicotyl
cell wall material and ultimately detect the presenf and quantify any non-methyl esters

in these cell walls.
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4.1.2 Calculations

4.1.2.1 Non-Esterified Carboxylic Acid Determinatio n

4.1.2.1.1 Titration with NaOH
The method detailed in Section 2.1.5.2.1 was choid in order to quantify the carboxylic

acid groups present in the cell wall that wereestérified in any way. Cell walls were
acidified to ensure galacturonyl residues weregaem their free acid form and titrated
with NaOH under nitrogen gas.

The calculation used to determine the numbemadles of non-esterified carboxyl groups

per gram of cell wall material (CWM) was as follaws

(0.01 * (Titre (mL) / 1000) * 1000) * (1 / weightf CWM (g)) * 1000)

4.1.2.1.2 Copper Binding Method
The method described in Section 2.1.5.2.2 was aseth alternative method to the

titration with NaOH to quantify non-esterified caxylic acid groups in the cell wall. Cell
walls were saturated with Cu(ll) ions, which biedcarboxyl groups not containing an

ester group, and are subsequently removed usiresgx@cid.

Using this method, the calculations required tedeine the number gimoles of non-

esterified carboxyl groups per gram of cell walltereal (CWM) was as follows:
AA copper concentrationug mL™) / 63.55 = copper concentration (mM)
Concentration (mM) * 50 (mL) * 2 sMoles carboxyl
uMoles carboxyl / weight of CWM (mg) gMoles carboxyl mg CWM
4.1.2.2 Total Galacturonic Acid Determination

This method is described fully in Section 2.1.58 &volves the saponification of the
CWM, which cleaves the ester bond. The cell wadésthen acidified so that all carboxyl
groups are in the acidified form and titrated vN\tAOH.
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The calculation used to determine the total nunolb@moles of carboxyl groups per gram
of cell wall material (CWM) was as follows:

(0.01 * (Titre (mL) / 1000) * 1000) * ((1 / weighdf CWM (g)) * 1000)
4.1.2.3 Methyl Ester Determination

Methyl esters were quantified using the method lesd in Section 2.1.5.4, which
involves the colorimetric determination of formahtgee produced from the oxidation of
methanol. The methanol is produced following tleacage of methyl ester bonds by

saponification with KOH.

The following calculations were used to determimertumber ofimoles of methanol

contained in 1 g pea epicotyl CWM:
Colorimetric values obtained from spectrophotométen samples, standards and controls
Methanol concentrations of samplesimmL™ determined from calibration graph
Concentrationy(g mL™?) * Dilution Factor = Actual Methanol Concentrati¢uy mL™)
Methanol Concentratiomug mL™) / 32 =umoles MeOH mt*
umoles MeOH mL** 8.25 =umoles MeOH in 8.25 mL (total solution volume in bysis)
umoles MeOH / weight of CWM (g) gmoles MeOH ¢

Averages taken of samples (a) and controls (b)lansubtracted from (a) to give

methanol concentration jmoles ¢
4.1.2.4 Overall Calculations

The non-methyl esterified galacturonic acid contdrthe cell walls of pea epicotyls was
determined using the four calculations detaile8éations 4.1.2.1, 4.1.2.2 and 4.1.2.3
above. The total ester content of the galacturaaid residues (GalUA) in the cell walls
and the non-methyl ester content of the cell waltse determined using equations 4.1 and

4.2 respectively.
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Total Esterified GalUA = Total GalUA — Non-Esteeifl GalUA (4.1)

Non-Methyl Esterified GalUA = Total Esterified GalJ- Methyl-Esterified GalUA (4.2)

4.1.3 Results

Table 4.1 shows the figures resulting from the wlakions described in Section 4.1.2.
There is good agreement between the results detednfiom the titration and copper

binding methods for non-esterified GalUA residues.

Content in Cell Walls (umol g CWM-1)
. Total Non-Esterified Non-Esterified Carboxyl | Mean Non-Esterified
Plant Material Carboxyl Carboxyl (Titration) (Copper Binding) Carboxyl Total Ester | Methyl Ester
a b c (b+c)/2 d e
Pea Epicotyl 630.5 399.5 418.3 408.9 221.6 180.8

Table 4.1 — Results from the chemical characterisat  ion of pea epicotyl cell walls

Table 4.2 shows the methyl and non-methyl estetecs of GA in terms of percentages
of the total GA content of pea epicotyl cell wallBhe calculations relate to figures

displayed in Table 4.1.

Percent Esterification
Plant Material Total Ester Content Methyl Ester Content | Non-Methyl Ester Content
100d/a 100e/a 100(d-e)/a
Pea Epicotyl 35.1 28.7 6.47

Table 4.2 — Percentage methyl and non-methyl ester  contents

Statistical analysis of the results was hamperethéyact that different numbers of
replicates were used in determinations for totdl methyl esters. However, it was
determined that there was a significant quantitgarf-methyl esters in cell walls extracted

from pea epicotyl tissue.

4.1.4 Discussion

The results for the methyl and non-methyl estetexatof pea epicotyl cell walls displayed
in Table 4.2 are shown in terms of percent of totéaboxyl content. They confirm the
presence of pectic non-methyl esters in pea epicetywalls. This suggests the presence

of a cross-link between certain galacturonoyl geoapd some other constituent of the cell
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wall. However, from this set of experiments, tikae nature of this cross-link cannot be
determined.

4.2 Methyl and Non-Methyl Ester Determination of Po  tato
Tuber Primary Cell Walls

4.2.1 Introduction

The texture of potatoes is strongly correlated whihstarch content of the potato (Jarvis
and Duncan, 1992). As different varieties of potave varying specific gravities and
subsequently starch contents, texture is also fgpéziparticular varieties of potato and to
some extent determines their main uses; for exgnptae food industry different potato

varieties are used in different products dependimgtheir texture.

The texture of plant-based foods is affected byifiwadions to specific cell wall
components during growth, ripening, storage, capkind processing, which result in
spatial variations in cell separation and adhebetween the walls of adjacent cells.
Research suggests that the formation of non-covescaum cross-links following
enzymic de-esterification of galacturonic acid (G@ésidues results in the softening of
some plant based foods, for example tomato peri€ariila et al., 2001). However, in
other systems heat treatment or treatment withrmeses is required for cell separation,
indicating that the bonds linking adjacent cells maot calcium-mediated. It has been
demonstrated that about 10% of the galacturonats mpotato pecting situ carry
intermolecular esters other than the establishdfiyher acetyl substituents (MacKinnon
et al., 2002).

The quantities of methyl and non-methyl esterhiengectic polysaccharides of cell walls
from two varieties of potato tuber over the cowta storage season were determined and
related to observed changes in tissue textureeasttinage season progresses.

4.2.2 Calculations

The starch remaining in the MCB-insoluble cell wakterial following treatment with-
amylase and pullulinase was quantified (Sectiorb2l) so that subsequent calculations
involved an accurate figure for the weight of eedlll material. Figures for percentage dry

matter were calculated (Equation 4.3 from Burtd@89) in order to ultimately obtain a
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conversion factor for the weight of cell wall ma#&used in methyl ester quantification

experiments. The starch contents of fresh matgoal each of the two potato tuber

cultivars were also calculated using equationssiel/by Burton (1989) (Equation 4.4).

Dry Matter (%) = (196.58 * Specific Gravity) — 189.

Starch (%) = 17.55 + 199 * (Specific Gravity — 1809

(4.3)

(4.4)

Table 4.3 shows the figures for specific gravitg atarch contents of the two potato

cultivars studied here. Specific gravity valuesevaken from Wilson (unpublished).

Cultivar Speci.fic Dry Matter | Starch (.% Fresh Starch.(% Dry
Gravity (%) Weight) Weight)
Estima 1.07 21.68 12.73 58.74
Maris Piper 1.09 24.00 15.08 62.85

Table 4.3 — Specific gravities and starch contento  f potato tubers

A conversion factor was calculated for each ofttix@ potato cultivars to take into account
the residual starch in subsequent calculationgyusquation 4.4. The resulting figures are

shown in Table 4.4.

Conversion Factor = (100 - (Dry Matter (%) + Resid8tarch (%))) / 100 (4.5)
Cultivar Residual Starch (%) Dry Matter (%) Conversion Factor
Estima 11.96 6.39 0.82

Maris Piper 9.90 6.21 0.84

Table 4.4 — Residual starch and dry matter of MCB-i  nsoluble material

In subsequent calculations used to determine thikyirend non-methyl ester content of
potato tuber cell walls, the weight of MCB-insolelrhaterial used was multiplied by the

conversion factor so that results could be expreaseurately on a cell wall weight basis.

Calculations detailed in Section 4.1.2 were usetktermine the non-esterified carboxylic
acid content, the total galacturonic acid contttreg,methyl ester content and subsequently
the non-methyl ester content of the cell walls sfifia and Maris Piper potato tubers at

various stages over the storage season. In elxhat®n involving a weight of CWM,
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this figure was multiplied by the conversion fadiotake into account the presence of

residual starch.

4.2.3 Results

Table 4.5 shows the results from the calculatieescdbed in Section 4.1.2. Again, there
Is good agreement between the results determioedtfre titration and copper binding
methods for non-esterified GalUA residues. Tabfedisplays the results of the methyl
and non-methyl ester determination experimentsrims of a percentage of the total
carboxyl groups in the cell walls. Standard deweret are also displayed. Due to
variations in the number of replicates involvedha analyses involved in the chemical
characterisation of potato tuber cell walls, anedysf variance could not be performed on
the raw data. The standard deviation figures &aabtained from the non-methyl ester

determination was calculated using the followingrfala:

Standard Deviation of Non-Methyl Ester Conten{(¥ariance of Total Ester Content +

Variance of Methyl Ester Content)

By using this formula, errors incurred from the tiigures used in the calculation used to
determine non-methyl ester content are taken ictount.

From the figures shown in Table 4.6, it can be gbhahthere is no significant variation in
methyl ester content of the potato tubers studient the storage season. The methyl ester
content of Estima tubers decreases over the steeagon whereas in Maris Piper tubers,
the quantity of methyl esterified GA residues ramsaelatively constant. One may expect
the quantity of methyl esterified GA residues tor@ase over the storage season as the
texture of the tubers deteriorates. The fact plogéto tubers become softer over the
storage season alone suggests that the methykestieint of tubers increases and as the
occurrence of methyl esters increases, the extaalaum cross-linking decreases.

Non-methyl esters appear to increase in occurrgngstima as the storage season
progresses, while in the case of Maris Piper, thegrtion of the GA residues esterified

with something other than methanol appears to dserever time.

There is obviously a large difference between thre-methyl ester content of the two
cultivars at all times throughout the storage seasdhe potatoes. It is clear that the

quantity of non-methyl esters in Maris Piper cedllla is much greater than that in Estima.
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In fact, at this early stage in the storage seabenme is a greater proportion of non-methyl
esters than that of methyl esters in the cell wallglaris Piper tubers. The methyl ester
contents of the cultivars are relatively similaegch other, but the proportion of the total
GA residues that are not carrying an ester of amg is much greater in Estima cell walls
than in Maris Piper. Just over 50% of the carbaxglups in Maris Piper cell walls are not
esterified, compared to about 70% in Estima cellsva
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Content in Cell Walls (umol g CWM -1)
. - Non-Esterified -
Time Between Harvest Total Carboxyl Non-Este.rlfleld Carboxyll Carboxyl (Copper Mean Non-Esterified Total Ester Methyl Ester
and Analyses (Days) (Titration) Binding) Carboxyl
Potato Sample a b c d = (b+c)/2 e=a-d f
Estima 1 117 701 460 447 454 248 159
Estima 2 215 548 381 376 378 170 93
Estima 3 299 543 365 366 365 178 92
Maris Piper 1 117 826 456 457 457 370 144
Maris Piper 2 218 783 423 420 421 362 187
Maris Piper 3 299 729 430 424 427 301 146

Table 4.5 - Results from the chemical characterisat  ion of potato tuber cell walls at different stages during the storage season

Percent Esterification
. e _ Standard Deviation of
Potato Sample Time Between Harvest Total Ester Standard Deviation of Methyl Ester Standard Deviation of | Non-Methyl Ester Non-Methvl Ester

P and Analyses (Days) Content Total Ester Content Content Methyl Ester Content Content Contgnt

100e/a 100SD/a 100f/a 100SD/a 100(e-f)/a 100SD/a
Estima 1 117 35.3 2.20 22.7 1.46 12.6 4.35
Estima 2 215 31.0 5.50 17.0 0.84 14.0 3.38
Estima 3 299 32.7 0.98 16.9 2.66 15.9 2.83
Maris Piper 1 117 44.7 0.42 17.4 0.82 27.3 0.92
Maris Piper 2 218 46.2 4.43 23.8 2.26 22.4 4.98
Maris Piper 3 299 414 1.38 20.0 3.31 214 3.59

Table 4.6 - Percentage methyl and non-methyl ester  contents and standard deviations of potato tuber ce Il walls at different stages during the storage

season
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4.2.4 Discussion

There is, in both potato cultivars studied hergigaificant quantity of non-methyl esters
present in the pectic fraction of the cell walldthough the methods employed are not
highly specific for esters of a specific origingthuantities are large enough to discount the
possibility that results are significantly contribd to by anionic constituents of the cell

wall other than the pectic polysaccharides.

Despite the fact that there is no obvious correhabietween duration of storage following
harvest and degree of GA methyl and non-methytiéistgion, from the data in Tables 4.5
and 4.6, it is evident that there are significaarietal differences in overall pectin

composition.

Typical methyl ester contents of potato cell wadlsge between 37% in cv. King Edward
(Binner et al., 2000) and 53% in cv. Bintje (Ng aidldron, 1997). It is clear that the
methyl ester contents of both potato cultivarsisithere are below these figures, with
Estima and Maris Piper containing approximatel\a@d8 17% methyl esterified GA
residues respectively. These figures refer tactmposition of pectic polysaccharides
within the cell wall following 117 days of storagé.may be possible that the methyl ester
content decreases in the time following harvestthedhon-methyl ester content increases,
thus de-stabilising the cell walls by interruptthg calcium network that would otherwise
create a rigid framework (Figure 1.14).

However, as there is no obvious trend between #thyhand non-methyl ester contents
over the storage period, the observed deterioratigotato texture may be solely due to

the decrease in starch content and therefore gpgcdvity of the potato tubers.

4.2.5 Conclusions

These experiments have confirmed the presencemimathyl esters and it has been
demonstrated that variations in their quantitiesuoan different varieties of potato tuber.
While there was no obvious correlation between tiumaof storage following harvest and
degree of GA methyl-esterification, significant ieg@l differences in overall pectin

composition were observed. The modifications olesgin potato texture over the period
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of storage can evidently be directly attributedh® general decrease in specific gravity of
potato tissues, leading to reduced turgor pressitihen the cell.
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Chapter Five -

Pectic Methyl Ester Content of Mature Leaves of
Native Tree Species

5.1 Introduction

The pectic methyl ester content of mature leavedhin tree species found growing
extensively throughout Great Britain was determi(tgection 2.2). This series of
experiments were designed with the ultimate aimdedérmining the amount of methanol
that is potentially released to the tropospherenduhe autumn and winter months as the

leaves senesce.
5.2 Results

Leaf material was sampled from several speciesgefdgrowing commonly throughout
Great Britain, located at the various locationSawotland during August and September,
2005, as listed in Table 2.2. The mean methanuiec of three replicates of each species

is displayed graphically in Figure 5.1.
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Figure 5.1 — Graphical representation of the methan ol contents of the leaves of various tree
species. Error bars show standard error, different colours represent significant differences
at the 95% confidence interval

Figure 5.1 illustrates the considerable differenoate methyl ester content of leaves of
different tree species. Comparing the data inféi¢gul with that in Table 2.2, it is clear

that horse chestnut and silver birch leaves, batladsted from trees located within the
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University campus, contained the lowest concemngtof methanol of the tree species
sampled. These findings suggest that the diffe®observed in methanol concentrations
between tree species were not due to the timeddpsteveen sampling and freezing the
leaves, but due solely to the quantity of pectithyleesters present in the living plant
tissue. If there was some correlation betweemtlamtity of pectic methyl esters in the
leaf tissue and the length of time lapsed betwegwdsting and freezing the leaves, it
could be argued that PME action between harvestraeding could have had an impact

on the amount of pectic methyl esters in the piastie.

5.3 Estimation of Methanol Emitted from Deciduous

Woodland in Great Britain

5.3.1 Introduction

Results collated from the determination of potémtiathanol emitted from mature leaves
of tree species native to the UK (Section 5.2) lmamxtrapolated in order to calculate an
estimate for the amount of methanol potentiallgaskd into the troposphere from trees as
their leaves senesce at the end of each yeardér tw carry out these calculations, it is
necessary to know, or at least be able to estithatkeaf biomass per hectare. Two
different methods were employed for calculatinggb&ential amount of methanol that
could be introduced to the troposphere, as a restiite de-methylation of leaf pectin

during the autumn and winter months in Great Britai

The first utilised published data for the dry wegbf leaf litterfall from several tree
species, for which the methyl ester contents hadipusly been determined (see Sections
2.2.3 for methods and 5.2 for results). Data vaassiclered to be relevant to this study if
the area in which the trees were located was gimmlelimatic terms to Britain. Data
presented in the Forestry Commission’s ResultsoNatiinventory of Woodland and
Trees (NIWT) for Great Britain (Anon, 2000) (Sectib.3.2), were also used in the
calculations. These figures were collated andiagpb the results from the determination
of methanol that could potentially be released froature leaves following abscission
(Sections 2.2.3 and 5.2).

The second method utilised published data for @ Area Index (LAI) of different tree
species, for which the methyl ester contents hadipusly been determined (see Sections

2.2.3 for methods and 5.2 for results). Surfaea & dry weight ratios were determined
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and subsequently the approximate dry weight ofdedkat would later be lost from trees
of certain species during the autumn and winterthmnAs with the leaf litterfall data, the
LAI data utilised in these calculations had to cdnoen tree species for which leaf
litterfall data and methyl ester content data wavalable. Results from the National
Inventory of Woodland and Trees (NIWT) for Greait&8n (Anon, 2000) (Section 5.3.2),
were also used in these calculations. The datdtirgg from these calculations were
applied to the results from the quantificationtod pectic methyl ester content of mature

leaves, as discussed in Section 5.2.

5.3.2 The National Inventory of Woodland and Trees

Between 1994 and 2000, the Forestry Commission dedhe National Inventory of
Woodland and Trees (NIWT) for Great Britain (An@000). The final report, comprised
of a Main Woodland Survey (MWS) covering woodlandi? hectares and over, and a
Survey of Small Woodland and Trees (SSWT) covesm@ll woods and groups of trees,
was completed in July 2000.

The methods implemented in compiling this dataedadepending on the particular
country being surveyed. A digital map of England &Vales was constructed using
1:25000 scale digital photography and the partrcialigest types identified and recorded.
In Scotland, the main survey was based on the Caower of Scotland (LCS) 1988

project. This land cover map was compiled usir&pQ@00 scale aerial photography.
5.3.2.1 Results from the National Inventory of Wood land and Trees (NIWT)

The forest types included in the survey can begoaitged into eight groups. The main
categories, which contribute approximately 99%hef tiotal woodland area are coniferous,
broadleaved and mixed woodland as well as felledsaand areas of open space.
Coniferous and broadleaf woodland is defined asdhlaoa containing greater than 80% by
area of coniferous and broadleaved trees respgctiixed woodland is defined as
woodland where both coniferous and broadleaved tveeupy at least 20% of the canopy
each. Felled areas are considered to be woodthatleave been felled or where tree
cover is less than 20% by area. Open space siftdgisas an area within a woodland that
are not covered by trees, but is an integral dattewoodland as a whole, for example

riversides.
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Table 5.1 summarises the areas of different woaligpes located in the different
countries of Great Britain by area.

Country Forest Type
Coniferous Broadleafed Mixed Felled Open Space Total
Scotland 888317 176519 53696 23303 134130 1281472
England 280259 571051 135318 15100 71634 1096885
Wales 137474 106855 22040 8961 10902 286767
Total 1400905 868687 213982 50597 230067 2665126

Table 5.1 — Areas in hectares of different woodland
(adapted from NIWT (Anon, 2000))

types in countries of Great Britain

The main survey results can be summarised as fsllow

* 11.6% of the total land area of Great Britain imposed of woodland of area over

0.1 hectares.

+ Coniferous, broadleaf and mixed woodland constd®®%, 32.1% and 7.9% of

all woodland areas in Great Britain respectively.

» The main coniferous species was identified as Sikace, occupying a total of

691918 hectares, or 49.2% of conifer species.

o 22.9% of all broadleaf species was identified ds oavering 222697 hectares.

Table 5.2 lists the areas covered by woodland cmegiof different principal species in

Great Britain.

Species Total Area (hectares)
Pine 407882
Sitka spruce 691918
Larch 133728
Other Conifers 154428
Mixed Conifers 17645
Total Conifers 1405604
Oak 222697
Beech 82981
Sycamore 66594
Ash 129145
Birch 159992
Elm 5150
Other Broadleaves 144644
Mixed Broadleaves 160227
Total Broadleaves 971434

Table 5.2 — A summary of woodland areas according t

NIWT (Anon, 2000))

o principal species (adapted from
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5.3.3 Available Annual Litterfall Data

The study of carbon and nutrient cycling in theisanment involves measuring the major
organic matter pools found in vegetation locatethivia particular ecosystem and
determining the fluxes between the vegetation hedstirrounding environment.
Examples of nutrient pools include tree biomas®ristanding crop and the soll itself.
Litterfall is an important pathway in the transéérorganic matter and chemical elements
from vegetation to the soil surface in forest estays (e.g. Ogawa, 1978) and as such,
figures for annual litterfall are readily availalitg certain tree species growing in
particular types of ecosystem. Litterfall prodoatiaccounts for more than half of the
above-ground net primary productivity (Olson, 1968&rk et al, 2001), making it the

single most important component in above-grounch@ry productivity.

Annual litterfall data is available referring toraxed broadleaved forest in Northern
Germany (Kutch et al., 2005), Kannenbruch Forebiclvis unusual in that it is comprised
of a mosaic of subplots dominated by particulacsseof tree. In this study, the 350ha
deciduous forest was divided into three thirty meiuare subplots dominated by oak
(Quercus robul..), beech Fagus sylvaticd..) or alder Alnus glutinosd..) and ash
(Fraxinus excelsiofL.), Gaertn.) trees. The characteristics forlifterfall of the three
subplots were determined in terms of leaves, &mit branches. It was concluded that oak
trees contributed 382 g Cyr, 184 of this being contributed by leaves. Thaltot
litterfall and that contributed by leaves in theble-dominated subplots were 254 and 130
g C m?yr respectively. The litterfall was lowest in theed/ash-dominated subplot

where 220 and 169 g CTyr* were observed for total litterfall and leaf fadspectively.

Rapp et al. (1999) quantified the litterfall in sites located within deciduous and
evergreen oak forests near Salamanca and Montpebieciduous oak species studied
wereQuercus pyrenaic&Villd. andQuercus lanuginoskamk in Spain and France
respectively and litterfall data was categorised leaf litter, woody litter, fruits, flowers
and residual litter. Results for leaf litterfalitd are quoted fap. pyrenaicaandQ.
lanuginoseas between 2088 and 2829 kg'lyei*, depending on the ecosystem in which

theQ. pyrenaicawere located, and 2466 kghwr™ respectively.

