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Abstract

Willow (Salix spp.) trees have been used commercially since the 1980s to produce
renewable energy. Some benefits with these trees are that they can clean soil from
heavy metals, reduce the risk of nutrient leakage and eutrophication. They could be
an alternative to reduce carbon dioxide emissions from fossil fuel, but they are
known to emit high rates of biogenic volatile organic compounds (BVOCs). Many
thousands of different compounds are included in this group and they can be divided
into terpenes, alcohols, alkanes and esters, to mention a few. These compounds are
important. For instance, BVOCs help plants to attract pollinators. They serve as a
protection to different kinds of stress, e.g., herbivores, heat and pollutions. Once
they are released into the atmosphere, they will be involved in many chemical
processes. Hydroxyl radicals, which are known to clean the air from pollutions, are
depleted by BVOCs leading to increased lifetime of methane. Emissions of BVOCs
could also act as precursors for aerosol formation, which in turn might lead to
changes in cloud properties and radiative forcing. Photochemical smog like ozone
(O3) is another result of the reactions in the atmosphere where BVOCs are involved,
which impairs regional air quality. The reported range of emission rates from Salix
is wide. Details about age, canopy position of leaves and how commercially used
Salix varieties differ in their emission potentials are lacking, which lead to large
errors if modelled emissions are based on too simple assumptions. Therefore, the
aim of the work in this thesis was to investigate how the emissions vary with height,
age, variety and during the growing season to get more reliable emission rates that
can be used in models to better assess the impacts on the regional air quality.
Measurements of aerosol formation were conducted to be able to determine the
potential particle production near the Salix site. The outcome from the Salix
measurements was then combined with BVOC measurements on spruce to assess
how an expansion of Salix plantations could affect the regional air quality if a
conversion of the land was shifted into these plantations, e.g., by using more arable
and forest land.

The study between 2015 and 2016, and the measurements in 2017, showed that
Salix mainly emitted isoprene, which peaked during summer. Emissions of
monoterpenes (MTs) showed a decreasing trend through the growing season. The
BVOC emission rates differed depending on if the leaves were acclimatized to sunlit
or shaded conditions, where the sun-adapted leaves emitted twice as much isoprene
as the shaded. There was also a significant difference among the studied varieties,
where Wilhelm emitted approx. three times more isoprene than Tora. Age
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influenced the emission rates. The emissions of non-terpenes from younger trees
were substantially higher than from the older trees. Emissions of MTs were higher
from younger trees compared to older as well. When comparing isoprene emissions,
the emission rates from the older trees were almost five times larger than from the
younger. Induced emissions of stress-related compounds like hexanal was observed
due to an outbreak of Melampsora in 2015. Together with some other compounds,
these emissions increased several times. All these results highlight the complexity
of BVOC emissions and existing models need to be improved by including
parameters like season, age, microclimate adaption and stress to better predict and
estimate BVOC emissions.

No particle enhancement could be observed from the Salix plantation near the site
in 2015. The explanation for this result was the lack of precursors, e.g., MTs.
However, spruce trees emitted higher rates of MTs and are probably more prone to
generate particles compared to Salix trees. The high isoprene emissions from Salix
is more likely to produce Os if sources of anthropogenic NOy are sufficiently close.
An expansion of Salix plantations where spruce forest and traditional agriculture are
converted into willow fields would lead to considerably more regional isoprene in
the atmosphere. Thus, plantations of Salix should be strategically located to avoid
prerequisites to form O3, and preferably the variety Tora should be chosen since it
emitted the lowest rates of isoprene.
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Popularvetenskaplig sammanfattning

Salix (vide eller pil) har anvints kommersiellt sedan 1980-talet for att producera
fornybar energi. Det finns manga fordelar med dessa trdd, bland annat kan de rena
jord fran tungmetaller och minska risken for kvaveldckage och 6vergddning. De kan
vara ett alternativ till fossilt bransle men ar ocksa kénda for att avge hoga floden av
flyktiga organiska foreningar (eng. biogenic volatile organic compounds; BVOCs).
Tusentals olika &mnen ingér i denna grupp, vilka kan delas in i terpener, alkoholer,
alkaner och estrar for att ndmna nagra. Dessa dmnen é&r viktiga. Till exempel sa
hjélper BVOCs vixterna att attrahera pollinerare men kan ocksé skydda véxterna
emot olika typer av stress sdsom véxtitare, virme och luftféroreningar. De ingar
ocksa i ménga kemiska processer i atmosfaren. Hydroxilradikaler, vilka kallas for
luftens renare, bryts ned av BVOCs och detta i sin tur kan leda till 6kad livslangd
for metan. BVOCs kan ocksa generera aerosoler, vilka paverkar egenskaper hos
moln och jordens albedo. Fotokemiska fororeningar som ozon (O3) ar ocksa ett
resultat av reaktioner dir BVOCs éar inblandade och kan leda till forsdmrad
luftkvalitet. Det finns mycket som paverkar BVOC emissionerna och information
om éalder, 16vposition och hur emissionerna variera for de olika kommersiella
salixklonerna saknas, vilket kan leda till stora fel om modellerade emissioner
baseras pa alltfor enkla antaganden. Syftet med studierna i denna avhandling var
saledes att underséka hur BVOC emissionerna varierar med lovets position i
tradkronan, dlder, for de olika salixsorter samt ver vixtsdsongen, for att fa mer
tillforlitliga emissionsvirden som kan anvidndas i modeller for att battre kunna
beddma péaverkan pé den regionala luftkvaliteten. Métningar av aerosolbildning vid
en av salixplanteringarna var ocksd en del av studien. Dartill studerades dven
emissioner av BVOCs fran gran for att bedoma hur luftkvaliteten skulle paverkas
om mer landyta dndras fran till exempel skogs- och akermark till salixplantage.
Studien mellan 2015 och 2016, och métningarna fran 2017 visade att salix
emitterade till storsta delen isoprene didr de hdgsta vérdena intriffade under
sommaren. Emissioner av monoterpener (MTs) avtog allteftersom véxtsdsongen
fortlopte. BVOC emissionerna varierade beroende pé om 16ven var acklimatiserade
till solljus eller skugga dér de solljusanpassade 16ven emitterade dubbelt sa mycket
isopren. Det fanns ocksé en betydande skillnad mellan de olika salixsorterna och
Wilhelm emitterade ungefr tre ginger mer isopren én Tora. Aldern paverkad ocksé
emissionerna. Bade emissioner av icke-terpener och MTs var hogre fran de yngre
trdden medan isopren var ndstan fem ganger s& hog frdn de &ldre tréden.
Stressinducerade emissioner av &mnen som hexanal intrdffade under ett utbrott av
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svampen Melampsora 2015 och tillsammans med nagra andra dmnen sa dkade
emissionerna for dessa flertalet gdnger. Alla dessa resultat understryker svarigheten
med att simulera emissioner av BVOCs och nuvarande modeller behdver forbéttras
genom att inkludera parametrar som tid pa sdsongen, alder, anpassning till radande
mikroklimat och stress for att bittre forutse och berikna BVOC emissioner.

Ingen partikelokning kunde observeras vid salixplanteringen 2015. Forklaringen
till detta var for laga halter av bland annat MTs. Daremot s emitterade gran hogre
halter av MTs och ér formodligen mer benégna att generera partiklar i forhallande
till salix. Det dr mer troligt att salix istillet kan ge upphov till Oz péd grund av de
héga emissionerna av isopren, om utsldpp av NOy ar tillrdckligt nira. Att dndra
landytans markanvéndning fran granskog och traditionellt jordbruk till
salixplantage skulle darfor kunna ge upphov till betydande hogre halter av isopren
lokalt. Darfor behdver dessa salixplanteringar vara strategiskt placerade sé att
forutsattningar till Os; produktion undviks, och sorten Tora bor ddrmed véljas
eftersom denna emitterade de l4gsta halterna av isopren.
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Introduction

Salix trees

Because of the rapid increase of greenhouse gases (GHGs), i.e., carbon dioxide
(CO,,) methane (CH4) and nitrous oxide (N,O), and temperature in the atmosphere
(IPCC, 2014; IPCC, 2018, IPCC, 2021), mitigation strategies have been suggested
to decrease the use of fossil fuel and to limit the global average temperature increase
below 2°C (European Commission, 2014; Paris Agreement, 2015). In the long run,
a reduction between 80-95% of GHG emissions in 2050 compared to 1990 will be
necessary by the developed countries (Gupta et al., 2007; European Commission,
2014). Additionally, Sweden has the goal to achieve zero net emissions of GHGs
by the year 2045 (Swedish EPA, 2019; Bonde et al., 2020). To solve the future
energy demand, more focus has been put on renewable energy and one way to meet
these goals could be to produce energy from plant biomass. The benefit of using
plants is that they do not add any extra carbon (C) to the atmosphere compared to
fossil fuel, since the C released from plants in combustion is basically the same
amount that is taken up by the plants. By using biorefineries, the shift toward a more
C neutral society could be achieved (Ragauskas et al., 2006).

Perennial biomass crops, also known as short rotation coppices (SRCs), are
suitable for producing renewable energy and can be grown directly on agricultural
land, i.e., short rotation plantations (SRPs). The SRCs do not require as much
management as annually harvested crops, and trees might be one of the least
nutrient-intensive bioenergy, resulting in less emitted GHGs compared to using
annual crops as bioenergy (Kégi et al., 2008; Hillier et al., 2009). One suitable tree
species for this purpose is willow (Salix spp.). However, even if it has been shown
that using willow as a renewable energy source can reduce CO; emission compared
to fossil fuel (Kimming et al., 2011; Therasme et al., 2021), it is still not clear how
it will influence the concentrations of GHGs in the atmosphere. High emissions of
CHsand N>O from the SRPs could compensate for the uptake of CO, (Zenone et al.,
2016), but more life cycle assessment (LCA) studies are needed, which cover the
whole growing life span of the plantations.

