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Salix plantation in Skrehalla November 2016. Even though they seem to be sad 
like weeping willows they are standing tall.
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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 O3 if sources of anthropogenic NOx 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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Populärvetenskaplig sammanfattning 

Salix (vide eller pil) har använts kommersiellt sedan 1980-talet för att producera 
förnybar energi. Det finns många fördelar med dessa träd, bland annat kan de rena 
jord från tungmetaller och minska risken för kväveläckage och övergödning. De kan 
vara ett alternativ till fossilt bränsle men är också kända för att avge höga flöden av 
flyktiga organiska föreningar (eng. biogenic volatile organic compounds; BVOCs). 
Tusentals olika ämnen ingår i denna grupp, vilka kan delas in i terpener, alkoholer, 
alkaner och estrar för att nämna några. Dessa ämnen är viktiga. Till exempel så 
hjälper BVOCs växterna att attrahera pollinerare men kan också skydda växterna 
emot olika typer av stress såsom växtätare, värme och luftföroreningar. De ingår 
också i många kemiska processer i atmosfären. Hydroxilradikaler, vilka kallas för 
luftens renare, bryts ned av BVOCs och detta i sin tur kan leda till ökad livslängd 
för metan. BVOCs kan också generera aerosoler, vilka påverkar egenskaper hos 
moln och jordens albedo. Fotokemiska föroreningar som ozon (O3) är också ett 
resultat av reaktioner där BVOCs är inblandade och kan leda till försämrad 
luftkvalitet. Det finns mycket som påverkar BVOC emissionerna och information 
om ålder, lövposition och hur emissionerna variera för de olika kommersiella 
salixklonerna saknas, vilket kan leda till stora fel om modellerade emissioner 
baseras på alltför enkla antaganden. Syftet med studierna i denna avhandling var 
således att undersöka hur BVOC emissionerna varierar med lövets position i 
trädkronan, ålder, för de olika salixsorter samt över växtsäsongen, för att få mer 
tillförlitliga emissionsvärden som kan användas i modeller för att bättre kunna 
bedöma påverkan på den regionala luftkvaliteten. Mätningar av aerosolbildning vid 
en av salixplanteringarna var också en del av studien. Därtill studerades även 
emissioner av BVOCs från gran för att bedöma hur luftkvaliteten skulle påverkas 
om mer landyta ändras från till exempel skogs- och åkermark till salixplantage. 

Studien mellan 2015 och 2016, och mätningarna från 2017 visade att salix 
emitterade till största delen isoprene där de högsta värdena inträffade under 
sommaren. Emissioner av monoterpener (MTs) avtog allteftersom växtsäsongen 
fortlöpte. BVOC emissionerna varierade beroende på om löven var acklimatiserade 
till solljus eller skugga där de solljusanpassade löven emitterade dubbelt så mycket 
isopren. Det fanns också en betydande skillnad mellan de olika salixsorterna och 
Wilhelm emitterade ungefär tre gånger mer isopren än Tora. Åldern påverkad också 
emissionerna. Både emissioner av icke-terpener och MTs var högre från de yngre 
träden medan isopren var nästan fem gånger så hög från de äldre träden. 
Stressinducerade emissioner av ämnen som hexanal inträffade under ett utbrott av 
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svampen Melampsora 2015 och tillsammans med några andra ämnen så ökade 
emissionerna för dessa flertalet gånger. Alla dessa resultat understryker svårigheten 
med att simulera emissioner av BVOCs och nuvarande modeller behöver förbättras 
genom att inkludera parametrar som tid på säsongen, ålder, anpassning till rådande 
mikroklimat och stress för att bättre förutse och beräkna BVOC emissioner. 

 Ingen partikelökning kunde observeras vid salixplanteringen 2015. Förklaringen 
till detta var för låga halter av bland annat MTs. Däremot så emitterade gran högre 
halter av MTs och är förmodligen mer benägna att generera partiklar i förhållande 
till salix. Det är mer troligt att salix istället kan ge upphov till O3 på grund av de 
höga emissionerna av isopren, om utsläpp av NOx är tillräckligt nära. Att ändra 
landytans markanvändning från granskog och traditionellt jordbruk till 
salixplantage skulle därför kunna ge upphov till betydande högre halter av isopren 
lokalt. Därför behöver dessa salixplanteringar vara strategiskt placerade så att 
förutsättningar till O3 produktion undviks, och sorten Tora bör därmed väljas 
eftersom denna emitterade de lägsta halterna av isopren.     
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Introduction 

Salix trees 
Because of the rapid increase of greenhouse gases (GHGs), i.e., carbon dioxide 
(CO2,) methane (CH4) and nitrous oxide (N2O), 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 2oC (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 (Kägi 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 CO2 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 
CH4 and N2O from the SRPs could compensate for the uptake of CO2 (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 (Åhman 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 Mälaren and 
Hjälmaren. 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 (Kägi 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 (Kägi 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 Salix 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 
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understanding of a group of compounds called volatile organic compounds (VOCs). 
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 BVOCs, 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 1015 g 
C a year, which is many times higher than the emissions of AVOCs (Hough and 
Johnson, 1991; Müller, 1992; Guenther et al., 1995; Guenther, 2002; Peñuelas and 
Llusià 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, CO2, 
carbonic acid, metallic carbides, carbonates, and ammonium carbonate. This 
definition also excludes several other compounds such as CH4, 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 25oC, a boiling point up to 
260oC 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 C5H8. Thus, 
hemiterpenes contain one C5H8 chain, MTs contain two (i.e., C10H16) 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 1012 g C year-1) followed by methanol (approx. 100 x 1012 g C year-1), 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 
(Peñuelas 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; Llusià and Peñuelas, 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 CO2 could be an alternative C source to isoprene formation besides 
recently photosynthesized CO2 (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, 
Joó 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.  
 

 
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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BVOCs influence on air chemistry 
Even though the concentration of BVOCs in the atmosphere is much lower than, 
e.g., CO2, 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 
BVOCs 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 CH4 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 BVOCs 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 O3. The chemical reaction that produces O3 occurs via 
formation of nitrogen dioxide (NO2) (Kleinman et al., 2002; Atkinson and Arey, 
2003). If the concentrations of NOx (NO and NO2) 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 CO2 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; Peñuelas 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 (Peñuelas and Llusià, 2003). Increased global temperatures will 
likely result in longer plant growing season (Peñuelas 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 3oC could generate additional 30–
45% BVOC emissions globally (Peñuelas and Llusià, 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 CO2 and extreme weather events add complexity to the emissions 
but need to be considered to better estimate future BVOC emission scenarios (Llusià 
and Peñuelas, 1998; Staudt et al., 2008; Taylor et al., 2008; Peñuelas 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 NOx areas) are believed to enhance global warming, whereas increased 
consumption of O3 (in low NOx 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 Peñuelas 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–IV). 
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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 Piikkiö (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 Grästorp 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 Svalöv. 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.  

 

.  

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 Lantmäteriet. 
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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 Karlström, 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 Karlström, 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 Piikkiö (Finland, 60°23’ N 22°30’ E) (Figure 4). The advantage with these IPG 
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 Björn. 
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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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, CO2 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 l. 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 MnO2-coated copper nets, providing BVOC- and 
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O3-free air entering the chamber. Air temperature (T, oC) 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, μmol m-2 s-1) 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 CO2 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 CO2. Using cartridges of CO2 then made it possible to regulate 
concentration of incoming CO2 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 cm2 (2x3 
cm2). While doing measurements, ambient conditions were maintained inside the 
chamber of CO2 (400 ppm), T (20–25oC) 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 μmol m-2 s-1. Along with BVOC emissions, net 
assimilation (A, µmol CO2 m−2 s−1), transpiration (Tr, mmol H2O m−2 s−1) and 
stomatal conductance (gs, mol H2O m−2 s−1) 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 l min-1. 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 (Müller 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 (H3O+) 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 l.  An ultraviolet lamp produced 
OH and O3 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 (zL, up 
to approx. 70% of the total canopy height (TCH) and representing shade-adapted 
leaves), higher (zH, leaves growing above zL 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 zH).  

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 

28–31 July 
4–7 Aug. 
18–21 Aug. 
1–4 Sep. 
8 & 10–11 Sep. 

zH 
zH 
zH 
zH 
zH 
zM; zH 

Skrehalla/ 
58°16’55’’N 
12°46’20’’E  
and  
58°17’09’’N 
12°45’31’’E 

P1 & P2/ 
unknown S. 
viminalis 
and  
Tora 

Branch 142 I 

2016 4–5 May 
24 May 
6–10 June 
19–23 June 
11–15 july 
26–29 July 
15–17 Aug. 
6–9 Sep. 
10–13 Oct. 

zM 
zH 
zM; zH 
zM; zH 
zM; zH 
zL; zM; zH 
zL; zM; zH 
zL; zM; zH 
zM; zH 

Skrehalla/ 
58°17’09’’N 
12°45’31’’E 

P2/Tora Branch & 
leaf 

427+94 I 

2017 29 & 31 May 
2 & 5 June 
13 & 15 June 
28 June 
5–6 & 9–10 July 
12–14 & 15 July 
22, 25–26 & 28 July 
1–2 Aug. 
28–31 Aug. 
5 & 7 Sep. 
 
 

 Skrehalla 
and 
Billeberga/ 
58°16’55’’N 
12°46’20’’E  
and  
58°17’09’’N 
12°45’31’’E 
and 
55°52’32.9’’N 
13°1’18.2’’E 
and 
55°52’11.7’’N 
13°1’33.3’’E 

P1–P4/ 
Wilhelm, Tora, 
Inger & Ester 
 

Leaf 299 II 
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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 (µg gdw

-1 h-1) was calculated as (Ortega and Helmig, 2008): 

𝐸 = 𝐶 − 𝐶𝑚 × 𝑄 (1) 

where C2 (µg l-1) is the concentration of the compounds taken out from the chamber, 
C1 (µg l-1) is the concentration of the compounds entering the branch chamber or in 
the empty leaf chamber, Q (l h-1) is the flow rate of the purge air and m (gdw) 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 µmol m-2 s-1 respectively: 

 𝐸 = 𝐸 × 𝐶 × 𝐶  (2) 

where E (µg gdw
-1 h-1) is the measured emission at T (K) and PAR (µmol m-2 s-1) 

inside the chamber. Es (µg gdw
-1 h-1) is the STD emission, CT and CL are correction 

factors for temperature and light, which are defined by 
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C = αC PAR√1 + α PAR  
(3) 

where α (=0.0027) and CL1 (=1.066) are empirical coefficients (Guenther et al., 
1993), and  

C = -
-  

(4) 

where CT1 (=95 000 J mol-1), CT2 (=230 000 J mol-1) and TM (=314 K) are empirical 
coefficients (Guenther et al., 1993). The parameter Ts (=303.15 K) is STD 
temperature and R (=8.314 J K-1 mol-1) is the universal gas constant.  

Standardization of temperature-dependent compounds were done as  
 𝐸 =  𝐸 × 𝑒 ( ) (5) 

where E (µg gdw
-1 h-1) is the measured emission rate and Es (µg gdw

-1 h-1) is the STD 
emission rate at temperature T (K). The parameter Ts (=303.15 K) is STD 
temperature and β (=0.09 K-1 for MTs and 0.17 K-1 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) μg gdw

-1 h-1, 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 ± μg gdw

-1 h-1). 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 μg gdw

-1 h-1). 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 μg gdw
-

1 h-1) to October (0.022 ± 0.028 μg gdw
-1 h-1) 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, μg gdw-1 h-1) for isoprene, monoterpenes (MTs), 
sesquiterpenes (SQTs) and other VOCs, and average standardized (STD) emission (mean and standard deviation, μg 
gdw-1 h-1) for isoprene, MTs and SQTs during 2015 and 2016. Average TC (oC) and PARC (µmol m-2 s-1) together with 
standard deviation for each month. 

 2015 2016 
 July Aug. Sep. May June July Aug. Sep. Oct. 

Isoprene 38.3 
(43.3) 

49.8 
(37.2) 

5.1  
(5.4) 

17.4 
(12.4) 

26.0 
(21.5) 

16.2 
(16.9) 

34.4 
(34.9) 

7.3  
(9.5) 

0.1  
(0.3) 

MTs 0.317 
(0.228) 

0.219 
(0.145) 

0.068 
(0.045) 

0.305 
(0.140) 

0.291 
(0.209) 

0.129 
(0.078) 

0.051 
(0.020) 

0.063 
(0.037) 

0.003 
(0.004) 

SQTs 0.031 
(0.024) 

0.035 
(0.033) 

0.023 
(0.014) 

0 0.003 
(0.005) 

0.015 
(0.018) 

0.084 
(0.057) 

0.001 
(0.002) 

0 

other 
VOCs 

0.441 
(0.039) 

1.640 
(0.149) 

0.207 
(0.021) 

0.330 
(0.034) 

0.114 
(0.016) 

0.499 
(0.083) 

0.398 
(0.052) 

0.232 
(0.033) 

0.092 
(0.017) 

STD 
isoprene 

74.8 
(42.8) 

70.4 
(43.0) 

19.2  
(16.1) 

29.9 
(20.4) 

42.4 
(23.5) 

35.8 
(25.4) 

42.0 
(35.0) 

13.8 
(12.9) 

1.6  
(4.8) 

STD  
MTs 

0.580 
(0.292) 

0.268 
(0.163) 

0.286 
(0.182) 

0.590 
(0.306) 

0.488 
(0.330) 

0.257 
(0.186) 

0.065 
(0.032) 

0.139 
(0.075) 

0.022 
(0.028) 

STD 
SQTs 

0.076 
(0.044) 

0.040 
(0.038) 

0.171 
(0.113) 

0 0.004 
(0.007) 

0.021 
(0.026) 

0.054 
(0.046) 

0.003 
(0.009) 

0 

Tc 23.2 
(4.7) 

28.9 
(2.9) 

19.3  
(3.4) 

26.1  
(2.5) 

25.1 
(5.8) 

24.2 
(4.5) 

31.1 
(6.8) 

25.0 
(4.6) 

8.7  
(2.7) 

PARc 562 
(397) 

467 
(230) 

329 
(192) 

951  
(448) 

710 
(479) 

461 
(354) 

704 
(459) 

403  
(307) 

89  
(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 VOCs, the average emission during the different months in 2015 and 2016 
were usually lower than 0.500 μg gdw

-1 h-1 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. 
   

 
Figure 7. Measurements from P1 in 2015. A) PAR (μmol m-2 s-1) values for chamber condition (PARC, blue cross and 
dashed line) and ambient condition (red circle and dotted line). B) Temperature (oC) values for chamber condition (TC, 
blue cross and dashed line) and ambient condition (red circle and dotted line). C) Emission rates (μg gdw-1 h-1) for 
isoprene (cyan). D) Standardized (STD) emission rates (μg gdw-1 h-1) for isoprene (cyan). E) Emission rates (μg gdw-1 h-

1) of other VOCs (red), monoterpenes (MTs, green) and sesquiterpenes (SQTs, blue). F) STD emission rates (μg gdw-1 
h-1) 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 μg gdw

-1) was almost three 
times higher and statistically significant compared to Tora (17.99 ± 27.18 μg gdw

-1) 
(Table 3). The STD average isoprene emissions from Ester and Inger differed less, 
and their emission rates followed the same curve up to 450 μmol m2 s-1, 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 μmol m2 s-1. 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 (µg gdw−1 h−1, mean and 
standard deviation) for the different Salix varieties. Standardized (STD) emission rates for isoprene, MTs and SQTs (µg 
gdw−1 h−1, mean and standard deviation) for the different varieties. Average and standard deviation for temperature (TC, 
°C), photosynthetically active radiation (PARC, µmol m−2 s−1) and relative humidity (RHC, %) in the leaf chamber. 
 

 Tora, n = 90 Wilhelm, n = 104 Ester, n = 53 Inger, n = 52 
isoprene (µg gdw−1 h−1) 4.00 (7.05) 12.66 (20.63) 6.11 (9.06) 7.77 (11.65) 
MTs (µg gdw−1 h−1) 1.56 (0.62) 0.80 (0.28) 1.25 (1.01) 1.87 (1.24) 
SQTs (µg gdw−1 h−1) 0.40 (0.28) 0.22 (0.24) 0.57 (0.44) 0.56 (0.26) 
Sum (µg gdw−1 h−1) 5.96 (2.06) 13.68 (5.84) 7.93 (2.73) 10.02 (3.32) 
STD isoprene (µg gdw−1 h−1) 17.99 (27.18) 50.53 (72.63) 25.84 (34.36) 32.75 (47.82) 
STD MTs (µg gdw−1 h−1) 5.84 (1.90) 3.09 (0.99) 3.44 (2.35) 6.00 (3.21) 
STD SQTs (µg gdw−1 h−1) 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 (µmol m−2 s−1) 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) 

 
 
 

 
Figure 8. A) Isoprene emission rates (μg gdw-1 h-1, 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 (μmol m2 s-1). B) Standardized isoprene emission rates (μg gdw-1 h-1, 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 (μmol m2 s-1) values. 
 
Average measured MT emission (0.8 ± 0.3 μg gdw

-1 h-1) and SQT emission (0.2 ± 
0.2 μg gdw

-1 h-1) from Wilhelm were lower than from the other varieties (1.25–1.87 
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μg gdw
-1 h-1 (MTs) and 0.40–0.57 μg gdw

-1 h-1 (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 SQTs 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). 
 

 
Figure 9. A) Total MT emissions (black square, µg gdw−1 h−1, mean + standard deviation, n = 52–104) and the 
contribution from each MT for the different varieties. Others includes eucalyptol, d-phellandrene, terpinolene, γ-
terpinene and one unknown compound. B) Total SQT emissions (black square, µg gdw−1 h−1, 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 IV) 
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 (zH and 
zM) to shade-adapted leaves (zL). This light response resulted in that the average 
STD isoprene emission rate was 96.1 (± 64.6) μg gdw

-1 h-1 (or 5.47 ± 0.26 mgC gdw
-

1 h-1) at zH and 51.8 (± 32.9) μg gdw
-1 (or 2.88 ± 1.57 mgC gdw

-1 h-1) at zL. The 
difference between the emission rates was especially pronounced for the lower PAR 
values, and the emissions at zH increased all the way up to 1000 μmol m-2 s-1 (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 zH had a higher 
E/A ratio compared to leaves at zL, showing that the light-adapted leaves in the 
upper part of the canopy lost more C as isoprene than less light adapted leaves. 
 
 

 
Figure 10. A) Average isoprene emissions rates (μg gdw-1 h-1, mean ± standard deviation, n = 3–6) and fitted curves for 
different PAR values (μmol m-2 s-1) from the different height levels, zH (green boxes and dot-dashed line), zM (black 
circles and dashed line) and zL (blue stars and line). B). Average standardized isoprene emission rates (μg gdw-1 h-1, 
mean ± standard deviation, n = 3–6) and fitted curves for different PAR (μmol m-2 s-1) values from the different height 
levels, zH (green boxes and dash-dotted line), zM (black circles and dashed line) and zL (blue stars and line). 
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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, zH (green boxes and dot-dashed line), zM (black circles and dashed line) 
and zL (blue stars and line) for the measured PAR (μmol m-2 s-1) 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 α-pinene, limonene, p-
cymene, ocimene and 3-carene were observed from the latter. The total average MT 
emission from zH (0.078 ± 0.085 μg gdw

-1 or 0.004 ± 0.005 mgC m-2 h-1) was almost 
twice as high than from zL (0.045 ± 0.029 μg gdw

-1 or 0.002 ± 0.002 mgC m-2 h-1). 
Further, no SQTs were emitted from the shaded leaves but four (α-farnesene, 
caryophyllene, humulene and nerolidol) were emitted from the sun-adapted leaves. 
Ocimene and α-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. 



44 

 
Figure 12. Average emission (μg gdw-1 h-1, mean + standard deviation, n = 11) and fitted curves for ocimene (blue circles 
and line) and α-farnesene (red stars and dot-dashed line) for the sun-adapted leaves (zM and zH) and different PAR 
(μmol m-2 s-1) values. 
 

When grouping non-terpenes together, higher emissions were observed from the 
lower height (zM) compared to the higher (zH), 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 μg gdw

-1 h-1) than during the second growing 
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season (2.46–4.70 μg gdw
-1 h-1). The average emissions of some of the most emitted 

other VOCs from the first growing year trees were hexanal (0.826–4.920 μg gdw
-1 h-

1), benzaldehyde (0.436–3.204 μg gdw
-1 h-1), octanal (0.354–3.149 μg gdw

-1 h-1), 
furfural (0.148–3.069 μg gdw

-1 h-1) and acetophenone (0–2.462 μg gdw
-1 h-1). 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 μg gdw

-1 h-1) and the first growing season Tora at P2 in 2017 (20.9 
± 33.5 μg gdw

-1 h-1), showed that the former emitted around five times more isoprene 
and that the older trees reached almost the same rate (66.4 μg gdw

-1 h-1) at 150 μmol 
m2 s-1 as the younger (55.1 μg gdw

-1 h-1) did at 1500 μmol m2 s-1 (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 μg gdw

-

1 h-1) were several times higher than the older trees (0.359 ± 0.184 μg gdw
-1 h-1). More 

MTs were emitted from the younger trees (9 MTs: α-pinene β-pinene, d-
phellandrene, eucalyptol, limonene, linalool, ocimene, p-cymene and 3-carene) 
compared to the older (5 MTs: α-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 α-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. Nuñes 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 (μg gdw-1 h-1, 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 (μmol m2 s-1) values. 

LUCC and impact on air quality from Salix (Paper I–IV) 
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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Piikkiö 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 μg gdw

-1 h-1. 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 NOx 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 α-pinene, β-pinene and limonene were some of 
the most abundant MTs emitted by spruce. The average emission of α-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 α-pinene and β-
pinene up to approx. 60 μg gdw

-1 h-1 (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 α-pinene, β-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 VOCs, 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 O3 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 μg gdw

-1 h-1) from, e.g., grassland, wheat, 
oat, rape, sugar beet and potato, compared to Salix (Winer et al., 1992; König 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 O3 
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 NOx, on account of the risk to produce 
photochemical pollutions such as O3 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 α-farnesene, together with isoprene, increased with light 
intensity. However, this increase for ocimene and α-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. 
α-pinene, β-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 IV). 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 CO2, CH4, N2O 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 BVOCs 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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Abstract: In Europe, willow (Salix spp.) trees have been used commercially since the 1980s at a large 
scale to produce renewable energy. While reducing fossil fuel needs, growing short rotation cop-
pices (SRCs), such as poplar or willow, may have a high impact on local air quality as these species 
are known to produce high amounts of isoprene, which can lead to the production of tropospheric 
ozone (O3). Here, we present a long-term leaf-scale study of biogenic volatile organic compound 
(BVOC) emissions from a Swedish managed willow site with the aim of providing information on 
the seasonal variability in BVOC emissions during two growing seasons, 2015–2016. Total BVOC 
emissions during these two seasons were dominated by isoprene (>96% by mass) and the monoter-
pene (MT) ocimene. The average standardized (STD, temperature of 30 C and photosynthetically 
active radiation of 1000 μmol m-2 s-1) emission rate for isoprene was 45.2 (±42.9, standard deviation) 
μg gdw-1 h-1. Isoprene varied through the season, mainly depending on the prevailing temperature 
and light, where the measured emissions peaked in July 2015 and August 2016. The average STD 
emission for MTs was 0.301 (±0.201) μg gdw-1 h-1 and the MT emissions decreased from spring to 
autumn. The average STD emission for sesquiterpenes (SQTs) was 0.103 (±0.249)μg gdw-1 h-1, where 
caryophyllene was the most abundant SQT. The measured emissions of SQTs peaked in August 
both in 2015 and 2016. Non-terpenoid compounds were grouped as other VOCs (0.751 ± 0.159 μg 
gdw-1 h-1), containing alkanes, aldehydes, ketones, and other compounds. Emissions from all the 
BVOC groups decreased towards the end of the growing season. The more sun-adapted leaves in 
the upper part of the plantation canopy emitted higher rates of isoprene, MTs, and SQTs compared 
with more shade-adapted leaves in the lower canopy. On the other hand, emissions of other VOCs 
were lower from the upper part of the canopy compared with the lower part. Light response curves 
showed that ocimene and α-farnesene increased with light but only for the sun-adapted leaves, 
since the shade-adapted leaves did not emit ocimene and α-farnesene. An infestation with 
Melampsora spp. likely induced high emissions of, e.g., hexanal and nonanal in August 2015. The 
results from this study imply that upscaling BVOC emissions with model approaches should ac-
count for seasonality and also include the canopy position of leaves as a parameter to allow for
better estimates for the regional and global budgets of ecosystem emissions.

Keywords: Salix plantation; willow; leaf rust; terpenoids; non-terpenoids; BVOCs; leaf-scale; GC-
MS
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1. Introduction 
The increase in greenhouse gases (GHGs) and the global temperature during the last 

few decades have resulted in mitigation strategies and climate targets, where the main 
goal is to keep the average global temperature increase within 1.5–2°C [1,2] compared 
with pre-industrial levels. Together with these climate targets, as declared by the Euro-
pean Union, Sweden also has the goal to have no net emission of GHGs into the atmos-
phere by 2045 [3]. One option to decrease the use of and dependency on fossil fuel is to 
use fast-growing biofuel crops, also known as short rotation coppices (SRCs) [4]. 

Perennial crops are well suited for this purpose and, in particular, willow trees (Salix 
spp.) have been used to produce energy in district heating plants since the 1980s [5]. By 
using life cycle assessment (LCA), willow as biomass-based energy can reduce the GHG 
emissions considerably compared with fossil fuel [6]. One of the advantages with willow 
is the possibility of hybridization and propagation, which makes it easy to develop new 
varieties for better biomass yield [7]. After initial establishment, the trees grow for be-
tween 3 and 5 years before their aboveground biomass is harvested, and plants continue 
to regrow from their root system for the next harvest cycle. Compared with annual crops, 
Salix trees do not need as much management and fertilization [8]. Current land use of SRC 
plantations in Sweden is just below 10,000 ha but it has been estimated that this area could 
expand to 200,000–300,000 ha [9]. Besides the climate change mitigation effects, Salix has 
some other environmental benefits. The plant takes up heavy metals, such as cadmium, 
from soil [10,11], and can also be used to clean the soil after application of sludge and 
wastewater [9,12]. 