Foliar litterfall data for a stand of bircB¢tula penduldoth.) trees situated Bouthern
Lithuania was determined by Varnagiryte et al. @000n this formerly agricultural site,

stands of several different tree species had bleeeol adjacent to each other in 1959.
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Results showed that the leaf litterfall for birchsiuch an ecosystem was 2418 kg,ha
following the collection of abscised leaves durihg autumn months of 2005.

A proportion of the available relevant litterfakia is quoted in terms of grams of carbon
introduced to the soil per area per year (e.g. iKetcal., 2005). However, there are some
authors that prefer to report figures in termshef &ctual dry weight of leaf material being
introduced to the soll litter layer per area peary@.g. Rapp et el., 1999, Varnagiryte et al.,
2005). For the purposes of this study, data pteddn the latter form are more useful.
These figures can be applied directly to calculetivith the intention of producing
realistic data for the amount of methanol that dqdtentially be emitted to the
troposphere through the decomposition of leaveshiinee been abscised. Leaf litterfall
data referring to tree species closely relatetidse being studied in Section 2.2.3 was
required for all further calculations. For thigsen, it was considered prudent to regard
data quoted by Kutch et al. (2005) for oak, beeuwhash trees, and Varnagiryte et al.
(2005) for birch trees, as being applicable to famgher calculations involving litterfall

data.

In order to utilise these data in calculations with aim of estimating the amount of
methanol potentially emitted to the tropospherthatend of each year, the figures quoted
by Kutch et al. (2005) had to be converted to axipnate values for litterfall in terms of
the actual dry mass of plant material being tramséefrom the vegetation to the forest
floor per area of forest. Love et al. (1992) delieed that the percentage carbon in leaf
dry matter was approximately 49%. By assumingpthat material in this study is
comprised of 49% carbon, data quoted in g €yrit can be converted to kg biomass-ha
yrl. Table 5.3lisplays the results obtained by Kutch et al. (3G0f! Varnagiryte et al.
(2005), together with the equivalent approximateesin terms of kg biomass hgr for

the three tree species observed by Kutch et D520

Dominant Tree Source of Data Leaf Litterfall Leaf Litterfall

Species (9Cm-2yr-1) (kg ha-1 yr-1)
Oak Kutch et al., 2005 184 3755
Beech Kutch et al., 2005 130 2653
Alder/Ash Kutch et al., 2005 169 3449
Birch Varnagiryte et al., 2005 N/A 2418

Table 5.3 — Leaf litterfall figures from Kutch eta  |. (2005) and Varnagiryte et al. (2005)



Christine Finlay, 2007 Chapter 5, 130

The potential amount of methanol, originating frpectic polysaccharides, released to the
troposphere during the autumn and winter montl@reat Britain as a result of the
senescence of leaves from oak, beech, ash andtleeshwas subsequently calculated
(Section 5.3.4) using the leaf litterfall data abothe results of the National Inventory of
Woodland and Trees (NIWT) (Section 5.3.2.1) andréseilts of pectic methyl ester
determination of mature leaves (Section 5.2).

5.3.4 Calculations Using Leaf Litterfall Data

The approximate amount of methanol, originatingrfnmethyl ester groups on pectic
polysaccharides, that could potentially be emiftech the leaves of oak, beech and ash
trees located in Great Britain at the end of eadr,ycan be calculated using the annual
leaf litterfall data determined by Kutch et al. (8) together with woodland areas detailed
in NIWT (Anon, 2000) and summarised in Table 5<Qitch et al. (2005) quote figures for
the annual leaf litterfall from stands dominatedoak, beech and alder and ash. The
potential amount of methanol emitted from matudeealeaves cannot be calculated using
this method as there are no figures availablehfertotal area covered by alder-dominated
woodland in Britain. However, assuming that tlgeife determined by Kutch et al. (2005)
for the litterfall from the alder/ash stand is cargble to that of a stand dominated solely
by ash trees, the potential amount of methanoltechftom leaves of oak, beech and ash
trees may be calculated. The potential amounteihanol emitted from birch leaves from
trees located in Britain may be calculated usiggres quoted in NIWT (Anon, 2000) for
the area of Great Britain occupied by birch-donedavoodland and data determined by
Varnagiryte et al. (2005) for leaf litterfall.

Using the results determined for the total amodimeatic methyl ester groups present in
leaves at the end of August and beginning of Selpeéen2005 (see Section 5.2 and Figure
5.1), together with the findings presented in NNAAID the leaf litterfall data presented in
Table 5.3, the potential amount of methanol thatlmareleased to the troposphere in
Britain each year from the senescence of oak, hesthand birch leaves can be estimated.

Table 5.4 displays the results from this set ofdalions.

5.3.5 Available Leaf Area Index Data

Leaf Area Index (LAI) is defined as the one-sideéen leaf area per unit ground area in
broadleaf canopies, or as the needle area peguminhd area in needle canopies (Chen and
Black, 1992), usually quoted as m*? or dimensionless. Total vegetation surface of
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deciduous woodland, during periods of vegetatismainly composed of leaf area, but
also includes, to a lesser extent twigs, branchdstems. However, vegetation cover
during times of absent foliage, for example wintetemperate climates or the dry season
in tropical regions, is determined by the woodytpaf trees. The interaction between
vegetation surface and the atmosphere, for exagggdexchange or precipitation
interception, is substantially determined by thgetation surface (Monteith and
Unsworth, 1990).

Various methods may be employed in the estimatidtAd. These include the use of
hemispherical photography or other optical instrategfor example TRAC or LAI-2000.
(Chen et al., 1997). Whole trees may also be lséaden order to determine LAI's and
measurements using litter traps are also often.u€ednparisons between figures for LAI
of temperate forests are complicated by the fadtdiferent authors employ different

methods to measure LAI.

LAI values have been obtained using a variety ahioes including hemispherical
photography and leaf litterfall collection on oadélch stands located within the
Aelmoeseneie forest in Belgium, approximately 15outh-east of Gent (Mussche et al.,
2001). LAl measurements were recorded through®861 Maximum figures for LAI
were observed in August and are quoted as beingadd 5.52 mm™ for data collected

using hemispherical photography and leaf litterfallection respectively.

Leuschner et al. (2006) studied the LAI of bedehgus sylvaticd..) stands located at a
number of different woodland sites across northra¢Germany, via the collection of
foliar biomass in a modified bucket and concludeat the average figure for LAI for the
studied beech stands was 7. 2.



Christine Finlay, 2007

Chapter 5, 132

Tree Species

Annual Leaf Litterfall
(kg ha-1 yr-1)

Methanol Content in Mature
Leaves (ug g-1 leaf dry weight)

Methanol in Mature Leaves
(ug ha-1 yr-1)

Area of Woodland (ha)

Potential Amount of Methanol
Released from Leaves During
Senescence (Gg yr-1)

Oak
Ash
Beech
Birch

3755
3449
2653
2418

1282
2822
2201

239

4.82E+09
9.73E+09
5.84E+09
5.79E+08

222697
129145
82981
159992

0.70
0.82
0.31
0.06

Table 5.4 — Results for the potential amount of met

hanol emitted to the troposphere from leaves of tre

es in Great Britain using leaf litterfall data

Drv Weidht ber Unit Potential Weidht of Leaf Methanol Content in Potential Amount of Methanol
Tree Species ry Weigntp LAl (m2m-2) . g Mature Leaves (ug kg-1 | Area of Woodland (ha) Released from Leaves During
Area (g/cm?2) Litterfall (kg ha-1 yr-1) .
leaf dry weight) Senescence (Gg yr-1)

Oak 7.45E-03 5.30 3948 1.28E+06 222697 0.73
Ash 4.54E-03 5.30 2406 2.82E+06 129145 0.57
Beech 4.86E-03 7.40 3599 2.20E+06 82981 0.43
Birch 8.26E-03 5.30 4377 2.39E+05 159992 0.11

Table 5.5 — Results for the potential amount of met

hanol emitted to the troposphere from leaves of tre

es in Great Britain using Leaf Area Index data
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5.3.5.1 ‘Worldwide Historical Estimates of Leaf Ar ea Index, 1932-2000

The ‘Worldwide Historical Estimates of Leaf Areadkx, 1932-2000’ (Scurlock et al.,
2001) contains approximately one thousand publigistichates of LAl from about 400
field sites covering a variety of terrestrial ecsteyn types located in several countries

throughout the world.

Several LAl figures are included in the completatiadset that refer to temperate
deciduous broadleaf forest systems located witieniK. Table 5.6 displays the authors
cited in the ‘Worldwide Historical Estimates of lférea Index, 1932-2000’ (Scurlock et
al., 2001), details of each study site and themeggd LAI from each particular area of

study.
Year of . . . . Leaf Area Index
Author Publication Site Location Dominant Species (LAY (m2/m2)
Ovington et al. 1959 Holme Fen Natur.e Reserve, Birch 1.70 - 6.50
Lancashire
Bunce 1968 English Lake District Oak, Ash, Birch 5.30
Hughes 1969 Hartlepool N/A 3.60
Ford et al. 1970 Ham Street Woods National Sweet Chestnut 5.60, 3.60
Nature Reserve, Kent

Table 5.6 — Details of LAl values from the ‘Worldwi
Index, 1932-2000’ (Scurlock et al., 2001)

de Historical Estimates of Leaf Area

Table 5.6summarises the LAI values publicly available anddin the ‘Worldwide
Historical Estimates of Leaf Area Index, 1932-20(®¢urlock et al., 2001). The test site
most closely comparable to the vegetative condstionnd within the sample sites in this
study is that of Bunce (1968). Four sites witliia English Lake District were studied,
oak being the most dominant species in all, withlband ash also widely distributed
within the areas. Considering the similaritiesloma and climatic conditions between
these sites and the sites located within Scotfadh which the leaves used in this study
were sampled, it my be reasonable to assume thatAhof these locations will be

comparable to that concluded by Bunce.

However, as there was no data available for thedfAleech-dominated woodland in the
‘Worldwide Historical Estimates of Leaf Area Inded932-2000’, LAl data determined by
Leuschner et al. (2006) was considered suitablgiliee in any further calculations
regarding the total surface area of beech leavésnareech-dominated woodland in

Britain.
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5.3.6 Calculations using Leaf Area Index Data

Using the LAI figures determined by Bunce (1968) &éme findings from the National
Inventory of Woodland and Trees, it was possiblediculate the approximate total
surface area of oak, beech, ash and birch leaéptr&s oak-dominated woodland in Great
Britain. For example, the total area of oak-dortedavoodland in Great Britain is 222697
hectares. Using Bunce'’s figure of 5.36m’ for the LAl of an oak-dominated woodland,
it is reasonable to suggest that the total oakdeegfce area in the oak woodlands located
within Great Britain is approximately 1180294 heeta Similarly, using the value for
beech-dominated woodland quoted in the Nationaniory of Woodland and Trees, it
can be estimated that the total leaf area in @gtin of beech trees is approximately
439799 hectares. Unfortunately there are no figasailable for the total area of alder
trees found in Great Britain and therefore it i$ passible to calculate the amount of
methanol that would be released from leaves ofttaes species following abscission.

A value for the total dry weight oak, beech, biesid ash leaves abscised from trees
located within Great Britain was required in ortteextrapolate the findings in Section 5.2
and estimate the amount of methanol released fiakrand beech trees in British
woodland during the autumn and winter months oheear. Five typically shaped green
leaves were selected from samples of dakefcus petragabeech Fagus sylvatica

birch Betula pendulpand ashKraxinus excelsigrleaves collected from various sites
throughout Scotland (see Table 2.2) at the endugfuat and beginning of September
2005. The total surface area of the selected teavas determined using the WinCELL
program, which is primarily utilised in the calctitan of cell areas. The selected leaves of
each tree species were then dried and the dry teeilghhermined. The dry weight of leaf
per unit surface area of leaf could then be caledland subsequently the approximate
total amount of methanol released to the tropospfiem deciduous woodland in Great

Britain in one year.

Table 5.5displays the results of the calculations for theant of pectic methyl esters that
are contained within the abscised leaves of oad¢lneash and birch trees, which are
potentially released to the troposphere in the fofmethanol, following abscission
during the autumn and winter months, using LAl da@ansidering the potential
variability in the data utilised, the two sets afaulations result in fairly close figures for
the amount of methanol that may potentially beasel to the troposphere from leaves

during the autumn and winter months.
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5.4 Leaf Cover Estimates from Mugdock Country Park

Tables 5.7 to 5.15 display the results from theregtons made for the proportions of
leaves present at various stages of senesceneammtestrees and on the ground in three
different sites within Mugdock Country Park (Seanti.3.1), on the three different

sampling dates. The difference between the twimasts is the proportion of leaf cover

that is intermediate in colour.

5.4.1 On-Tree Estimates - Results

5.4.1.1 Site A Trees

Tree % Leaf Area Present as Green % Leaf Area Present Bro wn
Oak Al 92 6
Oak A2 87 8
Oak A3 95 2
Alder Al 100 0
Alder A2 90 4
Alder A3 98 1
Beech Al 40 20
Beech A2 90 1
Beech A3 91 1

Table 5.7 - Estimates of leaf cover for sample tree s in Site A in October

Tree % Leaf Area Present as Green % Leaf Area Present Bro wn

Oak Al 2 30

Oak A2 15 15

Oak A3 9 10

Alder Al 15 10

Alder A2 9 10

Alder A3 25 4
Beech Al 0 100
Beech A2 0 50
Beech A3 0 48

Table 5.8 - Estimates of leaf cover for sample tree s in Site A in November

Chapter 5, 135
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Tree % Leaf Area Present as Green % Leaf Area Present Bro wn
Oak Al 0 75
Oak A2 0 79
Oak A3 0 99
Alder Al 0 0
Alder A2 0 100
Alder A3 0 0
Beech Al 0 100
Beech A2 0 100
Beech A3 0 100

Table 5.9 - Estimates of leaf cover for sample tree s in Site A in December

100 —&

90 |
— —e— Oak Al
< 80 -
% —a— Oak A2
g 707 —a— Oak A3
g 604 —— Alder A1
“<<E 50 - —x— Alder A2
g 40 - —e— Alder A3
(0]
2 30- Beech Al
o 20 Beech A2
5 i
o Beech A3

10 4

0
October November December
Sample Date

Figure 5.2 — Graphical representation of estimates  for percentage leaf lost from sample
trees in Site A
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5.4.1.2 Site B Trees

Tree % Leaf Area Present as Green % Leaf Area Presentas Brown
Oak B1 96 1
Oak B2 90 3
Oak B3 92 5
Alder B1 98 1
Alder B2 100 0
Alder B3 97 1
Beech B1 98 1
Beech B2 70 7
Beech B3 93 1

Table 5.10 - Estimates of leaf cover for sample tre  es in Site B in October

Tree % Leaf Area Present as Green % Leaf Area Presentas Brown
Oak B1 65 5
Oak B2 4 15
Oak B3 27 12
Alder B1 7 5
Alder B2 3 18
Alder B3 2 24
Beech B1 0 50
Beech B2 0 71
Beech B3 0 65

Table 5.11 - Estimates of leaf cover for sample tre  es in Site B in November

Tree % Leaf Area Present as Green % Leaf Area Presentas Brown
Oak B1 0 99
Oak B2 0 99
Oak B3 0 98
Alder B1 0 100
Alder B2 0 100
Alder B3 0 100
Beech B1 0 100
Beech B2 0 100
Beech B3 0 100

Table 5.12 - Estimates of leaf cover for sample tre  es in Site B in December

Chapter 5, 137
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Figure 5.3 — Graphical representation of estimates  for percentage leaf lost from sample
trees in Site B

5.4.1.3 Site C Trees

Tree % Leaf Area Present as Green % Leaf Area Presentas Brown
Oak C1 40 5
Oak C2 42 4
Oak C3 45 4
Alder C1 100 0
Alder C2 100 0
Alder C3 100 3
Beech C1 86 3
Beech C2 99 <1
Beech C3 98 <1

Table 5.13 - Estimates of leaf cover for sample tre  es in Site C in October
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Tree % Leaf Area Present as Green % Leaf Area Present Bro wn
Oak C1 0 35
Oak C2 0 52
Oak C3 <1 50
Alder C1 0 0
Alder C2 0 2
Alder C3 4 5
Beech C1 0 90
Beech C2 0 95
Beech C3 0 95

Table 5.14 - Estimates of leaf cover for sample tre  es in Site C in November

Tree % Leaf Area Present as Green % Leaf Area Presentas Brown

Oak C1 0 100

Oak C2 0 100

Oak C3 0 99

Alder C1 0 0

Alder C2 0 0

Alder C3 0 0
Beech C1 0 100
Beech C2 0 0
Beech C3 0 100

Table 5.15 - Estimates of leaf cover for sample tre  es in Site C in December
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Figure 5.4 — Graphical representation of estimates  for percentage leaf lost from sample

trees in Site C
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5.4.2 On-Tree Estimates - Discussion

It can be seen clearly from Figures 5.2 to 5.4 thatbeech trees consistently lost the
majority of their leaves between sampling date@dtober and November, irrespective of
the site in which the trees were located. Almastaaves were abscised on any of the
surveyed beech trees prior to the October sampitg and by December, surveyed beech
trees had a maximum of 5% remaining leaf coverk &l alder trees generally appeared
to exhibit similar patterns to each other in tewhthe rate at which leaves were abscised,
particularly between October and November samplaigs. However, this pattern also

seems to be dependent, to some extent, upon ¢he sit

Oak trees from all sites appear to have lost teawes at fairly steady rates throughout the
entire sampling period. However, the extent tockHeaves remained on trees from Sites
A and B at the final sampling date in December gaserally variable. Oak trees in Site

C had abscised almost all leaves at the final sagigiate and the rate of leaf abscission
was roughly constant. Sample oak trees from SjtarAilar to those in Site C, shed their
leaves at approximately constant rates. Howevdikaithose in Site C, sample oak trees
in Site A abscised their leaves at different rébesach other. For example, sample oak
tree Al had a residual leaf cover of over 30% @anfital sample date whereas oak tree A3
had lost almost all leaves. Sample oak trees B1Baalso lost their leaves at constant
rates, albeit much lower rates than those oak treBges A and C, with oak tree B1
having lost less than 20% of the original leaf adwe December. Sample oak tree B2
differs from all other oak trees surveyed in thnt vast majority of leaves were abscised
between November and December sample dates. Bésisit between October and

November sample dates oak B2 lost leaves at aasinaile to both oak B1 and B3.

In terms of leaf abscission rates between Octob@M™November sample dates, the
surveyed alder trees exhibited similar patterrsataple oak trees located within their
respective sites. The only exception to this mda alder tree C1, which had a
significantly lower leaf abscission rate than eitb@mple oak trees or indeed other alder
trees, located within the same site. Sample atderC1 did however, appear to lose
leaves at a similar rate to all three sample al@es located in Site B, with between 10
and 20% of leaves having been abscised by the Nomesample date. Despite this, all
surveyed alder trees retained less than 5% of thigjinal leaf cover by the final sample

date in December.
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Alder trees from Site A underwent leaf abscissibfai@ly constant rates, similar to those
exhibited by Site A oak trees. Alder trees locate8ite B exhibited very similar
abscission patterns to that of oak tree B2, withentban 80% of leaves being shed
between the November and December sample dateer thée C1 also conformed to this
trend. However, alder trees C2 and C3 had abseajggximately 70% of the original
leaf cover by the November sampling date.

The variability in leaf abscission rates in oak afder trees from site to site could have
been due to the fact that some trees were moresegdo prevailing weather conditions
than others. However, the fact that beech trebibiged such consistent trends in terms of
the leaf abscission rates, irrespective of theisitehich the trees were located suggests
that there may have been other factors determihiegate of leaf abscission. For
example, it has been previously demonstrated tioaitgtht and flooding can cause leaf
senescence in plant species intolerant to extreynardl waterlogged conditions
(Kozlowski, 2002). It could be the case that, @lith sample trees from each of the three
sites were located within the same area, thereaveastain amount of variation in soil
moisture contents within each site so that sonestomderwent premature abscission

compared to other sample trees of the same sdeceted within the same site.

5.4.2.1 Statistical Analyses

GLM'’s (General Linear Models) were performed on itbsults obtained from the
estimation of leaf cover lost from sample treesach of the three sites over the sampling
period. GLM'’s are statistical models that considégractions between all combinations

of variables within an experimental design. Idii@a GLM was performed on a complete
set of data for the percentage of leaf area losplalyed graphically in Figures 5.2 to 5.4,

in order to determine which experimental varialfiage an impact on the proportion of
leaves abscised by sample trees throughout thelisgnperiod. Prior to performing the
statistical analyses, the raw percentage data w@sded to a transformation whereby
percentage figures were converted to proper frastid he variables in this statistical
analysis were; sample date, tree species andtéh&@in which the sample trees were
located. The results confirmed that each of theetlsample dates were different from each
other in terms of the proportion of leaf cover Ibgtsample trees of each species in each of
the three sample sites.

The data were subsequently separated accordihg tete on which the estimates were

made and GLM'’s were performed on each of the negulbree data sets in order to
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determine whether, at the 95% confidence intettal tfree species or the site in which
sample trees were located had an impact on theprop of leaf cover retained on the

trees at each of the three sampling dates (seendippe

In October trees growing in Site A retained fevaaes than their equivalents growing in
Sites B and C. Oak trees retained a smaller ptigpoof their leaves than either alder or
beech trees in October. On the sample date inMNbgesample trees located in Site B
retained more leaves than those located in eitier®Sor C. Beech trees had lost a greater
proportion of leaves than oak or alder by this dandpte. By the December sampling date
the amount of leaves retained by trees in eacheoftiree sites are statistically the same.
However, oak trees retained a greater proportidghebriginal leaf cover than either alder
or beech trees.

5.4.3 On-Ground Estimates - Results

5.4.3.1 Site A Quadrats

60 -

50 - ]

40 -

Average Quadrat Area (%)

]

Beech

Alder Beech

Beech

Oct Nov Dec

O Quadrat Area Green B Quadrat Area Intermediate O Quadrat Area Brow n ‘

Figure 5.5 — Graphical representation of the mean q uadrat areas occupied by leaves at
different stages of senescence in Site A
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5.4.3.2 Site B Quadrats
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Figure 5.6 — Graphical representation of the mean q uadrat areas occupied by leaves at
different stages of senescence in Site B

5.4.3.3 Site C Quadrats
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Figure 5.7 — Graphical representation of the mean q uadrat areas occupied by leaves at
different stages of senescence in Site C

5.4.4 On-Ground Estimates — Discussion

It can be observed from Figures 5.5 to 5.7 thateban the colours of leaves occupying
precisely, randomly positioned quadrats aroundtse of sample trees, oak, alder and

beech trees appeared to abscise their leavedetedif stages of senescence. There appear
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to be consistent trends shown by each of the gae®le tree species in terms of the
proportions of quadrats occupied by different codolleaves throughout the sampling

period, irrespective of the Site in which sampéeg are located.