Together with Populus (poplars, cottonwoods and aspens), Salix (willows,
sallows and osiers) belong to the Salicaceae family. It is relatively easy to propagate
and hybridize these plants, which have made them suitable as bioenergy crops
(Isebrands and Richardson, 2014). They were probably already used more than
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10 000 years ago in the Middle East for cooking, heating and construction (Stettler,
2009). Salix has been grown in Sweden since the early 1970s and was first used to
produce new plant material for the paper industry (Hollsten et al., 2013). The
research has continued since then to establish new species with desired features and
since the 1980s, willow trees have been intensively used as energy crop (Lindegaard
et al., 2016). The earlier Salix varieties used in Sweden for bioenergy production
were clones from the European willow species Salix viminalis. Unfortunately, these
older clones were susceptible to rust and new hybrids have been developed using
Salix from, e.g., Siberia (Salix schwerinii) to create new varieties with improved
resistance to rust and better yield (Ahman and Larsson, 1999). Currently, Salix
plantations are growing on crop land and the majority of the plantations in Sweden
are mostly located in the southern part, e.g., in Scania or near the lakes Mélaren and
Hjalmaren. The current land use for SRPs in Sweden is around 10 000 ha, whereof
Salix comprises approx. 50%, but the potential has been estimated to be between
200 000 and 300 000 ha (Fredga et al., 2008).

Managed Salix trees grow between 3 and 5 years before they are harvested.
Compared to annual crops, Salix trees do not need as much management even
though some fertilization is common to increase the plant growth (Kégi et al., 2008).
For instance, the ratio between how much energy is put in and how much is gained
is only 5—6% for Salix, while it is 10-17% for annual crops (SOU 2007:36). When
it comes to C uptake, Salix trees assimilate approx. 5.5 times more C than normally
managed spruce forest (Grelle et al., 2007). There are many environmental
advantages with growing Salix (Kégi et al., 2008). Studies have shown that Salix
could be beneficial to enhance biodiversity in arable environments (Baum et al.,
2009; Karp et al., 2009). Salix has the ability to clean the soil by taking up heavy
metals, e.g., cadmium and zinc (Landberg and Greger, 1996; Meers et al., 2007,
Baum et al., 2009; Mleczek et al., 2010). Salix plantations can also be used to clean
effluents from nitrogen and phosphor after application of sludge and waste water
treatments (SOU 2007:36; Fredga et al., 2008; McCracken and Johnston, 2015). The
increase in soil C stock, mulch, and reduced risk of nutrient leakage and erosion are
other positive effects on the environment with Sa/ix compared to annual crops (SOU
2007:36; Fredga et al., 2008). However, like other broad leaf trees, such as oaks,
aspens and eucalypti, Salix species have shown to be high emitters of biogenic
volatile organic compounds (BVOCs) (Hakola et al., 1998; Isebrands et al., 1999;
Kesselmeier and Staudt 1999; Owen and Hewitt, 2000).

BVOCs

Ever since Went (1960) stated the hypothesis about blue haze originating from plant
emitted terpenes, more attention and efforts have been carried out to explain this
phenomenon, leading to new discoveries and eventually to an increased

18



understanding of a group of compounds called volatile organic compounds (VOC:s).
They were believed to be involved in photochemical smog formation in the 1950s
(Haagen-Smit, 1952) and their production and emission by plants were also
discussed by Sanadze et al. (1956). These molecules can either come from natural
sources, referred to as BVOC:s, or from human activities, i.e., anthropogenic volatile
organic compounds (AVOCs). Attempts have been made to estimate the global
emissions of VOCs, where the natural emission is estimated to be more than 10'° g
C a year, which is many times higher than the emissions of AVOCs (Hough and
Johnson, 1991; Miiller, 1992; Guenther et al., 1995; Guenther, 2002; Pefiuelas and
Llusia 2003; Guenther et al., 2012).

There exists no clear definition of VOCs but according to the Environmental
Protection Agency (EPA) in the US, they are defined as any compound of C that
participate in atmospheric photochemical reactions except carbon monoxide, CO.,
carbonic acid, metallic carbides, carbonates, and ammonium carbonate. This
definition also excludes several other compounds such as CHs4, which lead to the
establishment of the abbreviation NMHCs (nonmethane hydrocarbons) or
NMVOCs (nonmethane VOCs) (Kesselmeier and Staudt, 1999). Attempts have
been made to state a clearer definition, which resulted in that VOCs are those
organic compounds with a vapour pressure >10 Pa at 25°C, a boiling point up to
260°C at atmospheric pressure and consist of not more than 15 C atoms (Williams
and Koppmann, 2007). The definition has become blurred, new groups or
compounds have been included and now there exist VOCs with far more than 15 C
atoms.

In living organisms, more than 60 000 terpenoids have been described and plants
emit more than 30 000 different BVOCs (Niinemets et al., 2004; Xie et al., 2012;
Niinemets and Monson, 2013). The compounds can be divided into different groups
depending on their chemical structure and characteristics. Terpenes (e.g.,
hemiterpenes, monoterpenes (MTs) and sesquiterpenes (SQTs)) share the same
carbon and hydrogen structure, which is built up by multiples of CsHs. Thus,
hemiterpenes contain one CsHg chain, MTs contain two (i.e., CioHis) and so on. The
group terpenes are sometimes interchangeable with terpenoids (also known as
isoprenoids), although the latter contains additional functional groups like oxygen.
Other groups are alkanes, alkenes, carbonyls, alcohols, ester, ethers and acids
(Kesselmeier and Staudt, 1999). Green leaves volatiles (GLVs) is another important
group, which can induce plant defense and help plants against herbivores and
pathogens (Ameye et al., 2018). They are released when plants are hurt and damaged
and originate from the lipoxygenase (LOX) pathway (Hatanaka et al., 1993;
Laothawornkitkul et al., 2009; Ameye et al., 2018). Everyone that has mowed the
lawn has got acquainted with this certain smell from GLVs (Olofsson et al., 2003;
Watkins et al., 2006; Dombrowski et al., 2019). One of the most important and
common compounds is isoprene, which belong to the group hemiterpenes. The
production and emission of isoprene was first discussed by Sanadze (1956) and has
been estimated to comprise around 50% or more of all emitted BVOCs (approx. 500
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x 10" g C year™) followed by methanol (approx. 100 x 10'? g C year™), by using
the MEGAN model (Guenther et al., 2006; Guenther et al., 2012).

Why plants emit BVOCs

The reasons why plants emit BVOCs are manifold but simply put, the main reason
is to help the plants to survive and reproduce themselves. These compounds serve
as communication between plant-plant and plant-animal, and play critical roles in
plant defense (Yuan et al., 2009). For instance, BVOCs can attract pollinators
(Pefiuelas and Staudt, 2010). They act as protection against biotic stress (e.g. insects
and pathogens), either by direct defense (repel or deter herbivores) or by indirectly
induced defense (attract parasitoids or predators of herbivores) (Dicke and Vet,
1999; Llusia and Pefiuelas, 2001; Dicke et al., 2003a; Dicke et al., 2003b). They
also act as protection against abiotic stress (e.g., extreme temperature, drought,
intense sunlight, mechanical damage and pollutants) (Beauchamp et al., 2005;
Capitani et al., 2009; Vickers et al., 2009; Loreto and Schnitzler, 2010; Brilli et al.,
2012; Copolovici et al., 2012). The major part of the photosynthesized C is used in
primary production and only a few percent is reemitted back to the atmosphere as,
e.g., isoprene (Kesselmeier et al., 2002; Bracho-Nunez et al., 2013). However, the
emission of stress-induced BVOCs can result in significantly larger fraction of
reemitted C (Sharkey and Loreto, 1993; Sharkey et al., 1996).

Production and emission of BVOCs

The production of the different BVOCs in plants are complex and since it is related
to secondary metabolism, the plants need to balance the investment in C between
primary production, i.e., biomass, and the production of BVOCs (Paiva, 2000). The
pathways are interlinked and not fully understood. In general, it starts with
photosynthesis and the Calvin cycle where C atoms later on are distributed to
different pathways, depending on which kind of compound that is produced in the
end (Laothawornkitkul et al., 2009). There is also indication that starch and
respiratory CO» could be an alternative C source to isoprene formation besides
recently photosynthesized CO, (Loreto et al., 2004; Schnitzler et al., 2004).
Isoprene, together with the other terpenes, share some of the similar production
pathways, i.e., isoprenoid pathways. They are produced from the same substrate,
isopentenyl pyrophosphate (IPP) and its isomer dimethylallyl diphosphate
(DMAPP) (Vickers et al., 2009). Two different isoprenoid pathways have been
found that produce IPP and DMAPP; the cytosolic mevalonic acid pathway (MVA)
and the plastidic 2-C-methyl-D-erythritol 4-phosphate pathway/1-deoxy-D-
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xylulose 5-phosphate pathway (MEP/DOXP) (Lichtenthaler et al., 1999; Rohmer
1999; Lange et al., 2000; Humphrey and Beale, 2006). The MEP/DOXP pathway is
responsible for producing isoprene, MTs, diterpenes and other higher orders of
terpenes, while homoterpenes, SQTs and triterpenes are produced through the MVA
pathway (Vickers et al., 2009) (Figure 1). Compounds that are released directly after
they are produced, such as isoprene, are emitted from de novo synthesis. Other
compounds are stored in pools, e.g., in resin ducts and glandular trichomes
(Kesselmeier and Staudt, 1999), and emitted when they are needed.

The emissions of BVOCs can be divided into two categories; constitutive and
induced emissions. The former is considered as normal state emissions, which
continuously occurs to build up a barrier against herbivore attacks (Paiva 2000;
Walling, 2000). Constitutive production and emissions of BVOCs are sensitive and
influenced by different stress factors, such as temperature, light, herbivores and
pathogens (Niinemets et al., 2004; Loreto et al., 2006; Loreto and Schnitzler, 2010,
Joo et al., 2011). Induced emissions, on the other hand, are a response to a direct
impact from, e.g., herbivores causing wounds on the leaf tissue (Loreto and
Schnitzler, 2010; Possell and Loreto, 2013).

Instantaneous emission rates of BVOCs are mainly controlled by temperature and
sunlight. Thus, the two of the most commonly used models that describe the
emissions for many terpenes are based on the temperature-dependent algorithm
(used for, e.g., for MTs and SQTs that are stored in pools) or the light- and
temperature-dependent algorithm (used for, e.g., isoprene) (Guenther et al., 1991;
Guenther et al., 1993; Helmig et al., 2007). But these algorithms poorly reflect long-
term effects (e.g., phenological changes) and they also do not include stress-induced
emissions of BVOCs. The algorithms also rely on emission potentials, which varies
a lot among and within species (Kesselmeier and Staudt, 1999). This diversity points
out the need for accurate and representative emission potentials when scaling up the
BVOC emissions.
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Figure 1. A simplified description of the production pathways for terpenes (blue and orange arrows) and green leaf
volatiles (GLVs, green arrows). Redrawn from Laothawornkitkul et al. (2009) and Vickers et al. (2009).
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BVOC:s influence on air chemistry

Even though the concentration of BVOCs in the atmosphere is much lower than,
e.g., CO,, they play an important role for atmospheric chemistry and oxidation
processes since they are very reactive (Monks et al., 2010).