However, Salix trees emit high amounts of biogenic volatile organic compounds 
(BVOCs) [13]. BVOCs are used by plants for signaling, to attract pollinators, and to protect 
the plants against biotic stress (e.g., herbivory and pathogens) and abiotic stress (e.g., ex-
treme temperatures or pollutants such as ozone (O3) [14–19]. However, BVOCs are also 
important for atmospheric chemistry as they reduce the amount of hydroxyl radicals and 
thus increase the lifetime of CH4 [20,21]. The production of O3 is influenced by the pre-
vailing ratio between VOCs and NOX [22]. BVOCs could therefore efficiently contribute 
to the production of tropospheric O3 in non-NOX-limited situations [23–25]. Tropospheric 
O3 is hazardous as it damages the leaf tissue when entering the stomata, leading to a lower 
photosynthetic capacity [26,27], but the sink strength of O3 depends also on the stomatal 
conductance and thus on the ambient environmental conditions [28,29]. Since O3 is a 
GHG, and also could reduce the ability of plants to absorb CO2, an increase in O3 might 
lead to an enhancement in radiative forcing and global warming [30,31]. In addition, 
BVOCs act as precursors for secondary organic aerosols (SOAs) and enhance cloud con-
densation nuclei (CCN) production [32–39]. Depending on the properties of the aerosols 
and the environmental conditions, they can either decrease or enhance global warming 
[38], but the overall impact of CCN and SOAs is believed to cool the earth [40]. 

To our knowledge, few studies have investigated the whole emission spectrum of 
BVOCs from Salix [41,42] since the focus has mostly been on isoprene [43,44]. Some stud-
ies (e.g., [45]) have investigated emissions from Salix at different heights within the can-
opy. The BVOC emissions from the leaves within the canopy are expected to vary due to 
the different microclimatic conditions (e.g., temperature and radiation) [45,46], but the 
difference might be less pronounced for the standardized (STD) emissions. 

This study aims to characterize BVOC emissions from Salix trees growing in their last 
year before harvest during the major part of the growing season. Our objectives were to 
determine seasonal trends in emission rates and spectra, and to assess for differences be-
tween leaves growing at different heights within the canopy. 
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2. Methods 
2.1. Site Description 

Measurements were done on two plantations in Skrehalla (P1, 58°16′55” N 12°46′20” 
E and P2, 58°17’09” N 12°45’31” E), which were located in the southwestern part of Swe-
den and about 80 km northeast of Gothenburg (Figure S1). The area is flat and the site was 
mainly surrounded by arable fields. The long-term mean annual temperature was 6.1 °C 
(1961–1990 in Gendalen, located 16 km from the site) and the annual precipitation was 683 
mm (1961–1990 in Grästorp, 7 km from the site) [47]. The soil in the area contained clay or 
a silty clay loam with 34%–36% clay content, 45%–46% silt content, and no organic content 
(Table 1). Willow trees growing on P1 originated from the species S. viminalis. This plan-
tation was established in 1994 and the last time the trees were harvested was in the begin-
ning of 2013, which means measurements were done during their third growing season 
in 2015. In total, P1 covered approximately 6 ha. The variety growing on P2 is called Tora 
and P2 was established in 2003 on an area of approximately 5 ha. The trees on P2 were 
harvested in spring 2013, which means they were in their fourth growing season in 2016. 
At both sites, all trees were planted in double rows, separated by 0.75 m and 1.25 m be-
tween each double row. The distance between the trees in the row was 0.4 m. 

Table 1. Information about the two plantations (P1 and P2) in the study. Size (ha), previous land 
use, year of establishment, canopy height (m), leaf area index (LAI, m2 m-2), soil type and content, 
treatments, varieties, and yield (m3 ha-1). 

 P1 P2 
Size 6 ha 5 ha 

Formerly used for cereals Salix 
Established 1994 2003 

Canopy height 1 4.5 m 7 m 
LAI 2 5.5 4.9 

Soil type 3 silty clay loam clay loam 
Clay content 3 36% 34% 
Silt content 3 46% 45% 

Organic content 3 0% 0% 
Treatments 4 Fertilized (ca 2 × 100 kg N ha-1) Fertilized (ca 1 × 100 kg N ha-1) 

Varieties unknown S. viminalis Tora 
Last harvest 2013 2013 

Yield 5 ca 200 m3 ha-1 ca 200 m3 ha-1 

1 P1: Estimated average canopy height after the growing season in 2015. P2: Estimated average 
canopy height after the growing season in 2016.  
2 P1: Simulated maximum LAI in 2013 based on measured height and diameter. P2: Measured 
maximum LAI in 2016. 
3 Taken from SGU [48].  
4 Total number of treatments during the rotation cycle.  
5 Yield after four growing years. 

2.2. Experimental Setup 
Measurements were done with two different setups. First, we used a branch chamber 

(volume ca 13 L) during repeated campaigns throughout the growing seasons 2015 and 
2016. The aim of this setup was to follow the seasonal pattern of BVOC emissions during 
the two growing seasons. 

Second, a photosynthesis system with a leaf chamber (6 cm2 leaf area) was used to 
provide photosynthesis information in parallel to BVOC measurements focusing on the 
light response. 

2.2.1. Branch Chamber Setup 
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The branch chamber used was a cylindrical construction made of PFA and stainless 
steel covered with a thin transparent PFA film [49–51]. At the beginning of each campaign, 
the tip (ca 30 cm long) of a shoot from one Salix tree was carefully inserted into the cham-
ber the day before measurements started, avoiding any disturbance of the leaves. The 
chamber was left open on one end when not in use (i.e., during night). Every day before 
the measurements started, the chamber lid was closed, and the chamber was flushed with 
purge air for one hour. After this procedure, the branch chamber was used as a dynamic 
chamber with a continuous purge flow of 3–4 l min-1, leading to a residence time of ca 4 
min for the air within the chamber. 

In 2015, only one branch chamber was used. Starting in June 2016, two identical sets 
of branch chambers were used in parallel at different canopy heights. Each campaign, two 
trees standing next to each other were chosen for the branch chamber measurements. Pre-
vailing conditions of temperature (T, °C) and relative humidity (RH) were measured both 
inside and outside the branch chamber (CS215, Campbell Scientific, UT, USA). Photosyn-
thetically active radiation (PAR, μmol m-2 s-1) was measured close to the chamber and at 
canopy level (Li-190, LI-COR, NE, USA). The data were recorded on a data logger 
(CR1000, Campbell Scientific, UT, USA) every 10 sec and stored as 1 min averages. 

2.2.2. Light Response Curves and Photosynthesis Rates 
Besides the branch chamber, a portable photosynthesis system (LI-6400XT, LI-COR, 

NE, USA) was used in 2016 to provide photosynthesis information in parallel with BVOC 
measurements from individual Salix leaves [42,46,50,52]. The leaf chamber has a capacity 
to measure leaves with an area up to 6 cm2 (2 × 3 cm2) and the measurements were done 
on the middle part of the leaves to obtain the maximum area of the leaves. The flow rate 
into the leaf chamber was set to 500 μmol s-1 (ca 0.7 l min-1). The leaf chamber was equipped 
with a LED source (6400-02B). This photosynthesis system made it possible to control the 
PAR, T, RH, and carbon dioxide (CO2) concentration within the leaf chamber. Tempera-
ture and CO2 were set to ambient conditions (20–25 °C and 400 ppm), while PAR was set 
to increase between 0 and 1500 μmol m-2 s-1 in six steps (0, 150, 300, 450, 600, 1000, and 
1500 μmol m-2 s-1) to obtain light response curves. Relative humidity was regulated to 
match ambient values and ranged mainly from 30% to 70%. Net assimilation rate (A, μmol 
CO2 m-2 s-1), transpiration (Tr, mmol H2O m-2 s-1), and stomatal conductance (gs, mol H2O 
m-2 s-1) were measured with the Li-6400XT, and water use efficiency (WUE, mmol CO2 mol-

1 H2O) was then calculated by dividing A by Tr. 

2.3. BVOC Sampling 
BVOC sampling was based on adsorbent cartridges containing Tenax TA (a porous 

organic polymer) and Carbograph 1TD (graphitized black carbon (C)) (Markes Interna-
tional Ltd., Mid Glamorgan, UK). Prior to sampling, all cartridges were conditioned. In 
this process, N2 is used as a carrier gas while the cartridges are heated up to 300 oC, which 
empty the cartridges from possible contamination. 

Air from the dynamic chamber was pulled through an adsorbent cartridge for 20 min 
per sample at a flow rate of 200 mL min-1 using a flow-controlled pump (Pocket Pump, 
SKC Ltd., Dorset, UK), leading to a total sample volume of 4 L. In the case of the leaf 
chamber, the photosynthesis system had been modified with a trace-gas tube connection 
after the outlet of the leaf chamber [42,46,50,52]. This way, BVOC samples could be taken 
in parallel to the on-going photosynthesis measurements. 

To provide VOC-free and O3-free air into the branch chamber, air entering the branch 
chamber was passed through a hydrocarbon trap (Alltech, Associates Inc., US), which 
contained activated C and a MnO2-coated copper mesh. The hydrocarbon trap was also 
attached to the intake of the photosynthesis system. For the branch chamber, background 
samples of the purge air entering the chamber were taken every day, while blank samples 
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from the empty leaf chamber were taken after the last light intensity (1500 μmol m-2 s-1) 
measurement. 

During the campaigns, BVOC samples were taken during day time (8:00–18:00). In 
the case of the leaf chamber, measurements started one hour after the leaf was inserted to 
avoid potential stress-induced BVOCs from physical handling [42,52]. When a new light 
level was set, 30 min passed before the BVOC sampling started so the leaf had time to 
adapt to the new condition [52]. After sampling, the cartridges were sealed with Teflon-
coated brass caps and stored at 3 °C until analysis. After each campaign was finished, the 
sampled leaves were harvested and dried at 75 °C for two days to measure the dry weight. 

In total, 754 samples were taken on 35 trees during 15 campaigns between July 2015 
and October 2016, and the campaigns were in general 2–5 days (Table 2). Due to setup 
and instrumental failure, 26 samples were missing in 2015 and 65 in 2016. Campaigns 
performed in 2015 were all on P1 except the last one in September, where the first day was 
on P1 (P1* in Table 2, the star means another variety) and the last two days were on P2. 
This change was due to a rust outbreak of a fungi (Melampsora spp.). Signs of the infesta-
tion were seen in July, and by mid-September most of the trees had shed their leaves (Fig-
ure S2). Leaves with the least damage were chosen, but more or less all trees were equally 
affected. All the campaigns performed in 2016 were done at P2. No signs of Melampsora 
were observed on Tora but leaf-feeding beetles (Phratora vulgatissima) damaged the leaves, 
especially higher up in the canopy. On account of P. vulgatissima, undamaged leaves were 
hard to find, at least in the uppermost part of the canopy, from July onward (Figure S3). 

The heights of the measurements were divided into three categories. The lower 
height (zL) included leaves that were below or in the lower part of canopy (up to ca 70% 
of the total canopy height (TCH)) and growing within the plantation. The higher height 
(zH) included leaves above zL (>70% of TCH) and growing in a more sun-adapted envi-
ronment compared with the shade-adapted leaves in zL. Trees growing at the edge that 
were <70% of the TCH were classified as middle (zM) because they were expected to be 
more sunlit than if they grew within the plantation. The canopy height (H) was measured 
as the average height for the trees that were growing just next to the leaves, which the 
BVOC emissions were measured from, as these trees were responsible for the light condi-
tions at the measured leaves. All measurements during 2015 were done on zH except for 
the last campaign. Measurements with the branch chambers in 2016 were done at the edge 
of P2, while the measurements with the leaf chamber were done both on the edge and 
within P2. 

Table 2. All campaigns done in 2015 and 2016 with branch and leaf chambers. Two different plantations (P1 and P2) were 
studied and new trees were studied each campaign. The star (P1*) means that another variety was measured at this site 
compared with the rest of the campaigns on P1. Height levels were zL (up to ca 70% of the total canopy height (TCH)), zM 
(up to ca 70% of the TCH but growing at the edge of the plantation), and zH (heights above zL). z/H means the ratio between 
the measured leaves (z) and the canopy height (H). 

Branch Chamber 

Campaign No. Time Relative Canopy Height (z/H) Height 
Group  

Samples Trees Plantation 

1 2015: 16–17 July 1.00 zH 8 1 P1 
2 2015: 28–31 July 1.00 zH 30 1 P1 
3 2015: 4–7 Aug. 1.00 zH 28 1 P1 
4 2015: 18–21 Aug. 1.00 zH 31 1 P1 
5 2015: 1–4 Sep. 0.85 zH 31 1 P1 
6 2015: 8 and 10–11 Sep. 0.35; 0.80 zM; zH  4; 10 2 P1* & P2 
    Tot: 142 Tot: 7  

Branch Chamber 

Campaign No. Time Relative Canopy Height (z/H) 
Height 
Group Samples Trees Plantation 

1 2016: 4–5 May 0.40 zM 14 1 P2 
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2 2016: 24 May 0.75 zH 6 1 P2 
3 2016: 6–10 June 0.30; 0.75 zM; zH 39; 10 2 P2 
4 2016: 19–23 June 0.30; 0.75 zM; zH 39; 40 2 P2 
5 2016: 11–15 July 0.30; 0.80 zM; zH 36; 36 2 P2 
6 2016: 26–29 July 0.70; 0.90 zM; zH 32; 30 2 P2 
7 2016: 15–17 Aug. 0.55; 0.90 zM; zH 20; 12 2 P2 
8 2016: 6–9 Sep. 0.65; 0.90 zM; zH 30; 28 2 P2 
9 2016: 10–13 Oct. 0.50; 0.95 zM; zH 29; 26 2 P2 
    Tot: 427 Tot: 16  

Leaf Chamber 

Campaign No. Time Relative Canopy Height (z/H) 
Height 
Group Samples Trees Plantation 

5 2016: 11–15 July 0.15; 0.15; 0.40 zM; zM; zM 7; 7; 4 3 P2 

6 2016: 26–29 July 0.15; 0.60; 0.80; 0.80 
zM; zL; zH; 

zH 7; 7; 7; 7 3 P2 

7 2016: 15–17 Aug. 0.20; 0.65; 0.90  zM; zL; zH 6; 7; 7 3 P2 

8 2016: 6–9 Sep. 0.65; 0.20; 0.95; 0.95 zL; zM; zH; 

zH 
7; 7; 7; 7 3 P2 

    Tot: 94 Tot: 12  

2.4. Gas Chromatography–Mass Spectrometry and Data Processing 
All samples were analyzed by thermal desorption (UNITY2 thermal desorber, 

Markes International Ltd., Mid Glamorgan, UK) in combination with an ULTRA au-
tosampler and gas chromatograph–mass spectrometer (GC-MS) (7890A Series GC cou-
pled with a 5975C inert MSD/DS Performance Turbo EI System, Agilent, CA, USA) [42,53]. 
Separation of BVOCs was done by a HP-5 capillary column (50 m × 0.2 mm, film thickness 
0.33 μm) and helium was used as a carrier gas. The oven temperature started at 40 °C for 
1 min, was first raised to 210 °C with a rate of 5 °C min-1, and was then raised to 250 °C 
with a rate of 20 °C min-1. The compounds were analyzed in the program Enhanced Chem-
Station (MSD ChemStation E.02.01.1177, Copyright 1989–2010 Agilent Technologies, Inc.) 
and identified by injected external standards (Table S4) or according to mass spectra in 
the NIST 8.0 database. To quantify BVOCs for which no specific standard was available, 
α-pinene was used for monoterpenes (MTs), humulene for sesquiterpenes (SQTs), and 
toluene for other VOCs. Only sample peaks that had at least twice as strong a signal as the 
corresponding peaks in background samples were chosen for further analysis. 

Two compounds, toluene and butylated hydroxytoluene, were removed from all 
measurements done by LI-6400XT because they had approximately the same concentra-
tion in the background samples as the measurements from the leaves and were therefore 
assumed to be emitted by this instrument. 

The emission rates for the BVOCs were calculated by Equation (1), according to Or-
tega and Helmig [54] 

. (1) 

where E (μg gdw-1 h-1) is the emission rate, C2 (μg l-1) is the BVOC concentration taken from 
the chamber, C1 (μg l-1) is the BVOC concentration entering the branch chamber or the 
BVOC concentration inside the empty leaf chamber, Q (l h-1) is the flow rate of the purge 
air, and m (gdw) is the dried mass of the leaves contained in the chamber. 

A standardization for BVOCs that were both light and temperature dependent was 
done by Equation (2) according to Guenther et al. [55]. The reason for this standardization 
was to allow for comparison with other studies, regardless of prevailing environmental 
conditions. The STD values for T and PAR were 303.15 K and 1000 μmol m-2 s-1, respec-
tively. The compounds that were STD with Equation 2 were isoprene, ocimene, and α-
farnesene. 
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 (2) 

where E (μg gdw-1 h-1) is the actual emission at the measured chamber temperature T (K) 
and PAR (μmol m-2 s-1), Es is the STD emission, and CT and CL are dimensionless correction 
factors for temperature and light defined by Equations (3) and (4). 

  (3) 

where α (=0.0027) and CL1 (=1.066) are empirical coefficients taken from Guenther et al. 
[55] 

 (4) 

where CT1 (=95 000 J mol-1), CT2 (=230 000 J mol-1), and TM (=314 K) are empirical coefficients 
[55]. R (=8.314 J K-1 mol-1) is the universal gas constant and Ts (=303.15 K) is the standard 
temperature. 

For compounds that are temperature, but not light, dependent, the STD emission can 
be calculated with the temperature-dependent Equation (5), which was used on all terpe-
noids except isoprene, ocimene, and α-farnesene. 

 (5) 

where E is the actual emission rate (μg gdw-1 h-1) at temperature T (K), Es (μg gdw-1 h-1) is the 
STD emission rate at the standard temperature Ts (=303.15 K), and β (=0.09 K-1 for MTs and 
0.17 K-1 for SQTs) is an empirical constant [55,56]. 

Fitted net assimilation curves were done by using Smith’s equation, Equation (6) [57] 

 
(6) 

where A is net assimilation (μmol CO2 m-2 s-1), αA is the initial quantum yield (mol mol-1), 
Ad is dark respiration (μmol CO2 m-2 s-1), and Amax is net assimilation at the maximum PAR 
(1500 μmol m-2 s-1). 

The statistical tests were performed with a Kruskal–Wallis test at a significance level 
of 0.05 when comparing emissions between different heights since the data did not have 
a Gaussian distribution. The optimized parameters for the fitted light response curves 
were determined by minimizing the difference between measured and simulated emis-
sions according to a root mean square procedure. 

3. Results 
3.1. BVOC Emissions from Salix 

The total number of detected peaks found during GC-MS analysis was 39 (Table S5), 
whereof 37 could be identified and the remaining were named as unknown. The average 
total BVOC emission from all measurements in 2015 and 2016 was 24.4 (±5.8, standard 
deviation) μg gdw-1 h-1. Isoprene made up more than 96% of the total emission and had an 
average emission rate of 23.5 (±28.1) μg gdw-1 h-1 (Table 3). The corresponding STD isoprene 
emission rate was 45.2 (±42.9) μg gdw-1 h-1. 

The average MT emission rate was 0.163 (±0.117) μg gdw-1 h-1, which was 0.7% of the 
total BVOC emission. Nine MTs were detected: allo-ocimene, α-pinene, eucalyptol, limo-
nene, linalool, myrcene, ocimene, p-cymene, and 3-carene. Except in October, ocimene 
was the dominant MT (0.137 ± 0.321 μg gdw-1 h-1) and more than 17 times higher than the 
second most emitted MT, which was limonene (0.008 ± 0.042 μg gdw-1 h-1). The total STD 
MT emission rate was 0.301 (±0.201) μg gdw-1 h-1. The group with the lowest emission rate 
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among the terpenoids was SQTs with an average emission of 0.035 (±0.062) μg gdw-1 h-1, 
which resulted in a contribution of ca 0.1% to the total average BVOC emission. Four SQTs 
were observed: α-farnesene, caryophyllene, humulene, and nerolidol. The highest aver-
age emission rates were seen for caryophyllene (0.011 ± 0.031 μg gdw-1 h-1) and humulene 
(0.010 ± 0.090 μg gdw-1 h-1). The average STD emission of SQTs was 0.103 (±0.249) μg gdw-1 
h-1. 

Non-terpenoid compounds were grouped as other VOCs and their classification can 
be seen in Table 3 and Table S5. The most abundant among the identified other VOCs 
were cyclopentenyl acetylene (0.083 ± 0.205 μg gdw-1 h-1), benzaldehyde (0.065 ± 0.163 μg 
gdw-1 h-1), hexanal (0.064 ± 0.320 μg gdw-1 h-1), nonanal (0.061 ± 0.147 μg gdw-1 h-1), and 2-
ethylhexanoic acid (0.059 ± 0.252 μg gdw-1 h-1). 

Table 3. Measured (E) and standardized (ES) emission rates (μg gdw-1 h-1, n = 663) from all measurements for the most 
abundant compounds in each group. Numbers in parentheses are standard deviation (SD, μg gdw-1 h-1). No standardization 
was made for other VOCs (-). 

BVOC E ± SD (μg gdw-1 h-1) ES ± SD (μg gdw-1 h-1) 
isoprene 23.5 (28.1) 45.2 (42.9) 

Total MTs 0.163 (0.117) 0.301 (0.201) 
ocimene 0.137 (0.321) 0.255 (0.540) 

limonene * 0.008 (0.042) 0.014 (0.081) 
   

p-cymene 0.006 (0.042) 0.011 (0.069) 
linalool 0.006 (0.017) 0.010 (0.035) 
α-pinene 0.003 (0.021) 0.005 (0.034) 
3-carene * 0.002 (0.019) 0.004 (0.040) 

Total SQTs 0.035 (0.062) 0.103 (0.249) 
caryophellene † 0.011 (0.031) 0.024 (0.080) 

humulene 0.010 (0.090) 0.040 (0.409) 
α-farnesene † 0.009 (0.062) 0.017 (0.125) 

Total other VOCs 0.751 (0.159) - 
cyclopentyl acetylene § 0.083 (0.205) -  

benzaldehyde (benzenoid) 0.065 (0.163) - 
hexanal (aldehyde) 0.064 (0.320) - 
nonanal (aldehyde) 0.061 (0. 147) - 

2-ethylhexanoic acid § (carboxylic acid) 0.059 (0.252) - 
pentanal § (aldehyde) 0.037 (0.226) - 
decanal § (aldehyde) 0.036 (0.148) - 
octanal (aldehyde) 0.030 (0.105) - 

2-methylbutane § (alkane) 0.027 (0.105) - 
2-pentanone § (ketone) 0.026 (0.208) - 

* These MTs were quantified with α-pinene as the injected standard in GC-MS.  
† These SQTs were quantified with humulene as the injected standard in GC-MS.  
§ These other VOCs were quantified with toluene as the injected standard in GC-MS. 

3.2. Seasonality of BVOC Emissions Measured with Branch Chambers 
3.2.1. Isoprene 

The emission rates for isoprene changed mostly according to prevailing T and PAR 
values. The average STD isoprene emission from P1 in 2015 was 59.3 (±44.5) μg gdw-1 h-1, 
where the corresponding average chamber T (TC) and chamber PAR (PARC) were 24.9 (± 
5.4) oC and 462 (±296) μmol m-2 s-1, respectively. Most of the measured isoprene emissions 
that varied between 92.0 and 153.2 μg gdw-1 h-1 during 2015 occurred in the middle of July 
and during the second half of August. The chamber T was high (>27.5 °C) and PARC varied 
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from 304 to 1654 μmol m-2 s-1 for these isoprene emissions (Figure 1 A–C). The measured 
emission peaked (153.2 μg gdw-1 h-1) in July and the STD emission peaked (177.6 μg gdw-1 h-

1) in August 2015. 
With more unsteady weather conditions and under cloudy conditions and even rain, 

low emissions of isoprene (1.6–7.0 μg gdw-1 h-1) were observed even during the peak grow-
ing season in July and August 2015 due to low PARc values (<200 μmol m-2 s-1). In partic-
ular, in the beginning of September when Tc was <15 °C and PARc was <160 μmol m-2 s-1, 
the emission rates only reached up to 0.1 μg gdw-1 h-1. In addition, the leaves were damaged 
in September due to the infestation of Melampsora on P1. 

The seasonal trend for measured and STD isoprene emissions in 2016 showed an in-
crease from spring to summer; thereafter, it decreased from late summer to mid-autumn. 
The average STD isoprene emission in 2016 was 30.6 (±26.7) μg gdw-1 h-1 and the average 
TC and PARC were 23.2 (±7.6) °C and 521 (±444) μmol m-2 s-1. The measured isoprene emis-
sion varied from 50.1 to 143.7 μg gdw-1 h-1 between June and August but emissions up to 
46.5 μg gdw-1 h-1 were already observed in May (Figure 2C). All measured isoprene emis-
sion rates >50 μg gdw-1 h-1 in 2016 had corresponding TC and PARC ranging from 26.8 to 
39.9 °C and from 365 to 1518 μmol m-2 s-1. The STD isoprene emission peaked (150.0 μg 
gdw-1 h-1) in late July 2016, while the measured isoprene emission peaked (143.7 μg gdw-1 h-

1) in August. Isoprene emissions were negligible during the last campaign in October, 
when TC and PARC were low (less than 11 °C and 110 μmol m-2 s-1, respectively). 

The influence of TC on the isoprene emission rates showed a stronger exponential 
increase for the variety on P1 than for Tora on P2 (Figure 3). In particular, when TC reached 
above 23 oC, the average emission in 2015 increased faster than during 2016. The steeper 
response in 2015 was possibly due to the fact that this variety was a stronger emitter of 
isoprene, but the unexpected lower average emission when TC varied from 30 to 36 oC in 
2016 also reduced the slope of the fitted curve this year. 

3.2.2. Monoterpenes 
The emitted MTs from P1 in 2015 were α-pinene, eucalyptol, linalool, and ocimene. 

The average STD MT emission was 0.365 (±0.151) μg gdw-1 h-1. Ocimene was emitted during 
all campaigns and the highest measured emissions were seen during the first campaign 
in mid-July (0.409–1.648 μg gdw-1 h-1) and the fourth campaign in mid-August (0–0.932 μg 
gdw-1 h-1). Ocimene contributed with 90%–100% to the average STD MT emission rate dur-
ing all campaigns in 2015 (Table S6), and STD emissions of ocimene peaked (1.631 μg gdw-

1 h-1) in July. α-pinene was the second most abundant MT in 2015, with the STD emission 
ranging from 0 to 0.076 μg gdw-1 h-1, but α-pinene was not observed in September 2015. The 
total average STD MT emission decreased from 0.580 (±0.292) μg gdw-1 h-1 in July to 0.286 
(±0.182) μg gdw-1 h-1 in September and a similar trend was seen for the measured average 
total MT emission. 