Throughout the entire sampling period, quadrate@ated with sample beech trees in all
sample Sites contain less than 7% green and intkatedeaves. Brown beech leaves are
present in much greater proportions (between 15/&86l of quadrat areas) irrespective of
the site or sampling date. Between the Octobe™Nam@mber sampling dates, the areas
occupied by brown leaves increase considerablys dlbservation is concurrent with the
observation made in Section 5.4.2, that samplehbieees lose the majority of their leaves

between sample dates in October and November.

In all sample Sites, irrespective of the sampliatedquadrats associated with sample alder
trees contain both green and intermediate leaVlas. proportion of green leaves observed
in quadrats decreases over the sampling periodhwiould be expected as the abscised
leaves decompose and become discoloured on thadyrathe proportion of quadrat areas
occupied by intermediate alder leaves remainsivelsgtconstant throughout the sampling
period. Brown leaves increase slightly in frequeticoughout the sampling period, the
quadrat area occupied being between 1 and 15%egtéain that of intermediate leaves.
The general trends relating to quadrat areas oedupy alder leaves at different stages of
senescence are reflected by quadrats associatedamiple alder trees located in all three
sample Sites. However, those quadrats associategample alder trees located in Site C
contain significantly less alder leaves at all ssagf senescence than the corresponding

guadrats in Sites A and B.

Quadrats associated with sample oak trees inta §enerally contain no green leaves
and a small proportion (between 0.2 and 7%) ofméeliate leaves throughout the
sampling period. The quadrat areas occupied byibteaves increase steadily in all sites
throughout the sampling period. This observatgmiagreement with the assertion in
Section 5.4.2 that oak trees abscise their leavasaatively steady rate throughout the
sampling period. Similar to the observations rdgey alder leaf colour in Site C quadrats,
quadrats associated with oak trees in Site C aoatamaller proportion of brown leaves

than the corresponding quadrats in Sites B and C.

An analysis of variance confirmed that alder leaaresmore likely to stay green following

abscission than oak, or especially beech leaves.
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5.5 Determination of the Stage of Senescence at whi ch

Methanol is Lost from Leaves

The pectic methyl ester contents of leaves sanfpbeal the three sites located within
Mugdock Country Park were determined (Section 2.2The methyl ester contents of
both leaves sampled from the ground surroundingpatrees and those that were not yet
abscised were determined. Samples were analysgglicate and the mean values for

each calculated and analysed statistically.
5.5.1 Data Isolated According to Site

5.5.1.1 Results

Figures 5.8 to 5.1@isplay the results obtained following the collentof leaves from
sample trees and from the ground surrounding satrg®s in the three sites located within
Mugdock Country Park in October, November and Ddmamof 2005 and the subsequent
determination of the residual pectic methyl esterstained within these leaves. Figures
5.8 to 5.10 contain the results separated intohtiee individual sample sites and

consequently contain data from the three sampdesppecies.
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Figure 5.8 — Graphical representation of the methan ol contents of leaves collected from
sample trees and off the ground surrounding sample trees in Mugdock Country Park — Site
A
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Figure 5.9 — Graphical representation of the methan ol contents of leaves collected from

sample trees and off the ground surrounding sample trees in Mugdock Country Park — Site
B
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Figure 5.10 — Graphical representation of the metha  nol contents of leaves collected from
sample trees and off the ground surrounding sample trees in Mugdock Country Park — Site

C

5.5.1.2 Statistical Analyses

Due to the complex nature of the leaf-samplingtsty a large number of variables exist
within the collated data. In order to determindalihvariables are significant in terms of
the methanol content of leaves, GLM’s (General amdodels) were carried out on data
sets separated into those leaves collected frortreébeand those collected from the
ground. Due to the fact that, in the majority ases, there were few, if any, leaves
remaining on trees in December, any data colleased result of on-tree sampling in

December was discarded and only two sampling deges considered. All three
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sampling dates were examined in relation to leaaespled from the ground. These
GLM’s were designed in order to determine, at th&Xonfidence interval, which
variables have a significant effect on the pectithyl ester content of leaves, considering
those sampled from the tree and those sampledtfrerground individually (see

Appendix).

Results obtained from GLM'’s carried out for pectiethyl ester content versus species,
date and site for both leaves collected from tbe &nd those collected from the ground,

show that all interactions between variables inetkgeriment are significant.

None of the variables within the experiment cotleréfore be discounted and all had to be

considered as having an influence on the pectibyhester content of the sampled leaves.

Two further GLM’s were carried out. In the firthe data was isolated in terms of tree
species and in the second in terms of the site ich the leaves were sampled. These
statistical analyses were designed in order torohete the extent of the influence either
species of tree or the site from which the leavesevgampled, had on the amount of pectic
methyl esters present in the leaves sampled a&rdiff sampling dates (see Appendix).

Results obtained from a GLM carried out for metHaomtent versus tree species and date
of leaf collection show that leaves sampled frommdglhound in October contained more
methanol than those collected in November and DbeemLeaves sampled from the
ground in Sites B and C lost methanol at a rel§tigenstant rate, whereas those
corresponding leaves from Site A lost the majasityhe methanol they contained between

the sampling date in October and that in November.

Oak and alder leaves collected both from the tnekefeom the ground in Site A contained
statistically similar amounts of pectic methyl este® each other at all sampling dates.
Beech leaves sampled both from the ground and fhentree in Site A, contained more

methanol than the corresponding leaves sampled éithvar oak or alder.

All leaves sampled from the ground in Site B camgdi statistically similar amounts of
methanol to each other, whereas those sampledthrerground in Site C contained
different amounts of methanol depending on theispeaaf tree, with beech leaves having
the highest methanol content. Leaves sampled fhentree in both Sites B and C
contained different amounts of pectic methyl est@epending on the species of tree, with
oak and beech both containing a greater amounettianol than alder. Beech leaves
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sampled from the tree in Sites B and C containechtghest amounts of pectic methyl

esters.

5.5.1.3 Discussion

It is apparent from the data shown graphicallyiguFes 5.8 to 5.10, that the pectic methyl
ester content of leaves collected from all treesgseover the three different sites
decreased over the three-month period coveredebintiestigation. Pectic methyl ester
contents fell at various rates over this period,dlusamples analysed contained a certain
amount of methanol on the final sampling date. fEte of methanol loss and the residual
methanol remaining after the final sampling dateesp to be dependent on interactions
between tree species, the particular site from vthe leaves were collected and whether
the leaves were collected from the ground or froettee.

The pectic methyl ester content decreased fronmekehwth on the tree and on the ground
throughout the autumn, presumeably releasing mettiathe atmosphere. The amounts
of pectic methyl esters initially present in leafrgples collected from the trees were of a
similar magnitude, irrespective of tree specieslandtion of the tree. It therefore follows
that differences in methanol contents observedands collected at later dates, in
November and December, were due to differencdseimate of methanol loss from the
leaves. For example, beech leaves collected iridber had a higher pectic methyl ester
content than that of either oak or alder, irrespeatf whether the leaves were collected
from the ground or from the tree, suggesting tlegich leaves lost the methanol they

contain at the end of the summer at a much lowerthan either oak or alder leaves.

Between October and November, the pectic methgl esintents of both oak and alder
leaves appeared to decrease to approximatelyHaifdriginal amounts whilst the leaves
remain on the tree. Both oak and alder leaveslasdanethanol rapidly whilst on the
ground, with approximately half of the methanolgamet in leaves on the ground in
October being lost by December. The quantity atipenethyl esters decreased most
rapidly in Alder leaves, irrespective of the siterh which the leaves were collected and
consequently alder leaves contained the least meltlat of the three tree species studied

by the final sample date in December.

The quantity of pectic methyl esters decreasedivelg slowly in Beech leaves. This
especially applies to those that were still presenthe tree. Generally, over half the

methanol content of leaves collected from the tne€3ctober was still present in beech
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leaves collected from the trees in December. Hutipgmethyl ester content in Beech
leaves sampled from the ground also tended to deenmore slowly over the sampling
period than either alder or oak leaves collectethfthe ground. An exception to this trend
is shown in the results for beech leaves samptad the ground in Site B. The total
pectic methyl ester content at the beginning ofsdu@pling period in October was
significantly lower than that in leaves from botites A and C. The rate at which the
leaves lost the methanol that they contained imatwas also significantly greater than
the rate of methanol loss from corresponding leénms Sites A and C. This
phenomenon could be due to the fact that the bleasles present on the ground in Site B
were more exposed to prevailing weather condittbas those on the ground in Sites A
and C. The beech trees in Site B have less detiagd than those in Sites A and C and
are also situated on the edge of a break betweripgiof trees, along which a public
footpath is located. There is therefore less ptaie from wind and rain, thus possibly
resulting in the premature loss of methanol fromlikech leaves sampled from the ground
in Site B.

The pectic methyl ester content in Oak leaves stersily decreased whilst they remained
on the tree, with approximately half of the pectiethyl esters present in the leaves in
October having been lost by November. Alder lesamspled from the trees reflected this
trend only in those leaves sampled from Site A.tHderol contents of leaves sampled from
trees located in Sites B and C contained apparaigher methanol levels in November
than they do in October. This could be due tdféleethat, as shown in Tables 5.10 and
5.13, approximately 20% and 50% of the originaf teaver of alder trees located in Sites
B and C respectively had already fallen by the Maver sampling date. The leaves that
were subsequently available for sampling were &ohib those that were within reach of
the sampling team. These leaves, by November, liketg not to be a true representation
of the leaves that were actually present on theratdes located in Sites B and C but
rather were likely to represent the slowest ledwesenesce on the trees. These leaves
would therefore naturally contain more pectic me#sgers than, for example, a sample

collected in October containing leaves at varidages of senescence.
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Chapter Six -

Crop Plant Species as a Source of Atmospheric
Methanol

6.1 Quantification of Methanol Emitted from Plants Using

GC-FID

6.1.1 Introduction

Methanol emissions from individual leaves at diferstages of development of a variety
of plant species were quantified by MacDonald aalll #993). They concluded that
methanol was emitted from all the plants speciasttiey studied at highly variable rates.
One of the most striking differences observed betwbe rates of methanol emission of
different sample leaves was detected between yandgnature leaves of the same sample
species of plant. A mean rate of 13.2 +4glh’ gdw’ was observed for methanol
emissions from fully expanded leaves, but the ayeefegure for methanol emission rate

from younger leaves was approximately double tatet on a dry weight basis.

Nemecek-Marshall et al. (1995) used a colorimetnzymic method and gas
chromatography (GC) to quantify methanol emissiooi a variety of plant materials.
Results concluded that methanol emission rate alated to the stage of leaf

development, generally declining as the leaf agddwing leaf expansion.

Kirstine et al. (1998) showed that VOC emissiosrifrgrass and clover varied depending,
not only on climatic conditions, but also on theerat which the plants were growing.
Emission rates, of which methanol was a major ctestt, contributing between 10 and
35% of the total emitted carbon, were highest dutite spring and summer months when

pasture growth rate is also at a maximum.

The method for the quantification of methanol eeditirom growing plants developed in
Chapter 3 was implemented in order to quantifyniehanol released from plants
commonly grown in the UK at different stages ofitlievelopment. This data could then
be extrapolated in order to estimate the impadherlJK troposphere of particular arable

species of plant, in terms of the methanol they eoniing the early stages of growth.



Christine Finlay, 2007 Chapter 6, 151

The data could also be compared to available data the literature regarding the methyl
ester contents of each particular plant speciéetermine the proportion of the methyl

ester groups present in the plant tissue thatrargéegl as methanol as the plants develop.

6.1.2 Results

Figure 6.1 displays the total methanol emitted ftarm growing barley seedlings,
incubated within the modified bell jar system fdr [2ours, as shown in Figure 3.20d
described fully in Section 3.4.5, using Tenax-TAlss adsorbent material. Figures 6.3
and 6.5 show the results from the modified belejgoeriment quantifying the methanol
emission rate from twenty growing ryegrass andeeitsrape seedlings respectively and

using Tenax as the adsorbent material.

Figures 6.2, 6.4 and 6.6 display graphically tleults from sets of experiments incubating

barley, ryegrass and oilseed rape seedlings regplgciusing Carbosieve as the adsorbent

material.
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Figure 6.1 — Methanol emission rates from barley se  edlings using Tenax as the adsorbent
material
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Figure 6.6 - Methanol emission rates from oilseed r  ape seedlings using Carbosieve as the
adsorbent material

6.1.3 Discussion of Results

The results displayed graphically in Figures 6.6.®show that the rate of methanol
emission per gram of dry weight of plant materighlb species studied, decreased as the

age of the plants increased.

The data from each set of experiments was fittealdaadratic function as this was
considered to be the simplest function designedisgally to fit a curved linear
relationship. By calculating the derivative of lrax the six quadratic curves (Figures 6.1
to 6.6), the gradient of the graphs can be detexdhiar the steepest point on the curve.
The steepest point on each of the graphs equatke tarliest stage of growth at which
methanol emission rate was measured for each g@aies. Derivatives of quadrats with
the equation A%+ Bx + C can be calculated by converting"Aa nAX"*. For example,

the quadratic equation for the graph showing tkelte of the methanol emissions from
barley seedlings using Tenax as the adsorbent ialateas follows: y = 0.2227x2 -
5.0433x + 30.743. The derivative of this equafmmthe point at which x = 6 equates to
0.2227 x 2 x 6 — 5.0433.

Table 6.1 shows the results from calculating thévegves for each of the six graphs

displayed in Figures 6.1 to 6.6 at the steepesitpoieach graph.
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Plant Species  |Adsorbent Resin Equation of Graph PIantG?g;:nn:rzDStaeyi?est Dg:—ﬁivn?/

Barley Tenax y =0.2227% - 5.0433x + 30.743 6 -2.3709
Barley Carbosieve y =0.6849x - 13.302x + 68.255 6 -5.0832
Rye Grass Tenax y =0.0374x - 1.4663x + 15518 7 -0.9427
Rye Grass Carbosieve y = 0.1207¢ - 3.9802x + 33.635 7 -2.2004
Oilseed Rape Tenax y =0.0961¢ - 3.1905x + 28.412 3 -2.6139

Oilseed Rape Carbosieve y =0.0254x° - 1.9404x + 21.998 3 1788

Table 6.1 — Gradients of the steepest point on grap  hs shown in Figures 6.1 to 6.6

The gradients of those experiments in which Cadyesivas used as an adsorbent resin,
are greater than those showing the results of expats utilising Tenax as the adsorbent
resin in the cases of barley and ryegrass. Thepett point on the graphs, corresponding
to the ages of seedling at which the most rapidedese in the rate of methanol emission
occurred, varied between species. The type ofredabresin used in the analyses had
little bearing on the point at which methanol enussvas greatest.

The decrease in methanol emission rate as thespisatiired was least pronounced, but
the most constant, in oilseed rape seedlings. gféehs for both barley and ryegrass
seedlings show that the rate of methanol emisstmare relatively constant as the plants
matured. In the case of barley seedlings, thispimenon occurred after about 10 days of

growth and in the case of ryegrass, following agpnately 15 days of growth.

Figures 6.5 and 6.6 are very similar, not onlyemts of gradient, but also in terms of the
guantities of methanol measured using the two miffeadsorbent materials as the oilseed
rape seedlings matured.

6.1.3.1 Statistical Analyses

A GLM was carried out on the complete set of ravadacluding methanol emission rates
from all of the three plant species studied, ireotd determine, at the 95% confidence
interval, whether or not the adsorbent materiatiusghe analysis caused significant
differences in the measured methanol emission.rdtke results of this analysis showed
that there existed no significant differences betwtne results obtained from the modified

bell jar experiments depending on the adsorbemt tesed in the analyses (see Appendix).

A set of paired T-Tests was carried out on comsets of raw data for measured
methanol emission rates, examining each of thetplant species individually, to

determine whether or not the results obtained fitoenuse of the two adsorbent resins were
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significantly different from one another. Resutscluded that, at the 95% confidence
interval, whilst the data for ryegrass did notlifignificantly (p = 0.889), the methanol
emission rates determined for barley and oilsepd s&edlings varied significantly
depending on the adsorbent resin used in the asalffowever, at the 99% confidence
level, differences observed between results obdaiolemethanol emission rates from both
barley and oilseed rape did not differ significgriietween adsorbent resins (p values:
0.984 and 0.952 respectively).

Despite the fact that at the 95% confidence inteadaorbent resins were resulting in
statistically different methanol emission ratessdzhon the results of the GLM examining
the complete data set, it was deemed acceptabtabine methanol emission results
from each of the adsorbent resins, as this woutdedse the likelihood of systematic

errors being incorporated into the final set olitess
6.1.3.2 Averaged Results

Figure 6.7 displays graphically the combined resfuim experiments using both Tenax
and Carbosieve as the adsorbent resin in the reddill jar experiments.

Figure 6.7 illustrates that, although the methamoission rate from oilseed rape seedlings
is much greater than any measured rate of metlegmniskion from either of the other two
species at very early stages of the plants’ devedoy, due to constraints associated with
the development of the other two species of plhete are no data to compare these
emission rates to. However, the emission rategedllings of all species between the ages
of 7 and 11 days are very similar. In effect, thie of methanol emission from very young

oilseed rape plants is a continuation of the eminsgraphs of both barley and ryegrass.

The rate of methanol emission from ryegrass plappears to reach a plateau, following
about 15 days of growth, at a rate of less thag Bligdw™. In the case of barley
seedlings, the methanol emission rate seems torteeapproximately constant at between

3 and 4 pg H gdw™ after around 10 days of growth.
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Figure 6.7 — Results of bell jar experiments averag  ed between experiments and adsorbent
resins

With some extrapolation, it could be speculated, thianilar to the other two plant species
studied, the rate of methanol emission from oilsepe seedlings becomes relatively
constant once the plants have been growing fortalibdays. However, the rate at which
the methanol emissions become constant is grdetereither barley or ryegrass, at
approximately 5 pghgdw™. Due to the limitations imposed by the dimensiohthe
modified bell jar and the size of the studied plgpecies, only ryegrass seedlings could be
studied to an age in excess of 12 days. As atrésigl difficult to speculate how the rate

of methanol emission varies between the three spedier this stage.
6.1.3.3 Emission Rates Per Plant

Figures 6.8 to 6.10 display the results shown gufgs 6.1 to 6.7 in terms of methanol
emission rate per plant rather than that per gradnyoplant material. The data was
plotted in these terms because one of the ultimats of this set of experiments is to
approximate the amount of methanol that is emiibettie troposphere from the growth of
these three species of plant in commercial agticailisystems. Figures are readily
available for the density of each of these plamt@n agricultural context (Section 7.3). By
calculating an approximate value for the rate offraeol emission from a growing plant
and combining them with plant density figures, tbge with figures for the total area of
Great Britain utilised in the growth of these plarihe approximate amount of methanol
emitted to the troposphere as a result of the cawiaigroduction of barley, ryegrass and

oilseed rape can be estimated (Section 7.3).
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Figure 6.8 — Combined results for methanol emission rate per barley seedling from modified
bell jar experiments
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Figure 6.9 - Combined results for methanol emission rate per ryegrass seedling from
modified bell jar experiments
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Figure 6.10 - Combined results for methanol emissio  n rate per oilseed rape seedling from
modified bell jar experiments

Figures 6.8 to 6.10 show that, when the data iggalan terms of methanol emission rate
per plant, rather than on a dry weight basis, tleeeemuch larger degree of scatter in the
data. Regression lines may be drawn on the grampth&nalyses of variances were carried
out to determine whether or not the associatiowéen the variables is statistically

significant.

At the 95% confidence level, it was determined thate is a significant association
between the age of seedlings of each species andtéhof methanol emission on a per
plant basis (p = 0.02, 4.8*101.32*10 for barley, ryegrass and oilseed rape repectively)
It is therefore statistically sound to state thatimanol emission rates from crop species in

the early stages of development decrease as thaf agedlings increase.

In order to ultimately calculate the amount of nagtbl emitted to the troposphere annually
as a result of the commercial production of thgmees of plant in the UK, a figure must
be calculated for the average amount of methandteshper plant over a 24-hour period.
This figure can then be used in calculations invg\the average density of each of the
three species of plant grown in commercial systeéaggther with figures for the total land

area utilised in the production of each speciest{&e 7.2).
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The greater degree of scattering seen in the gi@dippkying the rate of methanol
emission per plant (Figures 6.8 to 6.10) as opptsedhission rate per gram of dry plant
material (Figures 6.1 to 6.7), suggests that, aljhahere is a relationship between
methanol emission per plant and the stage of dpuadat of the plant, there is a much
closer relationship between methanol emissionattifferent stages of development and
the weight of the plants concerned. It can theesbe concluded that methanol emissions
are greatest in young plants and that this emigsitanreduces over time as the plants
mature. However, the lower level of correlatiommmen methanol emission rate per plant
and the stage of development of the plant, suggestshere is some other factor

controlling the emission of methanol.

The size, or surface area of the plants may haweflmence on the rate of methanol
emission, which would account for the increased mabarley seedlings compared to
oilseed rape or particularly ryegrass. A singkegnass seedling will have a fraction of the
surface area of that of a barley seedling of alamaige. The fact that methanol appears to
be emitted from leaves via stomatal openings (Netddarshall et al., 1995) implies that,
if there are fewer stomata, for example on theamerbf a leaf with a relatively small
surface area, the rate of methanol emission pet pldl be lower that that of a larger leaf.
This hypothesis does not however, account forrbeeased scattering displayed in
Figures 6.8 to 6.10. There is evidently, an addal factor influencing the rate of
methanol emissions from these immature plants,itica¢ases the variability of emission

rate when studied on a per plant basis.

Calculations utilising the finding of this set ofperiments in order to estimate the
methanol emissions originating from crop speci@slpced in the UK, together with

conclusions reached, can be found in Section 7.3.

6.2 Methyl Ester Contents of Barley, Ryegrass and
Oilseed Rape Seedlings

6.2.1 Introduction

The methyl ester contents of barley seedlings e dgtween 6 and 13 days of growth
(Section 2.4) were compared to the results frond#termination of methanol emitted
from barley seedlings using GC-FID (Section 3.49rder to determine how these values

varied during the early stages of growth of the#¢hplant species studied. From these
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results, conclusions can be drawn on the turnolverethyl esters within the plant and the
subsequent emission of methanol to the troposphere.

6.2.2 Barley Seedlings

6.2.2.1 Introduction

Approximately one third of the primary cell wall dicots is comprised of pectic
polysaccharides, whereas a much smaller fractidgheo€ell walls of certain monocots,
such as cereal grasses, consists of these polyrsra.consequence, studies examining

the pectic composition of this type of plant aneféaver than those involving dicots.

The methyl ester content of cell walls extractexdrfrapidly elongating maize coleoptiles
was investigated in a study by Kim and Carpita ()99t was concluded that
approximately 65% of the galacturonic acid residuege esterified at the embryonic
stage. This figure increased to about 80% duliegapid elongation phase and
subsequently increased again to approximately @0¥esend of elongation. Despite these
findings, the methyl esters associated with gatdtwonic acid residues (GalA) were
found to decrease steadily over the developmemighedrom about 50% of the total GalA
to roughly 38% following 192 hours of growth (KiméCarpita, 1991).