The most crucial initiators for oxidation reactions in atmosphere are hydroxyl
(OH) radicals produced by photochemical processes (Olofsson et al., 2005). Many
BVOC:s react with OH radicals (Atkinson and Arey, 2003), but depending on which
compound that is involved in the reaction, both production and consumption of OH
are possible. For instance, isoprene and MTs are possible consumers of OH whilst
alkenes could be a source (Paulson and Orlando, 1996; Atkinson, 1997; Folberth et
al., 2005; Olofsson et al., 2005). When OH radicals are consumed, they will not be
able to react with CHs and consequently, a depletion of these radicals will lead to a
prolonged atmospheric lifetime of CH4 and increased global warming (Folberth et
al., 2006; Kaplan et al., 2006; Arneth et al., 2008).

Oxidation of BVOC:s can also lead to production of ozone (O3) and peroxyacetyl
nitrates (PANs) in the troposphere (Roselle et al., 1991; Reyerson et el., 2001;
Kleinman et al., 2002; Atkinson and Arey, 2003; Watson et al., 2006; Pike and
Young, 2009). High concentrations of O3 and PAN can be harmful for humans and
vegetation (Lovelock, 1977; Temple and Taylor, 1983; Sakaki, 1998; Vyskocil et
al., 1998; Fumigalli et al., 2001; Ashmore, 2005; Sun et al., 2014; Emberson et al.,
2018). The prevailing conditions in the atmosphere determine if there will be a
production or a depletion of Os. The chemical reaction that produces Oz occurs via
formation of nitrogen dioxide (NO;) (Kleinman et al., 2002; Atkinson and Arey,
2003). If the concentrations of NOx (NO and NO) are sufficiently high, then this
process will lead to enhanced levels of tropospheric O3 (Ryerson et al., 2001;
Kleinman et al., 2002; Calfapietra et al., 2013). On the other hand, when NOx
concentrations are too low, O3 will react directly with BVOCs and a depletion of O3
will instead occur (Fehsenfeld et al., 1992; Laothawornkitkul et al., 2009). Since O3
is a GHG, increased concentrations of O3 will enhance global warming. Increased
concentrations of O3 could also result in a reduced plant productivity and indirectly
lead to more CO> in the atmosphere and to an increased radiative forcing (Sitch et
al., 2007; Wittig et al., 2009).

Another important mechanism that BVOCs are responsible for is the formation
of secondary organic aerosols (SOAs). Aerosols, which are airborne particles
suspended in the atmosphere, affect the climate by scattering and absorbing
radiation from the sun (Kulmala et al., 2004). These particles are produced in two
different ways. The first one occurs via gas-phase oxidation products, which
condensate onto pre-existing particles. The other alternative is via nucleation, or
new particle formation. To be able to quantify the SOA formation, these processes
need to be modelled and one way to do it is to divide them into the following steps:
gaseous emissions, gas-phase chemistry, nucleation/gas-particle partitioning and
aerosol-phase/aqueous phase chemistry/cloud processing (Kanakidou et al., 2005).
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Many studies have shown that oxidation products from isoprene, MTs and SQTs
act as precursors for condensable products that are required to create SOAs (Pandis
et al., 1991; Hoffmann et al., 1997; O’Dowd et al., 2002; Clayes et al., 2004;
Kulmala et al., 2004; VanReken et al., 2006; Ehn et al., 2014). Aerosols in turn, can
lead to enhanced cloud condensation nuclei (CCN) production (O’Dowd et al.,
2002; Paasonen et al., 2013; Ehn et al., 2014) and have an impact on cloud formation
and precipitation, and thereby change the properties of the clouds (Kulmala et al.,
2004; Holzinger et al., 2005; Spracklen et al., 2008; Paasonen et al., 2013). More
SOAs and CCN will consequently lead to an increased albedo, which in turn is
believed to counteract global warming (Kulmala et al., 2004; Pefiuelas and Staudt
2010; Boucher et al., 2013).

Although the overall agreement is that SOAs and CCN cool the earth, all the
mechanisms behind these processes are complicated and not completely understood
(Boucher et al., 2013; Rosenfeld et al., 2014; Fan et al., 2016; Seinfeld et al., 2016).
This uncertainty is represented by the large error bar in the estimation of the
radiative forcing from aerosols by IPCC (Stocker et al., 2013). In addition,
atmospheric aerosols are considered to impair human health and together with other
pollutions, they cause several millions premature deaths globally (Pope and
Dockery, 2006; Kuehn, 2014; Landrigan et al., 2017).

BVOC emission and climate feedback

The global warming during the last 30 years could be responsible of 10% additional
BVOC emissions (Pefiuelas and Llusia, 2003). Increased global temperatures will
likely result in longer plant growing season (Pefiuelas and Filella, 2001).
Phenological events such as leafing, flowering and senescence are plant processes
that will be affected by a changed climate and could contribute to changed BVOC
emissions. A temperature increase between 2 and 3°C could generate additional 30—
45% BVOC emissions globally (Pefiuelas and Llusia, 2003), but these estimations
are based on models with fixed emission factors and could overestimate regional
emissions. The net effect of BVOC emissions on the climate is difficult to quantify
because of all the complex feedback processes. Elevated atmospheric
concentrations of CO; and extreme weather events add complexity to the emissions
but need to be considered to better estimate future BVOC emission scenarios (Llusia
and Pefiuelas, 1998; Staudt et al., 2008; Taylor et al., 2008; Pefiuelas et al., 2009).
A simplified description of how increased BVOC emissions could affect the global
warming can be seen in Figure 2, where depletion of OH and production of O3 (in
high NOy areas) are believed to enhance global warming, whereas increased
consumption of O3 (in low NOy areas), production of SOAs and CCN may reduce
global warming.
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Figure 2. Schematic picture on how emission of BVOCs are coupled to climate warming by processes in the
atmosphere. Redrawn from Laothawornkitkul et al. (2009) and Pefiuelas and Staudt, 2010.

Aims and objectives

While a large expansion of Salix plantations may be good for mitigating climate
change, local air quality could be negatively affected. Due to the wide range of
published emission potentials among Salix species, new reliable emission potentials
are needed to better estimate the emission on an ecosystem scale. The newer Salix
varieties that are used commercially might differ in their emission rates and
compound mixture compared to the reported older species.

The overarching aim of the work presented in this thesis was to study some of the
important factors that influence the emission rates from managed Salix trees. These
results are then combined with measurements on aerosol formation near a Salix
plantation, and with BVOC emissions from spruce, to assess what the possible
outcome could be for the regional air quality if land use and cover change (LUCC)
shifts the current land use into SRPs with Salix in areas like Sweden.

The specific objectives were:

- To study and quantify how seasonality and different varieties influence
BVOC emissions from commercial Salix trees (Paper I and II).

- To study and quantify how position within canopy height influences the
BVOC emissions (Paper I and IV).

- To study and quantify how the age of the Salix trees influences the BVOC
emissions (Paper I and II).

- To investigate how BVOC emissions from Salix plantations could impact
the local air quality compared to traditional agriculture and spruce forest
(Paper I-1V).
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Material and methods

Study sites

The study sites can be divided into two categories, the first one contains sites that
have been subjected to BVOC measurements at Salix plantations and these are
located in Sweden (Skrehalla and Billeberga). The second has been related to BVOC
measurements from spruce and these sites were found both in Sweden (Hyltemossa,
Skogaryd and Norunda), and in other parts of Europe (Ljubljana (Slovenia),
Grafrath (Germany), Taastrup (Denmark) and Piikki6 (Finland)), whereof these four
latter sites were a part of the International Phenological Garden (IPG).

Salix sites (Paper I-III)

Skrehalla

Most of the Salix measurements were done in Skrehalla, which is located in the
municipality of Gristorp and about 80 km north-east of Gothenburg. Two plots were
chosen at this site (plot 1 (P1), 58°16°55”” N 12°46°20”° E and plot 2 (P2),
58°17°09°” N 12°45°31”’ E) (Figure 3). Mean annual temperature was 6.1°C (1961—
1990) and annual precipitation was 683 mm (1961-1990) (Karlsson et al., 2020).
An older variety of S. viminalis was established in 1994 on P1 but was replaced with
a new one called Wilhelm in 2017, which means that measurements in 2015 (Paper
I and III) was conducted on two older varieties in their third growing season after
the last harvest, and measurements in 2017 (Paper II) was conducted on Wilhelm
(first growing season). On P2, a variety called Tora was planted in 2003 and in 2016
they had their fourth growing season after the last harvest. The area of P1 was
approx. 6 ha and P2 was around 5 ha. All trees on P1 and P2 were planted in double
rows, separated with 1.25 m. The distance between the rows in each double row was
0.75 m and the trees were planted with 0.4 m intervals in the rows.

Billeberga

This site is located approx. 300 km south of Skrehalla, outside a community called
Billeberga in the municipality of Svalov. Two plots were studied at this location
(plot 3 (P3), 55°52°32.9” N 13°1’18.2”” E and plot 4 (P4), 55°52°’11.7” N
13°1°33.3 E) (Figure 3). Salix trees growing here were used in field trails for
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producing new commercial varieties suitable for biomass production. These field
trials were run by a commercial company (European Willow Breeding AB). Mean
annual temperature and precipitation for this site were 7.7°C (1961-1990) and 687
mm (1961-1990), respectively (Karlsson et al., 2020). Several different Salix
varieties were growing on P3 and P4 but the ones chosen to be studied were
Wilhelm, Tora, Inger and Ester. On P3, the varieties were planted in 2014 and cut
down before growing season in 2016, which implies that these trees had their second
growing season in 2017 (Paper II). The varieties on P4 were planted in 2017 and
had their first growing season when measurements were done in 2017. Each variety
on P3 and P4 was growing in approx. 5 m long rows and the rows were separated
by approx. 0.7 m. In the rows, trees had been planted at 0.5 m intervals.
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Figure 3. The two sites (black circles) in Sweden represent Skrehalla (P1 and P2) and Billeberga (P3 and P4) where
measurements on Salix trees were performed. The picture is taken and modified from Lantmateriet.
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Spruce sites (Paper IV)

Hyltemossa

Hyltemossa is a site run by the Integrated Carbon Observation System (ICOS) in
Sweden (http://www.icos-sweden.se/hyltemossa) and is located in the southern part
of Sweden (56°06° N 13°25° E) (Figure 4). This site is a forest dominated by
Norway spruce (Picea abies) but it also contains small amounts of other species
such as birch (Betula sp.) and Scots pine (Pinus sylvestris). When the BVOC
measurements were done here in 2016, the age of the trees was around 30 years.
Annual mean temperature and precipitation (1961-1990) for the area was 6.9°C and
831 mm, respectively (Alexandersson and Eggertsson Karlstrém, 2000).