More MTs were emitted from P2 in 2016. Except for the MTs mentioned above, allo-
ocimene, limonene, myrcene, p-cymene, and 3-carene were also observed. The average 
STD emission of MTs was 0.281 (±0.222) μg gdw-1 h-1. Like in 2015, ocimene dominated over 
the other MTs in 2016 but with higher measured (0–2.930 μg gdw-1 h-1) and STD emission 
rates (0–4.277 μg gdw-1 h-1). The measured emission peaked in June and the STD emission 
peaked in July. Instead of α-pinene, linalool was the second most abundant MT in 2016. 
The highest measured (0–0.206 μg gdw-1 h-1) and STD (0–0.335 μg gdw-1 h-1) emissions of 
linalool occurred in May, and together with ocimene they contributed with >97% to the 
STD MT emission in May. Throughout the rest of the season in 2016 and until September, 
they contributed with 95%–99% to the average STD MT emission. Myrcene and allo-oci-
mene were only seen in June. The STD MT emission during 2016 was highest in May (0.590 
± 0.306 μg gdw-1 h-1) followed by June (0.488 ± 0.330 μg gdw-1 h-1), and lowest in October 
(0.022 ± 0.028 μg gdw-1 h-1). This pattern was also observed for the measured average total 
MT emission, which is in line with the MT emission trend in 2015. 
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3.2.3. Sesquiterpenes 
The average STD emission of SQTs from P1 in 2015 was 0.082 (±0.060) μg gdw-1 h-1. 

Caryophyllene had the highest emission rate among the SQTs in 2015 and the STD emis-
sion varied between 0 and 0.478 μg gdw-1 h-1. The highest STD emissions occurred in Sep-
tember and caryophyllene was the only emitted SQT this month (Figure 1E and Table S6). 
The measured SQT emission peaked in the second half of August. α-farnesene had the 
second highest average emission rate among the SQTs during 2015 and was emitted in 
July and August. Measured emissions of α-farnesene (0–0.242 μg gdw-1 h-1) were highest in 
August but STD emissions (0–0.193 μg gdw-1 h-1) peaked already in late July. 

The average STD SQT emission from P2 in 2016 was 0.012 (±0.018) μg gdw-1 h-1 and 
the same SQTs were observed this year as during 2015. August was the month where both 
the STD emission (0.054 ± 0.046 μg gdw-1 h-1) and the measured emission (0.084 ± 0.057 μg 
gdw-1 h-1) peaked during 2016. Caryophyllene dominated between June and August and 
the STD emission varied from 0 to 0.215 μg gdw-1 h-1. It contributed with 64%–96% to the 
STD SQT emission during these months. α-farnesene was emitted from July to September 
with STD emissions between 0 and 0.345 μg gdw-1 h-1. It was the only SQT observed in 
September. Humulene was seen from June to July, where the STD emission ranged from 
0 to 0.043 μg gdw-1 h-1. No SQTs were emitted in May and October. 

3.2.4. Other VOCs 
The average emission of other VOCs at P1 in 2015 was 0.937 (±0.105 μg gdw-1 h-1). The 

highest emissions occurred in the beginning of August and the average emission for this 
campaign was 2.766 (±0.186) μg gdw-1 h-1, which was several times higher compared with 
the other campaigns in 2015 and 2016 (Figures 1F and 2F). The compounds that contrib-
uted most in August were nonanal (0–1.570 μg gdw-1 h-1), benzoic acid (0–1.330 μg gdw-1 h-

1), benzaldehyde (0–0.896 μg gdw-1 h-1), decanal (0–0.800 μg gdw-1 h-1), octanal (0–0.634 μg 
gdw-1 h-1), and hexanal (0–0.607 μg gdw-1 h-1). The emissions of many compounds increased 
during the August campaign compared with the rest in 2015. Compounds such as nonanal 
and hexanal increased 4-fold, while benzoic acid increased almost 17-fold. The lowest 
emissions during 2015 were observed in September. 

The average emission of other VOCs in 2016 was 0.279 (±0.049 μg gdw-1 h-1). The ma-
jority of the highest other VOC emissions were observed during July and especially dur-
ing mid-July. The emissions of nonanal and benzaldehyde varied from 0 to 1.060 μg gdw-1 
h-1 and 0 to 0.701 μg gdw-1 h-1 in July, respectively, but during the other months they were 
usually less than 0.200 μg gdw-1 h-1. Emissions of 2-ethylhexanol also peaked in July (0.974 
μg gdw-1 h-1). Octanal peaked in July but higher emissions were seen in both May and July 
(0–0.441 μg gdw-1 h-1) compared with the other months (0–0.089 μg gdw-1 h-1). Tetradecane 
was only observed in July and August (0–0.034 μg gdw-1 h-1), where it peaked in August, 
and pentadecane was seen in July, August, and September (0–0.072 μg gdw-1 h-1). 
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Figure 1. Measurements from P1 in 2015. (A) PAR (μmol m-2 s-1) 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 (μg gdw-1 h-1) for isoprene 
(cyan). (D) Standardized (STD) emission rates (μg gdw-1 h-1) for isoprene (cyan). (E) Emission rates (μg gdw-1 h-1) of other 
VOCs (red), monoterpenes (MTs, green), and sesquiterpenes (SQTs, blue). (F) STD emission rates (μg gdw-1 h-1) for mono-
terpenes (MTs, green) and sesquiterpenes (SQTs, blue). Vertical dashed lines separate the different days. Each bar repre-
sents individual measurements. 
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Figure 2. Measurements with branch chambers in 2016. (A) PAR (μmol m-2 s-1) 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 con-
dition (red circle and dotted line). (C) Emission rates (μg gdw-1 h-1) for isoprene (cyan). (D) Standard-
ized (STD) emission rates (μg gdw-1 h-1) for isoprene (cyan). (E) Emission rates (μg gdw-1 h-1) of other 
VOCs (red), monoterpenes (MTs, green), and sesquiterpenes (SQTs, blue). (F) STD emission rates 
(μg gdw-1 h-1) for monoterpenes (MTs, green) and sesquiterpenes (SQTs, blue). Vertical dashed lines 
separate the different days. Each bar represents individual measurements. 
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Figure 3. Measured isoprene emissions (blue circles, μg gdw-1 h-1), calculated mean emissions + standard deviation (black 
stars, μg gdw-1 h-1), and fitted isoprene emission curves according to Equation (2) versus chamber temperature (TC, °C) from 
(A) P1 in 2015 and (B) P2 in 2016. Values for the parameters can be found in Table S7. 

3.3. Height Comparison with Branch Chamber Measurements in 2016 
The average STD isoprene emission from the middle canopy height zM (33.6 ± 28.2 μg 

gdw-1 h-1) did not significantly differ from the upper canopy height zH (26.7 ± 24.1 μg gdw-1 
h-1). The largest difference between zM and zH for the STD isoprene emission was observed 
in August (Tables 4 and 5). Due to P. vulgatissima, leaves at zH were more damaged than 
at zM in August, which could be one explanation for the different STD isoprene emissions. 

Comparing MT emissions between the heights showed that zH emitted higher rates 
of MTs than zM. The average STD MT emission from zH was 0.509 (± 0.294) μg gdw-1 h-1 and 
ca 5 times higher compared with zM (0.102 ± 0.137 μg gdw-1 h-1; p < 0.05). The only time 
when the average STD MT emission from zM exceeded that from zH was in May and Oc-
tober (Tables 4 and 5). In October, it was difficult to find any intact leaves at zH (Figure 
S3). Consequently, the leaves at zH were not able to emit any observable MTs in October. 
The number of emitted MT compounds from zH was also larger compared with zM, which 
did not have emissions of myrcene and allo-ocimene. Ocimene was the dominantly emit-
ted MT from both zM (0%–91.9%) and zH (0%–96.8%), and linalool also contributed sub-
stantially to the MT emission for zH (0%–81.7%). Limonene (0%–50.0%), p-cymene (0%–
33.3%) and 3-carene (0%–25.0%) only had a significant contribution for zM. The only MTs 
that were observed in October (α-pinene, 3-carene, and limonene) were emitted from zM. 

The STD SQT emission from zH (0.019 ± 0.023 μg gdw-1 h-1) was almost three times 
larger than from zM (0.007 ± 0.018 μg gdw-1 h-1; p < 0.05). The same SQTs were observed at 
both heights (α-farnesene, caryophellene, and humulene). Sesquiterpenes were seen from 
zH in June, July, and September, but only in August from zM (Tables 4 and 5). Caryo-
phyllene was the dominantly emitted SQT for zH (0%–90.0%) and zM (0%–65.0%). 

The number of other VOCs from zH (20) was almost the same as from zM (22) but the 
average emission from zM (0.347 ± 0.061 μg gdw-1 h-1) was more than twice as high com-
pared with zH (0.159 ± 0.030 μg gdw-1 h-1; p <0.05). The highest average emission of other 
VOCs from zM occurred during July. The compounds that contributed most to this emis-
sion in July were benzaldehyde, cyclopentenyl acetylene, 2-ethylhexanol, nonanal, hex-
anal, and octanal. The average other VOC emission from zH was highest in May followed 
by July. Nonanal, hexanal, octanal, and acetophenone were the dominant other VOCs 
from zH during May. The average emission of 2-ethylhexanol was 16 times higher from zM 
compared with zH. Hexanal, benzaldehyde, and octanal were 3–4 times higher from zM 
compared with zH. The other VOC emission from zH was considerably lower at the end of 
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the growing season whereas zM still emitted higher amounts during September and Octo-
ber. 

Table 4. Emission rates (STD for isoprene, MTs, and SQTs, μg gdw-1 h-1) and fraction (%) of the total BVOC emission or 
within the BVOC group (MTs and SQTs) from zH in 2016. Bottom: average TC (oC), PARC (μmol m-2 s-1), and the corre-
sponding standard deviation for each month. 

2016 zH. May June July Aug Sep Oct 
isoprene 44.8 (99.1%) 32.6 (95.8%) 37.5 (98.3%) 11.1 (97.8%) 18.2 (98.1%) 0.2 (87.3%) 
MTs (tot) 0.127 (0.3%) 1.240 (3.6%) 0.371 (1.0%) 0.071 (0.6%) 0.275 (1.5%) 0 
α-pinene 0 <0.001 (<0.1%) 0.001 (0.3%) 0.001 (1.4%) 0.001 (0.4%) 0 
myrcene 0 <0.001 (<0.1%) 0 0 0 0 
3-carene 0.008 (6.3%) 0 <0.001 (0.1%) 0.001 (1.4%) 0 0 
ocimene 0.004 (3.2%) 1.200 (96.8%) 0.358 (96.4%) 0.038 (53.6%) 0.257 (93.4%) 0 
limonene 0.004 (3.2%) <0.001 (<0.1%) 0.003 (0.8%) 0 0 0 
linalool 0.104 (81.7%) 0.033 (2.7%) 0.007 (1.9%) 0.028 (39.4%) 0.016 (5.8%) 0 

p-cymene 0.003 (2.4%) <0.001 (<0.1%) <0.001 (0.2%) 0.001 (1.4%) 0 0 
allo-ocimene 0 <0.001 (<0.1%) 0 0 0 0 

eucalyptol 0.004 (3.2%) 0.004 (0.3%) 0.001 (0.3%) 0.002 (2.8%) 0.001 (0.4%) 0 
SQTs (tot) 0 0.010 (<0.1%) 0.043 (0.1%) 0 0.007 (<0.1%) 0 
α-farnesene 0 0 0.002 (4.7%) 0 0.007 (100%) 0 
humulene 0 <0.001 (10.0%) 0.005 (11.6%) 0 0 0 

caryophyllene 0 0.009 (90.0%) 0.036 (83.7%) 0 0 0 
other VOCs (tot) 0.262 (0.6%) 0.172 (0.5%) 0.228 (0.6%) 0.176 (1.6%) 0.067 (0.4%) 0.029 (12.7%) 

BVOCs (tot) 45.189 (100%) 34.021 (100%) 38.140 (100%) 11.347 (100%) 18.549 (100%) 0.229 (100%) 
TC 26.9 (3.5) 24.5 (6.0) 25.5 (4.8) 31.1 (6.4) 25.7 (4.4) 8.8 (2.9) 

PARC 521 (149) 727 (494) 629 (365) 833 (445) 313 (235) 96 (126) 

Table 5. Emission rates (STD for isoprene, MTs, and SQTs, μg gdw-1 h-1) and fraction (%) of the total BVOC emission or 
within the BVOC group (MTs and SQTs) from zM in 2016. Bottom: average TC (oC), PARC (μmol m-2 s-1), and the corre-
sponding standard deviation for each month. 

2016 zM May June July Aug Sep Oct 
isoprene 23.5 (95.3%) 48.7 (99.8%) 34.0 (97.4%) 60.5 (98.9%) 9.6 (96.0%) 2.8 (93.6%) 
MTs (tot) 0.788 (3.2%) 0.005 (<0.1%) 0.147 (0.4%) 0.062 (0.1%) 0.012 (0.1%) 0.042 (1.4%) 
α-pinene 0 <0.001 (15.9%) 0.004 (2.7%) 0 0 0.007 (16.7%) 
myrcene 0 0 0 0 0 0 
3-carene 0.002 (0.3%) <0.001 (6.2%) 0.005 (3.4%) 0 0.003 (25.0%) 0.014 (33.3%) 
ocimene 0.701 (89.0%) 0.003 (55.9%) 0.121 (82.3%) 0.057 (91.9%) 0 0 
limonene 0 0 0.001 (0.7%) 0 0.003 (25.0%) 0.021 (50%) 
linalool 0.071 (9.0%) 0 <0.001 (<0.1%) 0.005 (8.1%) 0 0 

p-cymene 0.001 (0.1%) 0.001 (22.0%) 0.006 (4.1%) 0 0.004 (33.3%) 0 
allo-ocimene 0 0 0 0 0 0 

eucalyptol 0.013 (1.6%) 0 0.010 (6.8%) 0 0.002 (16.7%) 0 
SQTs (tot) 0 0 0 0.086 (0.1%) 0 0 
α-farnesene 0 0 0 0.021 (24.4%) 0 0 
humulene 0 0 0 0.009 (10.5%) 0 0 

caryophyllene 0 0 0 0.056 (65.1%) 0 0 
other VOCs (tot) 0.359 (1.5%) 0.077 (0.2%) 0.761 (2.2%) 0.531 (0.9%) 0.386 (3.9%) 0.149 (5.0%) 

BVOCs (tot) 24.647 (100%) 48.782 (100%) 34.908 (100%) 61.179 (100%) 9.998 (100%) 2.991 (100%) 
TC 25.7 (1.7) 25.4 (5.6) 23.1 (3.9) 31.1 (7.0) 24.3 (4.7) 8.6 (2.5) 

PARC 1135 (406) 699 (469) 298 (254) 627 (450) 486 (342) 83 (123) 

3.4. Light Response Curves with Leaf Chamber 
Starting in the middle of July 2016 and ending in September, light response curves 

were measured with a leaf chamber at different heights (Table 2). The average emission 
of isoprene from zH was 42.2 (±31.6) μg gdw-1 h-1 (or 2.42 ± 1.69 mgC m-2 h-1) and almost 
twice as high as zL (22.1 ± 17.3 μg gdw-1 h-1 or 1.22 ± 0.84 mgC m-2 h-1). The isoprene emission 
from zM (33.6 ± 30.9 μg gdw-1 h-1 or 1.58 ± 1.54 mgC m-2 h-1) was in between zH and zL but the 
average TC and PARC for zM (22.7 ± 2.4 °C and 497 ± 451 μmol m-2 s-1, respectively) were 
lower than for zH (24.9 ± 0.1 °C and 571 ± 484 μmol m-2 s-1, respectively) and zL (24.8 ± 0.1 
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°C and 571 ± 484 μmol m-2 s-1, respectively). The corresponding STD emissions for these 
height levels were 96.1 (±64.6) μg gdw-1 h-1 (or 5.47 ± 0.26 mgC m-2 h-1) (zH), 94.1 (±61.9) μg 
gdw-1 h-1 (or 4.55 ± 3.17 mgC m-2 h-1) (zM), and 51.8 (±32.9) μg gdw-1 h-1 (2.88 ± 1.57 mgC m-2 h-

1) (zL). Both the measured and the STD isoprene emission for zH and zL were significantly 
different. 

In particular, the response to PAR differed between the height levels under low-light 
conditions for measured isoprene emissions (Figure 4A). For instance, the slope between 
0 and 150 μmol m-2 s-1 for zH was 0.140 μg gdw-1 h-1/(μmol m-2 s-1), while it was 0.058 μg gdw-

1 h-1/(μmol m-2 s-1) for zL (Table S8). This fast response resulted in isoprene comprising 
more than 90% of the total BVOC emission already at 150 μmol m-2 s-1 for zH (Figure 5B). 
When comparing the STD isoprene emissions between zL and zH, then the slope of the 
fitted curves differed less for low PAR values (Figure S9 and Table S10). 

The ratio between isoprene emission and net assimilation (E/A, dimensionless) 
showed that zH emitted more of the synthesized C as isoprene relative to the assimilated 
C, compared with zM and zL (Figure 4B). In particular, zH had the highest E/A ratio when 
PAR was 1000 μmol m-2 s-1 and more than 0.6% of the C was emitted as isoprene. For zM 
and zL, this value was less than 0.4% and 0.3%, respectively. zL was the only height level 
that increased the E/A ratio from 1000 μmol m-2 s-1 (ca 0.3%) to 1500 μmol m-2 s-1 (ca 0.46%). 

Figure 4. (A) Average isoprene emissions rates (μg gdw-1 h-1, mean ± standard deviation, n = 3–6) and 
fitted curves for different PAR values (μmol m-2 s-1) at different heights using Equation (2). The 
chamber temperature (TC, mean ± standard deviation, n = 3–6) for each height level is included in 
the legend. Parameter values can be seen in Table S8. (B) Ratio between isoprene and net assimila-
tion (unitless, n = 3–6) for different PAR values at different heights. The chamber temperature (TC, 
mean ± standard deviation, n = 3–6) for each height level is included in the legend. The fitted curves 
are based on Equation (8) (see Supplementary) and the parameter values can be found in Table S11. 

 
Figure 5. Total average emission rates (μg gdw-1 h-1 ± standard deviation, black circles and left y-axis), and the percentages 
(stacked bars and right y-axis) for the different BVOC groups at different light levels (μmol m-2 s-1). (A) Lower height (zL, 
n = 3). (B) Higher height (zH, n = 5). 
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One MT was seen at zL (limonene), four at zH (α-pinene, limonene, p-cymene, and 
ocimene), and five at zM (3-carene, α-pinene, limonene, p-cymene, and ocimene). Only 
ocimene seemed to be influenced by PAR and the average emission of ocimene increased 
when PAR varied from 300 to 1000 μmol m-2 s-1 (Figure 6A). The MT emission from zH 
(0.078 ± 0.085 μg gdw-1 h-1 or 0.004 ± 0.005 mgC m-2 h-1) was almost twice as high as zL (0.045 
± 0.029 μg gdw-1 h-1 or 0.002 ± 0.002 mgC m-2 h-1). The MT fraction was in general lower than 
1% for all heights and light levels, except when there was no light, due to no isoprene 
emission (Figure 5A,B and Figure S12). 

No SQTs were emitted from zL. Three SQTs were observed at zH (α-farnesene, hu-
mulene, and nerolidol) and four at zM (α-farnesene, caryophyllene, humulene, and 
nerolidol). Average emissions of α-farnesene increased when PAR varied from 150 to 1000 
μmol m-2 s-1 (Figure 6A). 

None of the observed other VOCs from the leaf chamber measurements showed a 
clear relationship with light. However, the emissions of a few compounds seemed to in-
crease or decrease for certain PAR values. The average emission of 2-methylbutane in-
creased from 0.145 (±0.148) μg gdw-1 h-1 to 0.226 (±0.239) μg gdw-1 h-1 when PAR varied be-
tween 0 and 300 μmol m-2 s-1 and decreased thereafter (Figure 6B). The average emission 
of 2-ethylhexanoic acid ranged between 0.293 and 0.641 μg gdw-1 h-1 for the PAR values 0–
450 μmol m-2 s-1, but the opposite trend was seen for 2-pentanone, the average emission of 
which decreased from 0.330 to 0 μg gdw-1 h-1 when PAR increased from 150 to 1000 μmol 
m-2 s-1. 

. 

Figure 6. (A) Average emission (μg gdw-1 h-1, mean + standard deviation, n = 11) for ocimene (blue circles) and α-farnesene 
(red stars) from height levels zM and zH at different light levels. Fitted curves have been done by a modified Equation (2), 
where CL has been replaced with Equation (9) for ocimene and Equation (10) for α-farnesene (see Supplementary for 
Equations (9) and (10) and Table S13 for values). (B) Average emission (μg gdw-1 h-1, mean + standard deviation, n = 7–14) 
for 2-methylbutane, (red cross), 2-ethylhexanoic acid, (blue circles), and 2-pentanone (black stars) from height levels zL 
and zM. 

The average net assimilation at the maximum light intensity (1500 μmol m-2 s-1) at zM 
(21.30 ± 2.92 μmol CO2 m-2 s-1) and zH (18.10 ± 4.89 μmol CO2 m-2 s-1) was higher than at zL 
(12.05 ± 3.01 μmol CO2 m-2 s-1) (Figure 7A and Table 6). The average A values for each light 
step for zM and zH increased all the way up to 1500 μmol m-2 s-1, while the average A for 
zL leveled out when PAR exceeded 600 μmol m-2 s-1. (Figure 7A and Table S14). 

Transpiration at zH was higher than at zM and zL when there was light (Figure 7B). 
Stomatal conductance at zH exceeded gs at zM and zL at light intensities above 600 μmol m-

2 s-1 (Figure 7C). The lower height had the lowest gs response to PAR but was mainly in 
between zH and zM for Tr. Water use efficiency was similar for zH and zL when PAR varied 
between 0 and 450 μmol m-2 s-1; thereafter, zH increased to ca 6 mmol CO2 mol-1 H2O while 
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zL was more or less constant and remained below 5 mmol CO2 mol-1 H2O (Figure 7D). On 
the other hand, WUE for zM was approximately twice as high as for zH and zL for 450–1500 
μmol m-2 s-1. 

 
Figure 7. (A) Net assimilation (A, mean ± SD, μmol CO2 m-2 s-1, n = 2–6) and fitted curves by using Equation (6) (values of 
parameters can be seen in Table S15), (B) transpiration (Tr, mean ± SD, mmol H2O m-2 s-1, n = 2–6), (C) stomatal conductance 
(gs, mean ± SD, mol H2O m-2 s-1, n = 2–6), and (D) water use efficiency (WUE, mean ± standard deviation, mmol CO2 mol-1 
H2O, n = 2–6) for different PAR (μmol m-2 s-1) and height levels. The chamber temperature (TC, mean ± standard deviation, 
n = 3–6) for each height level is included in all legends. 

Table 6. Net assimilation (A, mean ± SD, μmol CO2 m-2 s-1, n = 3–6), transpiration (Tr, mmol H2O m-2 s-1, n = 3–6), water use 
efficiency (WUE, mean ± standard deviation, mmol CO2 mol-1 H2O, n = 3–6), and stomatal conductance (gs, mol H2O m-2 s-

1, n = 3–6) at 1500 μmol m-2 s-1 for different height levels. 

PAR = 1500 μmol m-2 s-1 Lower (zL) Middle (zM) Higher (zH) 
A (μmol CO2 m−2 s−1) 12.05 (3.01) 21.30 (2.92) 18.10 (4.89) 

Tr (mmol H2O m−2 s−1) 2.51 (0.43) 2.24 (0.97) 2.98 (0.47) 
WUE (mmol CO2 mol−1 H2O) 4.73 (0.55) 12.99 (9.28) 6.10 (2.13) 

gs (mol H2O m−2 s−1) 0.13 (0.03) 0.17 (0.04) 0.18 (0.05) 

4. Discussion 
4.1. Isoprene Emissions, Net Assimilation, and Water Use Efficiency 

As expected, isoprene was the dominant compound throughout the growing season 
and made up 90%–99% of the total BVOC emission, with measured emission rates reach-
ing up to 150 μg gdw-1 h-1. The STD isoprene emission rate averaged over the whole study 
(45.2 μg gdw-1 h-1) is comparable to what has been shown in other studies [13,58,59]. How-
ever, the reported range of STD isoprene emission rates is wide [13,59]. In Morrison et al. 
[59], the STD isoprene emission for unknown Salix spp. varieties varied from 0.1 to 15.9 
μg gdw-1 h-1 for three different sites in the United Kingdom. In their study, a similar method 
was used as in this study but since they included the whole year, a lower emission can be 
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expected on account of the low temperature and PAR during the non-peak season. More-
over, the age of the measured trees was not the same in their study (first, second, and third 
growing season) as in this study (third and fourth growing season). Another study done 
close to our site reported a ca 6 times lower STD isoprene emission from clones that orig-
inated from the same species (S. viminalis) as was measured in this study, during peak 
summer [44]. In their study, a relaxed eddy accumulation technique scaled by foliar mass 
density was used, which is a different method compared with the methods used in this 
study and could therefore explain the disparity. In particular, this method includes meas-
urements from the whole canopy, i.e., both sun-exposed and shaded leaves, whereas most 
leaves in this study were adapted to sunlit conditions. Additionally, emission rates vary 
within the same species [13], which can explain why the average STD isoprene emission 
in 2015 was twice as high as in 2016, despite similar TC and PARC, since the plantations 
contained different varieties. According to Karlsson et al. [42], it has been shown that Salix 
varieties growing on SRC fields emit various amounts of isoprene and that the Tora-vari-
ety growing on P2 is a low emitter. 

The seasonal patterns for isoprene emissions in the two Salix varieties we measured 
in 2015 and 2016 were similar. The highest emission rates typically occurred when 
weather was warm and sunny. The measurements in 2016 showed that the trees were able 
to emit high rates of isoprene already in the beginning of May. At this point, the weather 
had started to become warmer, which resulted in the trees developing small leaves with 
a light green color. It is well known that isoprene emission is influenced by temperature 
because of the linkage to the enzyme isoprene synthase [60,61]. In September, measured 
and STD isoprene emissions during 2015 and 2016 started to decline compared with the 
former months. In October 2016, isoprene emissions were negligible. The reason for the 
declining trend is mostly explained by changing weather (2015), and the approaching fall 
and leaf senescence [62,63]. In particular, all isoprene emissions were <3.0 μg gdw-1 h-1 and 
most of the samples contained no isoprene during October. Zero emissions of isoprene 
occurred when TC was ca 11 °C or lower, and PARC <110 μmol m-2 s-1, indicating that these 
values could be a threshold for isoprene emission during late season for this location and 
variety. These growing conditions in combination with the leaf damage caused by P. vul-
gatissima explain why the isoprene emissions from zH were exceptionally low in October 
since many leaves at zH were almost gone and more or less only the midrib was left (Figure 
S3). 