Gibeaut et al. (2005) studied the pectin contertasfey coleoptiles and concluded that
during the initial stages of cell division, pegbiclysaccharides accounted for
approximately 30 mol% of the total cell walls. $Hiigure is significantly higher than the
expected figure for the pectin content of typicasges, which is considerably lower than
that found in other flowering plants (Carpita antbé€aut, 1993). The pectic
polysaccharide content of the barley coleoptiléwells decreased significantly to 10

mol% once cell elongation had ceased following ¥sdz growth.
6.2.2.2 Discussion of Results

Results of methyl ester determination experimeatsed out on barley seedlings 6, 9, 11
and 13 days old (Section 2.4.3) are shown in Figuté.
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Figure 6.11 — Methyl ester contents of barley seedl  ings at various stages of development

The methyl ester content of barley seedlings témdscrease steadily in seedlings between
6 and 11 days old, after which time the amount efhyl esterification tends to decrease to
the content found in 6 day-old seedlings as theoAgeedlings increases from 11 to 13
days old. Kim and Carpita (1991) studied coleegtibetween 0 and 192 hours old. The
methyl ester content of coleoptiles between thes afjd44 and 192 hours remained
virtually constant, and may even have increasgghtyi.

From these results, it could be assumed, withidithiés of this experiment, that the
methyl ester content of barley plants remains ixght constant throughout the growing
season. The emission of methanol from these pthirgs not cause the methyl ester
content to diminish significantly, thus suggestihgt, as methyl esters are removed from
pectic polysaccharides in the cell wall, they a@aced at a similar rate.

Table 6.2 compares the mean methyl ester contehtlal-old barley seedlings with the
average total amount of methanol that is emittethfseedlings at this stage of

development over a 24-hour period.

Plant Species Age of Plant Number of Plants | Amount of Methanol Emitted | Methyl Ester Content
ped (Days) in Experiment in 24 hours (ug gdw-1) (ug gdw-1)
Barley 6 2 268.35 152.35

Table 6.2 — Comparison between the average amount o f methanol emitted over a 24-hour
period and total methyl ester content of barley see  dlings
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From the data in Table 6.2, it can be concludetidtar a 24 hour period during the early
stages of growth, the quantity of methanol emiftech barley seedlings is almost twice
the total methyl ester content of the plant tisstibere is, evidently a rapid turnover of
methanol within the plant tissue as it matures.highly methylated pectic
polysaccharides are laid down in elongating cellsaand the action of PME enzymes
cleaves the ester bond, methanol is liberatedeasdlh wall stabilises and becomes cross-
linked with divalent ions such as calcium. Oveeaen day period, despite the fact that
the quantity of methanol released is far greatan the methyl ester content of the cell
walls, according to the results shown in Figurel6the methyl ester content remains
relatively constant. Therefore, assuming thatréte of methanol emission does not
increase considerably as barley plants grow, itccba speculated that, following
approximately three months of growth, the average tapsed between sowing and the
development of the granular part of the planthattime of harvest the quantity of methyl
esters contained within the primary cell wallstwé plant will be similar, on a dry weight
basis, to that contained within a rapidly growiraglby seedling.

It may be assumed that the methyl esters remainibgrley plant material at the stage of
harvest will be released through the various preeefvolved in the decomposition of the
barley straw. The data displayed in Tabled@@ be utilised in calculations with the aim
of estimating the total amount of methanol emiftedh mature barley plants as they

decompose in the form of barley straw (Section.7.2)
6.2.3 Ryegrass Seedlings

6.2.3.1 Introduction

Data detailing pectic polysaccharide compositiograisses is not readily available in the
literature. The uronic acid content of the walisn@sophyll cells extracted from mature
perennial ryegrass seedlings has been previoutdymdimed by Chesson et al. (1994) as
being in the region of 25 mg'g The degree of methyl esterification was fountedow,

at 3.3%. Using these figures, the total amoumhethanol present in the plant tissue could

be estimated as being approximately 885%™

This figure is approximately five and a half tingreater than the results obtained
experimentally for rapidly growing barley seedlingehe considerable difference between
the two sets of data is probably due to the featt @hesson et al. (1994) used

homogeneous mesophyll cell wall samples in theatywes. Mesophyll cells are known to
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be atypical in terms of the fine structure of thesH walls compared to that of other cell
types found in plant material. The total uronicddeend consequently the total amount of
methyl esterification of a homogeneous sample stingi of only this type of cell wall is
likely to be significantly different to that of @terogeneous sample containing several
different cell types. For this reason, the metster content calculated for barley
seedlings shown in Table 6.2 will be used as amcopate model for ryegrass seedlings
of similar ages, in order to determine the appr@terquantity of methanol that is present

in grass harvested for the purpose of making sitadey.

6.2.3.2 Discussion of Results

Table 6.3displays the amount of methanol emitted over aopesf 24 hours, averaged

between the two adsorbent resins used in the empats quantifying the methanol emitted
from rapidly growing perennial ryegrass seedlirgsction 3.4.5). The measured average
amount of methanol emitted from six day old badegdlings in 24 hours is approximately

one and a half times that from seven and a haliotthyyegrass plants.

. Age of Plant Average Number Amount of Methanol Emitted
Plant Species (Days) of Plants in in 24 hours (ug gdw-1)
y Experiments g9
Rye Grass 7.5 18 187.85

Table 6.3 — Average amount of methanol emitted over  a 24-hour period from perennial
ryegrass seedlings

Comparing the figures in Table 6.3 to the experiraéndetermined methyl ester content
of rapidly growing barley seedlings (Section 6i2gan be concluded that approximately
the same quantity of methanol is emitted from rigpggiowing ryegrass seedlings that is
present as methyl esters in the primary cell watlihis stage of growth. Consequently, it
may be concluded that, assuming that the methaniskeon rate from ryegrass plants does
not increase significantly at a later stage of ttgu@ent, the methyl ester content on a dry
weight basis, of ryegrass at the stage of hareeshé purpose of silage or hay production,

will be similar to that of a rapidly developing séiag.

Unlike barley, once harvested, ryegrass is usedfasage material, either in the form of
silage or hay. This means that calculating thewarhof residual methanol in three-month-
old ryegrass plants will not be a useful contribntio determining more clearly inputs of

methanol to the atmosphere. However, an approrivatie for the amount of methanol
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retained in grass plants at a mature stage of raamid the subsequent release of methanol
following the cutting of the grass for silage oyhmoduction, can still be calculated. Data
from the determination of the methyl ester contdriiarley seedlings can be utilised in
these calculations, together with the assumptianttie methyl ester content of mature

plants will be relatively similar to that of immatuseedlings on a dry weight basis.

Where applicable acreage data is available, thesmay also be used to calculate the
guantity methanol emitted to the troposphere par from certain grassland systems, as a

result of the maturation of the grass plants grgwiithin it (Section 7.3).
6.2.4 Oilseed Rape Seedlings

6.2.4.1 Introduction

Broccoli (Brassica oleraceé var. italica) has been found to contain 315 g'kgonic acid
in parenchyma cell walls (Muller et al., 2003). ig figure will be comparable to that of
oilseed rape seedlings, as the cell walls extraicted these two species of brassica are
structurally very similar to each other. Additidigacell wall material extracted from
oilseed rape seedlings contains a very small ptimpoof secondary xylem cell walls,
which are structurally dissimilar to that of prigarell walls. Of the uronic acid residues
measured, 83% were esterified hence, assuminghianajority of the carboxyl groups
are esterified with methanol, the methyl ester eontould be considered to be in the

region of 261 mg gd:

The degree of esterification of galacturonic aeisidues in cauliflowerBrassica oleracea
L. var. botrytis) tissue has been quantified by Femenia et al.§L9R was found that in

the parenchyma tissue of the lower stem the teotalio acid content of the pectic
polysaccharides was 307 mg, 3% of which were methyl esterified galacturomiid
residues. A total of approximately 200 mg mettseefied galacturonic acid residues are

therefore present in 1 g dried plant material.

The figures quoted by Mdller et al. (2003) and Feiaet al. (1998) are both over one

thousand times greater than that calculated fomb#nyl ester content of barley seedlings.
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6.2.4.2 Discussion of Results

Table 6.4 shows the amount of methanol emitted f8ediy-old oilseed rape seedlings, on
a per gram of dry weight basis, averaged betwepararents and between adsorbent
resins. Over a 24-hour period, rapidly develogiagey seedlings emit only about 65% of
the total methanol emitted from oilseed rape sagdlon a dry weight basis. Oilseed rape
seedlings emit over twice as much methanol in 2¢$than do ryegrass seedlings.

Average Number of Amount of Methanol
Plant Species JPge of Plant (Days) Plants in Emitted in 24 hours (ug
Experiments gdw-1)
Oilseed Rape 3 18 410.73

Table 6.4 - Average amount of methanol emitted over  a 24-hour period from perennial
ryegrass seedlings

Comparing the data shown in Table 6.4 with figdoesmethyl ester content of Brassica
species obtained from the literature (Section 612.df about 230 mg methyl esters per
gram of dry plant material, it can be concluded trdy about 0.2% of the total methyl
ester content of oilseed rape seedlings is entiti¢ide troposphere in a 24 hour period. In
three months of growth this equates to approximae?o of the total methanol in the cell
walls of oilseed rape seedlings being emitted éattbposphere. The remaining 80% will
therefore presumably be retained in the primariwealls of the plant material until the
plants are harvested.

Oilseed rape crop residues, following harvest aee@minantly regarded as a waste
material and are left on the surface of the fialavhich the crops are grown. The methyl
esters retained in the plant material at the sthdparvest are presumably emitted to the
troposphere in the form of methanol following theawage of the ester bond by PME
enzymes. This methanol may be quantified usingnabination of data from the literature

and results of the modified bell jar experimeniang®ilseed rape seedlings (Section 7.2).

The approximate quantity of methanol emitted tottbposphere as a result of the growth
of these crops may also be calculated (Section 7.3)
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6.3 Overall Results

On a dry weight basis, the methanol emission fades each of the three plant species
studied at early stages of growth are relativatyilar. These differences and indeed the
spread between sets of results from the same spaceemuch more pronounced in data
plotted on a per plant basis. The degree of sppbadrved in Figures 6.8 to 6.10 suggests
that methanol emission rate is closely relatedhéoteight of the plant. There are large
differences between plant species studied in thpgstion of the methanol contained
within the plants as pectic methyl esters thamgted as methanol as the plants develop.
Both monocot species emit a greater amount of metHeom the plant tissue in 24 hours
than is actually present in the form of methyl estd early stages of growth. Conversely,
oilseed rape seedlings emit a tiny proportion, &lba2fo, of the methanol that is actually
present in the primary cell walls in the form otpe methyl esters at a similar stage of
growth.

Table 6.5 displays the proportion of the total nge#ster content present in the immature
plant tissue of barley and oilseed rape seedlingsis emitted to the troposphere over 24
hours and a full growing season of an averagerettmonths, using the average measured
maximum methanol emission rate from each specigghenaverage methyl ester content
of immature barley seedlings (Figure 6.11) in thkewlations. Thus, the figures in Table
6.5 represent the maximum percentage of the tad#thyhester content of each of the three
crop species that is emitted to the atmosphereayperiod of 24 hours.

A three-month period was considered to be applecablthe time between the first stages
of growth and harvest of barley and oilseed rapatgsl However, the actual time period
between the emergence of the young barley seedtiddarvest of the mature barley plant
is likely to be greater than three months. Dedgpite three months will be the
approximate time taken for the vegetative partefplant to reach maturity, prior to the
development of the granular portion of the plaBtains contain negligible amounts of
pectin (Marlett, 1992) and may consequently bealiated from this series of calculations,
as the granular part will contribute virtually noth to the methyl ester content of a mature
barley plant.
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Proportion of Total Methyl Ester
Plant Species |Content Emitted as Methanol in 24
Hours (%)

Barley 176
Rye Grass 123
Oilseed Rape 0.178
Table 6.5 — Comparison of the proportion of methyl esters emitted as methanol

The complication regarding the extrapolation okthdata in terms of the proportion of the
methyl esters present in ryegrass seedlings tlehiged as methanol once the crop has
been harvested, lies in the fact that ryegrasstibarvested following a three month
growing period. In some cases, ruminants will coms the ryegrass and the fate of the
methyl esters retained in the plant tissue follgronsumption is the subject of much
ambiguity. In the case of harvesting the grassilage or hay, the difficulty in calculating
the amount of methanol released from the ryegisssd as it decomposes likewise lies in

the fact that the majority of the decompositioriref grass will occur in the rumen.

However, these data can be used to calculate tiean@ that is present in grass plants at
the stage of development at which they are hargidsteuse as silage or hay. This
methanol will presumably be emitted to the trop@sphin one form or another, as a result
of the processes that the grass will undergo, vanetiive during the production of hay or

silage, or decomposition following consumption byiminant.

The results for the quantification of methanol ¢editfrom barley, ryegrass and oilseed
rape seedlings have shown that, during the eabestof growth, dicot crop species emit
only a very small proportion of the total amountwéthanol present in the plant tissue in
the form of methyl esters. The quantity of methamitted from monocot crop species
over a 24-hour period totals well over the experitally determined methyl ester content
of these plants.

It may be assumed that the methyl ester contemiadfire monocot crop species is similar
to that of rapidly growing seedlings on a dry weilgasis, based on the results displayed in
Figure 6.11. In the case of oilseed rape howekierquantity of methanol emitted to the
troposphere, although similar in magnitude to therséssions, on a dry weight basis, from
barley and ryegrass seedlings, is tiny in relatmthe total methyl ester content of the
primary cell walls. Extrapolating the maximum figufor methanol emission rate
measured from oilseed rape seedlings, it can lmmasd that at the end of a three-month
growing season, approximately 80% of the methyresbund in immature oilseed rape
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remain in the plants when they are harvested. nmiéthyl esters remaining in the plant
tissue at the point at which they are harvestegwsumably cleaved and emitted to the

troposphere as methanol post-harvest.

6.3.1 Calculations

In the case of barley, it is possible to estimageamount of methanol remaining in the
primary cell walls of mature plants at the poinhafvest. Subsequent to harvesting, these
methyl ester groups are presumably cleaved frontHtBdackbone and released to the
troposphere as methanol. Thus, a major methapat o the troposphere may occur as a
result of the use of crop residues, in this caskepatraw, as a bedding material which

will ultimately undergo degradation causing theaske of methanol from methyl esters
contained within the cell walls. An estimate ashi® magnitude of this input would be
valuable in approximating total inputs of methatwthe troposphere on a national and

international basis.

In a similar way, extrapolations can also be madgrding the methanol input to the

troposphere as a result of the decomposition eged rape crop residues.

Despite the complications in calculating the amafrthethanol emitted to the troposphere
as a result of the harvest and subsequent possibteof ryegrass, or indeed grass in
general, the amount of methanol remaining in tlsgplants at the point of harvest can be

estimated.

The quantity of methanol emitted to the tropospliene the growth of barley, ryegrass
and oilseed rape may be estimated using a combimatidata obtained from the series of
modified bell jar experiments (see Section 3.4nfi@thods and Section 6.1 for results) and

data collated from the literature.

The calculations based on the findings of thisoéetxperiments, together with conclusions

are detailed in Section 7.3.
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Chapter Seven -

Projection of Methanol Emissions to a National
Scale

7.1 Methanol Emissions from the Decomposition of

Mature Leaves

7.1.1 Introduction

The primary purpose of carrying out methyl estdedainations on mature leaves of
several species of tree growing extensively in GBe#ain, was to estimate the amount of
methanol that could potentially be released per gsdhese leaves decompose.
Ultimately, this would lead to speculation as te ffiobal impact of these emissions on the
tropospheric balance of gases, bearing in mindttieaéstimated global tropospheric
budget of methanol is 240 Tgywith an estimated 23 Tg Yyoriginating from the
decomposition of plant material (Jacob et al., 2005

Methylotrophs are micro-organisms that can reduxea@arbon compounds as a sole
source of carbon and energy. Methylotrophic béctee found, under some conditions,
on the abaxial surface of living leaves (Sectigh3), as well as in soils and sediments
(Anthony, 1982). Methanotrophs are a sub-groumethylotrophs that are capable of
oxidising methane to methanol aerobically whereathgiotrophs can metabolise
methanol either aerobically or anaerobically. »etMethylotroph populations have been
detected in acidic forest soils (Radajewski et241Q2). It is reasonable to assume,
therefore that a proportion of the methanol cordiwithin leaves that senesce on the
forest floor, in the form of pectic methyl estessl| be utilised by these bacteria and
therefore not be released to the troposphere. Menvgquantification of the processes
involved in the release of methanol, resulting frili®d degradation of pectic methyl esters,
from abscised leaves via metabolism by soil-basethytotrophs is not readily available
in the literature. As a consequence, this potesitigk for methanol released as a result of
the decomposition of pectic polysaccharides coethimithin leaves at abscission will be

regarded as negligible and not considered in futhkulations.
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7.1.2 Calculations

By utilising the LAI (leaf area index) data fromethterature, an approximation of the leaf
dry mass prior to abscission during the autumnvainter months was calculated. The
annual leaf litterfall data was used in order tineste the dry weight of leaves following
abscission. It can be seen clearly from Tableabd5.5 that the figures calculated for the
approximate weight of leaves abscised from treemgihe autumn and winter months are
in close agreement with those figures obtainedctirérom the literature for annual leaf

litterfall.

Both plant and microbial pectin methylesterase (Pklizymes, despite remaining active
under a broad range of environmental conditions; nod demethylate all methyl ester
groups present on HG polysaccharides (Doong €1305). The degree of demethylation
depends on the source of the PME and the exterpattern of esters on the pectic
polysaccharide. Massiot et al. (1997) found thmdy 65% of methyl esters in apple pectin
were released upon treatment with PME. This goiod agreement with earlier estimates
of 60-75% for methanol release by PME (Rexova-Begakand Markovic, 1976). It
therefore seems reasonable to assume that PMBEhevlgetginating from plants of from
microorganisms, will remove approximately 65% af thethyl esters present in the leaves

of trees during the process of senescence.

Taking this phenomenon into account, Tables 5.45aBdhow that the calculated figures
for the amount of methanol originating from pectiethyl esters, that could potentially be
emitted to the troposphere annually as a resuli@tenescence of oak, ash, beech and
birch leaves in Great British woodlands, usingttkie methods described in Sections 5.3.4
and 5.3.6 are very similar. The calculated totabant of methanol emitted to the
troposphere as a result of the decomposition of astk, beech and birch leaves is 1.89 and
1.84 Gg yr* using leaf litterfall data and LAl data respechjveThe calculated figures for
the potential amount of methanol released fronstmescence of oak leaves using leaf

litterfall and LAI data are particularly close (0.@nd 0.73 Gg Vt respectively).

Assuming that the majority of pectic methyl esiarthe leaves at the time of abscission
are released, oak and ash trees are responsiliteeftargest contribution of tropospheric
methanol in Great Britain. Birch leaves, despiie flact that the land area covered by
birch-dominated woodland is second only to oak, mw@tribute the least amount of

methanol.
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It has been speculated that the global contributdnopospheric methanol from the
decomposition of plant material is 23 Tg'yJacob et al., 2005). According to the results
from the determination of methanol content of mateaves, recorded in Section 5.2 and
utilised in subsequent calculations, the averageuatnof methanol emitted to the
troposphere in Great Britain as a result of theodgmosition of abscised leaves from the
four most widespread deciduous tree species, gelaet approximately 0.06 and 0.8 Gg yr
! for each species (Tables 5.4 and 5.5). The éotmunt of methanol emitted from these
trees at the end of every year is approximately\Gg9f*. The total area of Great Britain
occupied by woodland dominated by these speciesighly 595 thousand hectares
(Anon, 2000). These data can be compared to tireaged global figures for methanol
being introduced to the troposphere as a resyllanit decomposition, and the total
forested area on Earth, which are quoted as baittteiregion of 23 Tg yrmethanol
(Jacob et al., 2005) and approximately 39.52%h#6tares (Anon, 2005) respectively.

In this case, it could be estimated that the aveeagount of methanol being emitted to the
troposphere as a result of plant decompositionallplis 5.82 kg methanol per hectare of

forested area.

According to the results displayed in Tables 5.4 &b, the annual amount of methanol
emitted to the troposphere as a result of the dposition of leaves from oak, ash, beech,
and birch trees in Great Britain is approximatell@3kg methanol per hectare of forest

dominated by these four species of tree.
7.1.3 Discussion

This figure is in close agreement with the glolstireates quoted by Jacob et al. (2005)
considering the variables involved in the calcolas. There is no doubt that, between
different forest zones on the planet, there wilsbene variation between certain data used
in calculations detailed in Section 5.3 and the@ctalues. This will most certainly be the
case for the LAl and litterfall data, although netcessarily as pronounced for the pectic
methyl ester contents of leaves. Despite thetfadtthere exists an immense variation in
the species of forest vegetation thriving acroffemint regions of the globe, the average
global figures for the methanol emissions fromdbeeomposition of plant matter appears
to be in close accordance with the figures measuréds study for the methanol content
of mature leaves of the four most widespread ndtreadleafed tree species in Great

Britain.
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7.2 Estimated Methanol Emissions from the

Decomposition of Crop Residues

7.2.1 Introduction

Methyl ester determinations on barley seedlingsndugarly stages of growth (Section 2.4)
were carried out in order to determine obviousdsein the methyl ester content of pectic
polysaccharides in barley seedling primary celllwalterial as the plants matured. Using
these data, together with data from the literatorenethyl ester contents of Brassica
species, it is possible to estimate the amountethamol that will be present in both barley
and oilseed rape plants at the end of a growingoseammediately prior to harvest. The
amount of methanol present in the residual plarterna following harvest could
subsequently be estimated, hence the quantity tifanel that may potentially be released

to the troposphere as a result of the senescesé ttrop residues.

The methyl ester content of barley seedlings wileég good estimation of the amount of
methanol present in the primary cell walls of gressdlings. However, unlike barley,
grass, when harvested does not produce an abouaejresidue which subsequently
decomposes, releasing the methanol contained wittorthe troposphere. Therein lies
the complication in estimating the amount of methamitted to the atmosphere as a
consequence of the harvest and subsequent decaimpadgigrass. Despite this, certain
assumptions can be made and calculations undertakeder to obtain a rough estimation
for the amount of methanol that will be presengriass when it is harvested for use as
silage or hay. The methanol contained within tla@fpmaterial, whether it is used as a
livestock forage in the form of silage or hay, vatesumably be emitted to the troposphere
in one form or another, whether as a result ohtieehanical cutting of the grass, the
fermentation process in silage production, therdyyrocess involved in hay production,
or the degradation of the plant material within thenen of livestock animals. General
conclusions may be drawn from these calculationegards the implications that these

emissions have on the global troposphere.
7.2.1.1 Elevated Methanol Emissions Following Harve st

Significant increases in the rate of methanol elmisshave been observed in a number of
different plant species after the plants have lmegriSection 1.4.5.2.4). The observed
increase in methanol emission following the hareéshese plant species will obviously
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reduce the total quantity of methyl ester grougsent in the plant material following
harvest. However, because the exact magnitudeesétemissions is a source of debate, it
is difficult to speculate exactly what proportiohtike methanol present in for example,

mature grass plants prior to harvest remains tihereg the silage-making process.