Skogaryd

Skogaryd research site is a part of the Swedish Infrastructure for Ecosystem Science
(SITES), established in 2013 (https://www.gu.se/en/earth-sciences/skogaryd-
research-catchment-0). It is located in the south-western part of Sweden (58°23° N
12°09° E) and about 40 km west of Skrehalla (Figure 4). The measurements were
done on subsite F (Forest on mineral soils) according to the classification on the
webpage. The forest contained mainly coniferous trees, dominated by Norway
spruce and Scots Pine with a stand age of approx. 50 years old trees. The mean
annual temperature was 6.2°C and mean annual precipitation was 709 mm (1961—
1990) (Alexandersson and Eggertsson Karlstrom, 2000).

Norunda

The location of Norunda (60°05° N 17°29’ E) is around 30 km north of Uppsala
(Figure 4). It is part of the ICOS network in Sweden (http://www.icos-
sweden.se/norunda). It was established in 1994 and the forest is dominated by
Norway spruce and Scots pine but with some deciduous trees like birch. The age of
the trees varies mostly between 60 and 110 years. Annual temperature and
precipitation were 5.6°C and 544 mm (1961-1990), respectively.

IPG sites

The four remaining sites were located in Ljubljana (Slovenia, 46°04° N 14°30° E),
Grafrath (Germany, 48°18” N 11°17’ E), Taastrup (Denmark, 55°40° N 12°18’ E)
and Piikki6 (Finland, 60°23* N 22°30° E) (Figure 4). The advantage with these [PG
sites is that they contain clones of different species, which makes it possible to
exclude the genetic influence and consequently, study the impact of climate change
and environmental adaption in the species (Chmielewski et al., 2013). The sites were
established more than 50 years ago. Since they are located in a wide latitudinal
range, mean annual temperature and precipitation varied from 5.9-10.9°C and 583—
1362 mm, respectively (van Meeningen et al., 2017).
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Figure 4. The black circles mark the Norway spruce sites where BVOC measurements were done 2014-2016. Image
from van Meening et al. (2017).

Plant material

The older varieties used for biomass production originated from species such as S.
viminalis and the names usually contained letters followed by digits. Since
commercial willow varieties are easy to breed, many new clones have been
propagated the last decades. A short description of the four varieties studied in 2016
and 2017 is given below. The family tree for these varieties can be seen in Figure 5.

Tora was produced in 1989 from the clone L 79069 (S. schwerinii originating
from Siberia) and the variety Orm, and is a female hybrid. Tora is one of the most
successful varieties growing in northern latitudes since it is resistance to frost and
rust.

Inger was produced in 1994 and is a female hybrid cross between the clone SW
911096 (S. triandra originating from Siberia) and the variety Jorr. Inger is suitable
for mild or warm climates with normal water supply.

Wilhelm is a male hybrid and a cross between the varieties Sherwood and Bjorn.
Wilhelm was produced in 2011. The biomass productivity from Wilhelm is
somewhere between Tora and Inger.

Ester is a female hybrid and was produced in 2012 from the variety Linnéa and a
clone of “Shrubby willow” (S. miyabeana). The yield from Ester is similar to Inger
and it is suited for dry and hot climates. Among these four varieties, Ester is the only
one that is almost completely free from leaf beetle attacks.
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L78195 L78101 L 830332 NL 420 Jorr (clone from Netherlands)

(mOrm L 79069 (5. schwerinii from Siberia) (f) (m) Jorr SW911096 (S. trigndra from Siberia) (f)
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Figure 5. Family tree for the produced Salix varieties studied on P1 (Wilhelm), P2 (Tora) and P3-P4 (Tora, Inger,
Wilhelm and Ester). Letters in parentheses represent gender; male (m) or female (f).

Equipment

Measuring volatile organic compounds can be done in different ways. One common
approach is to use vegetation enclosures (e.g., bags or chambers). From these
enclosures, samples can be taken by using adsorbent cartridges, which are later on
analyzed with gas chromatography mass spectrometry (GC-MS). This method has
high spatial resolution but lacking in the temporal resolution. Instead, using a
technique based on proton transfer reaction mass spectrometry (PTR-MS) makes it
possible to directly monitor and observe the emissions in the field. Additionally,
when using vegetation enclosures, two techniques can be used, static (no purge
flow) or dynamic (flow-through). In case of static, CO, concentration together with
temperature could change dramatically resulting in non-realistic conditions, making
this technique less preferably (Ortega and Helmig, 2008). The dynamic enclosure
makes it easier to keep the conditions closer to ambient and this technique has been
used throughout all manual measurements between 2015 and 2017. Two types of
chambers were used, a leaf chamber and branch chamber.

Setup of branch chamber

The branch chamber had a cylindrical shape. It was made of stainless steel, Teflon
(PFA) and covered with a transparent PFA film (Figure 6A). The volume was
approx. 13 1. The day before the measurements started, the tip of the tree branch was
inserted into the chamber. The chamber was closed and flushed one hour before the
measurements started. Purge air was continuously flowing into the chamber. The
purge air passed through a hydrocarbon trap (Alltech, Associates Inc., US),
containing activated carbon and MnOs-coated copper nets, providing BVOC- and

29



O;-free air entering the chamber. Air temperature (T, °C) and relative humidity (RH)
were measured inside (chamber T and RH denoted as Tc and RHc) and outside of
the chamber (CS215, Campbell Scientific, UT, US). Measurements of
photosynthetically active radiation (PAR, umol m? s™') was measured close to the
chamber (PARc) and at canopy level (Li-190, LI-COR, NE, US) and recorded
together with T and RH on a data logger (CR1000, Campbell Scientific, UT, US).
Only one branch chamber was used in 2015, but from June—October in 2016, two
identical branch chambers were used in parallel at different heights.

Setup of leaf chamber

The leaf chamber system consisted of two parts, a portable photosynthesis system
(LI-6400XT, LI-COR, NE, US) and a leaf chamber with a LED source (6400-02B)
(Figure 6B). One advantage with this system is that it is possible to control PAR, T,
RH and CO; while doing measurements. To control RH, water vapor is removed by
using Drierite. Soda lime, a mixture of calcium oxide and sodium hydroxide, was
used to remove CO,. Using cartridges of CO; then made it possible to regulate
concentration of incoming CO; into the chamber. Purge air into the leaf chamber
passed through a similar hydrocarbon trap as in the branch chamber setup. The leaf
chamber system was modified to be able to measure BVOCs by adding an extra
outlet between the leaf chamber and the infra-red gas analyzer (IRGA). The
maximum leaf area that is possible to measure with the leaf chamber is 6 cm? (2x3
cm?). While doing measurements, ambient conditions were maintained inside the
chamber of CO; (400 ppm), T (20-25°C) and RH (30-70%). Emissions of BVOCs
were measured at different light levels and changed in the following order 0, 150,
300, 450, 600, 1000 and 1500 pumol m? st Along with BVOC emissions, net
assimilation (A, pmol CO, m2 ™), transpiration (Tr, mmol H,O m?2s™') and
stomatal conductance (gs, mol HO m™?s™') were measured.
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Figure 6. A) Setup of branch chamber measurements on P1 in Skrehalla 2015. B) Setup of leaf chamber measurements
on P3 in Billeberga 2017.

Sampling of BVOCs

All samples were taken by using a flow-controlled pump (Pocket Pump, SKC Ltd.,
Dorset, UK). Sample air was pulled from the chambers and through an adsorbent
cartridge containing Tenax TA (a porous organic polymer) and Carbograph 1TD
(graphitized black carbon) (Markes International Ltd., Mid Glamorgan, UK) during
20 min with a flow rate of 0.2 I min'. Samples were taken during daytime (8:00—
18:00) with approx. one-hour intervals. In the case of the leaf chamber,
measurements started one hour after the insertion of the leaf into the chamber, to
avoid any stress-induced BVOC emissions. After each new light level was set in the
leaf chamber, 30 min passed before the measurement started to provide time for the
leaf to acclimatize to the new conditions. To acknowledge possible contamination
from the instruments, background samples were taken each day from the purge air
in the branch chamber system and from the empty leaf chamber. All sample
cartridges were sealed with caps made of Teflon-coated brass and stored at 3°C until
analysis. At the end of each campaign, the measured leaves were collected and dried
at 75°C for two days to measure dry weight.

PTR-MS measurements

A convenient way to measure BVOCs with high temporal resolution is to use PTR-
MS technique. This method results in a fast response on-line measurement. By
combining a time-of-flight (TOF) detector, i.e., PTR-TOF-MS, the time resolution
is further improved. This instrument is capable of measuring full mass spectra 10
Hz time series, which is necessary for combining PTR-MS with direct eddy
covariance technique (Miiller et al., 2010; Ruuskanen et al., 2011). During field
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campaigns in 2015, a PTR-TOF-MS (8000, Ionicon Analytik GmbH, Tyrol,
Austria) was used to measure emissions of BVOCs on an ecosystem scale from P1.
The idea behind PTR-MS technique is that it requires an ionization of the studied
compound, which can be done by producing hydronium (H;O") from pure water
vapor in high voltage (Hansel et al., 1995; Lindinger et al., 1998; Ammann et al.,
2004). Detection of masses and raw data analysis were done by the software
PTRwid (Holzinger, 2015).

Particle measurements

Measurements of SOAs have traditionally been made by using larger smog
chambers but during the last decades more attention has been put on the oxidation
flow reactor (OFR). Compared to the smog chambers, OFRs are smaller, which
make them suitable for field measurements. The smaller volume in OFRs, which
could lead to more wall losses, is compensated with a shorter residence time in the
chamber and studies have shown that measurements of chemical composition and
mass yield by OFRs agree well to smog chambers (Bruns et al., 2015).