The Melampsora infestation on P1 likely affected the emission rates. Toome et al. [64] 
showed that willow trees infected with Melampsora reduced their isoprene emission rates 
by almost 30% and a similar result was observed for Populus [65]. Perhaps, the isoprene 
emissions would have been even higher in 2015 if no Melampsora outbreak had occurred. 

Measured and STD isoprene emissions from the more sunlit leaves (zH) exceeded 
emission rates from shaded leaves (zL) as expected [45,66,67]. Previous studies have re-
ported a hyperbolic curve for isoprene when PAR increases [55,68,69], which can be linked 
to the photosynthetic electron transport [69,70], and a similar behavior was observed in 
this study. Isoprene emissions from sun-adapted leaves at zH responded faster to in-
creased light, and reached twice as high maximum emission rates. This result is in line 
with Sharkey et al. [66], who studied isoprene emissions from oak and aspen, and it also 
points out that large errors can be expected if up-scaled emissions are based on data from 
only one canopy height [45]. 

The isoprene emission increased exponentially with temperature but it is hard to 
state if the optimum temperature was reached in our study. In a subarctic Salix myrsinites, 
isoprene emission increased exponentially across the temperature range of 10–38 °C with-
out reaching a maximum [71]. According to Niinemets et al. [72], the optimum often oc-
curs around 40 °C, suggesting that this could be the same for the varieties in this study. 
Nevertheless, measurements at higher temperatures are needed to confirm this. 

The net assimilation was higher for zH compared with zL, but lower than for zM. An 
increasing A pattern with canopy height has been reported previously [73,74]. Since also 
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Tr from zM was below the others, this resulted in a higher WUE for zM, making these leaves 
more efficient in their water use than the leaves at zL and zH. The E/A ratio at zH exceeded 
that at zL, which means that the light-adapted leaves in the upper part of the canopy lose 
more C as isoprene than less light-adapted leaves. However, despite the lower isoprene 
emission rates from the shaded leaves at zL, they showed a strong increase (ca 50%) in 
their E/A ratio when PAR increased from 1000 to 1500 μmol m-2 s-1. So, even for leaves less 
acclimatized to sunlight, isoprene serves as a strongly induced compound when the leaves 
are light-stressed. The leaves that were more sun-adapted (zH and zM) did not show this 
pattern. 

Measurements of A and simultaneously emitted BVOCs showed that the trees only 
use a minor fraction (0.4%) of photosynthetic C for BVOC emission, although compounds 
with less than five carbon units (i.e., methanol, acetone) were not detectable with the 
methods used in this study. This ratio is comparable with the results from a study con-
ducted during summer on a spruce forest, where the assimilated C loss on average was 
approximately 0.3% [75]. For isoprene, the ratio between emitted C and A was similar to 
what had been found for some species of poplar [76], which are also known to be high 
isoprene emitters. Only a small percentage of the net carbon assimilation is in general 
released as BVOCs [77–80] but under stressed conditions, carbon loss can be 7%–8% due 
to increased isoprene emissions [68,81]. 

The maximum A for the sunlit leaves is in line with results in other studies, which 
suggest that A for Salix trees can vary between 10 to 35 μmol CO2 m-2 s-1 [42,82]. The WUE 
values for zL and zH were comparable with the values for Tora reported in Karlsson et al. 
[42]. 

The variety Tora in Karlsson et al. [42] had a ca 80% lower STD isoprene emission 
compared with Tora on P2 when comparing the leaf chamber measurements for sun-
adapted leaves. This difference is probably due to the fact that the trees were younger 
(first and second growing season) in Karlsson et al. [42]. 

Changing from traditional crops, e.g., wheat, rye, oat, or oilseed rape, which are low 
emitters of isoprene [59,83–85] to a SRC (e.g., willow) would drastically alter the regional 
concentration of isoprene and increase the risk of O3 production near polluted areas [86–
88]. 

4.2. Emissions of Monoterpenes, Sesquiterpenes, and Other Volatile Organic Compounds 
The second most emitted compound was ocimene and together with α-pinene, they 

contributed with more than 95% to the MT emission throughout 2015. In 2016, ocimene 
dominated over the other MTs, followed by limonene, p-cymene, and linalool. Even if the 
emission rates of the compounds varied individually during the season, both 2015 and 
2016 showed the same trend, where the measured average total emission of MTs de-
creased across the measurement periods, but occasional higher emissions were still pos-
sible in late summer and autumn. Emissions of MTs can be dependent on the season and 
willow leaves have shown a stronger capacity to emit MTs in the beginning of the growing 
season close to bud break [59,89]. However, we cannot verify this suggestion as we did 
not measure in early spring. The most abundant SQTs were caryophyllene, humulene, 
and α-farnesene. The emissions of these compounds peaked in the second part of the 
growing season between July and September. No SQTs could be observed during May 
and October. 

Ocimene and α-farnesene were the only terpenes, besides isoprene, that were influ-
enced by PAR. Ocimene was also found to increase with light by Karlsson et al. [42]. Many 
studies have shown a correlation between terpenes and light [42,90–92]. This similarity 
with isoprene shows that emissions of some MTs and SQTs could be described by a similar 
light- and temperature-dependent algorithm developed by Guenther et al. [55] for short-
term emissions. 

Shade-adapted leaves at zL emitted less MTs and had lower emission rates than the 
sun-adapted leaves at zH but the emissions from zM were higher than zH in May and 
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October. The only month when the SQT emission from the lower height (zM) exceeded 
that from the higher height level (zH) was in August. Neither ocimene nor α-farnesene 
were emitted from zL, which suggests that the leaves require an adaption to an environ-
ment with sufficient sunlight to be able to emit these terpenes. Monoterpenes and SQTs 
are very reactive and protect the plant against different abiotic and biotic stresses [49,93–
100]. 

Several times higher emissions of other VOCs were observed in August 2015 com-
pared with the other months this year. The compounds responsible for these emission 
rates (e.g., benzaldehyde, nonanal, octanal, decanal, and hexanal) have been reported to 
be induced during abiotic and biotic stresses [65,101–104]. Jiang et al. [65] reported in-
duced emissions of nonanal and decanal from Populus leaves infested by Melampsora. 
Toome et al. [64] also studied the impact of Melampsora and showed that an infection on 
willow trees resulted in increased emission of some GLVs (e.g., (Z)-3-hexenol and (E)-2-
hexenal), as well as (Z)-β-ocimene and (E,E)-α-farnesene. Moreover, Arimura et al. [105] 
observed stress-induced emissions of (E)-β-ocimene, linalool, and (E,E)-α-farnesene from 
poplar leaves eaten by caterpillar. The higher emissions of α-farnesene and caryophyllene 
might have been a consequence of the Melampsora infestation (2015) and herbivore insects 
(2016). 

Emissions of other VOCs were larger from the lower canopy height compared with 
the higher canopy height, but it is difficult to pinpoint the underlying reason. If the leaves 
were more attractive to leaf-eating insects at the upper canopy, one would expect higher 
emission rates from this level as a self-defending mechanism [94,106]. On the other hand, 
the higher emission rates from the lower canopy could be the reason why these beetles 
strike the upper part. However, one explanation for the difference might be related to how 
the leaves looked. In July and August, the leaves at the lower height were smaller with a 
brighter green color compared with the higher height. Further, the damage by P. vulgatis-
sima is believed to have reduced the emission from the upper part of the canopy, especially 
in October. 

Most studies have only focused on isoprene and a few other compounds, which usu-
ally are most abundant [43,59,107,108]. Even if isoprene is dominant and crucial for air 
chemistry processes, other compounds might also be of importance. Monoterpenes con-
stitute a group responsible for particle formation and generation of SOAs [38,109]. Addi-
tionally, stress-induced compounds are usually not included (yet) in modeling processes, 
but biogenic non-terpenoids can contribute with the same magnitude as anthropogenic 
sources of non-terpenoids to SOA formation and should not be discarded [104]. 

5. Summary and Conclusions 
We studied seasonal trends and canopy height differences for BVOC emissions of 

willow varieties growing as bio-energy crops on SRC fields. The majority of the measure-
ments in 2015 were done on an unknown variety belonging to S. viminalis, while all meas-
urements in 2016 were on the variety Tora. The results from this study confirm that iso-
prene was the most dominant BVOC during the major part of the growing season. Emis-
sions of MTs, SQTs, and other VOCs were in general only a minor fraction of the total 
BVOC emission. The prevailing infestation of Melampsora (2015) was probably responsible 
for increased emissions of, e.g., nonanal, hexanal, and caryophyllene. 

The emissions of isoprene peaked during summer (in July 2015 and in August 2016) 
but the leaves had high emissions already in May. The seasonal pattern for SQTs showed 
that these peaked during summer as well. Emissions of MTs showed a decreasing trend 
from May to October and the overall terpenoid emission seemed to be substantially lower 
by the end of the growing season as a consequence of colder weather and proceeding leaf 
senescence. 

Our study suggests that Tora is a better choice when it comes to having a reduced 
risk for impaired air quality since it emitted ca 50% less isoprene, which can be a source 
for O3 and peroxyacetyl nitrate. Nevertheless, Salix trees are high emitters of isoprene 
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compared with commercial crops, and an expansion of Salix plantations would need to be 
strategically planned and placed at a sufficiently long distance away from pollution 
sources to avoid elevated photochemical production of O3 under high NOx conditions. 

Leaves higher up in the canopy and acclimatized to more sunlight emitted higher 
rates of isoprene than the leaves growing in the lower and more shaded parts of the can-
opy. Emissions of MTs were also lower for the leaves in the shaded conditions and no SQT 
emissions were observed from the shade-adapted leaves. On the contrary, emissions of 
non-terpenoids were higher from the lower part of the canopy. These results point out 
that the location within the canopy is one important factor when it comes to emissions of 
different compounds, particularly those compounds that are dependent on PAR. Hence, 
to make better estimations of the regional and global BVOC fluxes, models need to adjust 
for, e.g., the vertical distribution of leaf area within the canopy layer. 

Ocimene and α-farnesene were the only compounds, except isoprene, that were in-
fluenced by light, suggesting that they can be modeled with a similar algorithm as iso-
prene. 

This study highlights that scaling-up BVOC emissions and basing models on one 
simplified emission potential for the whole canopy could lead to large errors. 

Supplementary Materials: Figure S1: Photos of the two plots. Figure S2: Photos of Melampsora-in-
fested leaves. Figure S3: Photos of leaves in October. Table S4: Injected standards in GC-MS. Table 
S5: Average emission values for all detected compounds. Table S6: Average emission, TC and PARC 
for each month of 2015. Table S7: Parameter values for fitted isoprene curves in Figure 3. Table S8: 
Slope and parameter values for fitted curves in Figure 4A. Figure S9: STD isoprene emission vs. 
PAR. Table S10: Parameter values for fitted isoprene curves in Figure S9. Table S11: Parameter val-
ues for fitted E/A curves in Figure 4B. Figure S12: Total average BVOC emission and fraction vs. 
PAR at zM. Table S13: Parameter values for fitted emission curves in Figure 6A,B. Table S14: Slope 
values for A in Figure 7A. Table S15: Parameter values for fitted A curves in Figure 7A. 
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S1. The two sites where the measurements were performed. A) P1 (58°16’55” N 12°46’20” E) and B) P2 (58°17'09" N 
12°45'31" E). Black marks are the locations of the measurements. Maps are taken and modified from Karlsson et al. 
(2020). 

 
 



 
S2. Impact of rust (Melampsora spp.) infestation on P1. A) Visible yellow dots in late July. B) Lower part of the trees 
in September where some parts of leaves have changed the color to red/brown (necrotic lesions) and started to fold. 
C) Top of the trees in September. Many leaves were shed or folded. 

 

 

S3. A) Leaves from the higher part (zH) of the canopy that were measured with the branch chamber in October 
showing damage from leaf beetles (Phratora vulgatissima). B) Leaves from the lower part (zM) of the canopy in 
October measured with the branch chamber. 

 
 
S4. Pure injected standards in the GC-MS analysis. Numbers in the parentheses ara CAS-number.  
 

Hemiterpenes Monoterpenes Sesquiterpenes other VOCs 
isoprene* (78-79-5) α-pinene§ (80-56-8) aromadendrene* (109119-91-7) 2-methylfuran* (534-22-5) 

 camphene* (79-92-5) humulene* (6753-98-6) toluene§ (108-88-3) 
 β-pinene§ (127-91-3) nerolidol§ (142-50-7) 1-octene§ (111-66-0) 
 myrcene§ (123-35-3)  hexanal* (66-25-1) 
 α -phellandrene§ (99-83-2)  furfural* (98-01-1) 
 p-cymene (99-87-6)  2-hexenal* (505-57-7) 
 eucalyptol§ (470-82-6)  p-xylene§ (106-42-3) 
 γ-terpinene§ (99-85-4)  o-xylene§ (95-47-6) 
 ocimene§ (502-99-8)  benzaldehyde§ (100-52-7) 
 terpinolene* (586-62-9)  1-octen-3-ol§ (3391-86-4) 
 linalool§ (78-70-6)  octanal* (124-13-0) 
   cis-3-hexenyl acetate§ (3681-71-8) 
   nonanal§ (124-19-6) 
   cis-3-hexenyl butyrate§ (16491-36-4) 

*These standards were produced by Sigma-Aldrich.§These standards were produced by Supelco. 
 
S5. Measured (E) and standardized (ES) emission rates (μg gdw-1 h-1, n = 663) for all compounds and all 
measurements. Numbers in parantheses are standard deviation (SD, μg gdw-1 h-1). No standardization is made for 
OVOCs (-). 

BVOC E ± SD (μg gdw-1 h-1) ES ± SD (μg gdw-1 h-1) 



isoprene 23.5 (28.1) 45.2 (42.9) 

Tot MTs 0.163 (0.117) 0.301 (0.201) 

ocimene 0.137 (0.321) 0.255 (0.540) 

limonene* 0.008 (0.042) 0.014 (0.081) 

p-cymene 0.006 (0.042) 0.011 (0.069) 

linalool 0.006 (0.017) 0.010 (0.035) 

α-pinene 0.003 (0.021) 0.005 (0.034) 

3-carene* 0.002 (0.019) 0.004 (0.040) 

eucalyptol 0.001 (0.010) 0.002 (0.024) 

myrcene <0.001 (<0.001) <0.001 (<0.001) 

allo-ocimene* <0.001 (<0.001) <0.001 (<0.001) 

Tot SQTs 0.035 (0.062) 0.103 (0.249) 

caryophellene+ 0.011 (0.031) 0.024 (0.080) 

humulene 0.010 (0.090) 0.040 (0.409) 

α-farnesene+ 0.009 (0.062) 0.017 (0.125) 

nerolidol 0.004 (0.049) 0.022 (0.243) 

Tot other VOCs 0.751 (0.159) - 

cyclopentyl acetylene§  0.083 (0.205) -  

benzaldehyde (benzenoid) 0.065 (0.163) - 

hexanal (aldehyde) 0.064 (0.320) - 

nonanal (aldehyde) 0.061 (0. 147) - 

2-ethylhexanoic acid§ (carboxylic acid) 0.059 (0.252) - 

pentanal§ (aldehyde) 0.037 (0.226) - 

decanal§ (aldehyde) 0.036 (0.148) - 

octanal (aldehyde) 0.030 (0.105) - 

2-methylbutane§ (alkane) 0.027 (0.105) - 

2-pentanone§ (ketone) 0.026 (0.208) - 

2-ethylhexanol§ (alcohol) 0.024 (0.082) - 

2-hexanone§ (ketone) 0.023 (0.146) - 

benzoic acid§ (carboxylic acid) 0.023 (0.116) - 

1-dodecene§ (alkene) 0.022 (0.205) - 

unknown 1§ 0.021 (0.150) - 

pentadecane§ (alkane) 0.020 (0.078) - 

heptanal§ (aldehyde) 0.019 (0.083) - 

furfural (aldehyde) 0.018 (0.149) - 

toluene (benzenoid) 0.018 (0.051) - 

phenol§ (phenol) 0.016 (0.098) - 

cyclopropane, ethylidene-# (hemiterpene) 0.013 (0.033) - 

acetophenone§ (ketone) 0.012 (0.049) - 

unknown 2§ 0.012 (0.234) - 

3-methylhexane§ (alkane) 0.011 (0.081) - 

tetradecane§ (alkane) 0.011 (0.074) - 
*These MTs were quantified with α-pinene as injected standard in GC-MS. 
+These SQTs were quantified with humulene as injected standard in GC-MS. 
§These other VOCs were quantified with toluene as injected standard in GC-MS. 
#This compound was quantified with isoprene as injected standard in GC-MS. 

 



 
S6. Emission rates (STD for isoprene, MTs and SQTs, μg gdw-1 h-1) and fraction (%) of the total BVOC emission or 
within the BVOC group (MTs and SQTs) from zH in 2015. 
Bottom: average TC (oC, mean and standard deviation) and PARC (μmol m-2 s-1, mean and standard deviation) for 
each month. 

2015 zH July Aug Sep 

isoprene 74.8 (98.5%) 70.4 (97.3%) 19.2 (96.7%) 

MTs (tot) 0.580 (0.8%) 0.268 (0.4%) 0.286 (1.4%) 

α-pinene 0.036 (6.2 %) 0.007 (2.6%) 0 

ocimene 0.540 (93.1 %) 0.256 (95.6%) 0.286 (100%) 

linalool 0 0.004 (1.9%) 0 

eucalyptol 0.004 (0.7 %) 0.001 (0.4%) 0 

SQTs (tot) 0.076 (0.1%) 0.040 (<0.1%) 0.171 (0.9%) 

α-farnesene 0.022 (29.3%) 0.014 (35.0%) 0 

humulene <0.001 (0.2%) 0.001 (2.5%) 0 

caryophyllene 0.053 (70.5%) 0.025 (62.5%) 0.171 (100%) 

OVOCs (tot) 0.441 (0.6%) 1.640 (2.3%) 0.207 (1.0%) 

BVOCs (tot) 75.896 (100%) 72.348 (100 %) 19.864 (100%) 

TC 23.2 (4.7) 28.9 (2.9) 19.3 (3.4) 

PARC 562 (397) 467 (230) 329 (192) 

 

S7. Values used for the fitted curves in Figure 3. Es is the emission factor (μg gdw-1 h-1), CL is the correction factor for 
light (calculated by using mean PARC for the whole season and year, and α, Ts and CL1 adopted from Guenther et 
al. (1993)). CT1 (J mol-1), CT2 (J mol-1) and Tm (K) are empirical constants. 

 2015 2016 
 (μg gdw-1 h-1) 93.8 97.1 

CL 0.8317 0.8688 
CT1 148700 135300 
CT2 211000 103000 

Tm (K) 307 298 

 

 
 
S8. Slope (E/PAR, μg gdw-1 μmol-1 m2 s, n = 3–6) between different PAR values at different height levels for the fitted 
curves in Figure 4A.  
Bottom: values for the fitted parameters in Figure 4A. 
 

PAR Lower (zL) Middle (zM) Higher (zH) 
0–150 μmol m-2 s-1 0.058 0.112 0.140 

150–300 μmol m-2 s-1 0.051 0.093 0.111 
300–450 μmol m-2 s-1 0.042 0.067 0.075 
450–600 μmol m-2 s-1 0.033 0.045 0.048 
600–1000 μmol m-2 s-1 0.020 0.023 0.023 

1000–1500 μmol m-2 s-1 0.009 0.008 0.008 
Is (μg gdw-1 h-1) 30.7 147.9 242.1 

CT 0.5142 0.3880 0.5207 
α 0.0013 0.0018 0.002 

CL1 2.83 1.13 0.58 
 



 
S9. Standardized isoprene emissions rates (μg gdw-1, mean ± standard deviation, n = 3–6) and fitted curves for 
different PAR values (μmol m-2 s-1) using Equation (7) below at different heights. Values for the parameters can be 
seen in Table S10 below.  
 

 (7) 
 
S10. Values for the fitted STD isoprene curves in Figure S9.  is a STD potential emission factor (μg gdw-1 h-1). CT 
was calculated by using mean TC for the whole season and year, and CT1, CT1, Ts and TM were adopted from Guenther 
et al. (1993). 

 Lower (zL) Middle (zM) Higher (zH) 
 (μg gdw-1 h-1) 27.2 118.6 89.6 

CT 0.5142 0.3880 0.5207 
α 0.0093 0.0038 0.0046 

CL1 4.51 2.92 2.78 

 

 
 
(8) 

 
S11. Values for the fitted E/A ratio curves in Figure 4B. The light-dependent part of isoprene (Equation 2) has been 
adopted and modified. CE/A (dimensionless) and αE/A (μmol-1 m2 s1) are constants. 
 

 Lower (zL) Middle (zM) Higher (zH) 
CE/A 0.004 0.004 0.006 
α E/A 0.0037 0.0026 0.0043 

 
 



 
 

S12. Total average emission rates (μg gdw-1 ± standard deviation, black circles and left y-axis), and the percentages 
(stacked bars and right y-axis) for the different BVOC groups at different light levels (μmol m-2 s-1) at zM (n = 6).  
 

 
 
(9) 

 
 

 
 
(10) 

           
S13. Values for the fitted curves in Figure 6A,B using Equation (9) for ocimene and Equation (10) for α-farnesene 
instead of Equation (3) in Equation (2). 

 ocimene α-farnesene 
ES (μg gdw-1 h-1) 0.10 0.29 
CT 0.4471 0.4471 
α  0.0016 0.0015 
CL1 3.92 1.18 

 
 
S14. Slope (A/PAR, μmol CO2 m-2 s-1 μmol-1 m2 s, n = 3–6) between different PAR values at different height levels in 
Figure 7A. 

PAR Lower (zL) Middle (zM) Higher (zH) 
0–150 μmol m2 s-1 0.0449 0.0465 0.0525 

150–300 μmol m2 s-1 0.0159 0.0313 0.0224 
300–450 μmol m2 s-1 0.0135 0.0230 0.0183 
450–600 μmol m2 s-1 0.0028 0.0004 0.0147 
600–1000 μmol m2 s-1 0.0029 0.0061 0.0049 

1000–1500 μmol m2 s-1 -0.0001 0.0069 0.0024 

 



 
 
S15. Values for the parameters of the fitted curves in Figure 7A using Equation (6). Ad and Amax are mean values (n 
= 2–6) at 0 and 1500 μmol m-2 s-1, respectively. 

  Lower (zL) Middle (zM) Higher (zH) 
Ad (μmol CO2 m-2 s-1)  0.66 (0.28) -0.21 (0.36) 1.27 (0.21) 

Amax (μmol CO2 m-2 s-1)  12.05 (3.01) 21.30 (2.92) 18.10 (4.89) 
αA (μmol CO2 m-2 s-1) 

 
 0.0541 0.0437 0.0538 
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Abstract: Willow (Salix spp.) trees are commonly used in short rotation coppices (SRC) to produce
renewable energy. However, these plants are also known to emit high concentrations of biogenic
volatile organic compounds (BVOCs), which have a large influence on air quality. Many different
clones of commercially used Salix varieties exist today, but only a few studies have focused on BVOC
emissions from these newer varieties. In this study, four varieties commercially propagated for
biofuel production have been studied on a leaf-scale in the southern part of Sweden. The trees had
either their first or second growing season, and measurements on BVOC emissions were done during
the growing season in 2017 from the end of May to the beginning of September. Isoprene was the
dominant emitted compound for all varieties but the average emission amongst varieties varied from
4.00 to 12.66 μg gdw

−1 h−1. Average monoterpene (MT) (0.78–1.87 μg gdw
−1 h−1) and sesquiterpene

(SQT) emission rates (0.22–0.57 μg gdw
−1 h−1) differed as well among the varieties. Besides isoprene,

other compounds like ocimene, linalool and caryophyllene also showed a response to light but not
for all varieties. Younger plants had several times higher emissions of non-isoprenoids (other VOCs)
than the corresponding 1-year-old trees. The conclusions from this study show that the choice of
variety can have a large impact on the regional BVOC emission budget. Genetics, together with stand
age, should be taken into account when modelling BVOC emissions on a regional scale, for example,
for air quality assessments.

Keywords: Salix; biofuel plantation; terpenoid emissions; BVOC

1. Introduction

The extended use of biofuels is widely promoted to decrease the carbon (C) emissions from fossil
fuels, i.e., to fulfil the requirements of the EU directive (2009/28/EC) on renewable energies and to
achieve zero net emissions of greenhouse gases in Sweden by the year 2045 [1,2]. In 2017, biofuels alone
contributed 25% [3] of Sweden’s total energy supply. Most of the energy supply from biofuels are based
on ‘classical’ forest products (pulp industry fuels, wood fuel and sawmill by-products) but logging
residues and tree stumps have also been used [4]. However, the contribution to energy production
based on agroforestry (i.e., energy crops) is expected to increase to meet the requirements of the EU
directive. Besides ‘classical’ biofuel crops like rapeseed, sugar beets or oil seeds, fast-growing tree
species (willow (Salix spp.), poplar and hybrid aspen) are increasingly used as energy crops [5], either
for direct combustion or for the production of liquid fuels by ‘second generation’ bioethanol from
lignocellulose. Energy crops are currently using 3% of arable land in Sweden [5]. Salix trees have been
reported to grow on 12,000 ha in Sweden in 2014 [6] but the potential use is estimated at 300,000 ha [5].
The advantages of willow are the high energy content (more than twice that of oat), the ability to clean
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up from soils waste water treatment products and cadmium, and the greater increase in the C stock in
soil and mulch compared to with annual crops, as willow is grown for 4 years before cutting [7,8].

Willow has been used intensively as energy crop since the 1990s, and varieties have been
propagated to increase both biomass production and resistance against weeds and pests [9]. Depending
on the climate conditions, different varieties are suitable. For instance, at higher latitudes, such as
in the middle and northern parts of Sweden, varieties need to be more resistant to frost, whereas at
southern latitudes, trees can suffer from heat damage. There exist no official data on the distribution of
the varieties, but studies have shown that Tora has been successfully grown in Sweden, as it gives
40–50% higher yield and has a better resistance to rust compared to older varieties such as L 78183,
Orm and Rapp [9]. Other varieties, e.g., Sven and Inger, are suitable to be grown in Sweden, and Inger
is also suitable for soils with a low soil water capacity [10]. As Salix is easy to propagate, new varieties
are continuously propagated by commercial companies that aim at increasing biomass yield and
tolerance against insects, plant pests and weeds. Additionally, a change of growing conditions due to
climate change might imply that older varieties should be replaced with newer ones, which have been
specifically propagated to cope better with drought.