However, based on the results of the experimergsritbed in Section 1.4.5.2.4, the
majority of the methanol present in monocot plaftisexample barley and ryegrass, at the
point of harvest remains in the plant material ensubsequently emitted to the
troposphere, whether through decomposition in #se ©f barley straw, through the
degradation of cell wall material during the silagaking process or the enzymic

degradation of cell walls in the rumen in the caSpasture.

In spite of the fact that dicots appear to emithrartl at a vastly elevated rate following
abscission, the assumption remains that the meltpaggent in the plant tissue at the time
of harvest is released to the troposphere, eithardirect result of wounding, or as a result
of the prolonged activity of PME enzymes during pleeiod following harvest. Estimates
for the overall methanol release from oilseed itaphe troposphere at the time of harvest,

together with the period following harvest can #fere be calculated.

7.2.2 Barley

7.2.2.1 Introduction

The results of the modified bell jar experimentsasmging methanol emission rates from
growing barley seedlings on a dry weight basis {i§e®.1.2), together with the results
from the quantification of methyl esters in youraglby seedlings (Section 6.2.1) can be
used to estimate the amount of methanol retaineaaiture barley plants at the time of
harvest. As the vast majority of barley strawe ldilseed rape straw, is not used as a
forage material due to its low digestibility andatevely high absorbency, making it more
suitable as a bedding material, estimates can quba#ly be calculated for the amount of
methanol emitted to the troposphere following thevhst of barley in Scotland as a result

of both the harvest process itself and the decoitipo®f the resulting crop residue.

As plant primary cell walls mature, cell expanst@ases and, in more mature cells of
certain plants, including monocots such as batteysecondary cell wall is laid down next
to the plasma membrane of the primary cell wallrpta and Gibeaut, 1993). The

secondary cell wall is composed of cellulose, casimy approximately 40-50% of the
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total dry weight, lignin, hemicelluloses and extiaes (Core et al., 1979). Secondary
walls are comprised of three layers that can bendisished from each other by the
differences in the orientation of their respectreiulose microfibrils. The point at which
the synthesis of the secondary cell wall commenaade identified by the
discontinuation of the deposition of pectic polydaarides in the cell wall and the
deposition of cellulose, hemicellulose and lignmtbe inner surface of the primary cell

wall.

Thus, as barley plants mature, the proportion efttital cell wall content comprised of
secondary cell wall material will increase. Oneasmguence of this process continuously
taking place as the plants mature, is that thé tneédhanol content per gram of plant
material decreases due to the fact that secone@dinyalls contain a much reduced
proportion of pectic polysaccharides as compareutitoary cell walls (Carpita and
McCann, 2000). This phenomenon must be takenaictount when carrying out
calculations with the aim of estimating the amoafnthethanol contained within mature
barley plants immediately prior to harvest.

7.2.2.2 Calculations

During the growth of plants, it is reasonable teumse that the total quantity of cell walls
increases. The amount of primary cell wall matem# also increase but this will
constitute a smaller proportion of the total amanfrtell wall material in the plant. As the
cell walls mature and pectic methyl esters are k&Ed@s a result of PME activity, the
relative amount of methyl ester groups containgtiiwithe pectic fraction of these cell
walls will decrease. The result of the combinatbthese processes, as suggested by the
findings in Section 6.2.2.2, is that the methykesobntent of plants, at least during the
early stages of growth, does not diminish signiftbawith increasing age of the plant.
Assuming that the total methanol content in a neatetl wall is similar to that in a rapidly
growing seedling the approximate proportion of @uiyncell wall material in a mature
plant may be calculated using forage crop nutrdiatata.

The forage component of commercially grown cropbésstructural portion of the plant
that may be fed to animals, particularly ruminasksch, due to the presence of rumen
bacteria, possess the ability to digest this plaatter and render it useful primarily as
energy and nitrogen. Forage fibre componentselhel@ase, hemicellulose, lignin, pectin,
cutin and silica. Cellulose and hemicellulose agestible, while lignin, cutin and silica

are not. Pectin is highly digestible but, duetsochemical characteristics and analytical
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methods most commonly used in quantifying cell walinponents in forage crops, data
regarding pectin content is not widely available.

Several methods of analyses, for example nearéednaeflectance spectroscopy (NIRS) or
chemical based analyses, may be carried out oausparts of a forage plant species in
order to determine the digestibility and therefibre nutritional value of the plant. The
principal fractions determined by such analysekiae neutral detergent fibre (NDF), acid
detergent fibre (ADF) and crude fibre (CF).

The NDF fraction is an estimate of the total amafrdell wall, both digestible and non-
digestible, and consequently gives a good indioadicthe intake potential of a forage.
The ADF portion of a forage primarily represents &mount of cellulose and lignin, the
non-digestible fraction, contained within the aedllls. ADF figures are used to determine
the digestibility and therefore the nutritional walof a forage. The CF is approximately
equivalent to the ADF fraction, but the analysisgadure for CF determination
underestimates the cell wall content in the forag@ solubilises a significant portion of
the total lignin, cellulose and hemicellulose. féiere, data for the NDF and ADF

fractions will be utilized in these calculations.

By subtracting figures for the mean ADF fractioraitypical barley straw from a typical
value for NDF, the approximate primary cell walhtent of barley straw may be
determined. Assuming the amount of methyl estexsgmt in the primary cell walls of
mature barley is similar to that of seedlings,dpproximate potential amount of methanol
released to the troposphere as a result of thentgasition of barley straw may be

calculated.

Values were obtained from Colorado State Univerfsitytypical ADF and NDF contents
of barley straw. Figures were quoted as beingmsi’82% for ADF and NDF respectively,
in terms of total dry matter (Stanton and LeVall2§06). AlfredoDiCostanzo (1993) of
the Department of Animal Science at the UniversftiMiinnesota quotes the ADF and
NDF of barley straw as being 49 and 80% dry werghpectively, in good agreement with

the figures determined by Stanton and LeValley )99

Hence, mean figures for the NDF and ADF fractiohbasley straw could be considered to
be approximately 81 and 53% respectively in terhdrpweight. The primary cell wall
content of barley straw will therefore approxima8&% of the total dry matter. The results

discussed in Section 6.2.1.2 show that the me#tgr €ontent of rapidly developing
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barley seedlings is approximately 5@ gdw". Assuming that the methyl ester content of
a mature barley plant immediately prior to harvestimilar to this on a dry weight basis,
the total amount of methyl esterified GA residuetha end of a growing season may be
approximately 152g gdw*. However, the amount of primary cell wall will be
significantly lower proportion of the total biomasismature barley plants compared to
rapidly growing seedlings. In fact, accordinghie NDF and ADF values, only 28% of the
biomass of mature barley plants will be comprisedronary cell wall material. So in
mature barley plants there will be only aboutgdmethyl esters per gram of mature
barley plant material on a dry weight basis. T&isquivalent to about 5i&y methanol

per g dry plant material. Therefore, in 1 g dryi&astraw, there will be around 0.28 g
primary cell wall material and approximately p@ methanol.

As discussed in Section 7.1.2, it has been fouatRME releases only about 65% of the
methyl esters in pectin (Rexova-Benkova and Markal®76; Massiot et al., 1997). It
therefore seems reasonable to assume that PMBEyevlgetginating from plants or from
microorganisms, will remove approximately 65% o thethyl esters present in barley
straw at the stage of harvest. Hence, it can tma&®ed that 3.7 mg methanol will be

emitted from 1kg barley straw following harvest.

Data on the amount of straw produced from the Ising of crops in Scotland is not
readily available. However, the approximate amadrstraw can be estimated by
multiplying available data for the total land argdised in the production of the major
straw-producing crops in Scotland (those applicabkhis study being winter and spring
barley and oilseed rape) by the reported average stield. Table 7.1 displays figures
obtained from the Scottish Excecutive’s ‘PotentiaBiomass Feedstocks for Energy

Generation in Scotland’ (Anon, 2006a).

Crop Planted area (ha) Strawt}cl)is:lleéor:/: n—S ned Tor Str:\r/ivezr?:nu:égn (oven
Winter Barley 259,670 5.6 1,454,152
Spring Barley 56,790 4.1 232,839
Oilseed rape 39,400 25 98,500

Table 7.1 — Estimated straw production in Scotland in 2004

According to the data in Table 7.1, the total amairbarley straw produced in Scotland
in 2004 was 1,686,991 tonnes dry weight. If thecemtration of methanol, in the form of
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pectic methyl esters, in mature barley plants7snsg kg', but only 3.7 mg Kgof this is
emitted as a result of the action of PME enzyntesan be extrapolated that the amount of
methanol emitted to the troposphere as a restitteoflecomposition of barley straw

produced in Scotland will be in the region of 6240yr™.
7.2.2.3 Discussion

Comparing this figure to that quoted by Jacob et28105) for the amount of methanol
introduced to the atmosphere as a result of plecaylof 23 Tg yt, it is immediately
apparent that the figure calculated above for ttergial amount of methanol emitted to
the troposphere as a result of the decompositidradéy straw in Scotland is a relatively
small proportion of this. The calculated amouninathanol that could potentially be
emitted to the troposphere as a result of the dposition of barley straw produced in
Scotland constitutes approximately 2.7%%®of the total amount of methanol that is

emitted to the troposphere as a result of planbrposition globally.

In 2006 a combined total of 881,000 hectares ahg@nd winter barley was grown in the
UK (Anon, 2007a). According to the yield data iable 7.1, this constitutes
approximately 4.3 million tonnes of straw. Fromns{tabout 15,800 kg or 0.016 Gg

methanol may be emitted.

Using figures obtained from the United States Dipant of Agriculture, figures for the
contribution of methanol from the degradation afiéastraw produced in Canada and the
USA can also be estimated. Areas of 405,000 &9®i14500 hectares of barley were
produced in the USA and Canada in 2006 and 20qi2cesely. Using the data calculated
in Section 6.2.2.2t can be estimated that approximately 97,000 KgQD Gg, methanol

will be released to the troposphere annually a&saltr of the decomposition of barley
straw produced in the US and Canada per year. fifjuise constitutes approximately
0.0004% of the estimate for methanol introducethéotroposphere as a result of plant

decomposition quoted by Jacob et al. (2005).

Global barley harvest was estimated at 57,000,@@6ahes in 2005 (Anon, 2000-2006).
Using the average straw yield from spring and wibsley grown in Scotland as a rough
estimate for global barley straw yield, it can pbeaulated that about 276 Tg barley straw
would be produced as a by-product of this procdéfssach kg barley straw emits 3.7 mg
methanol, the total amount of methanol releaseldaalobal troposphere as a result of the
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degradation of barley straw is about 1 Gg, approximately 0.0044% of the estimated
total quoted by Jacob et al. (2005).

7.2.3 Ryegrass

7.2.3.1 Introduction

Ryegrass is grown extensively across the counegt{@& 3.4.1.2) and globally. Ryegrass
rough pasture, by its very nature, is not harvediatiremains as a growing plant
throughout the year. Estimates on the quantityethanol emitted as a result of this

growing process are calculated and discussed ito8et3.3.

Ryegrass is also grown extensively for use asesitadnay, owing to the fact that ryegrass
has a particularly high sugar content, which isdbieral in the anaerobic fermentation
stage of the silage production process. Silagdymtion obviously involves the initial
mowing of grass. This process, in wounding thatptaaterial, has been found to enhance
the emission of typical biogenic VOC's, includingethanol (de Gouw, 1999) (Section
7.2.1.1). Immediately following the cutting of gg it was found that there was an initial
burst of VOC emission, dominated by methanol a&)eBthexenal. Silage production also
requires the grass to be wilted following cuttindpich will in itself cause an elevation in
the rate of methanol release. In spite of this,assumption that the methanol present in
the grass material at the time of cutting is erdittethe troposphere, whether in a large
pulse immediately following harvet, as a more pngled period of methanol release

during drying, or as the result of decompositiothi@ rumen of livestock, still stands.

The findings in Section 6.2.2.that the methyl ester content of barley seedliagkast
during the early stages of growth, does not dirhisignificantly with increasing age of

the plant, suggests that methanol is releasecetoraposphere at such a rate that, as highly
esterified cell walls are laid down in rapidly griogy regions of the plant and mature cell
walls constantly lose methyl esters as a resuh®fction of PME, the quantity of methyl
ester groups contained in the plant on a dry wedgkts remains relatively constant. The
majority of the methyl esters present at earlyesagf growth, based on the findings for
barley seedlings and the methanol emission rabes fyegrass seedlings, therefore remain

within the cell walls of plants until they are hasted.

From results calculated in Section 6.2.2, it casfreculated that three-month-old ryegrass

plants contain approximately the same amount ohytetied GA residues on a dry weight
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basis as rapidly growing plants. Therefore, omyankight basis, the quantity of methanol
contained in ryegrass seedlings is similar to dciigants when they are cut, be it for the
production of hay or silage. The fate of pectiadmgkesters in the rumen of livestock is
the source of much speculation and is outwith dops of this study. Consequently, grass
grown as permanent pasture will not be taken iotesicleration and calculations and
estimates in this section will be made only for éineount of methanol emitted to the

troposphere as a result of the harvest of grashéoproduction of hay or silage.

On the assumption that the methyl ester contegtashinaceous plants remains relatively
constant, on a dry weight basis, throughout thevtir@f the plant as new cell walls are
continuously laid down in the growing region of gtem and methanol is emitted as a
result of the action of PME enzymes, calculatioasda on these data can be undertaken in
order to determine the amount of methanol emiteti¢ troposphere as a result of the

production of silage and hay from grass in the UK.
7.2.3.2 Calculations

According to the results from the quantificatiomneéthyl esters in rapidly growing barley
seedlings, together with the findings for the @tenethanol emission from ryegrass
seedlings, it could be assumed that the overalhyhester content of ryegrass plants
remains relatively constant as they mature. Itdtherefore be stated that, at the point of
ryegrass harvest for the purpose of either hayrawsproduction, the methyl ester content

of the plant material could be approximately 1&2gdw?”.

The Ministry of Agriculture, Food and Rural Affai(dnon, 1999) have conducted
experiments to determine the forage quality of ahmgegrass grown at three different
sites across Ontario, USA. The ryegrass was aid®+ and NDF values calculated.
Average figures for ADF and NDF of first cut annagtgrass over the three sites are
quoted as 34.4 and 53.6% respectively. Usingdheesprinciples as were used in the
calculations involving barley (Section 7.2.2.2);datuld therefore be approximated that the
total amount of primary cell wall material in ryags after about 60 days of growth is
19.2% on a dry weight basis.

The total methyl ester content of mature ryegrastiocbe estimated at 158 gdw'. At
this stage of growth the primary cell wall conteuit be of a much smaller proportion of
the total call wall material than that in a rapidiypwing seedling. To take this into

account in the calculations, the difference betwiberADF and NDF values can be used
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as an approximation of primary cell wall contemterefore, in mature ryegrass plants,
there will be around 2Qg methyl esters per gram of plant material on avelright basis.
This equates to approximately 4,24 methanol per g dry plant material. Thereforel, o
dry ryegrass at the point of harvest, there wilabaund 0.19 g primary cell wall material
and approximately 4.91g methanol contained within the plant material, thegority of
which will presumably be emitted to the atmospherene form or another, be it as a
result of the hay or silage-making process, or e@snsequence of being consumed by

ruminants.

Accurate values for UK land area used in the prodnof silage and hay are not readily
available. The total area used for the produatiograss in the UK is quoted by UK
Agriculture as being around 6,904,000 hectares (A1©899-2007), excluding rough
grazing. Of this, it is estimated that about twids, 4,602,667 hectares, is used in the
production of silage or hay in the spring of eaehry the vast majority being harvested as
silage. Figures for grass yield are likewise elesiO’Kiely (2000) found that average
silage yields from a perennial ryegrass sward am &2 productive old pasture were 10.8
and 10.5 tonnes Harespectively on a dry weight basis. The Irishidgjture and Food
Development Authority (O'Loughlin, 2001) has pubéd similar data regarding silage
yield. Under good management, a first and secahdilage yield of 6 to 7 and between
4.5 and 5.0 t harespectively, on a dry weight basis, was attaimabl

It could therefore be reasonable to state thapanoximation for the yield of grass from a
perennial ryegrass sward, grown with the purpodeofesting for silage, would be in the
region of 11 t hd on a dry weight basis. This equates to UK prdduabf silage of
approximately 51 Tg V¥ It follows that, assuming the methyl ester cohts ryegrass is
similar to that of barley plants, about 0.25 Ggmaebl is contained within the cell walls

of the grass cut every year for the purpose of gy silage in the UK.
7.2.3.3 Discussion

The amount of methanol contained in the tissug@frass cut for the purpose of
producing silage in the UK equates to approximagelfeen times the calculated quantity
of methanol emitted as a result of the decompasitidbarley straw. However, due to the
complex nature of the processes that the plantrrabteay undergo following harvest, it is
likely that a proportion of this methanol will nbé emitted to the atmosphere, or it will

perhaps be emitted in a different form. For thesesons, comparing this figure to that
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guoted by Jacob et al. (2005) for the total quamtitmethanol released to the global
troposphere as a result of the decomposition oftpteaterial will serve little purpose.

The quantity of methanol contained in grass asthge of growth at which it is harvested
for silage is perhaps surprisingly large. Howeitas worth noting that the area used for
the growth of grass for the sole purpose of sila@eluction in the UK is five times greater
than that used for the growth of spring and wibiey combined. It is also the case that
grass DM yield from a silage harvest alone is @aible that of barley straw from a

barley crop.

7.2.4 Oilseed Rape

7.2.4.1 Introduction

The results of the modified bell jar experimentsasmging methanol emission rates from
rapidly growing oilseed rape seedlings on a drygivebasis (Section 6.1.2) can be used,
together with the average results of the quantiboaof methyl esters in broccoli stems

and cauliflower tissue (Section 6.2.3) to estimtheeamount of methanol retained in

oilseed rape plants at the stage at which thehameested. Using these data, estimates can
subsequently be calculated for the amount of methemitted to the troposphere as a

result of the decomposition of oilseed rape straoWing the harvest in Scotland.

Assuming that the methyl ester content of brocaotl cauliflower tissues are similar to
that of a mature oilseed rape plant, the amountethanol retained in oilseed rape plants
following harvest can be estimated. By subtractirgpotential amount of methanol
released from oilseed rape plants over a growiag@eof approximately three months,
calculated from the results of the modified bellgaperiment (for methods see Section
3.4, for results see Chapter 6), from the dataiobtbfrom the literature regarding the
methyl ester content of broccoli and cauliflower,approximate value for the total amount
of methanol present in oilseed rape plants whey dne harvested can be calculated.
Oilseed rape straw residues are typically thougluet of little nutritional value as a
feedstuff for ruminants in an unmodified form. Fois reason oilseed rape residues are
generally left on the surface of the field and jglioed back into the soil following harvest.
It can be assumed therefore, that the vast majofittye methanol present in the plant at
the harvest stage is released to the atmosphéhne atant material decomposes.
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7.2.4.2 Calculations

As with barley in Section 7.2.1.2, the approxim@teportion of primary cell wall material
in a mature oilseed rape plant may be calculatedydsrage crop nutritional data,
specifically figures for ADF and NDF. By subtragjifigures for the mean ADF fraction
in an oilseed rape plant from a typical value f@Hm the approximate primary cell wall
content of oilseed rape plants may be determifdek approximate potential amount of
methanol released to the troposphere as a resthie a@fecomposition of oilseed rape crop
residues following harvest may be calculated uajmgroximate values for the primary cell
wall content of oilseed rape straw together wittadeom the literature for the
quantification of methyl esters in Brassica spe@ssuming the methyl ester contents of
these Brassicca species is similar to that of edgape.

McCluskey et al. (1984) quantified the total cedlliwields and indigestible cell wall
content of twelve cultivars of kale, including sealespecies of winter kale types with thin
stems, considered to be anatomically comparalidgeed rape plants. Average values
were in the region of 48 and 22 for values forlto& wall yield and indigestible cell wall
material respectively on a % dry weight basis. ifgkhe former value as an
approximation of the NDF value of these types dé lend the latter as that of the ADF
value, it could be concluded from this study thet primary cell wall content of these
plants is in the region of 26%.

The composition and rumen degradability of strammfithree oilseed rape varieties were
compared by Alexander et al. (1987). Betweenhheetvarieties, the average NDF and
ADF values were found to be about 75% and 60% dritenrespectively. This would

suggest a primary cell wall component of approxatyal5%.

Trinsoutrot et al. (2001) investigated the biochmahcomposition of individual

components of oilseed rape crop residues. Techsigtoposed by Van Soest (1963) were
implemented in order to quantify soluble, celluldsemicellulose and ‘lignin-like
compound’ fractions in each of the studied resichaterials. The mean value for total cell
wall material, generally speaking constituting MieF fraction, of oilseed rape stems was
determined to be approximately 61.3% of the totglrdatter. Around 43.6% of the total
cell wall material was found to consist of cellidand lignin. This figure gives a good
approximation for the ADF value. According to tkisidy, the approximate primary cell

wall content of oilseed rape stems is therefore@pmately 18% of the total dry matter.
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The mean methyl ester content of Brassica speamebe considered to be approximately
230 mg methyl esters per gram of dry plant matéaaled on figures obtained from the
literature (Section 6.2.3.1). Taking into accotn& findings that approximately 20% of
the total methyl ester content in rapidly develgpiiseed rape plants would be lost to the
atmosphere as methanol following a growing seasap@roximately three months of
growth, the total amount of methyl esterified GAideies at the end of a growing season
could be approximated at 184 mg giwThe primary cell wall content of mature oilseed
rape plants prior to harvest will constitute a dergbroportion of the total biomass than
that of a rapidly growing seedling. In fact, acéongito the literature, the primary cell wall
content may be approximately 17% on a dry weigbtsaln 1g dry oilseed rape straw,
there will be around 0.17g of primary cell wall @&l and approximately 31 mg of
methyl esterified GA residues. This equates toiagd.2 mg methanol in 1g straw from
the harvest of oilseed rape. Therefore, in 1 gadseed rape straw, there will be around

0.17 g primary cell wall material and approximatgl® mg methanol.

As discussed in Section 7.2.1.2, it has been fohatl on average, PME enzymes will
liberate only about 65% of the total methyl esesnethanol into the atmosphere as plant
material decomposes (Doong et al., 1995; Massiak £1997; Rexova-Benkova and
Markovic, 1976). Therefore, it can be reasonabkhngated that the amount of methanol
emitted from 1kg straw produced from the harvediilskeed rape will be 3.4g.

From the data shown in Table 7.1, it can be se&indilseed rape yields a considerable
straw volume. The quantification of this portidrtlee crop is complicated however, by
the fact that it disintegrates readily during hatyso that the collectable straw yield is
probably lower than the actual amount of straw poed (Garrad-Hassan 2001). More
recent figures for the area of land used in thelpetion of oilseed rape in Scotland are
available from the Scottish Executive (Anon, 2006bhese figures estimate this area to
be in the region of 34,000 hectares. This aregether with the yield value quoted in
Table 7.1 (Anon, 2006a) will be used in subsequoaldulations.