Oxidation flow reactor

A common OFR is the potential aerosol mass (PAM) reactor (designed at
Pennsylvania State University), and in 2015 this type reactor was used to measure
aerosol formation from P1 in Skrehalla. This PAM reactor consisted of a horizontal
aluminum cylinder with a volume of approx. 13 1. An ultraviolet lamp produced
OH and O; from oxygen and water, which later on oxidize incoming air. This
process makes it possible to study aging of the atmospheric composition in a faster
manner than it would take in the atmosphere.

Scanning mobility particle sizer

After the oxidative aging in the PAM reactor, the air flow from the reactor entered
a scanning mobility particle sizer (SMPS) (Wiedensohler et al., 2012) and a high-
resolution time-of-flight aerosol mass spectrometer (AMS) (Aerodyne Research
Inc., MA, US) (DeCarlo et al., 2006). The SMPS measured the particle number size
distribution in the range 11-600 nm (electrical mobility diameter). The SMPS
consisted of a differential mobility analyzer (DMA) (TSI 3071, TSI Inc., MN, US)
and a condensation particle counter (CPC) (TSI 3775, TSI Inc., MN, US). The AMS
measured chemically resolved mass concentration in the interval of approx. 50—
1000 nm (vacuum aerodynamic diameter).
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Field measurements on Salix

Measurements of BVOC emissions from Salix trees were done between 2015 and
2017 (Table 1). The measurements in 2015 started in July and ended in September.
In total, 142 samples were taken with the branch chamber during this growing
season, where the major part of the measurements was done on an unknown variety
of S. viminalis growing on P1. Campaigns done during 2016 were performed from
May to October at different heights with both branch and leaf chambers on the
variety Tora, growing on P2. Measurements with branch chambers resulted in 427
samples, and with the leaf chamber, 94 samples were taken and used for further
analysis. The heights of the leaves were divided into three categories, lower (z, up
to approx. 70% of the total canopy height (TCH) and representing shade-adapted
leaves), higher (zu, leaves growing above z; and representing sun-adapted leaves)
and middle (zm, up to approx.70% of TCH but growing at the edge of the plantation
and assumed to experience similar conditions as zy).

From May to September in 2017, 299 leaf chamber measurements were
performed on P1-P4. The varieties studied in 2017 were Wilhelm, Tora, Inger and
Ester.

Table 1. Details about field campaigns with leaf and branch chambers on Salix trees including year, period, height,
location, plots, varieties, number of samples and in which paper they were used.

Year Campaigns Heights Location Plots/varieties Chamber  Samples  Paper
2015  16-17 July ZH Skrehalla/ P1 & P2/ Branch 142 |
28-31 July ZH 58°16'55"N unknown S.
4-7 Aug. ZH 12°46'20"E viminalis
18-21 Aug. ZH and and
1-4 Sep. ZH 58°17°09”N Tora
8 & 10-11 Sep. Zm; ZH 12°45'31"E
2016  4-5 May Zm Skrehalla/ P2/Tora Branch &  427+94 |
24 May ZH 58°17°09”N leaf
6-10 June Zm; ZH 12°45'317E
19-23 June Zm; ZH
11-15 july Zv; ZH
26-29 July Z1; Zm; ZH
15-17 Aug. Z1; ZM; ZH
6-9 Sep. ZL; Zm; ZH
10-13 Oct. Zm; ZH
2017 29 & 31 May Skrehalla P1-P4/ Leaf 299 1l
2 & 5 June and Wilhelm, Tora,
13 & 15 June Billeberga/ Inger & Ester
28 June 58°16'55”"N
5-6 & 9-10 July 12°46'20"E
12-14 & 15 July and
22,25-26 & 28 July 58°17°09”N
1-2 Aug. 12°45'31"E
28-31 Aug. and
5 &7 Sep. 55°52'32.9"N
13°1"18.2"E
and
55°52'11.7"N
13°1"33.3"E

33



Analysis of BVOC chamber measurements from Salix

GC-MS analysis

Adsorbent cartridge samples from the chamber measurements were analyzed with
thermal desorption GC-MS (TD-GC-MS) instrument (UNITY2 thermal desorber,
Markes International Ltd., Mid Glamorgan, UK) in combination with an ULTRA
autosampler and GC-MS (7890A Series GC coupled with a 5975C inert MSD/DS
Performance Turbo EI System, Agilent Technologies Inc., CA, US). Helium was
used as carrier gas. Analysis of BVOCs was done using the software Enhanced
ChemStation (MSD ChemStation E.02.01.1177, Agilent Technologies Inc., CA,
US). Identification of the peaks in the mass spectra were done by injected pure
standards or by the NIST 8.0 database. Concentrations of measured BVOCs were
calculated by using ratios between the sample peak areas and standard peak areas.
Only compounds with at least an area twice as large as the area in the background
samples were included for further analysis.

Calculations of BVOC emissions
BVOC emission rates E (ug gaw ' h™') was calculated as (Ortega and Helmig, 2008):

_ G -G (1)
E==—"xq

where C; (ug 1) is the concentration of the compounds taken out from the chamber,
C; (ng 1" is the concentration of the compounds entering the branch chamber or in
the empty leaf chamber, Q (1 h™") is the flow rate of the purge air and m (gay) is the
dried mass of the leaves.

Standardization of compounds that are dependent on both T and PAR were
calculated according to Guenther et al. (1993). Standardized (STD) values for T and
PAR were 303.15 K and 1000 umol m™s™' respectively:

E=ES><CT><CL (2)

where E (ug gaw' h™) is the measured emission at T (K) and PAR (umol m™?s™)
inside the chamber. E; (ug gaw' h') is the STD emission, Cr and C; are correction
factors for temperature and light, which are defined by
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where a (=0.0027) and C;; (=1.066) are empirical coefficients (Guenther et al.,
1993), and

3 exp—CTés;fS) “4)

Cr=——7"7—
Crz(T-T
1+exp—Tf)\(TSTM)

where Cr; (=95 000 J mol™), Cr> (=230 000 J mol™") and Ty (=314 K) are empirical

coefficients (Guenther et al., 1993). The parameter 7, (=303.15 K) is STD

temperature and R (=8.314 J K™! mol™) is the universal gas constant.
Standardization of temperature-dependent compounds were done as

E = Egx ef(T-Ts) (5)

where E (ug gaw ' h™') is the measured emission rate and E; (ug gaw' h™") is the STD
emission rate at temperature 7 (K). The parameter 7, (=303.15 K) is STD
temperature and f (=0.09 K' for MTs and 0.17 K' for SQTs) is an empirical
constant (Guenther et al., 1993; Helmig et al., 2007).
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Results and discussion

Phenological and genetical influences on BVOC
emissions from Salix (Papers I and II)

As studies have pointed out, many factors are involved when it comes to affect the
BVOC emission rates from plants (Guenther et al., 1997; Laothawornkitkul et al.,
2009). For Salix, a mix of different STD emission factors exist in the published
literature. The STD emission factor for isoprene, which has so far been the most
studied compound from Salix, varies almost 20-fold when considering Salix
varieties used in biofuel plantation (Olofsson et al., 2005; Copeland et al., 2012;
Morrison et al., 2016). The average STD isoprene emission for the study in 2015
and 2016 was 45.2 (£ 42.9) pg gaw ' h”', which is almost twice as much as the highest
reported value from commercial Salix trees (Copeland et al., 2012). The STD
emission for the varieties in 2017 was 33.2 (53.4 + ug gaw' h™). One reason to the
variability in the STD emission rates can be related to the different technique
employed (e.g., leaf-scale or canopy-scale) for measuring the fluxes. Further, the
physiological changes in the plants related to different phenological stages is
another factor that influence the emission rates. The development for isoprene
emission has been suggested to vary in at least four stages (Monson et al., 1994;
Guenther et al., 1997; Pétron et al., 2001), which is one of explanations for how the
average STD isoprene emission varied during 2016 at P2 for the different months
(1.6-42.4 pg gaw' h"). The summer months (June—August) had similar average STD
emission rates and the autumn months (September—October) had considerably lower
STD emission rates (Table 2). A decreasing isoprene trend for the STD emission
was also observed between July and September at P1 during 2015. The plant
physiological processes behind the isoprene emissions are suggested to depend on
isoprene synthase activity (Monson et al.,, 1992; Kuzma and Fall, 1993). This
synthase activity changes through the season (Schnitzler et al., 1997), and long-term
predictions should be corrected for this influence. Even though T and PAR were the
main factors that influenced the isoprene emissions and is the reason why eq. 2 has
been widely used to describe these emissions, this equation cannot explain why
average STD isoprene emission was lower in May compared to June and July,
despite that Tc and PARc were higher in May. An additional correction factor in eq.
2 has been applied by, e.g., Guenther et al. (1997) and Schnitzler et al. (1997), which
takes long-term processes into account. But since this factor could be species-
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dependent, more emphasis needs to be put on how it varies for different plants, and
conducted in natural growing conditions.

The STD MT emission at P2 in 2016 decreased from May (0.590 + 0.306 pg gaw
"h™") to October (0.022 £ 0.028 ug gaw' h™') and a decreasing trend was found in
2017 for the other site (P3—P4) as well. Studies conducted on Salix have shown that
close after budbreak, enhanced emissions of MTs have been observed (Hakola et
al., 1998; Hakola et al., 1999), but since the budbreak was not recorded in these
years, it is difficult to confirm this result. No SQTs were emitted in May and October
at P2 in 2016, which indicates that these compounds are emitted during a shorter
season compared to, e.g., isoprene and MTs, and also points out the need for a
parameter that takes the seasonality into account.

Table 2. Average emission (mean and standard deviation, ug gaw' h) for isoprene, monoterpenes (MTs),
sesquiterpenes (SQTs) and other VOCs, and average standardized (STD) emission (mean and standard deviation, ug
gaw ! h") for isoprene, MTs and SQTs during 2015 and 2016. Average Tc (°C) and PARc (umol m2s™) together with
standard deviation for each month.