While Salix plantations may be a good option for energy crop production, a large-scale land-use
change towards Salix might have severe impacts on atmospheric chemistry and local air quality. Areas
used for short-rotation coppices (SRC) to increase the production of biofuels are most converted
from traditional agricultural crops. In contrast to agricultural crops, Salix species are regarded as
high-emitters of biogenic volatile organic compounds (BVOCs) [11] that are very reactive and can
contribute to the production of ozone (O3) and secondary organic aerosols (SOAs) [12–17]. Salix species
have been shown to emit large amounts of isoprene, with standardized emission rates ranging from
12.5 to 115.0 μg gdw

−1 h−1 [11,18–22]. Monoterpene (MT) emissions from some Salix spp. have
also been reported [11,18,23], but data for the quantification of compounds other than isoprene and
monoterpenes (MTs) are scarce [22].

The large variation of published standardized emission rates for Salix spp. indicates an influence
of genetic disposition on the BVOC production and emission [24], which has been observed for other
species as well [25,26]. Consequently, commercial propagation methods to find better varieties that
provide higher biomass yields, increased resistance against plant pests and enhanced competitiveness
against weeds might also affect the production and emission of BVOCs.

Here, we analyze leaf-scale BVOC emissions from several varieties of willow that were growing
either in field trails or commercially on SRC plantations. We aim to identify the compound spectrum
emitted by these varieties, and provide standardized emission rates that can be used in emission
inventories and distributed vegetation models to assess the impact of willow plantations on regional
air quality.

2. Material and Methods

2.1. Experimental Sites

Four plots in southern Sweden were used in this study. Two of them (plot 1, 55◦52′32.9′′ N
13◦1′18.2′′ E and plot 2, 55◦52′11.7′′ N 13◦1′33.3′′ E, Figure 1A,B) were field trial areas for a commercial
company (European Willow Breeding AB) outside Billeberga and stocked with 12–15 different varieties
of willow. Two other plots (plot 3, 58◦17′09′′ N 12◦45′31′′ E and plot 4, 58◦16′55′′ N 12◦46′20′′ E,
Figure 1C,D) were located outside Grästorp ca 300 km north of plots 1 and 2 and used for the commercial
production of biomass for energy purposes. The varieties measured on plot 1 were planted in 2014, but
were cut down before the growing season in 2016 (Table 1). The land on plot 1 had previously been
used for growing other Salix varieties before the new establishment of the varieties in 2014 (Table S1).
Plot 2 consisted of almost the same varieties as plot 1, but these trees were planted in 2017. Plot 2
had not been used for growing Salix before; instead, crops such as cereals, beets and rapes had been
growing here until 2016.
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Table 1. The plot type, size (ha), canopy height (m), varieties, establishment, last harvest and age
(months) for the trees.

Plot 1 Plot 2 Plot 3 Plot 4

Type field trial field trial biofuel plantation biofuel plantation
Plot size 0.07 ha 0.07 ha 5 ha 9 ha

Canopy height 1 4.5 m 1.5 m 2.5 m 1–1.5 m

Varieties
Tora, Wilhelm,
Ester and Inger

Tora, Wilhelm,
Ester and Inger Tora Wilhelm

Established 2013 2017 2003 2017
Last harvest 2016 - 2017 -

Age of the trees 1 16 months 5 months 9 months 5 months
1 Average canopy height and age for the varieties at the last campaign at each plot.

Each variety on plots 1 and 2 was grown on 5 rows that were a few meters long. The rows were
separated by ca 0.7 m and the trees had been planted at 0.5 m intervals. The distance between the two
plots was approximately 700 m. The mean annual temperature (T) was 7.7 ◦C (1961–1990 in Svalöv,
located 6 km from the plots) and the accumulated annual precipitation was 687 mm (1961–1990 in
Svalöv) [27]. The surrounding area was used for growing traditional crops. Only one variety was
growing on plot 3 and another one on plot 4. Plot 3 was established in 2003 and harvested before
spring 2017. Plot 4 was replanted during spring 2017, since the older variety, established in 1994, was
exterminated after harvest in 2016. The trees on plots 3 and 4 were planted in double rows, with 0.75
cm between the rows in the double row. Each double row was separated with 1.25 m and the space
between the trees in a row was 0.4 m. The distance between plots 3 and 4 was approximately 1 km.
Mean annual T and precipitation for plots 3 and 4 were 6.1 ◦C (1961–1990 in Gendalen, located 16 km
from the plots) and 683 mm (1961–1990 in Grästorp, located 7 km from the plots), respectively [27].
No watering or fertilization were done on any of the plots.

 

Figure 1. The different plantations where the measurements were done. (A) Plot 1, the field trial of
second year growing varieties established in 2014. (B) Plot 2, the field trial of first year growing varieties
established in 2017. (C) Plot 3, the biofuel plantation of first year growing trees established in 2017.
(D) Plot 4, the biofuel plantation of first year growing trees established in 2003. The black rectangles
indicate the positions of the leaf scale measurement. The photos are modified from Lantmäteriet [28].
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2.2. Salix Varieties

Near plots 1 and 2, a company (European Willow Breeding AB) has been growing Salix trees
since 2011. The 4 species chosen are briefly described below and the information was provided by
the breeding company. All species have been propagated for commercial use to produce renewable
energy. Between 1994 and 2007, regular yield tests were done for new commercial varieties where
variety L 78183 was used as a reference with a yield of 100 kg dry weight per plot (kgdw plot−1) [9].
This system was discontinued in 2009, and the yield for varieties produced thereafter has been based
only on rough estimates.

S. Tora

Tora is a female hybrid and a cross between the clone L 79069 (S. schwerinii) and the variety Orm.
The cross was made in 1989 and has shown to be one of the most suitable species for growing in the
northern part of Europe, with a yield of 150.5 kgdw plot−1 and almost no rust infestation or insect
attacks. The estimated growing area in Europe is 5000 ha. Because of the resistance to frost and rust,
Tora is one of the most appropriate varieties to grow at northern latitudes, e.g., in Sweden.

S. Inger

Inger is a female hybrid cross between the clone SW 930887 (S. triandra from Siberia) and the
variety Jorr. The cross was made in 1994 and gives a high yield in mild or warm climates with a normal
water supply. The estimated growing area in Europe is 2000 ha. The yield is 140.5 kgdw plot−1.

S. Wilhelm

Wilhelm is a male hybrid from a cross between the varieties Sherwood and Björn. It was made
in 2011 and the biomass productivity from this variety is in between the values for Tora and Inger.
The estimated growing area in Europe is 400 ha.

S. Ester

Ester is a female hybrid and a cross between the variety Linnéa and a clone of “Shrubby willow”
(S. miyabeana). The cross was made in 2012. The yield from this variety is similar to Inger. Ester is
suited for dry and hot climates. Compared to the other species, Ester is almost completely free of leaf
beetle attacks but is tasty for game, e.g., roe deer and elk. The estimated growing area in Europe is
200 ha.

2.3. BVOC Measurements

All measurements on plots 1 and 2 were executed during 4 campaigns throughout the growing
season in 2017. Two species were measured each day, and the length of the campaigns was 4 days
each (Table 2). Measurements on plots 3 and 4 were divided into 5 campaigns, and the length varied
from 1 to 3 days. In total, 319 sample cartridges were taken, but 20 out of these were lost during
GC-MS analyses. Toluene and butylated hydroxytoluene had to be removed from the measurements
done by LI-6400XT, and toluene from LI-6400, since huge peaks were seen in the background samples,
indicating that they were emitted from the instruments. One of the two unknown sesquiterpene (SQT)
compounds could not be completely determined by NIST 8.0 database, and 2 options were suggested,
copaene or α-cubebene; copaene was chosen.
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Table 2. All of the campaigns in 2017 and the number of samples taken for each variety. The
abbreviations in the parentheses indicate what age the varieties were (e.g., T1 means the first growing
season for Tora).

Plot 1 29 & 31 May, 2 & 5 June 5–6 & 9–10 July 22, 25–26 & 28 July 28–31 August

Tora (T2) 7 7 7 6
Wilhelm (W2) 7 7 7 6

Ester (E2) 7 7 7 6
Inger (I2) 7 7 7 7

Plot 2

Tora (T1) 7 7 7 7
Wilhelm (W1) 7 7 7 6

Ester (E1) 7 7 7 5
Inger (I1) 7 7 7 3

Plot 3 15 June 15 July 1 August 7 September

Tora (T1) 7 14 7 7

Plot 4 13 June 28 June 12–14 July 2 August 5 September

Wilhelm (W1) 7 14 18 4 7

2.4. Experimental Setup

Fully expanded sun-exposed leaves were chosen from the upper part of the canopy. Two portable
photosynthesis systems (LI-6400/LI-6400XT, LI-COR, Lincoln, NE, USA) with 2 × 3 cm2 LED source
leaf chambers (6400-02B) were used. The middle part of a Salix leaf was inserted into the chamber
so that the maximum area of the leaf was used in the chamber. Air was continuously entering the
chamber with a flow rate of 500 μmol s−1 (approximately 0.7 l min−1). This purge air passed through a
hydrocarbon trap filter (Alltech, Associates Inc., USA) that contained active carbon and MnO2-coated
copper nets to clean the air of BVOCs and O3 before it entered the chamber. The temperature inside the
chamber was set to match the expected ambient temperature taken from the weather forecast, and the
reference CO2 within the chamber was set to 400 ppm. Relative humidity (RH) inside the chamber was
regulated to be close to ambient RH and mostly varied between 40% and 70%. The photosynthesis
systems were modified for BVOC measurements on adsorbent cartridges by adding a flow divider
at the leaf chamber outlet, which lead one part of the sample air towards the built-in gas analyzer
(CO2, H2O) of the photosynthesis system. A second sub-sample of 200 mL min−1 was pulled through a
sample cartridge (Markes International Limited, Llantrisant, UK) by a battery-operated pump (Pocket
Pump, SKC Ltd., Dorset, UK). The sample cartridges were filled in a 2-bed configuration with Tenax
TA (porous organic polymer) and Carbograph 1TD (graphitized carbon black) adsorbents. Similar
set-ups had been used in other studies before [26,29–31].

Samples were collected at seven light levels (0, 150, 300, 450, 600, 1000 and 1500 μmol m2 s−1)
in order to generate a light response curve for the BVOC emissions. Measurements started 1 h
after enclosing the leaf by the chamber to prevent stress-induced BVOC emissions from affecting the
samples [29], and the air from the chamber was sampled for 20 min at 200 mL min−1 (total sample
volume of 4 L). After switching the light conditions for the next step, 30 min was allowed to pass
to allow for the leaf to adapt to the new light conditions before BVOC sampling was continued at
the new light level. During the measurements, the net assimilation rates (A, μmol CO2 m−2 s−1) and
transpiration (Tr, mmol H2O m−2 s−1) were measured. By taking the ratio between A and Tr, water
use efficiency (WUE, mmol CO2 mol−1 H2O) was calculated. Because of problems with matching the
concentrations of CO2 and H2O in the sample cell to those in the reference cell in the leaf chamber, the
number of measurements included in the A and WUE calculations had to be reduced to 226. At the end
of each light response curve, a background sample was taken from an empty chamber to determine the
background concentration of the purge air. Ambient T and RH at canopy level were recorded during
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the measurement (CS215, Campbell Scientific, USA). Photosynthetically active radiation (PAR, μmol
m−2 s−1) above the canopy was also measured (Li-190, LI-COR, USA) and together with ambient T and
RH, these data were recorded by a logger (CR1000, Campbell Scientific, USA). When sampling was
completed, the leaves were harvested and dried for two days at 75 ◦C to determine the dry weights.

After sampling, the cartridges were sealed with long-term storage caps and stored at 3 ◦C before
being analyzed by TD-GC-MS in the laboratory [32]. Compounds were analyzed in the Enhanced
ChemStation (MSD ChemStation E.02.01.1177, Copyright 1989–2010 Agilent Technologies, Inc.) and
identified by pure standards (isoprene, 2-methylfuran, toluene, 1-octene, hexanal, furfural, 2-hexanal,
p-xylene, o-xylene, α-pinene, camphene, benzaldehyde, β-pinene, myrcene, octanal, cis-3-hexenyl
acetate, d-phellandrene, p-cymene, eucalyptol, ocimene, terpinolene, linalool, nonanal, cis-3-hexenyl
butaryte, aromadendrene, humulene and nerolidol) or using the NIST 8.0 database. Standard mixtures
were prepared in methanol at a concentration of 20 μg mL−1 and injected into cartridges under a steady
stream of helium (100 mL min−1). The standards were run at the beginning and at the end of every
batch of samples. The sample concentrations were calculated by using the ratios between the sample
peak areas and standard peak areas. To check the linearity of responses for the compounds, calibration
curves were generated periodically by serial dilutions of the standard mixture to six concentrations
(0–25 μg mL−1). The detection limit was based on the background samples. Only sample peaks that
had an area twice as large (or more) as the corresponding peaks in the background sample were
included in the analysis. To be able to quantify BVOCs for which no standard was available, α-pinene
was used for MTs, humulene was used for SQTs and toluene was used for other VOCs (compounds
not belonging to terpenoids).

2.5. BVOC Emissions and Standardization

The emission rates (E) of BVOCs were calculated by using Equation (1), shown below (see e.g., [33])

E = (C2 −C1) × F × m−1 (1)

where E (μg gdw
−1 h−1) is the emission rate, C2 (μg l−1) is BVOC concentration in the samples,

C1 (μg l−1) is the BVOC concentration in the purge air, F (l h−1) is the flow rate of the purge air and m
(g) is the dried mass of the leaves. Only compounds that had at least twice as high a concentration in
the sample air C2 as in the VOC-filtered purge air, C1, were included in the analysis.

To be able to compare emission rates with other studies, they needed to be standardized, because
prevailing environmental factors (T, PAR) govern some of the compounds. This normalization can be
done in two ways. For compounds that are light and temperature dependent (e.g., isoprene), Equation
(2) was used according to Guenther et al. [34]. The standard values for T and PAR are 303.15 K and
1000 μmol m−2 s−1.

E = Es × CT × CL (2)

E (μg gdw
−1 h−1) is the actual (measured) emission at the chamber temperature T (K) and PAR (μmol

m−2 s−1). Es (μg gdw
−1 h−1) is the standardized emission, and CT and CL are correction factors for

temperature and light as defined by Equations (3) and (4).

CL =
αCL1PAR√
1 + α2PAR2

(3)

where α (=0.0027) and CL1 (=1.066) are empirical coefficients [34].

CT =
exp CT1(T−Ts)

RTsT

1 + exp CT2(T−TM)
RTsT

(4)
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where CT1 (=95,000 J mol−1), CT2 (=230,000 J mol−1) and TM (=314 K) are empirical coefficients,
R (=8.314 J K−1 mol−1) is the universal gas constant and Ts (=303.15 K) is the standard temperature [34].
For the compounds that showed light dependence, a curve was fitted by optimizing the parameters on
the right-hand side of Equation (2) to the measured emission values. In this procedure, CT was kept as
a constant and determined by the average T for each variety.

For compounds where emissions are dependent on T alone, Equation (5) can be used.

E = ES × eβ(T−Ts) (5)

where E (μg gdw
−1 h−1) is the actual emission rate at temperature T (K), Es (μg gdw

−1 h−1) is the
standard emission rate at the standard temperature Ts (=303.15 K) and β (=0.09 K−1 for MTs and
0.17 K−1 for SQTs) is an empirical constant [34,35].

2.6. Statistical Analysis

The significance of the differences between the emissions from the varieties were analyzed by
a Kruskal-Wallis test, which compared all varieties within a BVOC group. If this test resulted in a
significant p-value (p < 0.05), then a Mann-Whitney U-test with a Bonferroni correction to account
for multiple comparisons was used on each pair of varieties. Differences in the light responses for
isoprene, ocimene and caryophyllene among the varieties were analyzed by multiple linear regression.

3. Results

3.1. Climate Data

The long-term climate data were taken from the Swedish Meteorological and Hydrological
Institute (SMHI). The closest weather station for plots 1 and 2 that records T is located in Lund (circa
19 km from plots 1 and 2) and for precipitation is Landskrona (circa 11 km from plots 1 and 2). The T
for plots 3 and 4 was recorded in Gendalen and precipitation was measured in Trökörna (circa 9 km
from plots 3 and 4). To be able to compare the phenological status between the two sites, growing
degree days (GDDs, ◦C) was calculated as Σ[(Tmax + Tmin)/2 − Tbase] for each day where Tbase = 5 ◦C.
If the GDD value was <0 ◦C for a specific day, then it was set as 0 ◦C. The long-term GDD means
between 1987 and 2016 were calculated (Table 3). Comparing the GDDs in 2017 with the long-term
means showed that 2017 was similar to previous years, with a maximum GDD difference < 30 ◦C.
Furthermore, all months had higher GDDs at plots 1 and 2 than at plots 3 and 4, especially May to
September. This result indicates that the trees at plots 1 and 2 started to grow before the trees at plots
3 and 4. On the other hand, since the campaigns were not done at the same time for the different
plots, the phenological status was not necessarily higher for plots 1 and 2. For example, when the first
campaign at plots 1 and 2 was done in May, the GDD value was 335.6 ◦C at this location. Two weeks
later in June, when the first campaign was done at plots 3 and 4, the GDD had risen to 365.8 ◦C for
these plots (Table S2).
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Table 3. The average ambient T (◦C), average precipitation (mm) and mean values of growing degree
days (GDDs, ◦C) for each month in 2017. The long-term means for T and GDD were calculated between
1987 and 2016 for all plots. The long-term precipitation for plots 1 and 2 was calculated between 1987
and 2016, but between 1992 and 2016 for plots 3 and 4. The temperature was recorded in Lund, and the
precipitation in Landskrona, for plots 1 and 2. For plots 3 and 4, the T from Gendalen and precipitation
from Trökörna have been used.

2017 plots 1 & 2 January February March April May June July August September

T (◦C) 0.6 1.5 4.8 6.8 13.1 16.2 16.8 17.4 13.8
Precipitation (mm) 13.7 39.6 36.8 31.9 14.5 77.0 58.6 57.3 61.4

GDDs 1 (◦C) 1.3 6.8 36.1 112.2 370.9 715.2 1082.7 1478.6 1754.5

Long-term plots 1 & 2

T (◦C) 0.7 1.1 3.0 7.6 12.3 15.5 18.1 17.6 13.8
Precipitation (mm) 44.9 34.5 32.7 30.3 43.2 59.2 65.7 74.8 60.3

GDDs 1 (◦C) 7.7 10.9 31.2 130.0 365.3 686.9 1101.0 1502.9 1779.8

2017 plots 3 & 4

T (◦C) −0.3 0.1 3.1 5.3 11.7 14.9 15.9 15.1 12.0
Precipitation (mm) 30.6 38.7 61.5 36.7 39.5 78 36.2 92.4 68.7

GDDs 1 (◦C) 0.5 0.8 13.6 55.1 258.6 560.8 896.4 1215.8 1433.4

Long-term plots 3 & 4

T (◦C) −1.3 −1.0 1.4 6.2 11.1 14.4 16.8 15.7 11.8
Precipitation (mm) 59.4 47.7 37.8 49.7 55.3 83.4 83.5 83.9 69.9

GDD 1 (◦C) 1.9 4.3 13.9 73.2 255.6 532.4 893.8 1229.0 1436.8
1 GDD was calculated as Σ[(Tmax + Tmin)/2 − Tbase] for each day between 1987 and 2016. Tbase = 5 ◦C, and if (Tmax +
Tmin)/2 < 0, then (Tmax + Tmin)/2 − Tbase = 0.

More precipitation fell throughout the growing season on plots 3 and 4 compared to on plots
1 and 2, and the only months between January and September that had less rain at plots 3 and 4
were February and July (Table 3). The temperature and precipitation for each month in 2017 differed
somewhat compared to the long-term means at the sites, which were calculated between 1987 and
2016 (T plots 1–4 and precipitation plots 1 and 2) and between 1992 and 2016 (precipitation plots 3
and 4). For instance, February, March, May and June were circa 0.4–1.8 ◦C warmer in 2017 than the
long-term means at plots 1 and 2 (Table 3 and Figure S4A). February, March and June in 2017 received
circa 13–30% more precipitation than the corresponding months between 1987 and 2016 at plots 1 and
2, whilst May got 66% less rain. For plots 3 and 4, April, July and August were colder (circa 0.6–0.9 ◦C)
and January–March, May, June and September were warmer (circa 0.2–1.7 ◦C) than the long-term
means (Table 3 and Figure S4B). March received more rain (>60%) and January, February, April, May
and July had less precipitation (circa 19–57%) compared to the means calculated between 1992 and
2016. The lower T and the drier conditions in April 2017 might have slowed down the growing process
for the trees on plots 3 and 4 at the beginning of the growing season.

The absolute difference between the average leaf T within the chamber and the average ambient T
during the measurements varied from 0.3 to 2.3 ◦C at plot 1, 0.2 to 2.4 ◦C at plot 2, 0.7 to 2.3 ◦C at plot 3
and 0.1 to 2.1 ◦C at plot 4 (Table S2). The temperature differences between the chamber and ambient
air are small and are considered to cause no or little stress to the trees, since the leaf T is close to the
prevailing T that the rest of the tree experienced during the measurement.

3.2. BVOC Emission

From all campaigns, in total, 193 different peaks could be detected during GC-MS analysis,
but only 87 compounds could be identified. The unidentified peaks were named as unknown.
The average measured BVOC emission from all varieties and plots for the whole season in 2017 was
26.33 (± 1.54) μg gdw

−1 h−1. The average measured BVOC emission varied campaign-wise from 3.17
to 55.34 μg gdw

−1 h−1, where the highest emission rate was seen during the first campaign (29 May–5
June) and the lowest during the last (5–7 September) (Figure 2). The dominant compound from the
trees was isoprene, with an average emission rate of 8.08 (± 14.67) μg gdw

−1 h−1 (Table 4). Isoprene
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contributed almost 30% of the total BVOC emissions. The average measured isoprene emission rate for
each campaign varied between 0 and 21.61 μg gdw

−1 h−1, where no emissions could be seen during
the second campaign (13–15 June) from plots 3 and 4. The highest average measured emission rate
was observed during the third campaign (28 June). Except for in the third campaign, the fraction of
isoprene was higher in the second part of the season, where it varied from 40% to 70% of the total
BVOC emissions.

Fourteen different MTs were emitted, whereof 13 were identified (α-pinene, α-thujene, β-pinene,
camphene, d-phellandrene, eucalyptol, γ-terpinene, limonene, linalool, ocimene, p-cymene, terpinolene
and 3-carene). Ocimene was the dominant MT and the average rate was 0.54 (± 1.21) μg gdw

−1 h−1.
The average MT emission rate for each campaign ranged from 0.10 to 2.59 μg gdw

−1 h−1. The highest
rate was emitted during the first campaign (28 May–5 June) and lowest during the last (5–7 September)
(Figure 2). The MT fraction reached up to 11% of the total average BVOC emissions at the end of
August but was 8% or less during the rest of the campaigns.

Six SQTs were observed, whereof five could be identified (α-farnesene, caryophyllene, copaene,
humulene and nerolidol). Nerolidol had the highest emission rate (0.26 ± 0.61 μg gdw

−1 h−1) among
all SQTs, which was more than three times higher than that of the second most emitted SQT, which
was humulene (0.08 ± 0.28 μg gdw

−1 h−1). The average rates from the group of SQTs were lower than
for MTs and varied between 0.007 and 0.74 μg gdw

−1 h−1, where the peaks and the lowest values
occurred at same campaigns as for the group of MTs. The contribution from the SQTs to the total BVOC
emissions varied from 0.1% to 3.4%. The highest SQT fraction was seen during the seventh campaign
(1–2 August) and lowest during the third (28 June).
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Figure 2. Total biogenic volatile organic compound (BVOC) emissions (black square, mean ± standard
deviation, μg gdw

−1 h−1, n = 11–56), and the fractions of isoprene (ISO), monoterpenes (MTs),
sesquiterpenes (SQTs) and other volatile organic compounds (other VOCs) throughout the season for
each campaign. Campaigns performed on plots 1 and 2 (grey boxes) were done from 29 May to 5 June,
5 to 10 July, 22 to 28 July and 28 to 31 August. Campaigns performed on plots 3 and/or 4 were done
from 13 to 15 June, on 28 June, from 12 to 15 July, from 1 to 2 August and from 5 to 7 September.
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Table 4. The measured (M, μg gdw
−1 h−1) and standardized emissions (STD, μg gdw

−1 h−1, n = 299) of
the BVOC groups and some of the most abundant identified compounds in each group. The numbers
in the parentheses are standard deviations (SD, μg gdw

−1 h−1). No standardization has been done on
other VOCs (−).

BVOC M ± SD (μg gdw
−1 h−1) STD ± SD (μg gdw

−1 h−1)

isoprene 8.08 (14.67) 33.21 (53.43)

MTs 1.30 (0.68) 4.40 (2.05)

ocimene 0.54 (1.21) 2.15 (4.50)
limonene 0.30 (1.74) 0.84 (4.52)
linalool 0.10 (0.22) 0.46 (0.86)

camphene 0.07 (1.19) 0.20 (3.22)
β-pinene 0.07 (0.24) 0.20 (0.74)

SQTs 0.40 (0.29) 2.51 (2.03)

nerolidol 0.26 (0.61) 1.67 (4.22)
humulene 0.08 (0.28) 0.48 (2.08)
α-farnesene 0.02 (0.08) 0.10 (0.43)

other VOCs 16.55 (1.01) -

hexanal 1.86 (9.61) -
octanal 1.08 (5.11) -

acetophenone 0.77 (2.51) -
benzaldehyde 0.69 (1.87) -

furfural 0.46 (1.65) -
nonanal 0.40 (1.38)

1-hexanol, 2-ethyl- 0.40 (0.83) -
phenol 0.37 (0.67) -

p-xylene 0.30 (0.82) -
decanal 0.30 (0.65) -

The average emissions from other VOCs during each campaign ranged from 1.06 to 45.99 μg
gdw

−1 h−1, and the average emissions of all other VOCs were 16.55 ± 1.01 μg gdw
−1 h−1. The highest

average rate (45.99 ± 1.36 μg gdw
−1 h−1) was seen during the first campaign and was more than

twice as high as the second highest (18.25 ± 2.21 μg gdw
−1 h−1) in the middle of July. The lowest

other VOC emission rate was observed during the last campaign. The other VOC fraction varied
between 19% and 94%, where the two highest values were observed during the first (86%) and the
second (94%) campaigns, while the lowest fraction occurred during the eighth campaign at the end of
August (Figure 2). Among the other VOCs, hexanal was the most emitted compound (1.86 ± 9.61 μg
gdw

−1 h−1), followed by octanal (1.08 ± 5.11 μg gdw
−1 h−1) and acetophenone (0.77 ± 2.51 μg gdw

−1

h−1) (Table 4). The contribution from these compounds varied between the campaigns. Hexanal
contributed almost 53% of the total other VOC emissions in the middle of the season (12–15 July) but
<17% during the rest of the campaigns. The emissions of octanal and acetophenone were higher in
the beginning of the season, where they contributed circa 3–11% and 4–29% to the total average other
VOC emissions, respectively.