Assuming the concentration of methanol in matulgeeid rape seedlings is in the region
of 5.2 g kg, 3.4 g kg of which is emitted to the atmosphere as the strawomposes, it
can be extrapolated that 0.29 Gg methanol willrbdted to the troposphere as a result of
the decomposition of oilseed rape residues produc&dotland per year.
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7.2.4.3 Discussion

The amount of methanol that is potentially reledseithe troposphere as a result of the
decomposition of oilseed rape straw residues prediut Scotland constitutes
approximately 0.0013% of the total amount of methamitted to the troposphere as a

result of plant decomposition as proposed by Jateaih (2005).

DEFRA recently published data for the area, yield production of oilseed rape in the
UK (Anon, 2007a) and concluded that 575,000 hestaere used for oilseed rape
production in the UK. Assuming 3.4 g methanolnsteed from every kg of oilseed rape
straw produced, the total amount of methanol ethiibethe troposphere as a result of the

decomposition of oilseed rape straw produced irdKewill be in the region of 4.9 Gg yr
1

In 1997, the estimated worldwide production of @d rape was approximately 22 million
hectares and by 2003 this area had increaseduo&&8 million hectares (Anon, 2004).
Taking the figure for oilseed rape straw yield fape grown in Scotland as being an
approximate global average, it can be stated kteaainount of straw produced globally as
a result of oilseed rape harvests is around 57.5314 g methanol may be released as a
result of the decomposition of 1 kg oilseed rapavsttherefore 57.5 Tg oilseed rape straw
may be responsible for the introduction of 0.1951&thanol to the global methanol
budget annually. This figure constitutes approxatya0.85% of the total proposed by
Jacob et al. (2005) for the tropospheric methaaptridoution made by the decomposition

of plant material.

7.2.5 Overall Discussion and Conclusions

The total contribution to the global atmospheridmeol budget by the decomposition of
forage crop residues of the species studied hexgbistantial. However, despite the
extensive nature of global barley production, theainposition of barley straw may only
contribute about 0.0044% of the total amount oftraebl released from the decomposition
of plant material as proposed by Jacob et al. (ROU&e decomposition of oilseed rape
straw may be responsible for around 0.85% of tted toethanol in the troposphere as a
result of plant matter decomposition per year.sTuantity is huge in relation to the
equivalent amount contributed by barley straw, dedpe area used in the global

production of barley being about two and a halesnthat of oilseed rape.
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Both oilseed rape and barley straw may be utilinestveral different ways following crop
harvest, depending upon the agricultural systewhich it is produced. In both of these
cases, a small proportion of the residual strawlpeced from the harvest process may be
utilised as a forage material. The fate of thehyletsters contained within the forage
material once consumed by ruminants is unknown gvewit is possible that a smaller
proportion of the methyl esters present in the tptaaterial is released as methanol
following digestion in the rumen than that releaaedh result of decomposition. Or
perhaps the methanol is emitted from ruminanteénform of a different compound, for

example methane.

The calculated global figures for methanol reldase the decomposition of residues
from the harvest of barley and oilseed rape atiemasts based on both results of analyses
carried out by the author and data obtained fragriiterature. Assumptions have been
made that these data are reliable and therefocalastd figures can be regarded as rough
estimates only. Based on these assumptions, ibeatated that annually, about 196 Gg
methanol is emitted to the troposphere from the@dhgosition of barley and oilseed rape
straw produced throughout the world, with 195 G¢hi being contributed by oilseed
rape straw. This quantity constitutes approxinyadeB5% of the estimated methanol
emitted globally as a result of the decompositibplant material proposed by Jacob et al.
(2005).

This study highlights the fact that the quantityraéthanol present in both the
graminaceous and non-graminaceous crop specigsdtitharvest time is comparable to
that during early stages of development. This satggthat, as methanol is released from
the plant material as a result of the action of PAnEymes on cell wall polysaccharides,
the elevated methyl ester content within new calll waterial continuously being
produced as the plants grow, results in the overathyl ester content remaining relatively

constant.

Due to the complex nature of the fate of cell walsl the methyl esters contained within
them following mastication and digestion by rumitsathe quantity of methanol released
from grass after it has been harvested cannottbeated with any degree of accuracy.
However, on the assumption that the methyl estetecth of mature grass plants is
comparable, on a dry weight basis, to that of segsll the amount of methanol potentially
stored in the cell walls of grass harvested agsit@ hay annually in the UK has been

estimated. About 0.25 Gg methanol is presentergtiass harvested as silage in the UK
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annually. The fate of this methanol and the proporof it subsequently emitted to the
troposphere is difficult to speculate.

7.3 Estimation of Methanol Emissions from Growing

Crop Species in the UK

7.3.1 Introduction

Methanol emissions from seedlings of three commgnbyvn crop species have been
guantified in a series of experiments using theifrextibell jar (see Section 3.4 for
methods, Chapter 6 for results). These quantitiag be extrapolated to estimate the
amount of methanol emitted to the troposphererasut of the growth these crops in the

UK every year.

In the cases of barley and oilseed rape, thesalatiins can then be used to estimate the
amount of methanol emitted to the troposphere fiteegrowth of these crops annually on
a global scale, using data determined from the fisadbell jar experiments together with
figures obtained from the literature for areasaofid used in the production of the particular
crop species. Extrapolating the quantity of methamitted from these crop species
during the growth of the plants on a global scaldiificult without the inclusion of a large
degree of uncertainty. This is particularly theeahen dealing with ryegrass. Ryegrass,
a C3 plant, is grown extensively throughout the &€l Europe. However, in warmer
climates, grass species that use C4 carbon fixat@grown more effectively. For this
reason, the amount of methanol emitted by all ggpssies grown globally cannot be

estimated.

7.3.2 Barley

7.3.2.1 Introduction

According to the data in Table 7.1, 316,460 hestafespring and winter barley combined
were grown in Scotland in 2004 (Anon, 2006a). 0@ a combined total of 881,000
hectares of spring and winter barley was growmenWK (Anon, 2007a). The ideal
population of winter barley in the spring is quotsdthe Agriculture and Rural
Development Department of the Northern Ireland Gowvent as being between 250 and

300 plants per M{Anon, 2006c¢), this being equivalent to approxieha®.75 million
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plants per hectare. Figures of between 300 angR2fis per square metre are quoted by
the Scottish Farmer as being the optimum plant fadipa of spring barley (Anon, 2007b).
Mike Peel, North Dakota State University extensaagnonomist, quotes the recommended
plant population for barley as being about 1.23iamlplants per acre. This is equivalent

to approximately 3.1 million plants per hectare.

The maximum and minimum methanol emission rates foarley plants were measured
using GC-FID when the plants were six and twelwsdad respectively (Section 6.1.3.3).
It was decided that the figures calculated forrdte of methanol emission per plant rather
than on a dry weight basis would be more usefehioulations with the aim of
determining the amount of methanol emitted fromeyacrops as they grow in the UK

every year.
7.3.2.2 Calculations

The average maximum emission rate of methanol Batay-old barley seedlings on a per
plant basis is approximately Qufy methanol ht plant® (Figure 6.8). Figures from the
literature quote the optimum plant density for bganblants at about 2.9 million barley
plants per hectare. At this plant density, 1 hectd barley seedlings will emit 290 mg
methanol Ht, with approximately 91.8 kg methanol being emitiiesn barley plants
growing in Scotland per hour. It is worth notirngt this figure applies only to seedlings
that were sown 6 days previously and also thataimission rate steadily decreases to

approximately half of that of 6-day-old seedlingsidg the subsequent 6 days of growth.

The methanol emission rate from plants of an agatgr than 12 days is not known. It can
therefore only be assumed that, for the majoritihefthree months or so that barley plants
are growing before the grain part of the plant dgy® the average methanol emission rate
is in the region of 0.0Rg hr*plant®. This being the case, over 3 months, the barley
growing in Scotland will have emitted a total opapximately 0.11 Gg methanol. From
the entire population of growing barley plantshe tJK, throughout the growth of the

leafy portion of the plant, it can be considereasmnable to suggest from the results of
these experiments that about 0.31 Gg methanol iiseghirom these barley plants every

year.
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7.3.2.3 Discussion

In 2006, the USA produced 405,000 hectares of paniilst in 2002, 4,981,500 hectares
of barley were produced in Canada. This equatdsetemission of about 1.87 Gg

methanol emitted to the troposphere per year floagtowth of barley.

As mentioned in Section 7.2.2.3, the global bahagvest was estimated at 57,000,000
hectares in 2005 (Anon, 2000-2006). If the averatg of methanol emission from a
growing barley crop is approximately 145 mg lna’, over three months of growth, the

global barley crop will emit in the region of 193) methanol to the troposphere.

The predicted global tropospheric methanol contiiliumade by the growth of plants is
thought to be in the region of 128 Tgyr(Jacob, 2005). Only a tiny proportion of this,
approximately 0.016%, is due to the growth of barle

7.3.3 Ryegrass

7.3.3.1 Introduction

Ryegrass accounts for approximately 70% of foragegyseed sales in the UK. Although
perennial ryegrass is not the only variety of ggrssvn in the UK, it may be reasonable to
assume that grasses of different varieties andespemnsidering the similarities in
general physiology, emit similar quantities of uiés from their leaves as they grow.

The same cannot be said, however, for grass spgaes globally. C3 plant species, of
which ryegrass is one, constitue over 95% of thatdife on the planet. However, 1% of
all known plant species, equating to about 5% efaarth’s plant biomass, use C4 carbon
fixation methods. C4 plants exist and thrive igio@s where there are high air
temperatures, a tendency for drought conditionsaalidited supply of carbon or nitrogen.
Their mechanism for photosynethsis efficiently deds CQ to the first enzyme in the
Calvin cycle, reducing the requirement for photpnedion, which effectively wastes
energy. Plant species of commercial significaheg tise C4 carbon fixation include
sugarcane, maize, sorghum, finger millet, amaranthswitchgrass. The leaf anatomy of
C4 plants is unique and differs greatly from thia€8 plants. Two layers of cells, the
bundle sheath layer and the mesophyll layer, saddhie vascular bundles within the leaf.
It has been found that the digestibility of C4 péais characteristically low (Wilson, 1983),
suggesting that the proportion of total cell watirbass comprised of primary cell walls
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may be lower than in C3 plants of a similar stabgrowth (Carpita, 1996) . If there is a
lower proportion of primary cell walls in a C4 ptapecies, it is reasonable to assume that
the pectin, and consequently the pectic methyk estetent, of the cell walls is lower than
an equivalent plant of a C3 species. This may laage=at influence on the amount of
methanol that is emitted from these plants as ¢gnew. As a result, it is considered
prudent not to include in the calculations an gdtation to estimate the amount of
methanol emitted by grass species on a global.scale

The germination rate of perennial ryegrass seedstarefore the density of grass plants
in a crop, perhaps unsurprisingly, varies consigdgrdepending on, among other
variables, regional climate, soil fertility and tikser application rate. Figures for the
germination rate and therefore the density of rgegiplants in either a hay or silage, or a
pasture system are not readily available, whicbadists the use of data for methanol
emission rate per ryegrass plant from subsequénilatons. Instead, data for the
average yield of dry weight from each of theseayst can be utilised, together with
methanol emission rates from ryegrass seedlingsrdeted from the modified bell jar

experiments (see Section 3.4 for methods, Sectiba €or results).

O’Kiely (2000) concluded that the average silagdd/irom a perennial ryegrass sward
and that from a productive old pasture were 108¥h5 tonnes harespectively on a dry
weight basis. Using these figures, together wetults from the modified bell jar
experiments involving ryegrass seedlings, it wdlgossible to calculate the approximate
amount of methanol emitted to the UK troposphesenfthese two grassland systems over

the time period during which they are growing.
7.3.3.2 Calculations

Calculations with the aim of quantifying methanoilissions from growing ryegrass plants
will not involve an easily defined time period filne growing season, after which the
plants will be harvested. However, Defra have tead a model called the Poaching
Risk Assessment Model (PRAM 2.0), designed forgin@ntification of the potential for an
autumn extension of the standard summer grazirgpag@&nthony and Lyons). The
growing season for grass is defined as the peuwishgl which soil temperatures at a depth
of 30 cm are greater than th€®. The growing season calculated using the model,
averaged over five sites located in England andeg/alas concluded to be approximately

185 days. Thus, the time period during which meohavill be emitted at a similar rate to
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that observed in the experiments described in @e&tidcould be considered to be in the
region of 185 days.

Accurate land area values for UK silage and haggeton are difficult to come by in the
literature. The total area used for the productibgrass in the UK, excluding rough
grazing, is quoted by UK Agriculture as being a@@;004,000 hectares (Anon, 1999-
2007). Of this, it is estimated that about twadhj 4,602,667 hectares, is used in the
production of silage or hay in the spring of eaehrythe vast majority being harvested as

silage.

Figures for grass yield are likewise elusive, biKi€ly (2000) found that average silage
yields from a perennial ryegrass sward and tham fagoroductive old pasture were 10.8
and 10.5 tonnes Harespectively on a dry weight basis. The Irishidgjture and Food
Development Authority (O'Loughlin, 2001) has pubéd similar data regarding silage
yield. Under good management, a first and secohdilage yield of 6 to 7 and between
4.5 and 5.0 t Harespectively, on a dry weight basis, was attaimaklsing these figures,
an approximate yield of grass from a perennial rgeg sward, grown with the purpose of
harvesting for silage, would be in the region ot hi>. The grass yield from a mature

pasture may be considered to be around 10.5.t ha

According to the data above, the total weight afsgrproduced as silage in the UK per
year is approximately 51 Tg. If the remainderha total area of the UK used in the
production of grass can be considered mature mashen the approximate amount of this
type of grass grown in this country will be in ttegion of 24 Tg. Thus, the cumulative
weight of grass grown for silage production and grawn for mature pasture may be
roughly speaking 75 Tg dry weight.

In order to make calculated values for methanoksions from all three crop species
studied here comparable, the average minimum,rgthe average, measured emission
rate from ryegrass plants will be used in subseecaoulations. The methanol emission
rate from plants of a greater age than this hapeen determined. It can therefore only be
assumed that the steady methanol emission raterfrature ryegrass plants will be

roughly 0.001ug hr* plant* (Section 6.1.3.3) and that on a dry weight bakismethanol
emission rate will be in the region of Qu§ hr* gdw™ (Section 6.1.3.2).

Using the figure above for the dry weight of grpesduced in the UK annually in both

pastoral and silage-producing systems, the totainthof methanol emitted to the
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troposphere annually as a result of the growthraégcould be as much as 167 Gg.
However, this will be a vast over-estimation asthealculations were based on the
methanol emission rate on a dry weight basis, rdtfa that on a per plant basis. This
consequently assumes that the amount of methantiedmwill increase as the dry weight
of the ryegrass plants increase. This is almasaiody not the case. In fact, the results of
the modified bell jar experiments (Section 6.1)ges] that, as the size of the plant
increases with increasing age, the methanol emmisate per gram dry weight decreases

significantly.

The dry weight of the average 18-day-old ryegrdastps about 1.9mg. However, the age
of the grass plants in this case will be closéGalays old (O’Kiely, 2000). Assuming
that the dry weight of ryegrass plants increasessatilar rate to that of plants between
the ages of 6 and 18 days, at 60 days, the dryhivefghe average plant may be
approximately 21.83 mg. If the combined total virtigf grass grown for the purpose of
silage production, together with that growing asur&pasture, is about 75 Tg, it could be
calculated that there will be in the region of %23 grass plants growing in these
systems. Based on this assumption, the resutteahodified bell jar experiments
calculated on a per plant basis can be used tondiet the approximate quantity of
methanol emitted from areas of grass that are giovime UK for silage production and
that classed as mature pasture. Assuming grasts @lee effectively growing for 185 days
of the year, it can be estimated that methanobihtced from grass grown for silage and

that in mature pasture systems will emit approxatyai5.1 Gg.
7.3.3.3 Discussion

The figure calculated here for the quantity of naathl emitted to the troposphere annually
from the growth of ryegrass, both in the form oftana pasture and for the production of
silage, is approximately 15.1 Gg. The quantitynathanol emitted from the growth of
barley in the UK is only about 2% of this valueng&may have predicted this to be the
case, given the vast area of the UK utilised ingitwavth of grass and the relative densities

in which these two plant species are grown.

It is worth noting that this set of calculationsisaers only grass grown for the purpose of
silage production and that growing in the form @tore pasture. In the UK, the total
amount of grass growing will be greater than timd eonsequently the amount of
methanol emitted as a result of grass growth wvellgbeater than the figure quoted above.

However, despite the fact that land area utilieddugh and hill grazings will be several
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times larger than the area used for silage prooleind mature pasture, the total grass
biomass produced in the former grazing systemsbgitomparatively small due to the
relatively low biomass production rate. The weighgjrass grown globally cannot be
estimated due to the vast variety of growing coadg, types of grass and the constant flux

in land areas concerned.

7.3.4 Oilseed Rape

7.3.4.1 Introduction

Figures dating from the 2006 harvest quote thd tmt@@age of oilseed rape grown in
Scotland as 34,000 hectares and in the UK as 50%@€tares (Anon, 2007a). VOC'’s
emitted from rape plants as they grow will therefbe likely to contribute significantly to
the overall composition of the UK stratosphere.JBDBowman, a plant breeder at
Nickersons Seeds Ltd., Lincolnshire, has condutrteld using a range of different oilseed
rape varieties. It was concluded that 60 to 8@tglper square metre gave the highest

economic return (Nickerson (UK) Ltd.).

The minimum measured methanol emission rate frawigg oilseed rape seedlings will
be used in these calculations as an approximatageeate of emission from growing

plants, from emergence to harvest.
7.3.4.2 Calculations

According to the data displayed graphically in Fegg.10(Section 6.1.3.3), the minimum
measured rate of methanol emission from growingeeitl rape plants in the modified bell
jar experiments occurs when the plants are 12 digysThis emission rate is
approximately 0.02.g hr* plant'and, due to the lack of data for emission rates fptants

of a greater age, will be used in subsequent ciouis.

The optimum density of oilseed rape plants is adoZ®0,000 plants per hectare.
According to figures from the literature mentioredzbve, 34,000 hectares of oilseed rape
was grown in Scotland in 2006. Over the growingssa of three months, these plants
will have produced a total of approximately 1142nkgthanol. In the 575,000 hectares of
land used for the growth of oilseed rape in the ti€re will therefore be in the region of

4.0x10" oilseed rape plants being grown annually in the Uuring an entire growing
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season of approximately 3 months, the UK'’s oilsege crop will have produced about
0.02 Gg methanol.

7.3.4.3 Discussion

In 2003 it was estimated that globally, approxirha®3 million hectares of oilseed rape
were grown (Anon, 2004). If the average rate offraeol emission from a growing
oilseed rape crop is approximately 14 mg ha’, over three months of growth, the global
oilseed rape crop will emit in the region of 0.7@ @ethanol to the troposphere.

It is thought that the input of methanol to thebglbtroposphere originating from growing
plants is approximately 128 Tg Vr(Jacob, 2005). An almost negligible proportiortroé
is contributed by the growth of oilseed rape crefpcl 07%).

7.3.5 Overall Discussion and Conclusions

A very small proportion of the total amount of metbl emitted to the troposphere as a
result of the growth of plants is contributed totbg growth of the crop species studied
here. From the calculations above, it could bereded that about 20.6 Gg methanol is
emitted to the global troposphere as a result@itbrldwide growth of barley and oilseed
rape crops. This constitutes a mere 0.016% o¥dhee estimated by Jacob et al. (2005)
for the total quantity of methanol emitted to thepbsphere from growing plants.

The input made by the growth of grass is vast mmgarison to the other two crop species
studied here. For example, the calculated quaotitgethanol emitted to the troposphere
from grass grown for silage production and grassvgrg as mature pasture in the UK
alone is estimated as being approximately 15.1 Ii6gan only be speculated as to the
magnitude of the total amount of methanol thangted from the lowland pastures, silage
and hay crops, rough upland pastures, golf coanséparklands across the globe and the

impact that this has on the global balance of ylelapecies in the troposphere.

7.4 Comparison Between Methanol Emissions from the

Decomposition and Growth of Crop Species

Tables 7.2 and 7.3 display the data calculatectati@s 7.2 and 7.3 respectivédy the
guantities of methanol emitted to the troposphesmfthe decomposition of crop residues

and those emitted from growing crop plants. Figwrere calculated using results from
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experiments quantifying the methyl ester conteritasfey seedlings and those quantifying
the methanol emission rates from barley, oilsepd emnd ryegrass, combined with data

from the literature.
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Plant Species Quantity of Methanol Emitted Through Decomposition of Residues (Gg yr-1)
Scotland UK US and Canada Global
Barley 0.00624 0.016 0.097 1
Rye Grass * 0.25 (a) * *
Oilseed Rape 0.29 4.9 * 195

* Figure not calculated
(a) Methanol contained in plant material at point o

Table 7.2 — Calculated quantities of methanol emitt

f harvest for silage

ed from residue decomposition

Plant Species Quantity of Methanol Emitted from Growing Plants (Gg yr-1)
Scotland UK US and Canada Global
Barley 0.11 0.31 1.87 195
Rye Grass * 15.12 (a) * *
Oilseed Rape 0.00114 0.0193 * 0.77

* Figure not calculated

(a) Grass growing as mature pasture and for the pro  duction of silage

Table 7.3 — Calculated quantities of methanol from crop plant growth

It can be concluded from the data in Tables 7.27aBdhat the quantity of methanol
emitted to the troposphere from the growth of mahacop species, both nationally and
globally, is generally on a much greater scale theramount of methanol available for
release during the decomposition of the same plafftese finding are concurrent with the
conclusion that the methanol released from monplewits over a 24-hour period as
young, rapidly growing plants develop constitutegeater quantity than is actually
present as total methyl esters in the primarywalls.

However, the converse is true of oilseed rapegttig non-graminaceous crop plant
studied. These plants contain a much greater guamnimethyl esterified GA residues
than the graminaceous plant species studied fdre result of this, as shown in Table 7.2,
is that, at the time at which the plants are hdeceshe graminaceous species contain a
very small amount of pectic methyl esters compé#odtie oilseed rape plants.

The methanol released from the growth of the ollgape seedlings on a per plant basis is
comparable to that of barley seedlings but, dubddact that barley is grown over a much
larger area globally and barley plant densitiesgaeater than that of rape, as Table 7.3
shows, the methanol emitted from these plantseysdlow totals over 250 times that of
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methanol emitted from growing oilseed rape plaitss worth noting that these
experiments were carried out on rapidly growingniature seedlings. The trend in
methanol emission rates and the variation in meghigr content of these plants as they

reach maturity can only be speculated.

The fact that the figures for methanol emissionsifryegrass during the growth of the
plants and the amount of methanol available faas during decomposition are so much
greater than those calculated for the other grareimas crop species, is likely to be
indicative of the vast quantities of grass producetthe UK. The area utilised in the
growth of grass is about five times that used fithtspring and winter barley crops
combined. The biomass produced by these grassietems is also very large in
comparison to that produced from a barley crops #iso worth noting that the growing
season of grass was taken as being almost twiteftbath barley and oilseed rape in
these calculations, 185 and 100 days respectiwglich will also contribute to the higher

values seen in the case of methanol released fromirgg ryegrass plants.