2015 2016

July Aug. Sep. May June July Aug. Sep. Oct.
Isoprene 38.3 49.8 5.1 17.4 26.0 16.2 344 7.3 0.1

(43.3) (37.2) (5.4) (12.4) (21.5) (16.9) (34.9) (9.5) (0.3)
MTs 0.317 0.219 0.068 0.305 0.291 0.129 0.051 0.063 0.003

(0.228)  (0.145)  (0.045) (0.140)  (0.209)  (0.078)  (0.020)  (0.037)  (0.004)
SQTs 0.031 0.035 0.023 0 0.003 0.015 0.084 0.001 0

(0.024) (0.033)  (0.014) (0.005) (0.018) (0.057)  (0.002)
other 0.441 1.640 0.207 0.330 0.114 0.499 0.398 0.232 0.092
VOCs (0.039)  (0.149)  (0.021) (0.034)  (0.016)  (0.083)  (0.052)  (0.033)  (0.017)
STD 74.8 70.4 19.2 29.9 42.4 35.8 42.0 13.8 1.6
isoprene (42.8) (43.0) (16.1) (20.4) (23.5) (25.4) (35.0) (12.9) (4.8)
STD 0.580 0.268 0.286 0.590 0.488 0.257 0.065 0.139 0.022
MTs (0.292) (0.163)  (0.182) (0.306)  (0.330) (0.186)  (0.032)  (0.075)  (0.028)
STD 0.076 0.040 0.171 0 0.004 0.021 0.054 0.003 0
SQTs (0.044)  (0.038)  (0.113) (0.007)  (0.026)  (0.046)  (0.009)
Tc 23.2 28.9 19.3 26.1 25.1 242 311 25.0 8.7

(4.7) (2.9) (3.4) (2.5) (5.8) (4.5) (6.8) (4.6) (2.7)
PARc 562 467 329 951 710 461 704 403 89

(397) (230) (192) (448) (479) (354) (459) (307) (125)

Previous studies have put little focus on finding emission potentials for non-
terpenes, and how they differ through the season since their emission rates only have
been less significant when studying SRCs (Copeland et al., 2012). Grouped together
as other VOC:s, the average emission during the different months in 2015 and 2016
were usually lower than 0.500 pg g4 h™' for this group, except in the beginning of
August 2015 (Table 2 and Figure 7). During this month, emissions of compounds
like benzaldehyde, hexanal and nonanal increased approx. 4-fold. Due to the
outbreak of Melampsora in 2015, it is likely that the fungus influenced the emission
rates of these compounds. Many studies have shown that stress-induced compounds,
such as benzaldehyde, nonanal, octanal, decanal and hexanal have been emitted
when the plants were suffering from abiotic and biotic stresses (Hilderbrand, 1989;
Andersen et al., 1994; Wildt et al., 2003; Misztal et al., 2015; Jiang et al., 2016).
Especially, nonanal and hexanal have been observed from many plant species
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affected by pathogens (Hilderbrand 1989; Andersen et al., 1994; Wildt et al., 2003).
Green leave volatiles (e.g., hexanal) are known to act as a defense against pathogens
(Hilderbrand, 1989), and Toome et al. (2010) showed that willow trees emitted
GLVs when they were infected by Melampsora. Besides this, it was harder to relate
the emissions of other VOCs to a seasonal trend but like the terpenes, other VOCs
had substantially lower emissions in the late growing season. This was also the case
in 2017 for P3 and P4, where the emissions of other VOCs were many times lower
in September compared to May. Melampsora was believed to have caused the
higher emissions of caryophyllene in August 2015, and may have suppressed the
isoprene emissions (Toome et al., 2010). Stress-induced emission is harder to
include in algorithms but would be required to better estimate the emissions from
vegetation.
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Figure 7. Measurements from P1 in 2015. A) PAR (umol m? s') values for chamber condition (PARc, blue cross and
dashed line) and ambient condition (red circle and dotted line). B) Temperature (°C) values for chamber condition (Tc,
blue cross and dashed line) and ambient condition (red circle and dotted line). C) Emission rates (ug gaw h™) for
isoprene (cyan). D) Standardized (STD) emission rates (ug gaw h™") for isoprene (cyan). E) Emission rates (ug gaw™ h
") of other VOCs (red), monoterpenes (MTs, green) and sesquiterpenes (SQTs, blue). F) STD emission rates (ug gow'
h") for monoterpenes (MTs, green) and sesquiterpenes (SQTs, blue). Vertical dashed lines separate the different days.
Each bar represents individual measurements.
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A clear difference was observed when comparing the different varieties in 2017.
The STD isoprene emission from Wilhelm (50.33 + 72.63 pug gaw ') was almost three
times higher and statistically significant compared to Tora (17.99 £ 27.18 ug gaw™)
(Table 3). The STD average isoprene emissions from Ester and Inger differed less,
and their emission rates followed the same curve up to 450 pmol m? s™', thereafter
emissions from Ester levelled out faster than for Inger (Figure 8 A,B). Isoprene
emission from Wilhelm showed a strong increase for the measured light levels and
no tendency of leveling out, even after 1000 umol m? s™'. In this sense, Wilhelm are
the least appropriate variety for SRPs among these four varieties if planted near
pollution sources (e.g., trafficked roads or industrial areas) because of the higher
risk to produce O3 and PAN (Folberth et al., 2005; Watson et al., 2006).

Table 3. Isoprene, monoterpenes (MTs), sesquiterpenes (SQTs) and total terpenoid emissions (ug gew ' h™', mean and
standard deviation) for the different Salix varieties. Standardized (STD) emission rates for isoprene, MTs and SQTs (ug
gaw ' h™", mean and standard deviation) for the different varieties. Average and standard deviation for temperature (Tc,
°C), photosynthetically active radiation (PARc, umol m™2s™") and relative humidity (RHc, %) in the leaf chamber.

Tora, n =90 Wilhelm, n =104 Ester, n =53 Inger, n = 52
isoprene (ug gaw ' h™") 4.00 (7.05) 12.66 (20.63) 6.11 (9.06) 7.77 (11.65)
MTs (ug gow ' h7") 1.56 (0.62) 0.80 (0.28) 1.25 (1.01) 1.87 (1.24)
SQTs (ug gaw™ ' h7") 0.40 (0.28) 0.22 (0.24) 0.57 (0.44) 0.56 (0.26)
Sum (ug gaw™' h™") 5.96 (2.06) 13.68 (5.84) 7.93 (2.73) 10.02 (3.32)
STD isoprene (Ug gaw ' ™) 17.99 (27.18) 50.53 (72.63) 25.84 (34.36) 32.75 (47.82)
STD MTs (ug gaw™" h™) 5.84 (1.90) 3.09 (0.99) 3.44 (2.35) 6.00 (3.21)
STD SQTs (ug gaw ' h™") 2.43 (1.63) 1.30 (1.53) 3.76 (3.20) 3.71.(1.91)
Tc (°C) 19.0 (2.1) 19.0 (2.0) 18.9 (2.2) 19.0 (2.3)
PARc (umol m2s7") 571 (487) 551 (477) 561 (477) 573 (494)
RHc (%) 61.5 (13.0) 53.9 (16.9) 48.2 (9.5) 51.4 (8.9)
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Figure 8. A) Isoprene emission rates (ug gaw' h™', mean + standard deviation, n = 7-16) and fitted curves for Wilhelm
(green diamonds and line), Inger (red boxes and line), Ester (yellow stars and line) and Tora (black circles and line) at
different PAR values (umol m? s™'). B) Standardized isoprene emission rates (ug gaw”' h™', mean + standard deviation, n
= 7-16) and fitted curves for Wilhelm (green diamonds and line), Inger (red boxes and line), Ester (yellow stars and
line) and Tora (black circles and line) at different PAR (umol m? s') values.

Average measured MT emission (0.8 + 0.3 pg gaw' h') and SQT emission (0.2 +
0.2 pg gaw ' h™') from Wilhelm were lower than from the other varieties (1.25-1.87
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ng gaw' h' (MTs) and 0.40-0.57 pg gaw' h' (SQTs)). This was also the case for the
average STD MT and SQT emissions. Ocimene was a dominant MT for all varieties
except for Ester. Instead, camphene and limonene were the dominantly emitted MTs
from this variety (Figure 9A). Limonene was also the most abundant MT from Inger.
Emissions of linalool was abundant from Wilhelm and Tora but not from Ester and
Inger. No caryophyllene was observed from Wilhelm (Figure 9B). Response to light
for MTs and SQTSs varied as well for the varieties. No correlation between PAR and
the compounds ocimene and linalool was seen for Ester, but all the other varieties
showed an increasing emission rate trend with PAR. Inger was the only variety that
showed a clear light response for the emission of caryophyllene. These results point
out how important the genetical influence can be for BVOC emissions even within
the same genus or species, which has been reported previously (Staudt et al., 2004).
Genetical influence on BVOC emission has been found for other deciduous and
coniferous trees, and plants with same provenances do not necessarily respond in
the same way. For instance, oak species have been considered mainly as isoprene
emitters but some can be significant MT emitters (Pio et al., 1993; Kesselmeier et
al., 1996). How the emission is influenced by light is another trait that can differ
within the same species. According to Evans et al. (1985), MT emission from spruce
was little influenced by PAR, whilst Steinbrecher et al. (1993) reported a significant
dependence. Tingey et al. (1980) found no influence of PAR on MT emissions from
pine but Tarvainen et al. (2005) reported that 1,8-cineole was affected by light.
Extrapolating emissions among species must be done prudently and based on
representative measurements (Kesselmeier et al., 1996).
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Figure 9. A) Total MT emissions (black square, pug gaw ' h™', mean + standard deviation, n = 52-104) and the
contribution from each MT for the different varieties. Others includes eucalyptol, d-phellandrene, terpinolene, y-
terpinene and one unknown compound. B) Total SQT emissions (black square, ug gew™' h™', mean + standard deviation,
n = 52-104) and the contribution from each SQT for the different varieties. Others includes copaene and one unknown
compound.
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Comparison between different heights and light
conditions (Papers I and 1V)

Light response curves during 2016 showed that the height within the canopy had a
large impact on the BVOC emission rates. The emission of isoprene, both measured
and STD, differed a factor two when comparing more sun-adapted leaves (zu and
zm) to shade-adapted leaves (zp). This light response resulted in that the average
STD isoprene emission rate was 96.1 (£ 64.6) ug gaw' h™' (or 5.47 £ 0.26 mgC gaw
"h') at zy and 51.8 (£ 32.9) ug gaw' (or 2.88 £ 1.57 mgC gaw”' h™') at z. The
difference between the emission rates was especially pronounced for the lower PAR
values, and the emissions at zy increased all the way up to 1000 pmol m?s™ (Figure
10A,B). This pattern has been reported by others (Sharkey et al., 1991; Niinemets
et al., 2010), which points out that light acclimatization is an important factor for
emissions of, e.g., isoprene. Therefore, estimating isoprene emissions on a
landscape or regional level can be misleading if simulations are based on an
emission potential that represents only one height level. The shape of the isoprene
curves followed a hyperbolic curve similar to the one that can be observed for A
(Monson and Fall, 1989), but since the ratio between emitted isoprene and A (E/A)
increased with PAR (Figure 11), the leaves lost more C as isoprene for the higher
PAR values compare to the lower PAR values. Moreover, leaves at zy had a higher
E/A ratio compared to leaves at zi, showing that the light-adapted leaves in the
upper part of the canopy lost more C as isoprene than less light adapted leaves.
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Figure 10. A) Average isoprene emissions rates (ug gaw h™', mean + standard deviation, n = 3-6) and fitted curves for
different PAR values (umol m? s™) from the different height levels, zu (green boxes and dot-dashed line), zu (black
circles and dashed line) and z. (blue stars and line). B). Average standardized isoprene emission rates (ug gew” h™,
mean + standard deviation, n = 3-6) and fitted curves for different PAR (umol m2 s™') values from the different height
levels, z4 (green boxes and dash-dotted line), zw (black circles and dashed line) and z. (blue stars and line).