3.2.1. Terpenoid Emission Differences between the Varieties

The highest total terpenoid emission rate was from Wilhelm (13.68 ± 5.84 μg gdw
−1 h−1) followed

by those from Inger (10.02 ± 3.32 μg gdw
−1 h−1), Ester (7.93 ± 2.73 μg gdw

−1 h−1) and Tora (5.96 ± 2.06
μg gdw

−1 h−1) (Table 5). Both average values of T and PAR were similar for all varieties and varied
between 18.9 and 19.0 ◦C, and 551 and 573 μmol m−2 s−1, respectively. Isoprene emission was highest
for Wilhelm (12.66 ± 20.63 μg gdw

−1 h−1) with a corresponding standardized emission (STD) rate of
50.33 (± 72.63) μg gdw

−1 h−1, but there were no significant differences between the varieties and the
measured isoprene emissions (Table 6). However, STD isoprene emission was significantly higher for
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Wilhelm compared to for Tora. Isoprene emission exceeded the emissions of both MTs and SQTs for all
varieties. Inger emitted the highest amount of MTs, but with high variance. Tora had significantly
higher MT emissions than Ester and Wilhelm (Table 6). The average MT emission rate among the
varieties varied between 0.80 and 1.87 μg gdw

−1 h−1, which corresponds to the average STD range
3.09–6.00 μg gdw

−1 h−1. Sesquiterpene emissions were significantly higher for Ester, which had twice
as high emissions as Wilhelm (0.57 ± 0.44 μg gdw

−1 h−1 vs. 0.22 ± 0.24 μg gdw
−1 h−1). Ester and Inger

had a similar average SQT emission rate.

Table 5. Upper part: Isoprene, monoterpene (MT), sesquiterpene (SQT) and total terpenoid emissions
(μg gdw

−1 h−1, mean ± standard deviation) for the different Salix varieties. Middle part: Standardized
(STD) emission rates (μg gdw

−1 h−1, mean ± standard deviation). Lower part: Average T (◦C),
photosynthetically active radiation (PAR, μmol m−2 s−1) and relative humidity (RH) (%) in the
measurement cuvette.

Tora, n = 90 Wilhelm, n = 104 Ester, n = 53 Inger, n = 52

isoprene (μg gdw
−1 h−1) 4.00 (7.05) 12.66 (20.63) 6.11 (9.06) 7.77 (11.65)

MTs (μg gdw
−1 h−1) 1.56 (0.62) 0.80 (0.28) 1.25 (1.01) 1.87 (1.24)

SQTs (μg gdw
−1 h−1) 0.40 (0.28) 0.22 (0.24) 0.57 (0.44) 0.56 (0.26)

Sum (μg gdw
−1 h−1) 5.96 (2.06) 13.68 (5.84) 7.93 (2.73) 10.02 (3.32)

STD isoprene (μg gdw
−1 h−1) 17.99 (27.18) 50.53 (72.63) 25.84 (34.36) 32.75 (47.82)

STD MTs (μg gdw
−1 h−1) 5.84 (1.90) 3.09 (0.99) 3.44 (2.35) 6.00 (3.21)

STD SQTs (μg gdw
−1 h−1) 2.43 (1.63) 1.30 (1.53) 3.76 (3.20) 3.71 (1.91)

T (◦C) 19.0 (2.1) 19.0 (2.0) 18.9 (2.2) 19.0 (2.3)
PAR (μmol m−2 s−1) 571 (487) 551 (477) 561 (477) 573 (494)

RH (%) 61.5 (13.0) 53.9 (16.9) 48.2 (9.5) 51.4 (8.9)

Table 6. The p-values from statistical tests for differences between varieties in measured (upper) and
STD (lower) isoprene, total MT and SQT emissions. The p-values originate from pairwise Mann-Whitney
U-tests. The significance level after applying a Bonferroni correction is circa 0.008 (0.05/6 ≈ 0.008). All
p-values written in bold indicate significant differences.

isoprene STD isoprene

Variety Wilhelm Ester Inger Variety Wilhelm Ester Inger

Tora 0.015 0.768 0.330 Tora 0.007 0.802 0.343
Wilhelm 0.033 0.299 Wilhelm 0.024 0.217

Ester 0.218 Ester 0.254
MTs STD MTs

Variety Wilhelm Ester Inger Variety Wilhelm Ester Inger

Tora 0.006 <0.001 0.108 Tora 0.005 <0.001 0.064
Wilhelm 0.107 0.632 Wilhelm 0.030 0.685

Ester 0.045 Ester 0.026
SQTs STD SQTs

Variety Wilhelm Ester Inger Variety Wilhelm Ester Inger

Tora 0.006 0.892 <0.001 Tora 0.003 0.652 <0.001

Wilhelm 0.051 <0.001 Wilhelm 0.070 <0.001

Ester 0.001 Ester <0.001

Ocimene was the dominant MT emitted among all Salix varieties (0.03–1.08 μg gdw
−1 h−1) and

made up almost 70% and 50% of the total MT emissions from Tora and Wilhelm, respectively (Figure 3).
Ocimene was emitted less by Ester, from which the contribution was lower than 3%. Instead, camphene
(31%) contributed most of the MTs from Ester, followed by limonene (29%). On the other hand,
the emissions of camphene were negligible for the other varieties. Limonene was the second most
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abundant MT (0.14–0.78 μg gdw
−1 h−1) and contributed 11–41% of the total MT rate among the varieties.

The lowest MT emission rate was seen from Wilhelm, and the highest from Inger. Inger was the only
variety that emitted α-thujene, and Tora was the only variety that did not emit terpinolene.
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Figure 3. Total MT emissions (black square, μg gdw
−1 h−1, mean + standard deviation, n = 52–104) and

the contribution from each MT for the different varieties. Others includes d-phellandrene, terpinolene,
γ-terpinene and one unknown compound.

Nerolidol was the most prominent SQT and the average emission rate varied from 0.12 to
0.47 μg gdw

−1 h−1 (Figure 4). The contribution from nerolidol was higher than 45% for all varieties
and exceeded the contribution from each of the other SQTs. Humulene was the second most emitted
SQT (0.04–0.17 μg gdw

−1 h−1) and contributed 7–30% of the total SQT rate. All SQTs observed in this
study were seen in emissions from all varieties, except for one unknown, which was not emitted by
Tora, and caryophyllene, which was not emitted by Wilhelm.
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Figure 4. Total SQT emissions (black square, μg gdw
−1 h−1, 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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3.2.2. The Responses of Terpenoid Emission, Net Assimilation and Water Use Efficiency to Different
Light Levels

The average total terpenoid emission rate increased, in general, with increasing PAR until the
highest PAR level of the tested light response curves, 1500 μmol m−2 s−1, which is explained by the
increase in isoprene emission, but this pattern was not completely consistent for Ester and Inger.
Terpenoid emissions from Ester had already peaked at a light level of 450 μmol m−2 s−1 (12.94 ± 3.42
μg gdw

−1 h−1), partly due to high emissions of MTs (Figure 5C). Wilhelm emitted higher average
terpenoid emissions when PAR varied between 300 and 1500 μmol m−2 s−1 compared to the other
varieties, and the average total terpenoid values for Wilhelm ranged from 0.74 to 34.02 μg gdw

−1 h−1,
when PAR ranged from 0 to 1500 μmol m−2 s−1 (Figure 5B). The corresponding emissions from the
other three varieties varied between 0.63 and 19.56 μg gdw

−1 h−1. Thus, Wilhelm had an average
terpenoid emission rate almost twice as high as the second highest (Inger) when PAR peaked. Tora had
lower terpenoid emissions (0.68–13.88 μg gdw

−1 h−1) than the rest of the varieties at all PAR levels,
except at 1500 μmol m−2 s−1, where Ester had the lowest emission rate (11.34 ± 3.85 μmol m−2 s−1).
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Figure 5. Total terpenoid emissions (black squares, μg gdw
−1 h−1, mean + standard deviation, n = 7–16)

and the fraction of isoprene (ISO), MTs and SQTs for different PAR values (μmol m−2 s−1). (A) Tora,
(B) Wilhelm, (C) Ester and (D) Inger.
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Isoprene

Isoprene dominated over the other terpenoids and contributed > 50% of the total terpenoid
emissions for all varieties when PAR was equal to 300 μmol m−2 s−1 or more. Isoprene responded
faster to the increasing light levels for Wilhelm compared to the other varieties, and the response
was significantly higher compared to all the other varieties (Figure 6). Isoprene reached >75% of
the total terpenoid emission rate, already at 150 μmol m−2 s−1, for Wilhelm, and increased to >90%
when PAR varied between 300 and 1500 μmol m−2 s−1 (Figure 5B). The isoprene fraction for Inger
did not change between 300 and 1500 μmol m−2 s−1, and contributed 80–90% of the total terpenoid
emissions. Isoprene emission peaked at 1500 μmol m−2 s−1 for all varieties except Ester, where the
average isoprene emission rate reached a maximum at 1000 μmol m−2 s−1 (Figure 6). At a PAR level of
1500 μmol m−2 s−1, the highest average isoprene emissions were observed for Wilhelm (32.52 ± 33.81
μg gdw

−1 h−1), which was more than three times higher than those for Tora. The fitted curves showed
that Ester and Inger responded in the same way up to circa 450 μmol m−2 s−1. Thereafter, the emission
rates from Ester leveled out faster than the others and approached the isoprene emission rates from
Tora. Values related to the fitted curves can be seen in Table S3.
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Figure 6. Isoprene emission rates (μg gdw
−1 h−1, mean + standard deviation, n = 7–16) and fitted

curves according to Equation (2) for the Salix varieties at different PAR values (μmol m−2 s−1).

Monoterpenes

Tora was the only variety that constantly had increased MT emissions with increasing PAR
(Figure 5A). This trend is mainly due to the light-response for ocimene and linalool, which were the
only MTs that showed light dependence. This light dependence was observed for Tora, Wilhelm and
Inger, but not for Ester (Figure 7). The average emission of ocimene increased at all PAR steps for
Tora (0–2.90 μg gdw

−1 h−1) and Inger (0–1.32 μg gdw
−1 h−1), whereas it reached 0.75 μg gdw

−1 h−1 at
1000 μmol m−2 s−1 for Wilhelm and leveled out thereafter. The light response of ocimene for Tora was
significantly higher compared to for the other varieties. The fitted curves showed that emissions of
ocimene from Wilhelm and Inger responded in the same way up to 450 μmol m−2 s−1, but afterwards,
Inger had a steeper response with PAR than Wilhelm. The average emission of linalool from Tora varied
from 0 to 0.41 μg gdw

−1 h−1, and the light response was significantly higher compared to that for the
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others (Figure 8). The trend for Inger was less clear, even if the average emission rates seemed to level
out when PAR exceeded 1000 μmol m−2 s−1. The MT fraction of the terpenoid emissions had a similar
pattern for the four varieties. As expected, a substantial contribution to the total terpenoid emissions
came from MTs (47–85%) when PAR was equal to 0 μmol m−2 s−1 for all varieties (Figure 5A–D).
When PAR increased to 150 μmol m−2 s−1, Tora and Inger still had a considerable contribution of MT
emissions (41% and 82% respectively), whilst the fractions for Wilhelm and Ester were 14% and 22%,
respectively. At the higher light levels, the MT fraction was mainly <10% due to the light-induced
isoprene emissions, except for Ester at 450 μmol m−2 s−1, and for Tora.
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Figure 7. The light response of ocimene emissions (μg gdw
−1 h−1, mean + standard deviation, n = 7–16)

to different PAR values (μmol m−2 s−1) for the Salix varieties.
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Figure 8. The light response of linalool emissions (μg gdw
−1 h−1, mean + standard deviation, n = 7–16)

to different PAR values (μmol m−2 s−1) for the Salix varieties.

Sesquiterpenes

The emissions of SQTs peaked at both low PAR values (e.g., darkness) and at higher PAR (e.g.,
600 μmol m−2 s−1) among the varieties. Caryophyllene seemed to be influenced by light, but this was
only clear for Inger (Figure 9), as its light response for caryophyllene differed significantly to that for
the other varieties, and the average emissions increased from 0 to 0.14 μg gdw

−1 h−1 when PAR varied
between 0 and 1500 μmol m−2 s−1. The SQT fractions were in general larger for light levels up to
300 μmol m−2 s−1 (Figure 5A–D). When PAR was equal to 0, SQTs contributed 15–53% of the terpenoid
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emission rate. At 150 μmol m−2 s−1, only Tora and Ester showed a significant contribution of SQTs
(34% and 26% respectively) of the total terpenoid emission rate. The contribution from SQTs did not
reach above 16% when PAR values were >150 μmol m−2 s−1. The SQT fraction seemed to decrease
with higher PAR values because of increasing isoprene rates. The highest average emissions of SQTs
for the different light levels reached up to 0.89 (± 0.49) μg gdw

−1 h−1, which was emitted by Ester when
PAR was 150 μmol m−2 s−1. Even the third highest SQT rate (0.76 ± 0.57 μg gdw

−1 h−1 at 450 μmol m−2

s−1) was observed from Ester. Wilhelm emitted lower SQT rates at all light levels, except at zero μmol
m−2 s−1.
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Figure 9. The light response of caryophyllene (μg gdw
−1 h−1, mean + standard deviation, n = 8) to

different PAR values (μmol m−2 s−1) for the Salix varieties.

Net Assimilation (A) and Water Use Efficiency (WUE)

Tora (7.10–17.80 μmol CO2 m−2 s−1), Wilhelm (7.46–17.15 μmol CO2 m−2 s−1) and Inger (7.84–17.29
μmol CO2 m−2 s−1) had a similar A when they were exposed to light (Table 7). The lowest A was
observed for Ester, which varied from 5.36 to 12.19 μmol CO2 m−2 s−1. The WUE was higher for Ester
(10.15–15.08 mmol CO2 mol−1 H2O) at all light levels compared to for the other varieties (5.55–9.53
mmol CO2 mol−1 H2O) and almost twice as high for some PAR values than for the other varieties.
For the highest PAR values, Tora was the variety that had lowest WUE. Thus, the water loss due to
transpiration was larger for Tora compared to for the others when PAR reached 1000 μmol m−2 s−1 or
more. In contrast, the water loss from Ester was only 35–60% of the loss from the other varieties.

Table 7. Upper part: Net assimilation rate (A, μmol CO2 m−2 s−1, mean ± standard deviation, n = 6–14)
at different PAR values (μmol m−2 s−1) for the varieties. Lower part: Water use efficiency (WUE, mmol
CO2 mol−1 H2O, mean ± standard deviation, n = 6–14) at different PAR values.

PAR (μmol m−2 s−1) 150 300 450 600 1000 1500

Tora (μmol CO2 m−2 s−1) 7.10 (1.65) 10.87 (3.12) 13.31 (2.70) 15.00 (3.33) 16.96 (3.34) 17.80 (3.58)
Wilhelm (μmol CO2 m−2 s−1) 7.46 (1.31) 11.24 (1.87) 13.75 (2.84) 14.31 (3.16) 16.98 (4.48) 17.15 (5.71)

Ester (μmol CO2 m−2 s−1) 5.36 (1.02) 8.65 (1.17) 9.84 (1.23) 10.48 (1.66) 12.12 (2.29) 12.19 (3.53)
Inger (μmol CO2 m−2 s−1) 7.84 (2.22) 11.53 (2.93) 13.53 (3.69) 14.49 (3.75) 16.20 (5.33) 17.29 (5.42)

Tora (mmol CO2 mol−1 H2O) 6.67 (5.42) 6.57 (3.30) 6.57 (2.36) 7.69 (4.28) 7.12 (2.68) 6.56 (2.32)
Wilhelm (mmol CO2 mol−1 H2O) 6.81 (4.73) 6.65 (1.67) 8.38 (4.49) 7.45 (1.75) 9.53 (3.89) 8.00 (2.27)

Ester (mmol CO2 mol−1 H2O) 10.15 (8.42) 12.57 (12.64) 11.85 (11.81) 15.08 (11.32) 11.33 (11.49) 12.80 (13.58)
Inger (mmol CO2 mol−1 H2O) 5.55 (2.51) 7.47 (2.89) 8.32 (4.03) 8.45 (3.38) 8.32 (3.72) 8.49 (3.19)

3.2.3. Comparison between Ages

All the younger individuals (T1, W1, E1 and I1) showed higher emission rates of other VOCs
compared to the 1-year-old trees (T2, W2, E2 and I2). Especially, the saplings of variety Ester (E0,
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46.74 ± 1.18 μg gdw
−1 h−1) emitted 19 times more other VOCs than the older trees of variety Ester

(E1, 2.46 ± 0.07 μg gdw
−1 h−1) (Table 8). The high emission rate of other VOCs for E0 is due to

a large contribution from hexanal (4.92 ± 6.53 μg gdw
−1 h−1), furfural (3.07 ± 3.93 μg gdw

−1 h−1),
benzaldehyde (3.20 ± 4.56 μg gdw

−1 h−1), octanal (3.00 ± 4.79 μg gdw
−1 h−1) and acetophenone (2.46 ±

3.97 μg gdw
−1 h−1) (Table S4). Hexanal contributed substantially for W0 (4.23 ± 17.80 μg gdw

−1 h−1),
but less for T0 (1.03 ± 4.88 μg gdw

−1 h−1) and I0 (0.86 ± 1.72 μg gdw
−1 h−1), to the other VOC emissions.

The contribution of octanal to the other VOC emissions was high for T0 (3.15 ± 10.16 μg gdw
−1 h−1) but

less than 0.50 μg gdw
−1 h−1 for W0 and I0. All the measured and the STD emission rates for MTs and

SQTs were higher for the younger than for the older trees, except for Wilhelm (Table 8). Additionally,
for MTs and SQTs, Ester was the variety with largest differences between the ages. The emissions
for E0 were 10–11 times higher compared to E1. Camphene (0.79 ± 3.96 μg gdw

−1 h−1) and limonene
(0.60 ± 1.58 μg gdw

−1 h−1) were the dominant MTs for E0, whereas nerolidol (0.86 ± 1.27 μg gdw
−1 h−1)

was the dominant SQT.

Table 8. Upper part: Measured emission rates (μg gdw
−1 h−1, mean ± standard deviation, n = 24–77)

for isoprene, MTs, SQTs and other VOCs for the different Salix varieties and ages. Lower part: The
standardized (STD) emission rate (μg gdw

−1 h−1, mean ± standard deviation, n = 26–77) for isoprene,
MTs, and SQTs for the different varieties and ages.

Variety Tora Wilhelm Ester Inger

Age of trees 1 2 1 2 1 2 1 2

isoprene 4.21 (7.72) 3.65 (4.93) 14.11 (22.13) 8.53 (14.85) 5.48 (8.36) 6.97 (9.74) 6.61 (9.29) 8.77 (13.26)
MTs 1.80 (0.69) 1.02 (0.39) 0.74 (0.26) 0.95 (0.34) 2.33 (1.43) 0.22 (0.18) 2.52 (1.69) 1.32 (0.64)
SQTs 0.52 (0.33) 0.14 (0.09) 0.16 (0.18) 0.40 (0.37) 1.03 (0.62) 0.09 (0.08) 0.79 (0.35) 0.38 (0.12)

other VOCs 20.91 (1.05) 3.88 (0.14) 20.95 (1.50) 5.87 (0.27) 46.74 (1.18) 2.46 (0.07) 15.70 (0.94) 4.70 (0.13)

STD isoprene 17.22 (27.74) 19.76 (25.75) 52.74 (76.08) 38.38 (57.38) 27.47 (37.64) 24.27 (30.79) 32.27 (44.84) 33.16 (50.22)
STD MTs 5.82 (2.05) 4.50 (1.52) 2.57 (0.81) 4.31 (1.38) 6.36 (3.29) 0.72 (0.05) 6.81 (3.96) 5.30 (0.74)
STD SQTs 3.04 (1.90) 1.10 (0.62) 0.78 (0.79) 2.82 (0.47) 7.37 (4.49) 0.28 (0.05) 5.55 (2.68) 2.17 (0.36)

4. Discussion

Wilhelm was the variety that emitted the highest rate of terpenoids. Most of this emission (circa
90%) came from isoprene. In fact, Wilhelm emitted over three times more isoprene than Tora and almost
twice as much as Ester and Inger. However, when comparing MTs and SQTs, Wilhelm had the lowest
emissions. The average emissions of isoprene and SQTs were almost the same for Ester and Inger.
The pathways of producing BVOCs have been studied and disentangled to a certain extent. Even if it is
not fully understood, studies have shown that there is some linkage between the productions of these
compounds [36,37]. The originating substrates responsible for the end products (e.g., isoprene, MTs
and SQTs) are shared and divided into the separate pathways, which could be one of the explanations
why Wilhelm emits lower amounts of MTs and SQTs, but more isoprene. The average T and PAR
values within the chambers were almost the same for the varieties, indicating that the different emission
rates among the varieties are related to other differences in the environment, or genetic variation.
Genetic diversity was concluded by van Meeningen et al. [30] to be more important than, e.g., local
growing conditions, when studying spruce BVOC emissions. Hence, for one specific species, the BVOC
emission rates can differ among the varieties or clones. This difference is not always accounted for in
models and should not be discarded when improving modelling for upscaling BVOC emissions.

The A was similar for Tora, Wilhelm and Inger (circa 13.5 μmol CO2 m−2 s−1), reflecting that they
are equally good at biomass production in the prevailing conditions in this study. Ester had circa 25%
lower A, showing less productivity than the others. Despite the lower A, Ester showed a better ability
to utilize water for producing biomass when photosynthesis occurred. The values of WUE related
to Ester were up to twice as large compared to the others for some PAR values, which means that
Ester lost less than 40% of the water. Therefore, Ester is more suitable for hot and dry climates and it
outcompetes the other varieties in regions warmer and drier than southern Sweden. The maximum A
for Salix trees has been reported to range from 20 to 30 μmol CO2 m−2 s−1 [38]. The varieties in this
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study had, in general, lower A, but they were able to assimilate more than 20 μmol CO2 m−2 s−1 when
PAR reached 1000 or 1500 μmol m−2 s−1.

As expected [31,34,39–41], isoprene increased with increasing PAR levels. Studies have also
shown that the emission rates of isoprene have a hyperbolic relationship with PAR [34,40,42,43]. Tora,
Ester and Inger showed a similar trend, where the emission rates levelled out for the higher light
levels. Ester was the only variety that peaked at 1000 μmol m−2 s−1. Since no obvious damages could
be seen on the leaves, this result indicates that the leaves belonging to Ester were saturated at lower
light levels and could not utilize and respond to the highest PAR level like the other varieties. On the
other hand, isoprene emission from Wilhelm continued to increase and showed no trend towards
levelling out. Even though Wilhelm and Tora share similar ancestors from the breeding program, Tora
is closer to Ester and Inger when it comes to isoprene emission. The photolysis of BVOCs and NOx can
lead to the production of O3 and PAN [44,45], which are harmful for humans and vegetation at high
concentrations [46–49]. Isoprene has been shown to be able to increase O3 and PAN [44,50], which
makes Wilhelm less preferable in high-NOx environments compared to the other varieties. A major
part of land cover in Sweden is boreal forest, whereof most is spruce (Picea abies) and pine (Pinus
sylvestris). Isoprene emission from these species is much lower compared to that from Salix [11,30].
In the Southern part of Sweden, the common land cover is farmland. Commercial crops growing on
agricultural areas in Sweden, such as wheat, also emit significantly lower rates of isoprene [11,23].
Hence, a land cover change from the traditional species to Salix plantations could alter the regional
atmospheric chemistry leading to, e.g., increased levels of O3. However, isoprene-emitting plants
seem to tolerate O3 better than other non-isoprene emitting plants, and in this sense, varieties such as
Wilhelm may be more resistant if growing in areas with high prevailing O3 concentrations [51–53].

The monoterpene ocimene was emitted by all varieties, but at different rates. For Tora, Wilhelm
and Inger, ocimene contributed circa 25–69% of the total MT emissions, whilst it was a minor compound
for Ester. Ocimene and linalool were the only MTs which showed light dependency in Tora, Wilhelm
and Inger, but not in Ester, likely due to being emitted only in very low amounts. In Tora and Inger,
ocimene emission did not show any clear indication of leveling out, even at the highest measured PAR
values. Wilhelm, on the other hand, did not increase the emission of ocimene much after 1000 μmol
m2 s−1, and linalool seemed to level out for Tora and Wilhelm when PAR was above 1000 μmol m2

s−1. To date, no study has reported a light dependent relationship for MT emissions from willow
trees, because the focus of most studies has been on isoprene. Monoterpenes can be important for
generating secondary organic aerosols [54–57]. Since Ester was the only variety that did not increase
MT emissions with increasing light, this variety might be more suitable near urban regions with more
solar irradiance to avoid impaired air quality.

Nerolidol was the most dominant SQT and, together with humulene, constituted 75% or more of
the total SQT emissions. Ester and Inger emitted approximately the same amounts of SQTs. Both of
these varieties are female hybrids suitable for warm climates, and Ester also originates from Inger,
which probably explains the similarities. However, the fractions of the emitted BVOCs differed.
For example, no camphene was emitted by Inger, while camphene contributed almost one third of the
MT emissions of Ester. In addition, Inger was the only variety that had a clearly increased emission
rate of caryophyllene when light availability increased.