7.5 Comparison Between Methanol Emissions from

Decomposing Mature Leaves and Crop Residues

According to the figures calculated from LAI dd&af litterfall data and the methyl ester
content of mature leaves of native tree speciemjtah9 Gg methanol may potentially be
released as a result of the decomposition of métarees of oak, beech and ash trees
during the autumn and winter months in Great Britalable 7.4 shows the areas occupied
by respective plant species studied here, the appate biomass that this area of
production represents and the calculated mean itppahtmethanol that this weight of
biomass may contain in the form of pectic methyéess This methanol, or perhaps the
majority of it, may be emitted to the tropospherofving the harvest or following the
abscission of leaves in the case of tree spe€iggires quoted in the cases of methanol
emitted from leaves following abscission are aveddgetween calculated values from leaf
litterfall (Section 6.2.4) and LAI data (Sectior2®).
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Plant Material Area of Plant Grown | Biomass Produced | Methyl Estgr Content of Plant | Mean anntity of Methanol
('000 Hectares) (Tgyr-1) Material (mg gdw-1) Emitted (Gg yr-1)
Barley Straw 881.0 4.273 0.12 0.016
Rye Grass* 4602.7 51.00 0.12(a) 0.25(b)
Oilseed Rape Straw 575.0 1.438 184.0 4.90
Mature Oak Leaves 222.7 0.858 1282.4 0.71
Mature Ash Leaves 129.1 0.378 2822.2 0.69
Mature Beech Leaves 83.0 0.125 2201.2 0.37
Mature Birch Leaves 160.0 0.544 239.4 0.08
* Grass grown for the purpose of silage production
(a) Assuming a similar methyl ester content to barl ey seedlings

(b) Methanol contained in grass harvested as silage

Table 7.4 — Methanol emitted from the decomposition

the UK

as methyl esters

of different plant materials grown in

It can be seen from Table 7.4 that the relatively pectic methyl ester content of barley

and ryegrass plants results in a smaller contobudi methanol inputs made to the

troposphere by these monocots as they decompag@tedthe vast areas over which they
are grown. Ryegrass plants make by far the lagegtibution of biomass but, due to the
low methyl ester content of these plants, this daggranslate in the figure for the amount
of methanol contained in grass plants when harddsteuse as silage.

Oilseed rape crop residues potentially contriblieegreatest amount of methanol to the
troposphere as they decompose and pectic metleylgrstups are liberated. Compared to
the mature leaves, the methyl ester content oethes-graminaceous plants is low, but
because oilseed rape is planted over a much gea&®ithan any of the tree species
studied, the biomass of rape straw is larger aacthount of methanol available for

release from the decomposition of the plant mdtgrizater.

Three different situations are examined here.li¢jrié has been shown that annual
grasses, such as rye grass, barley, and poteralaffiyaminaceous species, produce
methanol as they grow. It has also been showmthraigraminaceous crop species emit a
quantity of methanol as they grow, but that a laegaount of methanol is emitted to the
troposphere as they decompose. This has alsosheam to be the case for deciduous

tree species.
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Chapter Eight -

Conclusions and Perspective
Pectic non-methyl esters were detected in thenadls of potato tubers and pea epicotyls.

There was no obvious correlation between duratf@tarage following harvest and the
amount of pectic non-methyl esterification, sugmesthat the occurrence of methyl and
non-methyl esters does not account for the detditr in the texture of potato tubers over
the course of the storage season. There were leoyggnificant varietal differences in

overall pectin composition between the two cultsvstudied.

The growth of crop plant species in the UK is agnapntibuter to the country’s output of
methanol in the troposphere and, assuming thaicpmethyl esters remaining in crop
plants at the time of harvest release methanoltmsurrounding environment, it can be
concluded that the decomposition of crop plantess can also be considered a
significant source of tropospheric methanol. Meadumethanol emission rates from
barley and ryegrass seedlings, together with tiséqmethyl ester contents of primary cell
wall material from these plants, suggested thagtrantity of methanol emitted to the
troposphere from the growth of graminaceous cr@gigg, is generally on a much greater
scale than the amount of methanol available feas? during the decomposition of the
same plants. The converse is true of non-grammecplants. Oilseed rape seedlings
contained a much greater quantity of methyl eséetiGA residues than either barley or
ryegrass plants. The consequence of this isdahéte time at which the plants are
harvested, the graminaceous species contain asw&lf amount of pectic methyl esters

compared to oilseed rape plants.

Pectic methyl esters were found in the primary wells of the leaves of tree species that
grow extensively in Great Britain. These estdrgleased to the troposphere during the
decomposition of abscised leaves, would constédutejor source of biogenic methanol
production in Great Britain. The annual amouninathanol emitted to the troposphere as
a result of the decomposition of leaves from oak, deech, and birch trees in Great

Britain is approximately 5 kg methanol per hectirbroadleafed woodland.

A variety of further studies could be carried osing the modified bell jar capture and
purge technique developed here to quantify methamidsions from plant material of
different origins, for example decaying plant tssiMethanol emitted from the
decomposition of plant material such as residuas fnarvested crop species, leaves
abscised from native trees species or needlesfsiracevergreen tree species grown



Christine Finlay, 2007 Chapter 8, 199

extensively in Great Britain, particularly Sitkarspe, could be quantified and the resulting
data scaled up to a national level. The conditwitisin the jar could also be varied, for
example so as to determine the effect of prevagimgronmental conditions, for example
moisture level, pH and temperature, on the amonaitrate of methanol release from plant

tissue of different types.

Stable isotopic measurements could be utilisedarkwf this nature to both trace the fate
of methanol and source the location of methanottechirom plants in the troposphere,
and also to determine the origin of different comgruts of the volatile emissions from
plants. For example, thermal desorption-gas chtognaphy-isotope ratio mass
spectrometry (TD-GC-IR-MS) method was developed bsner et al. (2006) to determine
stable carbon isotopic compositions of low molecwaight volatile organic
compounds(VOCSs) in airborne samples as a meanst@fidining their respective sources
in the environment. In this case, only anthropageaurces of these volatiles were
investigated. Schmidt et al. (2004) reviewed #ahhiques currently utilising gas
chromatography-isotope ratio-mass spectrometry [ &®4S) for carbon stable isotope
analysis. This technique has successfully beed insine following areas: the allocation
of contaminant sources on a local, regional antiajlscale, the identification and
quantification of biotransformation reactions, dhd characterisation of elementary
reaction mechanisms that govern product formatidawever, the investigated
compounds are comprised mainly of monoaromatics asdenzene and toluene,
polycyclic aromatic hydrocarbons (PAHSs), and chiated hydrocarbons such as
tetrachloromethane, trichloroethylene, and polydch&ded biphenyls (PCBs) (Schmidt et
al., 2004). By using compound-specific isotopelyms (GC-MS-IR-MS), Keppler et al.
(2004) found that, by measuring the carbon isotagios in VOC's, the

methoxyl groups of pectin and lignin representedgiredominant source of biogenic C-1
compounds such as methanol, chloromethane and bmethane in the troposphere
(Keppler et al., 2004). A more incisive approaehnehcould also include labelling pectic
polysaccharides within a plant withC and analysing VOC's subsequently emitted from
the plant, thé*C tracer would allow the source of particular viidaemissions could be
determined. Further work of this nature would ioy@ our knowledge and understanding
of the origins of biogenic methanol in the troposghand allow us to present a more

accurate global methanol budget.

In order to identify the nature of volatile compadsrother than methanol being emitted
from sample plant material, GC could be coupledhwmiss spectrometry. This analytical
process could improve our understanding of the ahpienvironmental conditions on the
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rates of biogenic VOC emissions from growing orataeposing plant material. By
incorporating a motor-driven sampling and injectsyistem into the modified bell jar
headspace sampling method, as described in S&:fdll.2, air samples could be taken
from the bell jar and immediately injected onto @ Glumn automatically, increasing
sample through-put and possibly improving reprobllity as the need for an adsorbent
resin would be negated.

The scaling-up of figures determined in small-sedperiments inevitably incurs errors,
especially when dealing with parameters in natwresre the extent of variability is largely
unknown. However, scaling-up is an important pssde drawing meaningful
conclusions from small-scale studies. In this dasexample, scaling-up allows the
estimation of the amount of methanol that couldeptélly be emitted to the troposphere
as a result of the growth of a number of crop sggeand the senescence of leaves from
certain species of tree, on a global scale. Itte@sn shown here that the seasonal pattern
of methanol emission from plants is extremely car@nd likely to be due, not only to
the prevailing environmental conditions, but alse ¢ the proportion of growing plants in

a region that are grasses and cereals.

Natural variability in the quantity of methanol déted from both growing and decaying
plant material will no doubt occur, depending oe fihant species and the environs in
which the plants are growing or senescing. Extengirther investigation, such as
described above, must be carried out in order émtjy these variations and obtain a more
accurate model for global inputs of methanol tottbposphere contributed by plants.
However, within these constraints, this thesisdmagributed to the current understanding
of methanol emissions from plants and speculateplotential global inputs to the
troposphere from the growth and senescence oficgiant species and thus goes some

way to furthering insite to the global methanolleyc

Current global methanol budgets (e.g. Singh e2@D0; Galbally and Kirstine, 2002;
Heikes et al., 2002; Horowitz et al., 2003; Lathiet al., 2006) quote estimated biogenic
methanol emissions at anywhere between 37 (GalbathyKirstine, 2002) and 280 Tgyr
(Heikes et al., 2002). With such a vast numbermafertainties being incorporated into the
calculations, it is perhaps unsurprising that saiclenormous difference exists between
estimates. However, by considering the processd#sittimately control the rate of
methanol release from vegetation to the troposplitereay be possible to predict more
accurately the global inputs of tropospheric metthaontributed to by plants and perhaps

how projected changes in global climate may affieese inputs.
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Appendix — Statistical Data

General Linear Model: October - Leaf Cover Vs Tree  Species, Site

Fact or Type Level s Val ues
Site fixed 3123
Tree Spe fixed 3123

Anal ysis of Variance for Leaf Cover, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj MS F P
Site 2 0. 63870 0. 63870 0. 31935 17.00 0.000
Tree Spe 2 0. 31969 0. 31969 0. 15984 8.51 0.003
Site*Tree Spe 4 0.42684 0.42684 0.10671 5.68 0.004
Error 18 0. 33807 0. 33807 0.01878

Tot al 26 1.72330

Least Squares Means for Leaf Cover

Site Mean SE Mean
1 -0.976 0. 04568
2 -1.337 0. 04568
3 -1.250 0. 04568
Tree Spe

1 -1.036 0. 04568
2 -1.286 0. 04568
3 -1.240 0. 04568

Site*Tree Spe

1 1 -0.818 0.07912
1 2 -0.879 0. 07912
1 3 -1.231 0.07912
2 1 -1. 275 0. 07912
2 2 -1.504 0.07912
2 3 -1.231 0. 07912
3 1 -1.015 0.07912
3 2 -1.476 0. 07912
3 3 -1.259 0.07912

Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Leaf Cover
Al'l Pairw se Conparisons anong Levels of Site

Site = 1 subtracted from

Site Lower Cent er Upper --+4--------- L Fomeemeaas o
2 -0. 5258 -0. 3609 -0. 1960 (------ R )
3 -0. 4390 -0.2741 -0. 1092 (------ R )
me e e e oo [ Fomm e e e o +- - - -
-0.50 -0.25 0. 00 0. 25
Site = 2 subtracted from
Site Lower Cent er Upper --+4--------- L Fomeemeaas o
3 -0.07811  0.08680 0. 2517 (----- R )
o Lrrrrrr T - +eme-
-0.50 -0.25 0. 00 0. 25

Tukey Si nultaneous Tests
Response Vari abl e Leaf Cover
Al'l Pairw se Conparisons anong Levels of Site

Site = 1 subtracted from

Level Di fference SE of Adj ust ed
Site of Means Difference T- Val ue P- Val ue
2 -0. 3609 0. 06460 -5.586 0. 0001
3 -0.2741 0. 06460 -4, 243 0.0014

Site = 2 subtracted from
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Level Di fference SE of Adj ust ed
Site of Means Difference T- Val ue P- Val ue
3 0. 08680 0. 06460 1. 344 0. 3904

Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Leaf Cover
Al'l Pairw se Conparisons anpong Levels of Tree Spe

Tree Spe = 1 subtracted from

Tree Spe Lower Center Upper -+4--------- R Fom - eI
2 -0. 4153 -0.2503 -0.08543 (------- oo )
3 -0. 3693 -0.2044 -0.03950 (------- MR )
- [ TS — [ TS — H-- - - -
-0. 40 -0.20 -0.00 0. 20

Tree Spe = 2 subtracted from

Tree Spe Lower Cent er Upper -+4--------- Fommm e m o o mmm e o oo mm -
3 -0.1190 0. 04593 0. 2108 (------- Koo )

Tukey Si nul taneous Tests
Response Vari abl e Leaf Cover
Al'l Pairw se Conparisons anpbng Levels of Tree Spe

Tree Spe = 1 subtracted from

Level Di fference SE of Adj ust ed
Tree Spe of Means Difference T- Val ue P- Val ue
2 -0.2503 0. 06460 -3.875 0. 0030
3 -0.2044 0. 06460 -3.164 0. 0141

Tree Spe = 2 subtracted from

Level Di fference SE of Adj ust ed
Tree Spe of Means Difference T- Val ue P- Val ue
3 0. 04593 0. 06460 0. 7110 0. 7602

General Linear Model: November - Leaf Cover Vs Tree  Species, Site

Fact or Type Level s Val ues
Site fixed 3123
Tree Spe fixed 3123

Anal ysis of Variance for Leaf Cover, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj MS F P
Site 2 2.5372 2.5372 1.2686 16.40 0.000
Tree Spe 2 11. 1147 11. 1147 5.5573 71.84 0.000
Site*Tree Spe 4 0. 7909 0. 7909 0.1977 2.56 0.074
Error 18 1.3923 1.3923 0.0774

Tot al 26 15. 8351

Unusual Observations for Leaf Cover

Cbs Leaf Cover Fit SE Fit Residual St Resid
22 -0.69450 0. 02193 0.16057 -0.71643 -3.15R

R denotes an observation with a | arge standardi zed residual .
Least Squares Means for Leaf Cover

Site Mean SE Mean
1 0. 5960 0.09271
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2 -0.1088 0. 09271
3 0. 4680 0. 09271
Tree Spe

1 -0. 1331 0. 09271
2 -0. 1375 0. 09271
3 1. 2257 0. 09271

Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Leaf Cover
Al'l Pairw se Conparisons anong Levels of Site

Site = 1 subtracted from

Site Lower Cent er Upper -------- e Fomeemeaas Fomemaaa
2 -1.039 -0.7048 -0.3701 (----*----- )
3 -0.463 -0.1280 0. 2067 (----- Foo--)
-------- T
-0.60 0. 00 0. 60
Site = 2 subtracted from
Site Lower Cent er Upper -------- e D R
3 0. 2421 0.5768 0.9114 (----- Foo--)
-------- T
-0.60 0. 00 0. 60

Tukey Si nultaneous Tests
Response Vari abl e Leaf Cover
Al'l Pairw se Conparisons anong Levels of Site

Site = 1 subtracted from

Level Di fference SE of Adj ust ed
Site of Means Difference T- Val ue P- Val ue
2 -0.7048 0.1311 -5.375 0. 0001
3 -0.1280 0.1311 -0.976 0. 6007

Site = 2 subtracted from

Level Di fference SE of Adj ust ed
Site of Means Difference T- Val ue P- Val ue
3 0.5768 0.1311 4,399 0. 0010

Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Leaf Cover
Al'l Pairw se Conparisons anong Levels of Tree Spe

Tree Spe = 1 subtracted from

Tree Spe Lower Cent er Upper ------ Fom e oo - [ o +
2 -0.3391 -0.00438 0.3303 (----- [ )
3 1.0242 1. 35885 1.6935 (----- *oooo)
------ T
0. 00 0. 60 1.20 1.80

Tree Spe = 2 subtracted from

Tree Spe Lower Cent er Upper ------ Fom e oo - [ o +
3 1.029 1.363 1.698 (----- *oao2)

Tukey Si nul taneous Tests
Response Vari abl e Leaf Cover
Al'l Pairw se Conparisons anong Levels of Tree Spe

Tree Spe = 1 subtracted from

Level Di fference SE of Adj ust ed
Tree Spe of Means Difference T- Val ue P- Val ue
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2 -0. 00438 0.1311 -0.0334 0.9994
3 1. 35885 0.1311  10. 3643 0. 0000
Tree Spe = 2 subtracted from

Level Di fference SE of Adj ust ed
Tree Spe of Means Difference T- Val ue P- Val ue
3 1. 363 0.1311 10. 40 0. 0000

General Linear Model: December - Leaf Cover Vs Tree

Species, Site

Fact or Type Level s Val ues
Site fixed 3123
Tree Spe fixed 3123
Anal ysis of Variance for Leaf Cover, using Adjusted SS for Tests
Sour ce DF Seq SS Adj SS Adj Ms F P
Site 2 1.3245 1.3245 0. 6622 4.27 0.030
Tree Spe 2 2.5945 2.5945 1.2973 8.36 0.003
Site*Tree Spe 4 1. 4557 1. 4557 0. 3639 2.35 0.094
Error 18 2. 7917 2.7917 0. 1551
Tot al 26 8. 1664
Unusual Observations for Leaf Cover
Obs Leaf Cover Fit SE Fit Residual St Resid

10 -0.69450 0.08145 0.22737 -0.77594 -2.41R

11 1.22263 0.08145 0. 22737 1.14118 3.55R

R denotes an observation with a | arge standardi zed resi dual

Least Squares Means for Leaf Cover
Site Mean SE Mean

1 1. 2505 0. 1313

2 0. 9445 0.1313

3 1. 4855 0. 1313

Tree Spe

1 0. 7896 0. 1313

2 1. 4725 0.1313

3 1. 4185 0. 1313

Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Leaf Cover
Al'l Pairw se Conparisons anong Levels of Site

Site = 1 subtracted from
Site Lower Cent er Upper ------ e Fo-em---
2 -0.7799  -0.3060 0.1679 (--------- R )
3 -0. 2390 0. 2349 0.7088 (--------- *- -
______ e
-0.50 0. 00
Site = 2 subtracted from
Site Lower Cent er Upper ------ R Fomemana
3 0. 06707 0. 5410 1.015 (------
______ e
-0.50 0. 00

Tukey Si nul taneous Tests
Response Vari abl e Leaf Cover
Al'l Pairw se Conparisons anong Levels of Site

Site = 1 subtracted from
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Level Di fference SE of

Site of Means Difference T- Val ue
2 -0. 3060 0. 1856 -1.648
3 0. 2349 0. 1856 1. 266
Site = 2 subtracted from

Level Di fference SE of

Site of Means Difference T- Val ue
3 0. 5410 0. 1856 2.914

Adj ust
P- Val
0. 25
0. 43

Adj ust
P- Val
0.02

Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Leaf Cover

Al'l Pairw se Conparisons anpbng Levels of Tree Spe

Tree Spe = 1 subtracted from

Tree Spe Lower Center Upper -+4--------- Fommm -

2 0. 2090 0. 6829 1.157 (------

3 0. 1550 0. 6289 1.103 (-------
. I
-0.50 0.00 0.

Tree Spe = 2 subtracted from

Tree Spe Lower Center Upper -+4--------- Fooeem-- -

3 -0.5279 -0.05402 0.4199 (--------- R )
e i,
-0.50 0. 00 0.

Tukey Si nmul taneous Tests

Response Vari abl e Leaf Cover

Al'l Pairw se Conparisons anpbng Levels of Tree Spe

Tree Spe = 1 subtracted from

Level Di fference SE of Adj ust ed

Tree Spe of Means Difference T- Val ue P- Val ue

2 0. 6829 0. 1856 3.679 0. 0047

3 0. 6289 0. 1856 3.388 0. 0088

Tree Spe = 2 subtracted from

Level Di fference SE of Adj ust ed

Tree Spe of Means Difference T- Val ue P- Val ue

3 -0. 05402 0.1856  -0.2910 0. 9545

General Linear Model: Methyl Ester Content Vs Tree
Tree/Ground Sample, Site

Fact or Type Level s Val ues

Tree Spe fixed 3123

Dat e of fixed 212

Tree/Go fixed 212

Site fixed 3123

Anal ysis of Variance for Methyl Ester,
Sour ce DF Seq SS
Tree Spe 2 593836
Dat e of 1 337921
Tree/ G o 1 556774
Site 2 96099
Tree Spe*Date of 2 26627
Tree Spe*Treel/ G o 2 32073
Tree Spe*Site 4 73845
Date of *Tree/ G o 1 1

ed
ue
18
19

ed
ue
39
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Species, Date of Collection,

using Adjusted SS for Tests

Adj SS
593836
337921
556774
96099
26627
32073
73845

1

Adj M5
296918
337921
556774
48049

13314

16037

18461

1

117.
133.
219.
18.
5.26
6. 33
7.29
0. 00

P
. 000
. 000
. 000
. 000
. 007
. 003
. 000
. 983

[cNoNeoNoNoNoNoNe)



Christine Finlay, 2007 Appendix, 206

Date of *Site 2 20366 20366 10183 4.02 0.022
Tree/Go*Site 2 21298 21298 10649 4.21 0.019
Tree Spe*Date of *Tree/Go 2 37547 37547 18773 7.42 0.001
Tree Spe*Date of *Site 4 82330 82330 20582 8.13 0.000
Tree Spe*Tree/ G o*Site 4 80337 80337 20084 7.93 0.000
Date of *Tree/ Go*Site 2 28576 28576 14288 5.64 0.005
Tree Spe*Date of *Tree/ G o
*Site 4 41547 41547 10387 4.10 0.005
Error 72 182290 182290 2532
Tot al 107 2211468
Unusual Observations for Methyl Ester
Cbs Methyl Ester Fi t SE Fit Residual St Resid
1 282.669 387.134 29.051 -104. 465 -2.54R
2 473.163  387.134 29. 051 86. 030 2. 09R
9 493.982  400.592 29. 051 93. 390 2. 27R
32 698.304 593.052 29. 051 105. 252 2.56R
35 157.338  248.593 29.051 -91.256 -2.22R
40 239.191 332.720 29.051 -93.530 -2.28R
42  492.181 332.720 29. 051 159. 460 3. 88R
72  340.022  254.649 29. 051 85. 374 2.08R
R denotes an observation with a | arge standardi zed residual .
Least Squares Means for Methyl Ester
Tree Spe Mean SE Mean
1 262.1 8. 386
2 196.1 8. 386
3 375.6 8. 386
Dat e of
1 333.9 6. 847
2 222.0 6. 847
Tree/ G o
1 349.7 6. 847
2 206. 1 6. 847
Site
1 256.0 8. 386
2 257.7 8. 386
3 320.1 8. 386
Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anpong Levels of Tree Spe
Tree Spe = 1 subtracted from
Tree Spe Lower Center Upper ---------- R Fommmmeaa s +---- -
2 -94. 38 -66. 04 -37.69 (-*--)
3 85. 17 113.52 141. 86 (-*--)
---------- L T Y
0 100 200
Tree Spe = 2 subtracted from
Tree Spe Lower Center Upper ---------- R Fommmmeaa s +---- -
3 151.2 179.6 207.9 (--*--)
---------- I L
0 100 200

Tukey Si nmul taneous Tests
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anpbng Levels of Tree Spe

Tree Spe = 1 subtracted from

Level Di fference SE of Adj ust ed
Tree Spe of Means Difference T- Val ue P- Val ue
2 -66. 04 11. 86 -5.568 0. 0000

3 113.52 11.86 9.572 0. 0000
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Tree Spe = 2 subtracted from

Level Di fference SE of Adj ust ed

Tree Spe of Means Difference T- Val ue P- Val ue

3 179.6 11. 86 15. 14 0. 0000

Tukey 95.0% Si mul t aneous Confidence Intervals

Response Vari abl e Methyl Ester

Al'l Pairw se Conparisons anong Levels of Date of

Date of = 1 subtracted from

Dat e of Lower Cent er Upper ---+--------- Fo-----

2 -131.2 -111. 9 -92.57 (----*----)
e, .