42



0.01f iz,
z
H
0.009 |
———fitz,
0.008 [ ¢ 2z,
mnz,
0.007 |
¥ 2z
0.006 |
g
Y 0.005 |
4
e e N S e — I
- = q
0.003 | -
)~
-
0.002 | s
0.001 { ./7
v
ot . ; :
0 500 1000 1500

PAR (ytmol m? s")

Figure 11. Ratio between isoprene emission and net assimilation (E/A, dimesionless, mean + standard deviation, n =
3-5) and fitted curves at different height levels, z+ (green boxes and dot-dashed line), zw (black circles and dashed line)
and z. (blue stars and line) for the measured PAR (umol m2 s™') values.

Another strong evidence that emissions of terpenes are adapted to different light
conditions was seen when comparing MT and SQT emissions between shaded and
sun-adapted leaves. Shade-adapted Salix leaves emitted less MTs than sun-adapted
leaves and only limonene was seen from the former, while a-pinene, limonene, p-
cymene, ocimene and 3-carene were observed from the latter. The total average MT
emission from zy (0.078 £ 0.085 ug gaw " or 0.004 = 0.005 mgC m>h™") was almost
twice as high than from zp (0.045 + 0.029 pg gaw ' or 0.002 = 0.002 mgC m?>h™).
Further, no SQTs were emitted from the shaded leaves but four (o-farnesene,
caryophyllene, humulene and nerolidol) were emitted from the sun-adapted leaves.
Ocimene and o-farnesene showed an increasing emission trend for some of the PAR
values (Figure 12), but this pattern was only observed from the sun-adapted leaves,
since the shade-adapted did not emit these compounds.
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Figure 12. Average emission (ug gaw' h', mean + standard deviation, n = 11) and fitted curves for ocimene (blue circles
and line) and a-farnesene (red stars and dot-dashed line) for the sun-adapted leaves (zw and z+) and different PAR
(umol m2 s") values.

When grouping non-terpenes together, higher emissions were observed from the
lower height (zm) compared to the higher (zn), despite the similar light conditions
for these locations. This result indicates that the difference is not a result to light
adaption.

The height comparison for the BVOC emission from spruce showed that there
was a significant difference for the emissions of camphene and limonene in
Taastrup. The reason why other compounds (e.g., ocimene and isoprene) did not
differ could be due to the wide spacing and consequently similar irradiation
conditions for all heights (2 m, 5.5 m and 12.5 m). In Norunda, all the emissions for
isoprene, MTs and SQTs differed when comparing the lowest (3 m) and the highest
(20 m) height. Emissions of isoprene and MTs were even higher at 3 m compared
to 20 m. Different explanations were found, e.g., the lower height had in periods
higher irradiance than at 20 m (Wang, 2018), and the needles at 3 m were older with
a low percentage of newly produced shoots, which can influence the concentrations
of terpenes in needles (Merk et al., 1988).

Impact of the surrounding area (e.g., dense or sparse forest), shape of the canopy,
phenological stages of the leaves and needles add complexity to acquire reliable
height emission factors on an ecosystem-scale.

Impact of age on BVOC emissions (Paper I and II)

A comparison between the first and second growing year trees showed that all
varieties in their first growing season emitted a substantially higher average
emission of other VOCs (15.70—46.74 ug gaw' h™') than during the second growing
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season (2.46-4.70 pg gaw ' h'). The average emissions of some of the most emitted
other VOCs from the first growing year trees were hexanal (0.826-4.920 ug gaw' h°
", benzaldehyde (0.436-3.204 pg gaw' h™'), octanal (0.354-3.149 pg gaw' h™),
furfural (0.148-3.069 ug gaw' h™') and acetophenone (0-2.462 pg g4w' h'). Many
of these were less common for the one year older trees. One explanation for this
difference could be that the saplings need a stronger defense before they have
reached a growing stage, which provides a better prerequisite for establishment and
survival. Mature trees might be less affected by damage than young trees and more
capable to survive (Palo, 1984). The average emission of other VOCs from Tora on
P2 in 2016 (fourth growing season) was also three times lower than the average
emission from first growing season Tora on P2. Compounds other than terpenes
(e.g., GLVs) have usually been studied when considering stress. Even if non-
terpenes serve as protection for the plants, they can also contribute to formation of
aerosols (Pandis et al., 1992 and references therein; Misztal et al., 2015; Palm et al.,
2018).

The STD isoprene emission results from fourth growing season Tora at P2 in
2016 (95.0 + 63.2 pg gaw' h™') and the first growing season Tora at P2 in 2017 (20.9
+33.5 ug gaw' h'), showed that the former emitted around five times more isoprene
and that the older trees reached almost the same rate (66.4 pg gaw ' h™') at 150 pmol
m? s as the younger (55.1 pg gaw' h™') did at 1500 pmol m? s (Figure 13).
Comparing STD MT emissions from Tora between the first and the fourth growing
season showed that the emission rates from the younger trees (5.240 £2.272 pg gaw
"h") were several times higher than the older trees (0.359 + 0.184 pug gaw' h™"). More
MTs were emitted from the younger trees (9 MTs: a-pinene B-pinene, d-
phellandrene, eucalyptol, limonene, linalool, ocimene, p-cymene and 3-carene)
compared to the older (5 MTs: a-pinene, limonene, ocimene, p-cymene and 3-
carene). The STD SQT emissions for Tora differed as well and the younger trees
emitted approx. 2.5 times higher average emission rate compared to the fourth
growing season trees. The response to light also showed that linalool increased with
PAR but only for the younger trees, whereas a-farnesene increased with PAR but
only for the older trees.

From the literature, it is not clear how the age influences the emission rates.
Although studies including age when measuring BVOC emissions are limited, some
have reported that the age can influence the emission rates. For instance, Kim et al.
(2005) and Lim et al. (2008) showed that the age had a significant impact on the MT
emission rates from conifers. Nuiies and Pio (2001) reported that isoprene emission
differed between young and adult eucalyptus trees. But it is likely that the impact of
age is species-dependent and for some plants it might not change the BVOC
emissions considerably.
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Figure 13. Standardized isoprene emission rates (ug gaw™' h™!, mean + standard deviation, n = 7-16) and fitted curves
for first growing season (green boxes and dash-dotted line) and fourth growing season (black circles and dashed line)
trees belonging to Tora on P2 at different PAR (umol m? s') values.

LUCC and impact on air quality from Salix (Paper [-1V)

The measurements performed from July 2015 to September 2017, showed a high
contribution of isoprene to the atmosphere from Salix trees even if the rates differed
among varieties. Higher emissions of isoprene were observed from late spring to
early autumn. Emissions of other compounds were in general minor compared to
isoprene with some exceptions, e.g., for saplings and during early season. The
landcover is crucial for what kind of BVOC that will be emitted to the atmosphere.
The Swedish landcover is dominated by boreal forest (68.8%), containing approx.
40.3% Norway spruce, 39.3% Scots pine, 12.4% birch and minor fractions of some
others species (Skogsdata, 2020). Norway spruce trees are known to emit terpenes
and particularly MTs, but they can also emit isoprene up to about the same rates as
MTs (Kesselmeier and Staudt, 1999). Studies conducted in boreal forest have shown
that the major part of the emitted terpenoids is made up by MTs (Rinne et al., 2000;
Tarvainen et al., 2007; Rinne et al., 2009). The contribution to this MT emission is
essentially from spruce and pine, although deciduous trees can contribute to the
emission and especially depending on the season (Tarvainen et al., 2007; Rinne et
al., 2009). The latitudinal study of Norway spruce in Sweden and Europe (Paper
IV), showed that emission rates were similar but with some emission profile
variability, regardless of the adaption to different environmental growing conditions
at each location. However, comparing compounds separately resulted in different
results. For example, limonene was a major emitted MT from the trees on all sites
except in Skogaryd. Contribution from 3-carene was minor in Norunda, but in
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Piikki6 it was significant, despite the similar latitude at these sites. The genetical
influence among the different studied spruce trees was more important to the
emission profile than climatic adaption. Compared to Salix trees, all spruce sites had
considerably lower emissions of isoprene and the average STD isoprene emission
for the spruce sites was <1 ug gaw ' h™'. Different species of pine have been reported
as negligible isoprene emitters as well (Kesselmeier and Staudt, 1999). A LUCC,
where coniferous forest such as spruce or pine is converted into SRC fields with
Salix would drastically change the atmospheric concentrations of isoprene. This
LUCC would in turn increase the risk of production of regional pollutions, e.g., O3
and PAN, if anthropogenic sources of NOy are sufficiently close to the plantation
(Wang and Shallcross, 2000; Ryerson et al., 2001; Atkinson and Arey, 2003;
Folberth et al., 2005). On the other hand, the spruce trees emitted more MTs than
the older Salix trees and especially a-pinene, B-pinene and limonene were some of
the most abundant MTs emitted by spruce. The average emission of a-pinene was
approx. 4—60 times higher from spruce compared to the Salix trees studied 2015—
2017. Spruce trees in Norunda have shown to be able to emit both a-pinene and [-
pinene up to approx. 60 ug gaw' h”' (Wang et al., 2017), which is about the same
magnitude as isoprene emitted from Salix. Monoterpenes are able to foster SOA
production and in particular a-pinene, -pinene and limonene have been reported to
act as precursors for aerosol formation (Paulson et al., 1990; Pandis et al., 1992;
Zhang et al., 1992; Ehn et al., 2014; Mutzel et al., 2016). Therefore, replacing spruce
forest with Salix trees could reduce the number of particles and diminish the albedo
in the atmosphere, which might lead to a reinforced effect on global warming
(Boucher et al., 2013).