Saplings emitted approximately 3–19 times more other VOCs than the trees that were 1-year-old.
Younger plants are more vulnerable than mature ones, and one way to strengthen their survival could
be to emit more BVOCs [58]. Tora, on plot 3, which had the same growing season as the saplings,
emitted lower rates of other VOCs than the one year old Tora on plot 1, but higher than the saplings
belonging to Tora on plot 2. The root system on plot 3 was established in 2003, which can be one reason
why they differed in comparison to the saplings, since they had already a developed root system and
trunk. The ratio between other VOCs and isoprene emission changed according to the aging of the
trees. At the beginning of the season, the fraction of other VOCs exceeded the fraction of isoprene,
but at the end of the season, the opposite was seen.
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Compounds other than isoprene and MTs are rarely reported in studies on Salix trees, and only
low emission rates have been observed for these compounds in the few studies that have [22]. However,
the results of this study show that they should not be discarded, at least not for saplings. Hexanal,
which was the most emitted other VOC, has been reported as an important compound in abiotic and
biotic stress [59–61]. Irrespectively, the reason why leaf beetles attacked all of the other varieties but not
Ester is unclear. No unique compound emitted by Ester was found. Benzaldehyde and xylenes have
been reported as stress-induced compounds in trees [62]. Even though the emissions of compounds
such as benzaldehyde, furfural, p-cymene, camphene and nerolidol were higher from Ester compared
to from the other varieties, the major contributions to these emission rates were observed from the
saplings belonging to Ester and not from the 1-year-old trees. Therefore, one suggestion why the insects
avoid Ester could be that this variety has compounds or other substances stored within their leaves
that are not emitted unless the surface layer is broken, making Ester less attractive for leaf beetles.

The average standardized isoprene emission for the whole season (33.21 ± 53.43 μg gdw
−1 h−1)

is in line with other studies that have measured emissions from Salix trees [11,23]. It is hard to
make a straightforward comparison since the methods, soil, adaptation to local growing conditions,
age and different clones are likely to affect the emissions, and all these pieces of information are seldom
presented in studies. Wild growing Salix species will also probably have different emission rates
compared to commercial managed species. According to Morrison et al. [23], standardized isoprene
emission from Salix trees can be more than 100 μg gdw

−1 h−1 but many emission rates range from 20 to
50 μg gdw

−1 h−1.
The standardized average MT emission rate was 4.40 ± 2.05 μg gdw

−1 h−1. The time of the year has
been shown to influence the emission rate, and other studies have reported that Salix trees are prone to
emit higher concentrations of MTs when they recently have had their bud break [23,63]. The study
done by Ghelardini et al. [64] showed that the day of bud burst for Salix can vary between seasons,
and differ for different varieties [65]. For the trees studied in Ghelardini et al. [64], it took up to 260
degree days of T > 0 ◦C since the first of March to have a bud burst. This value was reached by the
middle of April for plots 1 and 2, and by the end of April for plots 3 and 4, when counting degree
days in the same way as in their study. The first campaign in this study was started by the end of
May for plots 1 and 2, and in the middle of June for plots 3 and 4, which makes it unlikely that the
observed emissions included any enhanced emissions of MTs close to the bud break. Besides, saplings
planted on plots 2 and 3 had developed their leaves before they were put in the ground, and therefore,
no elevated MT emissions were expected from them due to the changing processes during bud break
and leaf development.

The sesquiterpenes were the group that contributed least to the total BVOC emissions.
The standardized emissions were 2.51 ± 2.03 μg gdw

−1 h−1. Sesquiterpenes are, in general, less
studied when measuring emissions from Salix. Toome et al. [66] observed emissions of α-copaene,
(E,E)-α-farnesene and α-murolene from rust-infected leaves, but not from control leaves. Emissions of
α-copaene and α-farnesene have also been seen for wild growing Salix species [67]. α-farnesene was
emitted from all varieties in this study, but no visible sign of rust was seen from the measured leaves.

5. Conclusions

In this study, four different Salix varieties (Tora, Wilhelm, Ester and Inger) were studied in southern
Sweden. The emissions of BVOC, net assimilation rates and water use efficiency were compared.
The varieties were exposed to similar light levels in the leaf chambers to be able to focus on the variation
between the varieties.

The measured isoprene emissions from Wilhelm were three times higher than those from Tora,
a genetically related species, but this difference was not statistically significant. This outcome
emphasizes the complexity behind BVOC emissions, and plants that are more closely related do not
necessarily respond in the same way. To be able to fully understand emissions of BVOCs, factors
as production pathways, the environment and stress factors need to be taken into account. These
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parameters are preferably studied in laboratory experiments rather than out in the field. The results
from this study show that Tora is a low emitter of isoprene, and it is suggested to be the best candidate
near polluted areas, where the potential for, e.g., O3 formation is higher. Tora, Wilhelm and Inger had
equally good A, and are consequently all suitable for growing as SRC in southern Sweden or similar
climatic environments. Ester, which had lower A but higher WUE than the others, might be more
appropriate in warm and dry areas. A clear difference was observed for the non-terpenoid emissions
when comparing tree ages. Saplings emitted rates several times higher than those from the one year
old trees. Particularly, the average emissions of hexanal were high, but benzaldehyde and octanal also
showed higher rates for some of the young varieties, which may strengthen the defense system for the
more sensitive younger trees [58–60].

Even if the outcomes from this study are related to local environmental issues, they need to be
considered from a broader perspective. These kinds of biofuel plantation exist in many places in
Europe, which could affect the environment for many people if the plantations are close to polluted
areas. In addition, since BVOCs also act as precursors to SOA and cloud formation, they will likely
have a regional impact as well [54,68,69]. Finally, the results from this study point out that both
variety and age should be considered in modelling when scaling up BVOC emissions to better estimate
regional budgets.
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used for the fitted curves in Figures 6–9. Table S5: Emissions of BVOCs for first growing season trees.
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Table S1. Plot type, size (ha), previous land use, canopy height (m), soil type and content, varieties, 
establishment, last harvest and age (months.) for the trees. 

 
Plot 1 Plot 2 Plot 3 Plot 4 

Type field trial field trial 

biofuel 

plantation 

biofuel 

plantation 

Plot size 0.07 ha 0.07 ha 5 ha 9 ha 

Formerly used 

for Salix cereals, beets and rapes Salix Salix 

Canopy height1 4.5 m 1.5 m 2.5 m 1-1.5 m 

Soil type2 loam loam clay loam silty clay loam 

Clay content2 18% 24% 34% 36% 

Silt content2 34% 36% 45% 46% 

Organic content2 0% 0% 0% 0% 

Varieties Tora, Wilhelm, Ester and Inger Tora, Wilhelm, Ester and Inger Tora Wilhelm 

Established 2013 2017 2003 2017 

Last harvest 2016 - 2017 - 

Age of the trees 1 months 0 months 0 months 0 months 

1Average canopy height and age for the varieties at the last campaign at each plot. 
2Taken from SGU, http://maps-test.sgu.se:8080/TestSguMapViewer2/kartvisare-lerhaltskarta-sv.html (2019-03-07). 
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Figure S1. Experimental setup of leaf chamber system. To the right on the top of the tripod, the leaf 
chamber is attached and connected to the portable photosynthesis system (LI-6400) to the left. BVOC-
sampling was done by taking a sub-sample of 200 ml/min of air leaving the leaf chamber using 
adsorbent tubes filled with Tenax TA and Carbograph with a small flow regulated pump. 

 

 

Figure S2. Total ion chromatogram sequence from a sample in GC-MS instrument where some of the 
most abundant peaks are identified. This measurement was take on Inger at PAR 1500 μmol m2 s-1 
and chamber temperature 19.5 oC. 
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Figure S3. Total ion chromatogram sequence from a background sample in GC-MS instrument. Only 
bicyclo[3.1.0]hexane, 6-methylene- and cyclotrisiloxane, hexamethyl- had enough abundance to be 
detected in ChemStation. 
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Figure S4. Thermopluviogram for plot 1 and 2 (A), and 3 and 4 (B). Values on y- and x-axis are the 
relative difference for precipitation, ∆RR (%), and temperature, ∆T (oC), for each month (January–
September) in 2017 compared to the average monthly values between 1987–2016 (for T plot 1–4 and 
precipitation plot 1 and 2) and 1992–2016 (for precipitation plot 3 and 4). Data is taken from SMHI. 

 

Table S2. Average values for ambient T (oC), T inside the leaf chamber, ambient PAR (μmol m-2 s-1) 
during the measurements and growing degree days (GDDs, oC) for each day when measurements 
were done. No values of ambient T and PAR could be recorded on site 1 on 29 May (x) because of 
battery failure. No PAR was measured on 15 June (-) on site 3. 

Plot 1 29 May 31 May 5 July 6 July 22 July 25 July 28 Aug 29 Aug 

Ambient T (oC) x 13.9 18.5 19.8 20.6 18.8 19.8 23.2 

Chamber T (oC) 16.0 15.0 17 19.0 20.0 19.5 17.5 22.9 
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Ambient PAR 

(μmol m-2 s-1) x 471 1344 1474 1085 417 1019 1132 

GDDs1 (oC) 335.6 348.3 757.9 768.9 957.1 993.9 1424.8 1437.0 

Plot 2 2 June 5 June 9 July 10 July 26 July 28 July 30 Aug 31 Aug 

Ambient T (oC) 19.0 18.6 20.1 21.0 21.7 20.9 19.9 16.6 

Chamber T (oC) 18.0 18.2 18.3 20.0 19.3 20.0 20.9 16.8 

Ambient PAR 

(μmol m-2 s-1) 891 1235 1393 801 1015 1281 324 206 

GDDs1 (oC) 380.7 409.5 792.1 805.4 1005.5 1033.5 1450.2 1465.2 

Plot 3 15 June 15 July 15 July 1 Aug 1 Aug 7 Sep   

Ambient T (oC) 20.9 22.3 22.3 21.6 22.0 16.3   

Chamber T (oC) 20.2 20.9 21.0 20.9 21.0 14.0   

Ambient PAR 

(μmol m-2 s-1) - 1363 1350 1194 1218 801   

GDDs1 (oC) 386.1 708.0 708.0 896.4 896.4 1263.3   

Plot 4 13 June 28 June 28 June 12 July 13 July 14 July 2 Aug 5 Sep 

Ambient T (oC) 19.3 22.6 22.6 21 21.6 23.0 20.6 15.7 

Chamber T (oC) 19.2 21.3 20.7 19.5 21.1 20.9 19.8 15.0 

Ambient PAR 

(μmol m-2 s-1) 902 1112 1100 1061 1339 1389 919 177 

GDDs1 (oC) 365.0 526.8 526.8 677.7 688.8 697.5 908.5 1245.3 

1GDDs was calculated as Σ[(Tmax+Tmin)/2 - Tbase] for each starting from 1 jan 2017. Tbase = 5 oC and if (Tmax+Tmin)/2 

< 0, then (Tmax+Tmin)/2 - Tbase = 0. 

 

Table S3. Values used for the fitted curves in figure 6–9. Es is STD emission rate (μg gdw-1 h-1), CT is 
correction factor for temperature described by eq. 4, α and CL1 are coefficient used in eq. 3 and R is 
Pearson’s correlation coefficient for the curves. No emission of caryophyllene (-) was observed for 
Wilhelm. 

 isoprene ocimene 

 Tora Wilhelm Ester Inger Tora Wilhelm Ester Inger 

Es 20.4 95.1 41.5 98.1 9.0 13.9 0.2 8.6 

CT 0.2416 0.2416 0.2384 0.2416 0.2416 0.2416 0.2384 0.2416 

α 0.0004 0.0004 0.002 0.0006 0.0002 0.0005 0.0002 0.0001 

CL1 3.91 2.73 1.23 1.15 4.49 0.47 3.73 4.37 

R 0.983 0.985 0.987 0.992 0.995 0.987 0.972 0.988 

 linalool caryophyllene 

 Tora Wilhelm Ester Inger Tora Wilhelm Ester Inger 

Es 0.9 0.7 0.1 0.1 0.1 - 0.1 1.7 

CT 0.2416 0.2416 0.2384 0.2416 0.2416 0.2416 0.2384 0.2416 

α 0.0009 0.0012 0.05 0.0013 0.0001 - 0.05 0.0005 
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CL1 2.44 1.56 0.55 3.13 4.57 - 0.82 0.62 

R 0.979 0.981 0.296 0.897 0.951 - 0.294 0.978 

 

Table S4. The 20 most abundant identified BVOCs (μg gdw-1 h-1, mean ± standard deviation, n = 24–50) 
for the different varieties and the first growing season trees. 

T1 (plot 2) T1 (plot 3) 

octanal 6.85 (14.40) isoprene 5.02 (9.60) 

isoprene 3.10 (4.55) acetophenone 2.11 (4.76) 

hexanal 2.32 (7.11) ocimene 1.48 (2.12) 

tridecane 1.44 (2.46) benzaldehyde 0.73 (1.31) 

heptanal 0.98 (2.77) nonanal 0.42 (0.96) 

ocimene 0.97 (1.04) 2-cyclopenten-1-one 0.29 (0.73) 

1-hexanol, 2-ethyl- 0.89 (1.47) nerolidol 0.24 (0.41) 

benzaldehyde 0.83 (1.96) linalool 0.22 (0.33) 

decanal 0.80 (1.21) octanal 0.19 (0.54) 

2-heptanone 0.79 (1.56) 2,5-cyclohexadiene-1,4-dione, 2,6-bis(1,1-dimethylethyl)- 0.17 (0.29) 

2-hexanone 0.73 (1.87) phenol 0.16 (0.30) 

furfural 0.67 (2.01) o-xylene 0.14 (0.22) 

nerolidol 0.59 (0.76) p-xylene 0.13 (0.32) 

tetradecane 0.56 (0.83) 2-pentanone 0.13 (0.33) 

pentanoic acid, 2-ethylhexyl ester 0.55 (0.82) furfural 0.13 (0.34) 

o-xylene 0.51 (1.04) 2-cyclohexen-1-one 0.12 (0.28) 

p-xylene 0.46 (0.47) α-humulene 0.12 (0.28) 

limonene 0.45 (0.71) hexanoic acid, 2-ethyl- 0.12 (0.25) 

acetic acid, butyl ester 0.45 (1.09) cis-3-hexenyl 0.11 (0.23) 

2-cyclopenten-1-one 0.44 (0.90) 2-heptanone 0.11 (0.30) 

W1 (plot 2) W1 (plot 4) 

isoprene 10.58 (18.47) isoprene 16.01 (23.65) 

acetophenone 2.37 (3.76) hexanal 6.36 (21.95) 

nonanal 1.78 (3.72) 2-pentanone 0.86 (3.94) 

octanal 1.27 (2.38) phenol 0.55 (0.83) 

1-hexanol, 2-ethyl- 1.13 (1.68) nonanal 0.38 (0.45) 

tridecane 0.80 (1.61) acetophenone 0.36 (0.51) 

decanal 0.77 (1.28) ocimene 0.35 (0.72) 

benzaldehyde 0.66 (1.08) benzaldehyde 0.31 (0.98) 

pentanoic acid, 2-ethylhexyl ester 0.65 (1.21) decanal 0.29 (0.38) 

phenol 0.63 (0.80) 3-pentanone, 2-methyl- 0.27 (1.21) 

phenylmaleic anhydride 0.45 (0.70) tetradecane 0.27 (0.32) 

2-heptanone 0.44 (0.85) tridecane 0.22 (0.29) 

hexanal 0.44 (1.05) p-xylene 0.20 (0.55) 

o-xylene 0.42 (0.67) pentanoic acid, 2-ethylhexyl ester 0.20 (0.31) 

tetradecane 0.39 (0.81) nerolidol 0.16 (0.45) 



Atmosphere 2020, 11, x FOR PEER REVIEW 7 of 7 

7 
 

furfural 0.39 (0.99) bicyclo[3.1.0]hexane, 6-methylene- 0.10 (0.19) 

undecane 0.34 (0.57) linalool 0.10 (0.27) 

ocimene 0.33 (0.48) o-xylene 0.09 (0.17) 

benzoic acid 0.32 (0.61) pentadecane 0.08 (0.17) 

2-cyclopenten-1-one 0.31 (0.60) phenylmaleic anhydride 0.07 (0.33) 

E1 I1 

isoprene 5.48 (8.36) isoprene 6.60 (9.29) 

hexanal 4.92 (6.53) limonene 1.61 (5.55) 

benzaldehyde 3.20 (4.56) benzaldehyde 0.90 (1.13) 

furfural 3.07 (3.93) hexanal 0.83 (1.72) 

octanal 3.01 (4.79) pentane, 2-methyl- 0.73 (3.10) 

acetophenone 2.46 (3.97) furfural 0.70 (1.42) 

2-cyclopenten-1-one 1.07 (1.56) phenol 0.56 (0.74) 

nonanal 0.95 (1.61) 1-hexanol, 2-ethyl- 0.47 (0.33) 

2-hexanone 0.88 (1.22) nerolidol 0.43 (0.69) 

nerolidol 0.86 (1.27) decanal 0.36 (0.33) 

p-xylene 0.85 (1.96) octanal 0.35 (0.56) 

phenol 0.82 (1.20) nonanal 0.33 (0.59) 

heptanal 0.80 (1.11) p-xylene 0.30 (0.62) 

camphene 0.79 (3.96) hexanoic acid, 2-ethyl- 0.27 (0.35) 

o-xylene 0.75 (1.16) propanoic acid, 3-ethoxy-, ethyl ester 0.25 (1.17) 

1-hexanol, 2-ethyl- 0.73 (0.72) β-pinene 0.23 (0.61) 

2-heptanone 0.70 (0.99) butane, 2-methyl- 0.23 (0.26) 

2-pentanone 0.66 (0.95) o-xylene 0.21 (0.42) 

limonene 0.60 (1.58) γ-terpinene 0.20 (0.75) 

hexanoic acid, 2-ethyl- 0.57 (0.98) α-humulene 0.18 (0.32) 
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Abstract: A large portion of atmospheric aerosol particles consists of secondary material produced
by oxidation reactions. The relative importance of secondary organic aerosol (SOA) can increase with
improved emission regulations. A relatively simple way to study potential particle formation in the
atmosphere is by using oxidation flow reactors (OFRs) which simulate atmospheric ageing. Here we
report on the first ambient OFR ageing experiment in Europe, coupled with scanning mobility particle
sizer (SMPS), aerosol mass spectrometer (AMS) and proton transfer reaction (PTR)-MS measurements.
We found that the simulated ageing did not produce any measurable increases in particle mass
or number concentrations during the two months of the campaign due to low concentrations of
precursors. Losses in the reactor increased with hydroxyl radical (OH) exposure and with increasing
difference between ambient and reactor temperatures, indicating fragmentation and evaporation of
semivolatile material.

Keywords: oxidation flow reactor; secondary organic aerosol; ambient aerosol; PAM

1. Introduction

Submicron particle mass is often dominated by secondary material formed from atmospheric
oxidation of both organic and inorganic precursors [1,2]. Despite major research advances in the
fields of atmospheric organic chemistry and secondary organic aerosols (SOA) during the last decade,
knowledge and understanding is far from complete [3–5]. Knowledge gaps include speciation and
the chemical and physical processes governing both formation and removal of SOA mass. Organic
precursors (volatile organic compounds, VOCs) are emitted from both anthropogenic and biogenic
sources, while inorganic sources are mainly anthropogenic.

In recent years, several research groups have employed oxidation flow reactors (OFRs) to study
secondary aerosol particle properties. The most common OFR to date is the potential aerosol mass
(PAM) reactor. High oxidant concentrations and a continuous flow enables faster experiments and
higher degree of oxidation. OFRs have proved valuable as an alternative or complement to the
traditionally used large smog chambers [6,7]. Although mobile smog chambers exist [8], they are not
portable in the same way as an OFR. By deploying OFRs at field sites, ideally with complimentary

Atmosphere 2019, 10, 408; doi:10.3390/atmos10070408 www.mdpi.com/journal/atmosphere
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gas phase measurements, the potential aerosol formation of the ambient atmosphere can be studied
directly, thereby overriding some of the difficulties in translating simplified laboratory experiments
to atmospheric implications. To date, only a handful of such field deployments target ambient air,
as opposed to a specific emitter (such as vehicles or biomass burning), have been performed. Since
the ambient aerosol is always aged to a certain extent, less pronounced particle production can be
expected in environments far away from precursor sources. Most campaigns have seen a net mass loss
at the highest OH exposures, consistent with laboratory measurements [7], which is interpreted as
a shift from functionalization to fragmentation of SOA precursors. In urban areas, Ortega et al. [9]
measured organic mass enhancement factors in Los Angeles of around 1.3 during days and 1.8 during
night-time, while George et al. [10] saw significant oxidation but little or no mass enhancement in
downtown Toronto. In a pine forest in Colorado, dominated by biogenic sources, the SOA mass
enhancement scaled with measured monoterpenes, although OH induced oxidation of unmeasured
semi- or intermediate volatility organic compounds was needed to explain the formed mass [11,12].
Similarly to the Los Angeles study, the enhancement was larger at night-time. Using a different reactor,
Slowik et al. [13] saw significant losses of organics in a remote Canadian forest influenced by biogenic
sources, which they attributed to a volatilization from an increased temperature and OH oxidation. In
central Amazonia, Palm et al. [14] again saw maximum enhancement at night-time, while daytime
oxidation produced much less SOA, especially during the wet season. Kang et al. [15], measuring in
the Yellow Sea, saw net losses of organics but an increase in sulphate aerosol mass. With OFRs now
being produced commercially, these types of measurements can be expected to become more frequent.

Here we report, to the best of our knowledge, the first ambient OFR campaign in Europe. Ambient
aerosol measurements, alternating through a PAM OFR, were performed during July and August
of 2015 at a willow (Salix viminalis) bioenergy plantation in southwestern Sweden. We aimed to
study the aerosol formation potential of background air at a rural site, as well as the influence of the
fast-growing energy crops. We compare the results to previous literature and discuss correlations
between the (lack of) enhancement with temperature, wind and ambient aerosol levels. The sensitivity
of ambient OFR measurements, expressed as required precursor concentration and yield as a function
of ambient condensation sink, is also estimated.

2. Experimental Methods

2.1. Campaign Site and Set-Up

The measurement site located in Skrehalla (58◦17′N, 12◦46′ E) is surrounded mostly by arable land.
It is about 80 km north–east of Gothenburg (580 k inhabitants), 30 km to the nearest city (Trollhättan,
49 k inhabitants) and 10 km to three smaller villages (1–3 k inhabitants). A major road from Gothenburg
to Stockholm is located 10 km southeast of the site, with around 10 k vehicles per day at the nearest
section during summer (accessed on 22 September 2017. Available online: http://vtf.trafikverket.se/).
The Salix plantation, about six hectares, was in its third growing season at the time of the campaign
and more than two meters tall. Measurements took place during July–August 2015. Meteorological
data was retrieved from the SMHI (Swedish Meteorological and Hydrological Institute) station in
Hällum, 16 km to the east of the measurement site.

All instruments were placed in an air-conditioned laboratory container. The inlet consisted of
quarter inch annealed 316(L) stainless steel tubing and a funnel installed to sample upwards, just above
the salix canopy. The flow through the inlet was 6.3 lpm (assumed laminar flow with an approximate
Reynolds number of 2100), and tubing length was about 4.5 m which gives a residence time in the inlet
tubing of 0.6 s. The instruments were checked remotely, but also serviced once a week. Data from a
total of 27 days were analyzed.
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2.2. Instrumentation

PAM reactors have been extensively used and characterized during the last years [16–19].
The version used is a 13 l aluminum cylinder with two UV lamps (peak intensities at 185 and
254 nm) mounted inside to produce ozone and hydroxyl radicals from oxygen and water. The OH
exposure was calibrated offline in a laboratory environment, using the decay of 2 ppb SO2. OH
exposure during field measurements was calculated using a parameterization from the calibration and
measured absolute humidity and ozone. OH exposure during the campaign was mostly in the range
1 × 1011–1 × 1012 molecules cm−3 s. In order to scan OH exposure and potential particle formation, the
voltage across the lamps was automatically changed in steps according to a programmed schedule.
Flow through the reactor was 5 lpm. Sampling through the reactor during 60 min was alternated by
20 min of ambient sampling. During analysis, the first ten minutes of reactor sampling and first five
minutes of ambient sampling were not considered, in order to give flows time to stabilize.

A scanning mobility particle sizer (SMPS, [20]) and a high-resolution time-of-flight aerosol mass
spectrometer (AMS from here on, [21]) were used to monitor particle characteristics. The SMPS,
consisting of a DMA (TSI 3071) and a CPC (TSI 3775), was used to measure the number size distribution
of particles between 11–600 nm in electrical mobility diameter, while the AMS measured chemically
resolved mass concentrations in the approximate range 50–1000 nm (vacuum aerodynamic diameter)
with less than 100% transmission at the low and high end of the size spectrum. Although ambient
number concentrations apparently approached zero at the high end of the SMPS mass spectrum
(Figure S1), a small number of large particles (likely measurement artefacts) distorted the volume size
distribution. The error in number concentration from this distortion is negligible and relative changes
in volume are not affected, but the absolute volume measurements are likely overestimated by on
average 20%. Due to the low mass concentration of Aitken mode particles, the AMS lens penetration is
not believed to have been an issue. In order to measure dry aerosol particles, a Permapure drier was
installed between the OFR and the SMPS and AMS. The AMS ionization efficiency was calibrated three
times during the campaign. The airbeam signal and linear interpolations between these calibrations
were used to correct the data.

A proton transfer reaction-time of flight-mass spectrometer (PTR-TOF-MS 8000; Ionicon Analytik
GmbH, Innsbruck, Austria) was used to monitor ambient VOC concentrations during the experiment.
The PTR-TOF-MS uses a soft ionization technique to protonate VOC in ambient air, and reaction
products are mass-discriminated through a time-of-flight detection unit with a typical mass resolution
of 4000 m/Δm [22,23]. The instrument was operated in a laboratory trailer and ambient air from above
the plantation was sampled at a height of 4.7 m a.g.l. through a ca. 30 m long heated PFA inlet (1/2”
OD, PFA-T8-062, Swagelok, OH, USA) with a high flow rate (20 lpm) from which the PTR-TOF took
a subsample of 200 mL min−1. SO2 was measured using a UV fluorescent monitor (Environnement
S.A AF22M). The concentration was, however, at all times close to or below the detection limit of the
monitor with a campaign average of 0.1 ppb. This data was not analyzed further.