-120 -80

Tukey Si nul taneous Tests
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anong Levels of Date of

Date of = 1 subtracted from

Level Di fference SE of Adj ust ed
Dat e of of Means Difference T- Val ue P- Val ue
2 -111.9 9. 684 -11.55 0. 0000

Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anpong Levels of Tree/ G o

Tree/Go = 1 subtracted from

Tree/ G o Lower Cent er Upper ---+--------- S

2 -162.9 -143.6 -124.3 (---*---)
A, [ S
- 150 -100

Tukey Si nul taneous Tests
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anpong Levels of Tree/ G o

Tree/Go = 1 subtracted from

Level Di fference SE of Adj ust ed
Tree/ G o of Means Difference T-Value P- Val ue
2 -143.6 9. 684 -14.83 0. 0000
Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anong Levels of Site
Site = 1 subtracted from
Site Lower Cent er Upper -------- e +----
2 -26.62 1.726 30.07 (------- R )
3 35.78 64.123 92. 47 (----
. e, R
0 35
Site = 2 subtracted from
Site Lower Cent er Upper -------- e o
3 34.05 62. 40 90. 74 (----
. e, R
0 35

Tukey Si nmultaneous Tests
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anong Levels of Site
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Site = 1 subtracted from

Level Difference SE of Adj ust ed
Site of Means Difference T- Val ue P- Val ue
2 1.726 11. 86 0. 1455 0. 9884
3 64.123 11. 86 5. 4068 0. 0000
Site = 2 subtracted from

Level Di fference SE of Adj ust ed
Site of Means Difference T- Val ue P- Val ue
3 62. 40 11. 86 5.261 0. 0000

General Linear Model: Site A - Methyl Ester Content
Collection — On Ground Samples

Appendix, 208

Vs Tree Species, Date of

Fact or Type Level s Val ues
Tree Spe fixed 3123
Dat e of fixed 3123
Anal ysis of Variance for Methyl Ester, using Adjusted SS for Tests
Sour ce DF Seq SS Adj SS Adj M F P
Tree Spe 2 170855 170855 85428 39.23 0.000
Dat e of 2 84330 84330 42165 19.36 0.000
Tree Spe*Date of 4 10641 10641 2660 1.22 0.336
Error 18 39193 39193 2177
Tot al 26 305020
Unusual Observations for Methyl Ester
bs Methyl Ester Fit SE Fit Residual St Resid
18 340.022 254.649 26.941 85. 374 2. 24R
26 112.150  209. 346 26.941  -97.196 -2.55R
R denotes an observation with a | arge standardi zed resi dual
Least Squares Means for Methyl Ester
Tree Spe Mean SE Mean
1 110.4 15. 55
2 109.4 15.55
3 278.6 15. 55
Dat e of
1 244.6 15. 55
2 135.5 15.55
3 118. 4 15.55
Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anong Levels of Tree Spe
Tree Spe = 1 subtracted from
Tree Spe Lower Center Upper -------- R R to--- -
2 -57.22 -1.070 55. 08 (------ R )
3 112. 06 168. 210 224.36 (=== R
-------- N
0 80 160
Tree Spe = 2 subtracted from
Tree Spe Lower Center Upper -------- R o eaa s Fommm o
3 113.1 169. 3 225.4 (------ R
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Tukey Si nul taneous Tests
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anong Levels of Tree Spe

Tree Spe = 1 subtracted from

Level Di fference SE of Adj ust ed
Tree Spe of Means Difference T- Val ue P- Val ue
2 -1.070 22.00 -0.04866 0. 9987
3 168. 210 22.00 7.64694 0. 0000

Tree Spe = 2 subtracted from

Level Di fference SE of Adj ust ed
Tree Spe of Means Difference T- Val ue P- Val ue
3 169. 3 22.00 7. 696 0. 0000

Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anpong Levels of Date of

Date of = 1 subtracted from

Dat e of Lower Cent er Upper -+4--------- L Fomeemeaas +omen-
2 -165. 2 -109.1 -52.92 (--------- R )
3 -182.3 -126.2 -70.03 (-------- R )
o - - .
-180 -120 -60 0

Date of = 2 subtracted from

Dat e of Lower Cent er Upper -+4--------- Fom e e o R
3 -73.25 -17.10 39. 05 (-------- X oo
e e oo Fomme e e Fomme e R

-180 -120 -60 0

Tukey Si nmul taneous Tests
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anpong Levels of Date of

Date of = 1 subtracted from

Level Di fference SE of Adj ust ed
Dat e of of Means Difference T- Val ue P- Val ue
2 -109.1 22.00 -4.959 0. 0003
3 -126.2 22.00 -5.736 0. 0001

Date of = 2 subtracted from

Level Di fference SE of Adj ust ed
Dat e of of Means Difference T- Val ue P- Val ue
3 -17.10 22.00 -0.7775 0.7212

General Linear Model: Site A - Methyl Ester Content Vs Tree Species, Date of
Collection — On Tree Samples

Fact or Type Level s Val ues
Tree Spe fixed 3123
Dat e of fixed 212

Anal ysis of Variance for Methyl Ester, using Adjusted SS for Tests
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Sour ce DF Seq SS Adj SS Adj M5 F P
Tree Spe 2 82738 82738 41369 10.79 0.002
Dat e of 1 114217 114217 114217 29.78 0.000
Tree Spe*Date of 2 56986 56986 28493 7.43 0.008
Error 12 46018 46018 3835

Tot al 17 299958

Unusual Observations for Methyl Ester

Cbs Methyl Ester Fit SE Fit Residual St Resid
1 282.669 387.134 35. 753 -104. 465 -2.07R

R denotes an observation with a | arge standardi zed residual .

Least Squares Means for Methyl Ester

Tree Spe Mean SE Mean
1 262.5 25.28
2 286.5 25.28
3 416. 8 25.28
Dat e of

1 401.6 20. 64
2 242.3 20. 64

Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anong Levels of Tree Spe

Tree Spe = 1 subtracted from

Tree Spe Lower Center Upper -------- R Fom o R
2 -71.33 23.98 119.3 (-------- R )
3 59. 00 154. 31 249.6 (-------- * oo )
-------- T T gy
0 100 200

Tree Spe = 2 subtracted from

Tree Spe Lower Cent er Upper -------- [ Fom e s o e e
3 35.01 130.3 225.6 (-------- Koo )
-------- B T T gy,
0 100 200

Tukey Si nul taneous Tests
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anong Levels of Tree Spe

Tree Spe = 1 subtracted from

Level Di fference SE of Adj ust ed
Tree Spe of Means Difference T- Val ue P- Val ue
2 23.98 35.75 0.6708 0. 7844
3 154, 31 35.75 4. 3159 0. 0027
Tree Spe = 2 subtracted from

Level Di fference SE of Adj ust ed
Tree Spe of Means Difference T- Val ue P- Val ue
3 130. 3 35.75 3. 645 0. 0087

Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anpbng Levels of Date of

Date of = 1 subtracted from

Dat e of Lower Cent er Upper --+4--------- R S +----
2 -222.9 -159.3 -95.71 (-------- R )
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-210 - 140 -70 0

Tukey Si nmultaneous Tests

Response Vari abl e Methyl Ester

Al'l Pairw se Conparisons anpbng Levels of Date of

Date of = 1 subtracted from

Level Di fference SE of Adj ust ed
Dat e of of Means Difference T- Val ue P- Val ue
2 -159.3 29.19 -5.457 0. 0002

General Linear Model: Site B - Methyl Ester Content Vs Tree Species, Date of
Collection — On Ground Samples

Fact or Type Level s Val ues
Tree Spe fixed 3123
Dat e of fixed 3123

Anal ysis of Variance for Methyl Ester, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj M F P
Tree Spe 2 8521 8521 4260 3.39 0.056
Dat e of 2 40580 40580 20290 16.14 0.000
Tree Spe*Date of 4 9310 9310 2327 1.85 0.163
Error 18 22631 22631 1257

Tot al 26 81042

Unusual Observations for Methyl Ester

bs Methyl Ester Fit SE Fit Residual St Resid
8 157. 338 248. 593 20. 472 -91. 256 -3.15R
9 317.822  248.593 20. 472 69. 229 2.39R

R denotes an observation with a | arge standardi zed residual .

Least Squares Means for Methyl Ester

Tree Spe Mean SE Mean
1 135. 00 11.82
2 127.78 11.82
3 168. 55 11.82
Dat e of

1 192. 96 11.82
2 140. 17 11.82
3 98.21 11.82

Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anong Levels of Tree Spe

Tree Spe = 1 subtracted from

Tree Spe Lower Center Upper ---+4--------- Foomeo- oo R +---
2 -49. 88 -7.215 35.45  (--------- Foeeee oo - )
3 -9.11 33. 555 76.22 (--------- Fomme oo - )
e S S S S +- - -
-40 0 40 80

Tree Spe = 2 subtracted from

Tree Spe Lower Cent er Upper ---+--------- Fommm - Fom e -
3 -1.898 40. 77 83. 44 (--------- oo )
R e R +---
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Response Vari abl e Methyl Ester
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Al'l Pairw se Conparisons anpbng Levels of Tree Spe

Tree Spe = 1 subtracted from

Level Di fference SE of Adj ust ed

Tree Spe of Means Difference T- Val ue P- Val ue

2 -7.215 16.72 -0.4316 0. 9029

3 33. 555 16. 72 2.0075 0.1391

Tree Spe = 2 subtracted from

Level Di fference SE of Adj ust ed

Tree Spe of Means Difference T- Val ue P- Val ue

3 40. 77 16. 72 2.439 0. 0624

Tukey 95.0% Si mul t aneous Confidence Intervals

Response Vari abl e Methyl Ester

Al'l Pairw se Conparisons anpong Levels of Date of

Date of = 1 subtracted from

Dat e of Lower Cent er Upper ----- R R Fomeemeaas +-

2 -95.5 -52.80 -10.13 (---------- R )

3 -137. 4 -94.76 -52.09 (--------- REEEEE )
----- B T S

-120 -80 -40 0

Date of = 2 subtracted from

Dat e of Lower Cent er Upper ----- R R Fomeemeaas +-

3 -84.63 -41. 96 0. 7087 (---------- WEEEEEEEE )
----- e L LTLL LTS S

-120 -80 -40 0

Tukey Si nmul taneous Tests

Response Vari abl e Methyl Ester

Al'l Pairw se Conparisons anpbng Levels of Date of

Date of = 1 subtracted from

Level Di fference SE of Adj ust ed

Dat e of of Means Difference T-Value P- Val ue

2 -52.80 16.72 -3.159 0. 0143

3 -94.76 16.72 -5.669 0. 0001

Date of = 2 subtracted from

Level Di fference SE of Adj ust ed

Dat e of of Means Difference T- Val ue P- Val ue

3 -41. 96 16.72 -2.510 0. 0543

General Linear Model: Site B - Methyl Ester Content
Collection — On Tree Samples

Vs Tree Species, Date of

Fact or Type Level s Val ues

Tree Spe fixed 3123

Dat e of fixed 212

Anal ysis of Variance for Methyl Ester, using Adjusted SS for Tests
Sour ce DF Seq SS Adj SS Adj M F P
Tree Spe 2 303403 303403 151702 72.22 0.000
Dat e of 1 39401 39401 39401 18.76 0.001
Tree Spe*Date of 2 88320 88320 44160 21.02 0.000
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Error 12 25207 25207 2101
Tot al 17 456332

Unusual Observations for Methyl Ester

Cbs Methyl Ester Fit SE Fit Residual St Resid
8 698.304 593.052 26.461  105. 252 2.81R

R denotes an observation with a | arge standardi zed residual .

Least Squares Means for Methyl Ester

Tree Spe Mean SE Mean
1 384.1 18. 71
2 175.2 18. 71
3 487. 3 18. 71
Dat e of

1 395.7 15. 28
2 302.1 15. 28

Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anong Levels of Tree Spe

Tree Spe = 1 subtracted from

Tree Spe Lower Center Upper ----+--------- R e +--
2 -279. 4 -208.9 -138.3 (---*--)
3 32.7 103. 3 173.8 (--*---)
B e Ty B S B S +- -
- 200 0 200 400

Tree Spe = 2 subtracted from

Tree Spe Lower Center Upper ----+--------- R e +--
3 241.6 312.1 382.7 (---*--)

B e Ty B S B S +- -

- 200 0 200 400

Tukey Si nul taneous Tests
Response Vari abl e Met hyl Ester
Al'l Pairw se Conparisons anong Levels of Tree Spe

Tree Spe = 1 subtracted from

Level Di fference SE of Adj ust ed
Tree Spe of Means Difference T- Val ue P- Val ue
2 -208.9 26. 46 -7.893 0. 0000
3 103. 3 26. 46 3.902 0. 0055

Tree Spe = 2 subtracted from

Level Di fference SE of Adj ust ed
Tree Spe of Means Difference T- Val ue P- Val ue
3 312.1 26. 46 11.80 0. 0000

Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anong Levels of Date of

Date of = 1 subtracted from

Dat e of Lower Cent er Upper ------ SRR oo oo +
2 -140. 6 -93.57 ~46.50  (---------n- LR )

------ o S S 8

-120 -80 -40 0

Tukey Si nul taneous Tests
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anong Levels of Date of
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Date of = 1 subtracted from

Level Di fference SE of Adj ust ed
Dat e of of Means Difference T- Val ue P- Val ue
2 -93.57 21.61 -4.331 0. 0010

General Linear Model: Site C - Methyl Ester Content Vs Tree Species, Date of
Collection — On Ground Samples

Fact or Type Level s Val ues
Tree Spe fixed 3123
Dat e of fixed 3123

Anal ysis of Variance for Methyl Ester, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj M F P
Tree Spe 2 112015 112015 56007 14.07 0.000
Dat e of 2 206847 206847 103424  25.99 0.000
Tree Spe*Date of 4 28310 28310 7077 1.78 0.177
Error 18 71632 71632 3980

Tot al 26 418804

Unusual Observations for Methyl Ester

Cbs Methyl Ester Fit SE Fit Residual St Resid
3  492.181  332.720 36.421  159. 460 3.10R

R denotes an observation with a | arge standardi zed residual .

Least Squares Means for Methyl Ester

Tree Spe Mean SE Mean
1 221.0 21.03
2 149.5 21.03
3 307.0 21.03
Dat e of

1 349.0 21.03
2 174.7 21.03
3 153. 8 21.03

Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anong Levels of Tree Spe

Tree Spe = 1 subtracted from

Tree Spe Lower Center Upper ---+4--------- Foomeo- oo R +---
2 -147.5 -71.54 4.368 (----- REEEE )
3 10.1 86.01  161.919 (----- oo )
e S S S S +- - -
-120 0 120 240

Tree Spe = 2 subtracted from

Tree Spe Lower Center Upper ---+4--------- Foomeo- oo R +---
3 81.64 157. 6 233.5 (----- *ooo-- )
S [ TS — [ TS — +- - -
-120 0 120 240

Tukey Si nul taneous Tests
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anong Levels of Tree Spe

Tree Spe = 1 subtracted from
Level Di fference SE of Adj ust ed

Tree Spe of Means Difference T- Val ue P- Val ue
2 -71.54 29.74 -2.406 0. 0666
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3 86.01 29.74 2.892 0. 0251

Tree Spe = 2 subtracted from

Level Di fference SE of Adj ust ed

Tree Spe of Means Difference T- Val ue P- Val ue

3 157. 6 29.74 5.298 0. 0001

Tukey 95.0% Si mul t aneous Confidence Intervals

Response Vari abl e Methyl Ester

Al'l Pairw se Conparisons anong Levels of Date of

Date of = 1 subtracted from

Dat e of Lower Cent er Upper -------- A oo e

2 -250. 3 -174. 4 -98.5 (------- R )

3 -271.1 -195.2 -119. 3 (------ MR )
-------- Sy

-200 -100 0

Date of = 2 subtracted from

Dat e of Lower Cent er Upper -------- Fome e S S R

3 -96.75 -20. 84 55. 07 (------- MR )
-------- Sy

-200 -100 0

Tukey Si nul taneous Tests

Response Vari abl e Methyl Ester

Al'l Pairw se Conparisons anong Levels of Date of

Date of = 1 subtracted from

Level Di fference SE of Adj ust ed

Dat e of of Means Difference T- Val ue P- Val ue

2 -174. 4 29.74 -5. 864 0. 0001

3 -195.2 29.74 -6.564 0. 0000

Date of = 2 subtracted from

Level Di fference SE of Adj ust ed

Dat e of of Means Difference T- Val ue P- Val ue

3 -20. 84 29.74  -0.7007 0.7661

General Linear Model: Site C- Methyl Ester Content
Collection — On Tree Samples

Fact or Type Level s Val ues
Tree Spe fixed 3123
Dat e of fixed 212

Vs Tree Species, Date of

Anal ysis of Variance for Methyl Ester,

Sour ce DF Seq SS Adj SS Adj M
Tree Spe 2 123800 123800 61900
Dat e of 1 30336 30336 30336
Tree Spe*Date of 2 24489 24489 12244
Error 12 16304 16304 1359
Tot al 17 194929

Least Squares Means for Methyl Ester

Tree Spe Mean SE Mean

1 396. 4 15. 05

2 269.0 15. 05

using Adjusted SS for Tests

F P
45.56 0.000
22.33 0.000
9.01 0.004
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3 469. 7 15. 05
Dat e of

1 419. 4 12. 29
2 337.3 12. 29

Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Methyl Ester

Appendix, 216

Al'l Pairw se Conparisons anpbng Levels of Tree Spe
Tree Spe = 1 subtracted from
Tree Spe Lower Center Upper ------ R R EE SR +
2 -184.2 -127. 4 -70.69  (---*----)
3 16.6 73.3 130. 03 (----*----)
------ T
-120 0 120 240
Tree Spe = 2 subtracted from
Tree Spe Lower Center Upper ------ e R +
3 144.0 200. 7 257.5 (----*---)
------ T
-120 0 120 240
Tukey Si nul taneous Tests
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anpbng Levels of Tree Spe
Tree Spe = 1 subtracted from
Level Di fference SE of Adj ust ed
Tree Spe of Means Difference T- Val ue P- Val ue
2 -127. 4 21.28 -5.988 0. 0002
3 73.3 21.28 3.444 0.0125
Tree Spe = 2 subtracted from
Level Di fference SE of Adj ust ed
Tree Spe of Means Difference T- Val ue P- Val ue
3 200.7 21.28 9. 432 0. 0000
Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anong Levels of Date of
Date of = 1 subtracted from
Dat e of Lower Cent er Upper ----- e D e +-
2 -120.0 -82.11 -44.25 (---------- e )
----- B T S
-105 -70 -35 0
Tukey Si nmul taneous Tests
Response Vari abl e Methyl Ester
Al'l Pairw se Conparisons anpbng Levels of Date of
Date of = 1 subtracted from
Level Di fference SE of Adj ust ed
Dat e of of Means Difference T-Value P- Val ue
2 -82.11 17.38 -4.725 0. 0005
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General Linear Model: Mean Methanol Emission Vs Cro  p Species, Adsorbent

Fact or Type Level s Val ues
Speci es fixed 3123
Adsorben fixed 212

Anal ysis of Variance for Mean Met, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj M5 F P
Speci es 2 542. 59 542. 59 271. 30 20.19 0.000
Adsor ben 1 2.48 0.92 0.92 0.07 0.79%4
Speci es* Adsor ben 2 50. 76 50.76 25. 38 1.89 0.162
Error 48 644. 85 644. 85 13.43
Tot al 53 1240. 67
Unusual Observations for Mean Met
Cbs Mean Met Fi t SE Fit Residual St Resid
35 18. 3725 10. 8097 1.1591 7.5628 2.17R
36 19. 8485 10. 8097 1.1591 9. 0388 2. 60R
45 15. 8550 7. 8565 1.1591 7.9985 2. 30R
46 15. 8542 7. 8565 1.1591 7.9977 2. 30R
R denotes an observation with a | arge standardi zed residual .
Least Squares Means for Mean Met
Speci es Mean SE Mean
1 1.979 0.9796
2 3. 527 0. 8196
3 9.333 0. 8196
Adsor ben
1 5.079 0. 7154
2 4.814 0. 7154
Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Mean Met
Al'l Pairw se Conparisons anong Levels of Species
Species = 1 subtracted from
Speci es Lower Center Upper ----- N e e +-
2 -1.540 1.548 4.637 (------- R )
3 4.266 7.354 10. 443 (-------- e )
----- e L LT LLLTS S
0.0 3.5 7.0 10.5
Species = 2 subtracted from
Speci es Lower Cent er Upper ----- R R Fomeemeaas +-
3 3.003 5. 806 8. 609 (------- REEEEEEE )
----- e L LTLLLTS S
0.0 3.5 7.0 10.5

Tukey Si nmul taneous Tests
Response Vari abl e Mean Met
Al'l Pairw se Conparisons anpbng Levels of Species

Species = 1 subtracted from

Level Di fference SE of Adj ust ed
Speci es of Means Difference T- Val ue P- Val ue
2 1.548 1.277 1.212 0. 4518
3 7.354 1.277 5. 758 0. 0000

Species = 2 subtracted from

Level Di fference SE of Adj ust ed
Speci es of Means Difference T- Val ue P- Val ue
3 5. 806 1.159 5. 009 0. 0000
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Tukey 95.0% Si mul t aneous Confidence Intervals
Response Vari abl e Mean Met
Al'l Pairw se Conparisons anpbng Levels of Adsorben

Adsorben = 1 subtracted from

Adsor ben Lower Cent er Upper ---------- L Fomeemeaas Fomenn-
2 -2.299  -0.2650 1.769  (---------------- MR )

Tukey Si nultaneous Tests
Response Vari abl e Mean Met
Al'l Pairw se Conparisons anpbng Levels of Adsorben

Adsorben = 1 subtracted from
Level Di fference SE of Adj ust ed

Adsor ben of Means Difference T- Val ue P- Val ue
2 -0. 2650 1.012 -0. 2619 0. 7945
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