The measurements executed with the PAM reactor was unable to produce any
aerosols at P1 during the summer 2015 (Paper III). The simulated aging in the
reactor could neither increase the mass nor the number concentration significantly.
The explanation for this was the lack of precursors, such as MTs. Ecosystem scale
measurements of MTs concentrations by the PTR-TOF-MS gave an average value
of approx. 140 ppt and for the MTs, and the sum of benzene, toluene and xylenes
(BTX) was even lower (96 ppt). The concentration of MTs and BTX would have
needed to be around one order of magnitude higher to result in a visible mass
increase in the reactor. Manual measurements during daytime from the ambient air
close to the inlet of the PAM reactor also confirmed the low MT concentration,
which was 28 ppt (not published data). Since no measurements with the PAM
reactor was made in spring, it is not possible to exclude any particle formation
during this time of the year, because higher MTs emission during early growing
season might increase the precursors needed for generating SOAs. Also, since the
young Salix trees were able to emit higher rates of MTs and other VOC:s, it is more
likely to find increased production of aerosols from saplings or during the first
growing season than from older trees.

No measurements of O3 were performed between 2015 and 2017 but a study done
about 15 km away from P1, measured isoprene from a willow coppice plantation
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and their measurements could not reproduce any Os in their chemistry model that
they used (Olofsson et al., 2005). Nevertheless, Salix trees exceed by far the terpene
emissions from crops and grassland. Many studies have presented substantially
lower emission rates of isoprene (0-0.5 ug gaw' h') from, e.g., grassland, wheat,
oat, rape, sugar beet and potato, compared to Salix (Winer et al., 1992; Konig et al.,
1995; Karl et al., 2009; Morrison et al., 2016). Due to the low isoprene from
traditional crops, O3 formation is considerably higher in areas where both pollutions
and isoprene are abundant (Ryerson et al., 2001). An expansion of SRPs with fast-
growing plants, like Salix or other species with high isoprene emission (e.g.,
Populus), have to be strategically located to assure that the prerequisites for Os
production are minimized. If not, large upscaling of SRPs could result in an increase
of photochemical smog pollutions, which in turn could lead to reduced biomass
production, additional premature deaths and economical costs (Fumigalli et al.,
2001; Ryerson et al., 2001; Van Dingenen et al. 2009; Ashworth et al., 2012; Wagg
et al., 2012; Ashworth et al., 2013; Beltman et al., 2013; Calvete-Sogo et al., 2014;
Fann et al., 2015).
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Conclusions and outlook

The aim of the work presented in this thesis was to study BVOC emissions from
Salix trees that are commercially used for producing renewable energy. The
influence by different factors such as seasonality, genetic diversity, height and age
were studied in order to investigate the variability in the emissions. All the manual
BVOC measurements were done on a leaf scale by using leaf and branch chambers
combined with GC-MS analysis. Measurements of particle formation near the Salix
SRP, and BVOCs measurements from spruce, were a part of the thesis work to
assess how an expansion of Salix plantations could influence the air quality locally.

The measurements in 2015, 2016 and 2017 showed that isoprene was the major
compound throughout the most of the growing season (Papers I and II), in
accordance to what have been found in previous studies. Isoprene emissions peaked
between June and August. High emissions were observed already in the beginning
of May and until September, but in October the emissions were negligible. The
driving factors for the isoprene emissions were mainly temperature and PAR but the
phenological related changes in the leaves was also believed to influence the
emissions. The seasonal trend for MTs seemed to decline from spring to autumn.
Ocimene was normally the dominant MT compound emitted but was not observed
in October. Caryophyllene dominated among the SQTs but this group contributed
with the lowest amount to the total BVOC emission. Emissions of SQTs peaked in
August and enhanced emissions of caryophyllene during summer was likely a
response to biotic stress caused by Melampsora. No SQTs were observed in May
and October 2016, which indicated that the season for these compounds were shorter
than for isoprene and MTs. Non-terpenes did not show any clear seasonal pattern
but there was a substantially increase for some of the other VOCs in August 2015,
which was explained by the rust infestation (Melampsora). Compounds like
nonanal, benzaldehyde and hexanal increased up to four times during this month.
Stress-induced BVOC emissions are hard to predict and implement in models, since
the response of the plants are probably species-specific and related to how severe
the damage is. Another crucial factor that makes it difficult to estimate these impacts
depends on the ability for pathogens and herbivores to adapt to the climate change.
Nevertheless, it is clear that stress leads to elevated emissions and needs to be
included in models to better estimate regional atmospheric BVOC budgets.

Studies have revealed that the genetical influence on the BVOC emission is
important. Emission rates and blend can differ, both inter- and intraspecifically,
which was also the case for the different varieties (Paper II). The variety called
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Wilhelm emitted the highest rate of isoprene, which was approx. 3 times larger than
for Tora. Tora, which is closer related to Wilhelm in the breeding program compared
to Ester and Inger, had the lowest isoprene emission. These results emphasize the
importance of making measurements. A preconception would have been that Tora
and Wilhelm had similar isoprene emission rates, but they differed the most.
Therefore, using emission factors from Tora to scale up isoprene emission from
SRPs with Wilhelm (or vice versa), would lead to large errors. On the contrary,
Ester and Inger, which were related in the breeding program, showed similar
average isoprene and SQT emission rates although the terpene blend differed a bit.
Interestingly, all the female varieties (Tora, Ester and Inger) seemed to have lower
isoprene emission rates than the male variety (Wilhelm), but no conclusion can be
made on the scarce basis from the study in 2017. Hence, more studies involving
more male (and female) varieties would be needed to confirm this observation.
Further, the high isoprene emission from Wilhelm makes this variety less preferable
to grow in large quantities close to sources of NOy, on account of the risk to produce
photochemical pollutions such as Oz and PAN.

Measurements at different heights for the Salix trees showed that sun-adapted
leaves emitted higher rates of isoprene, MTs and SQTs (Paper I). Less various
compounds of MTs and SQTs were also emitted by the shade-adapted leaves. In
fact, no SQTs were seen from the shade-adapted leaves. The isoprene emission rate
was approx. twice as high from the more sun-adapted leaves compared to the shaded
leaves. Ocimene and o-farnesene, together with isoprene, increased with light
intensity. However, this increase for ocimene and a-farnesene was only observed
for sun-adapted leaves. None of the other VOCs had any clear correlation with light.
On the other hand, emissions of these non-terpenes were higher from the lower
canopy height, which indicates that there are other factors than light that influence
these emissions. The sun-adapted leaves in the upper part of the canopy lost more
of the photosynthesized C as isoprene compared to the shaded leaves. Even though
these sun-adapted leaves showed higher net assimilation rates for most of the light
levels compared to the shade-adapted leaves, they were less efficient in utilizing C
from photosynthesis to primary production because they reemitted more of this C
as isoprene.

To better understand how BVOC emissions are developing, stand age of plants is
an adequate factor to study. To my knowledge, less focus has been on age even if
there exist studies that include this factor. It might not always be easy to know the
specific age (without cutting down the trees) in a study when measuring in a forest,
since forest ecosystems are a mix of species with different ages. These kinds of
studies are better suited for managed plants. Comparing the age and the BVOC
emissions between the Salix trees showed that saplings and first year growing trees
emitted substantially higher rates of other VOCs, probably because they need to
strengthen their defense system and make them more resistance to stress. Tora was
the only variety that was measured both the first growing year and before harvest
(fourth growing year). The results from these measurements showed that isoprene
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emission was almost five times as large from the older trees compared to the
younger. Contrarily, the emissions of MTs were several times lower from the older
trees compared to the younger trees. Only five MTs were seen from the older trees
whilst nine were emitted from the younger. This outcome indicates that the age of
the plants has an impact on the emissions and younger and mature trees can differ
in both their emission rates and compound mixture.

The lack of elevated particle formation at the Salix site points out that these trees
are not able to emit sufficiently high rates of precursors needed to produce SOAs
(Paper III). The low concentration of, e.g., MTs was not enough to generate any
particles in the PAM reactor. The MTs constituted only a minor fraction of the
BVOC emission. However, compounds that have been reported to cause SOAs, e.g.
a-pinene, B-pinene and limonene, where many times higher from the young Salix
trees. Therefore, it is more likely to find SOAs near saplings and young trees
compared to older Salix trees. The emission of isoprene was considerably higher
from the Salix trees compared to the spruce trees (Paper 1V). Changing from
traditional spruce forest would shift the regional BVOC composition towards more
isoprene and less MTs. In addition, a LUCC from annual crops or grasslands to
SRPs with Salix would also alter the atmospheric concentrations of isoprene, since
annual crops and grass are low emitters of isoprene. Consequently, an expansion of
SRC fields with willow would need to be located at a sufficient distance far away
from anthropogenic pollution, which could otherwise promote the production of O3
and PAN.

The goal to counteract emissions of GHGs and preventing global warming is far
away from completed. Reducing fossil fuel by renewable energy from SRCs could
be one part of the solution. However, to estimate the environmental impact on the
climate, long-term studies where measurement of CO,, CHs, N,O and aerosols
during a complete life span of the plantation (20-25 years) would be needed.
Although the results presented in this thesis suggest that BVOC emissions from
Salix plantation is not jeopardizing air quality, measurements of O3 near a Salix site
should also be done since studies mostly model the production of O3 based on
BVOC emission factors. Life cycle assessments of SRPs usually exclude air quality
and subsequent health effects, which could be included if there existed
representative measurements of, e.g., O3. Combining leaf scale measurements with
PTR-TOF-MS ecosystem scale measurements is needed as well, since these would
be an appropriate method to evaluate and improve the emission models, and to
investigate the impact from BVOC:s if there was a substantially expansion of Salix
plantations. The outcome from this thesis also highlights that upscaling emissions
by modelling is difficult since many factors affect the emission, such as variety,
height, age, season and stress. Currently, all these are not represented in the models
but may be possible to incorporate in the future.
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