2.3. Analysis

Particle losses in the reactor were calculated using a three day period with the UV lamps turned
off, by taking the ratio of the reactor to ambient measurements. The ambient value was calculated
using an average before and after the reactor measurements. The average SMPS volume losses were 6 ±
6% (1σ) and AMS mass losses was 4 ± 4% (1σ). The losses were somewhat size-dependent (Figure S1),
but given the low correction and largely similar volume size distribution during the campaign (volume
geometric mean diameter 249 ± 38 nm, 1σ), the average values were used to correct the reactor output
data. Particle losses in the inlet tubing and reactor bypass were assessed using the Max Planck Particle
Loss Calculator [24]. The effect on total volume of this correction was relatively small and stable
during the campaign (4.4 ± 0.6%, 1σ). Gas phase losses in the reactor were considered using the
model first published in Palm et al. [11] (Figure S2). This model was used to calculate the fate of
low-volatile organic compounds (LVOCs) by comparing four competing loss rates, walls of the reactor,
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fragmentation (assumed after reacting with OH five times), condensation onto particles and exiting
the reactor. Wall loss rate, coefficient of eddy diffusion and reaction rate with OH were all similar to
those in the original paper (see Figure S2 caption).

A collection efficiency (CE) of 1 for the AMS was assumed after comparison with the SMPS
volume concentration. The CE parameterizations of Middlebrock et al. [25] were assessed and resulted
in a CE close to 0.5. Changes from the default value where mostly due to acidity effects. Since sulphate
relative ionization efficiency (RIE) was not calibrated in this campaign, which can give an inaccurate
ammonium ion balance, this parameterization method was deemed uncertain. The data was instead
compared to the volume of the SMPS measurements. The volume was converted to mass using an
organic density of 1.4 g cm−3 and inorganic density of 1.75 g cm−3. As seen in Figure S3, the AMS and
calculated SMPS mass concentrations fall roughly on a 1:1 line, except for an offset of ~0.5 μg m−3 in
the SMPS data corresponding to the measurement artefact at large diameters. Figure S3 also shows
that there was no difference between OFR and ambient CE (implying that the CE only affects absolute
values and not the ratio between reactor and ambient values). The SMPS was regularly checked and
serviced but no comparisons to other instruments were made. Although uncommon, CE = 1 have been
previously seen [11], and was not investigated further. In order to calculate organonitrates, the nitrate
fragmentation pattern in the AMS was analyzed according to the procedure of Farmer et al. [26]. The
elemental ratios was calculated using the “improved-ambient” parameterization [27].

The PTR-ToF-MS raw data was analyzed with the PTR-wid software [28] that provides peak
detection, a mass scale calibration, and a unified mass list to analyze and convert long-term data
sets into mixing ratios. While the analyzing software applies a typical mass dependent transmission
function [29,30], the instrument was calibrated against a gas standard mixture (Ionicon Analytik
GmbH, Innsbruck, Austria) including e.g., methanol, acetaldehyde, acetone, isoprene, benzene,
toluene, o-xylene and α-pinene several times before, during and after the experiment. Thus, for those
compounds used in this study the instrument was directly calibrated against those gas standards. The
instrument background was measured three times per day automatically for 30 min each, and readings
were corrected for this.

3. Results and Discussion

Accounting for reactor losses, OFR processing led to net losses (1−COFR/CAmbient) of 7.5% ± 7.1
(1σ) in SMPS volume concentration and 9.8% ± 10.4 (1σ) in AMS mass concentration. The ambient
particle properties were relatively stable during the two months of measurements. The average number
concentration was 2100 ± 850 (1σ) and AMS pm1 was 2.8 ± 1.7 (1σ) μg m−3. Particles were dominated
by organics (63% ± 13, 1σ) and sulphate (26% ± 10, 1σ). A time series of ambient SMPS number and
volume concentrations and AMS fractional composition, covering the entire campaign, is shown in
Figure S4. Winds were predominantly from the south and southwest (54% of the time). The number
mode was mostly below 100 nm, while the volume geometric mean diameter was 249 ± 38 nm (1σ).

An example of a typical time series is seen in Figure 1, with reactor measurements on light blue
background. As expected, the oxidizing environment lead to an increased O:C and decreased H:C
ratio, with campaign averages H:C and O:C ratios of 1.47 ± 0.07 (1σ) and 0.68 ± 0.08 (1σ) (OSC =

−0.11) for ambient measurements and 1.39 ± 0.08 (1σ) and 0.84 ± 0.11 (1σ) (OSC = 0.30) for reactor
measurements. SMPS number and volume concentrations were consistently higher during ambient
measurements, and the AMS shows that the losses were composition dependent (note that nitrate and
ammonium was increased by a factor of five in the figure). Total losses were dominated by organics
while sulphate was not substantially affected by the reactor. This indicates that the losses were due to
volatilization by a temperature gradient or heterogeneous fragmentation, or both. Figure 2 shows the
absolute difference between reactor and ambient AMS nominal organic mass peaks. Most fragments
decrease in a proportional manner to their ambient concentration. The fragment CO2

+ (m/z 44), and
fragments related to it (m/z 28 and 18), were not lost in the same manner and played a dominant
role in the difference between the two measurements. An m/z ratio of 44 is generally related to a
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higher degree of oxidation, but also to a lower volatility, which again are hard to separate. However,
the fact that the reactor output at times had higher concentrations of CO2

+ points to the fact that
the aerosol was oxidized and that temperature driven evaporation was not the only driving force.
Although very low during the campaign, significant losses of nitrate were measured in the reactor.
Ammonium nitrate is known to evaporate, but the nitrate present as organonitrates was high for both
ambient and reactor measurements with campaign average fractions of 0.80 and 0.96 respectively.
Similar to previous OFR field measurements, the ratio of reactor/ambient organics is dependent on OH
exposure [9,11]. Figure 3 shows that the organic losses increase with OH exposure. It is however hard
to quantify the relative contribution from temperature and fragmentation effects, since the temperature
in the OFR can be expected to increase with higher lamp intensities, and loss of the most volatile
compounds most likely affects the elemental ratios in a similar manner in both cases. However, in a lab
environment, the temperature increase in the reactor was measured to be below 2 ◦C at an OH exposure
of 7 × 1011 molecules cm−3 s and a room temperature of 22 ◦C. This moderate increase in reactor
temperature would not evaporate much of the particle mass, but the reactor has a longer residence
time than the bypass sampling line which increases the time the aerosol spends in the air conditioned
room before being measured. Although there were times when enhancement in the reactor occurred
(reactor/ambient ratio >1), inspection of the time series showed that most, if not all, of these points
are due to ambient particle mass concentration changes and the fact that losses/enhancements are
calculated by taking the average of ambient concentrations before and after the reactor measurements.
The lack of a maximum reactor/ambient ratio in Figure 3 indicates that there were very few occasions
when there was a net production of SOA in the reactor.
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Figure 1. Typical time series from the campaign showing scanning mobility particle sizer (SMPS)
volume and number concentrations, O:C and H:C elemental ratios and chemically resolved mass
concentration (NO3 and NH4 are offset a factor 5 for clarity). Reactor measurements, highlighted in
light blue gives lower volume and number concentrations, but higher O:C. Organics and nitrate is lost
while sulphate is not affected.



Atmosphere 2019, 10, 408 6 of 11

-0.10

-0.08

-0.06

-0.04

-0.02

0

Ab
so

lu
te

 d
iff

er
en

ce
 re

ac
to

r-a
m

bi
en

t (
μg

 m
-3

)

0.50.40.30.20.10
Nitrate equivalent mass (μg m-3)

44
28

18

43

Figure 2. Aerosol mass spectrometer (AMS) mass peak difference between reactor and ambient
measurements as a function of nitrate equivalent mass (signal strength). Losses due to diffusion or
impaction would result in a linear decrease (given uniform particle composition). The dashed line
shows the correlation between loss and signal excluding the fragments m/z 44, 28 and 18 (all belonging
to the ion CO2

+) which shows a deviation consistent with evaporation and/or oxidation.

1.2

1.0

0.8

0.6

0.4O
rg

an
ic

 m
as

s 
ra

tio
 O

FR
/A

m
bi

en
t

2 3 4 5 6 7 8 9

1012

OH exposure (molecules cm-3 s)

Figure 3. The ratio between reactor and ambient organic mass (with a 4% loss correction) as a
function of OH exposure during the whole campaign. The 10% OH exposure quantiles with error
bars corresponding to 1σ are shown for clarity. Some data included in the quantiles are outside the
axis ranges.

If the losses were due to an increased temperature in the reactor, a correlation with ambient
temperature should be seen, since more semi-volatile material would have been condensed at low
ambient temperature. Figure 4 shows that there was a significant (p < 0.01) temperature effect up
to ~18 ◦C, but above that value there was still a net loss in the reactor, likely due to heterogeneous
oxidation. The temperature effect also gave rise to a diurnal pattern with maximum loss during
night when temperatures were lower. This is in contrast to previous OFR field campaigns in which
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maximum enhancement was seen during the night when ambient OH exposure and boundary layer
height generally is lower. Although the particle mass concentrations during this campaign were low,
which leads to lower yields in the OFR, and there was likely an effect of the temperature difference, the
main reason behind the lack of net production in the OFR seen in this campaign is believed to be low
production of SOA in the OFR due to low ambient VOC concentrations, as measured by the PTR-MS.
The total monoterpene concentration was on average ~140 ppt (0.79 μg m−3) with a diurnal pattern
with minimum during daytime. The sum of benzene, toluene and xylenes were even lower at 96 ppt
(0.36 μg m−3), showing the same diurnal pattern. Further indication that little SOA formation took
place in the reactor is the lack of nucleated particles. The rapid oxidation in OFRs normally produces
substantial amounts of small particles, given that enough precursors are available. In this campaign,
~10% net loss in particle number was observed in the reactor (no correction applied).
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Figure 4. Ratio between reactor and ambient total AMS mass concentrations (hourly values, loss
corrected) as a function of temperature. 10% temperature quantiles show a significant trend below
18 ◦C.

The sensitivity of OFR measurements can be estimated using assumptions on particle mass yield
and SOA partitioning. For example, if the minimum detectable SOA mass is 0.5 μg m−3 and the
precursor particle mass yield is assumed to be 10%, we need to oxidize a precursor concentration of
5 μg m−3. Incorporating the effective condensation sink effect from the model of Palm et al. [11] increases
the precursor concentration needed. In Figure 5, we calculated the SOA precursor concentration
needed to see a 0.2 μg m−3 absolute increase, which is possible to measure with a variety of instruments,
or a 5% mass based increase, which would cancel out the reactor losses in this campaign, as a function
of effective condensation sink at four different yields. The approximate mass concentration is shown on
the top axis (parameterized from the condensation sink of this campaign). The campaign average mass
and the sum of monoterpenes and aromatics are also plotted. The α-pinene SOA mass yields from
Ahlberg et al. (2017) is added as a reference. This yield was ~10% at the average campaign particle
mass concentration. This value is an underestimation due to the condensation sink effect [31], but is far
from the 50% yield needed to see a 0.2 μg m−3 increase. The average yield of an ambient precursor
mixture is unknown, but it is not likely to be 50%. In this campaign, the concentration of monoterpenes
and aromatics likely would have to be almost an order of magnitude higher to produce any visible
mass in the reactor. However, many other precursors exist, some which would not be visible in the
PTR-MS [11].
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Figure 5. The precursor concentration needed to measure either a 0.2 μg m−3 or a 5% increase in particle
mass at different effective condensation sinks and particle mass yields (boxes). The top axis shows
the corresponding mass concentration at each condensation sink parameterized from the campaign
data. The blue star shows the campaign average particle mass concentration and the concentration of
common precursors (monoterpenes, benzene, toluene and xylenes), with ±1σ in grey. For comparison,
the secondary organic aerosols (SOA) mass yield of α-pinene from Ahlberg et al. (2017) as a function of
organic mass is added (green axes and line).

To assess the potential losses of VOCs in the inlet, the penetration efficiency was calculated [32]. The
penetration depends on the diffusion coefficient, flow rate, length of the tubing and wall accommodation
coefficients. Assuming a diffusion coefficient of 7 × 10−2 cm2 s−1 [11] and that anything hitting the
walls will stay there, the penetration would be only 3%. If the wall accommodation coefficient is 0.1
the penetration of the same molecule is 90%. Figure S5 shows the calculated penetration for diffusion
coefficients between 1–10 × 10−2 cm2 s−1 [33,34] and mass accommodation coefficients of 0.01–1. It is
clear that the uncertainty in wall accommodation had a much larger effect on penetration than the
uncertainty of the diffusion coefficient. Although inlet losses may have been a factor for some species,
there are compensating effects of wall loss, diffusion and particle accommodation. For example, a low
volatility molecule with high wall accommodation generally also means that the diffusion is slower
and the likelihood that the molecule is already bound to a particle is higher. On the other hand, a
more volatile SOA precursor molecule is less likely to stick to the walls, and more likely to desorb
if it does. The accommodation coefficient on Teflon is orders of magnitude lower than 0.1 [35,36],
but to our knowledge, no literature data on wall accommodation coefficients on stainless steel exist.
Pagonis et al. [37] investigated the effect of partitioning between gas and Teflon tubing for several
VOCs, and found that significant delays due to the retention times could occur. The time-scales for
equilibrium partitioning in the inlet is unknown, but the duration of the measurements, together with
the PTR-MS measurements, favors the conclusion that the lack of reactor SOA production was not due
to VOC losses.
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4. Conclusions

We present the first ambient oxidation flow reactor measurements in Europe. The measurements
took place during summer at a rural site surrounded by arable land, with 30 km to the nearest city.
We saw virtually no increases in particle mass or number concentrations during the two months
of the campaign. PTR-MS measurements showed that precursor concentrations were too low to
form a significant amount of secondary material. A net particle mass loss of ~10%, which was
correlated to ambient temperature and OH exposure, was seen. We attribute this to both evaporation
of organic material in the reactor due to differences between ambient and reactor temperatures, and to
fragmentation reactions. These effects are hard to separate, but it is clear that the change in elemental
ratios was not only driven by evaporation, since the AMS mass fragment CO2+ was often increased in
the reactor output. This could be due to both gas and particle phase reactions. Reactor processing led
to an increase in carbon oxidation state, which is commonly linked to water uptake.

The conditions at the site are representative of many parts of northern Europe. The results are due
to the relatively clean air of the site, but also because of the fast atmospheric conversion of trace gases.
Net losses due to temperature driven evaporation can be limited by keeping the reactor at ambient
temperatures, as has been done on other campaigns (e.g., [9,11]). However, this is not always possible
at field sites and would likely not have affected the conclusions of this campaign. The sensitivity
of the reactor measurements at different precursor concentrations and effective condensation sinks
was calculated. It was shown that, with an ambient pm1 concentration of ~3 μg m−3, an order of
magnitude higher precursor concentrations would have been needed to form significant amounts of
SOA in the reactor. Sites closer to precursor emissions and with relatively high ambient aerosol mass
concentrations will give much stronger responses in an OFR. These measurements show that further
processing of relatively clean ambient aerosols can result in lower mass concentrations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/10/7/408/s1,
Figure S1: Average size spectrum and reactor losses. Figure S2: Modeled fractional fate of LVOCs. Figure S3: AMS
vs. SMPS mass concentrations. Figure S4: SMPS concentrations and chemical composition. Figure S5: Calculated
penetration through the inlet.
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Figure S1. Average size spectrum and size resolved losses in the reactor from a period when the UV 
lamps were off. The ratio between OFR and ambient data shows significant noise at sizes where the 
number concentration is low. 
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Figure S2. The modeled fractional fate of LVOCs in the reactor as a function of OH exposure. The 
model was constructed using the same principles as in Palm et al. [1]. The settings used were kOH= 1 x 
10-11 cm3 molecules-1 s-1, a residence time of 160 s, a condensation sink of 1.29 x 10-3 s-1 (campaign 
average, corresponding to a surface area concentration of 42 μm2 cm-3), eddy diffusion coefficient of 
0.0042 and wall loss rate of 0,0020 s-1. Loss to fragmentation is assumed after reaction with OH five 
times. 

 

Figure S3. Total AMS and SMPS mass concentrations. The slopes of the data gives the collection 
efficiency of the AMS. The offset in SMPS mass (a-value) is likely from a constant error at the high 
end of the SMPS size spectra. 

1.0

0.8

0.6

0.4

0.2

0

LV
O

C
 fa

te

1011
2 3 4 5 6 7 8 9

1012

OH exposure (molecules cm-3 s)

 Exit reactor
 Fragmentation
 Wall loss
 Condensation on particles

14

12

10

8

6

4

2

0

AM
S 

m
as

s 
(μ

g/
m

3 )

1086420
SMPS mass (μg/m3)

 Ambient
 OFR
 1:1 line

linear fits y=a+bx
 Ambient  OFR

a=-0.60 ± 0.06 a=-0.45 ± 0.04
b=1.06 ± 0.015 b=1.04 ± 0.014



 

 

 
Figure S4. Overview of the campaign showing SMPS number and volume concentrations and AMS 
chemical composition.  

 

Figure S5. Calculated penetration through the inlet up to the reactor as a function of diffusion 
coefficients and wall mass accommodation coefficient.  
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h i g h l i g h t s

� Isoprenoid emission from Norway spruce were measured at seven sites in Europe.
� There were little differences in standardized emission rates across Europe.
� The emission profile differed between sites, but was less distinct for cloned trees.
� Emission patterns were potentially influenced by tree height, season and year.
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a b s t r a c t

Norway spruce (Picea abies) is one of the dominant tree species in the European boreal zone with the
capacity to grow over large areas within Europe. It is an important emitter of biogenic volatile organic
compounds (BVOCs), which can act as precursors of photochemical smog and ozone and contribute to
the formation and growth of secondary organic aerosols (SOA) in the atmosphere.

Isoprenoid emissions were measured from Norway spruce trees at seven different sites, distributed
from Ljubljana in Slovenia to Piikki€o in Finland. Four of the sites were part of a network of genetically
identical spruce trees and contained two separate provenances. The remaining three sites were part of
other networks which have been used to conduct studies in the European boreal zone.

There were minimal differences in the standardized emission rates between sites and across latitudes.
The emission profile differed between provenances and sites, but there were not any distinct patterns
which could be connected to a change in latitude. By using genetically identical trees and comparing the
emission rates between sites and with genetically different trees, it was observed that the emission
patterns were mostly influenced by genetics. But in order to confirm this possible stability of the relative
emission profile based on genetics, more studies need to be performed.

The effects of branch height, season and variation between years on observed emission pattern vari-
ations were also investigated. There were indications of potential influences of all three factors. However,
due to different experimental setups between measurement campaigns, it is difficult to draw any robust
conclusions.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Biogenic volatile organic compounds (BVOCs) are emitted in
large variations from different types of plants, where some of the

most prominent compound groups are isoprene (ISO, consisting of
one C5 unit), monoterpenes (MTs, consisting of two C5 units) and
sesquiterpenes (SQTs, consisting of three C5 units) (Kesselmeier and
Staudt,1999; Holopainen, 2011). The primary functions for plants to
release BVOCs are to attract pollinators, defend against herbivores
and pathogens, serve as signals in plant-plant communication and
to give protection against abiotic stresses such as high temperature,
high irradiation or oxidative stress (Dudareva and Pichersky, 2008;* Corresponding author.
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Laothawornkitkul et al., 2009; Vickers et al., 2009; Holopainen and
Gershenzon, 2010; Loreto and Schnitzler, 2010; Pe~nuelas and
Staudt, 2010; Maffei, 2010). But once released into the atmo-
sphere, BVOCs can influence the atmospheric chemistry and Earth's
radiative balance (Di Carlo et al., 2004; VanReken et al., 2006;
Beerling et al., 2007; Paasonen et al., 2013). BVOCs can act as pre-
cursors of photochemical smog and ozone, but also contribute to its
destruction depending on the levels of NOx in the atmosphere
(Chameides et al., 1988; Atkinson, 2000; Pe~nuelas and Staudt,
2010). Furthermore, they are important in the formation and
growth of secondary organic aerosols (SOA) and for enhancing the
production of cloud condensation nuclei (CCN) (Claeys et al., 2004;
VanReken et al., 2006; Spracklen et al., 2008; Paasonen et al., 2013;
Ehn et al., 2014). Both SOA and modifications of cloud properties
have the potential to affect incoming solar radiation and thus in-
fluence global warming (VanReken et al., 2006; Laothawornkitkul
et al., 2009; Paasonen et al., 2013).

Forests are significant sources of BVOCs, in particular of isoprene
and MTs (Kesselmeier and Staudt, 1999; Holopainen, 2011;
Laffineur et al., 2011). One of the largest vegetation zones in the
world is the boreal zone, consisting of approximately 33% of the
total worldwide forest cover across Eurasia and Northern America
(FAO, 2001). Boreal forests emit less BVOCs in comparison to
temperate or tropical regions on a global scale, but are important
contributors to regional emission budgets (Guenther et al., 1995,
2012; Acosta Navarro et al., 2014; Sindelarova et al., 2014). The
emission budgets are influenced by the high reactivity rates of
BVOCs, which depend on the structure of the BVOCs released and
the chemical composition of the air at the local scale where BVOCs
are emitted (Atkinson and Arey, 2003). The emission from the
boreal zone is often characterized by MTs, but there can be
considerable isoprene and SQT emissions as well (Tarvainen et al.,
2007; Rinne et al., 2009). The boreal zone yields substantial
amounts of SOA in the atmosphere, which plays an important role
in the global radiation balance (Claeys et al., 2004; Tunved et al.,
2006; Bonn et al., 2009).

Norway spruce (Picea abies) is one of the dominant tree species
of the European boreal zone, but it is also widely distributed
throughout other parts of Europe (Janson et al., 1999; Grabmer
et al., 2006; Filella et al., 2007; Skjøth et al., 2008; Kivim€aenp€a€a
et al., 2013). Norway spruce is a low or moderate monoterpene
emitter and a low isoprene emitter (Janson et al., 1999; Kesselmeier
and Staudt, 1999; Simpson et al., 1999; Grabmer et al., 2006). It has
the capacity to emit BVOCs from storage structures in resin ducts,
needles and the bark, but there can also be a significant contribu-
tion from de novo emissions (Ghirardo et al., 2010).

Leaf- and canopy scale emission models can be used to inves-
tigate the effect of BVOC emissions on atmospheric chemistry and
aerosol formation. As BVOCs have different reactivity with OH
radicals and ozone due to their different molecular structures
(Atkinson and Arey, 2003), it is of importance to consider the
composition of the emissions from different plant species
(Niinemets et al., 2010). At a spatial-, biome- or global-scale, the
emissions are typically determined by dividing the plants into plant
functional types (PFT) for which an average emission potential has
been determined. However, the emission capacities for different
plant species within a PFT can vary greatly and the parameteriza-
tion chosen for a PFT might vary for different models (Guenther
et al., 2006; Arneth et al., 2010; Niinemets et al., 2010; Monson
et al., 2012). The vegetation has a capacity to adapt their emission
patterns over environmental gradients, which leads to large un-
certainties between emissions and geographical location
(Niinemets et al., 2010; Bourtsoukidis et al., 2012; Harrison et al.,
2013) that are difficult to include in models. The observed
geographic variabilitymay be related to adaptation to local growing

conditions, hybridization or to existing genetic variation (Staudt
et al., 2004; B€ack et al., 2012; Steinbrecher et al., 2013), but may
also be affected by microclimatic conditions, adaptations at
different canopy heights and by seasonal development (Keenan
et al., 2009; Niinemets et al., 2010; Grote et al., 2013).

The importance and impact of genetic diversity and growing
condition adaptations on the BVOC emission patterns has been
highlighted by several studies. Nerg et al. (1994) studied Scots pine
(Pinus sylvestris) seedlings grown at different latitudes in Estonia
and Finland, and reported latitudinal effects on terpene concen-
tration in pine shoots. B€ack et al. (2012) measured BVOC emission
from Scots pine trees and found that there existed different che-
motypes attributed to genetic variation within the same stand.
Persson et al. (2016) measured genetically identical trees of English
oak (Quercus robur), European beech (Fagus sylvatica) and Norway
spruce and found that the relative compound contribution
remained fairly stable between individuals of the same species.
These studies highlight an existing uncertainty regarding the
importance of genetic variation for observed BVOC emissions
relative to the effect of local environmental conditions across lati-
tudes (Kesselmeier and Staudt, 1999; B€ack et al., 2012; Persson
et al., 2016).

The aims for this study are (I) to investigate the potential vari-
ability for the emission rates of Norway spruce across a latitudinal
transect in Europe and (II) to examine how the observed emission
patterns are influenced by genetic diversity and height within the
canopy, but also time of season and variation between years will be
considered.

2. Methods

2.1. Site descriptions

Measurements were performed at seven sites along a latitudinal
transect across Europe, stretching from Ljubljana in Slovenia to
Piikki€o in Finland (Fig. 1). The sites were chosen as they represent
both the boreal ecosystem and cover a wide range where spruce
has the capacity to grow. It is a collaboration of four separate

Fig. 1. The location of the seven study sites within Europe.
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projects with different measurement campaigns, where one to five
campaigns were performed per site. Each campaign lasted between
one and three weeks. The details of location, tree height, tree age,
sampling date, number of performed campaigns, measurement
year, annual average temperature (�C), annual total precipitation
(mm), average Photosynthetically Active Radiation (PAR) and
average temperature (�C) during campaigns can be found in Table 1.

Four of the sites, namely Ljubljana (Slovenia), Grafrath (Ger-
many), Taastrup (Denmark) and Piikki€o (Finland), are part of the
International Phenological Garden (IPG) network in Europe which
have been used to perform long-term phenological observations on
naturally occurring plant species (Chmielewski et al., 2013). The
advantage of the network is that all plants are clones, which means
the genetic variation between plants is negligible. Ljubljana, Gra-
frath and Piikki€o were established between 1962 and 1965, whilst
Taastrup was begun in 1971 (www.agrar.hu-berlin.de). Within the
IPG network, there are two provenances of Norway spruce which
are divided into early spruce (SE), with an early budburst, and late
spruce (SL) which experiences budburst approximately one week
later.

The remaining sites did not contain genetically identical trees,
but are part of other networks used to perform studies in the Eu-
ropean boreal zone. Hyltemossa research station is located in
southern Sweden, whilst Norunda research station is located about
30 km north of Uppsala in Sweden. Both sites are run by the Inte-
grated Carbon Observation System in Sweden (ICOS). Hyltemossa is
dominated by Norway spruce with a small fraction of Downy birch
and Scots pine (www.icos-sweden.se), whilst Norunda is part of a
boreal forest dominated by 80e123-years old Norway spruce and

Scots pine (Lagergren et al., 2005). The site in Skogaryd is located in
south-western Sweden, approximately 50 km from the west coast
and covers an area of roughly 30 km2. The site is part of Swedish
Infrastructure for Ecosystem Science (SITES) (Shendryk et al., 2014)
andmainly contains coniferous trees, dominated by Norway spruce
and Scots Pine (Wallin et al., 2015) (Fig. 1).

2.2. BVOC measurement techniques

For the IPG network sites and Hyltemossa, samples were
collected from needle chambers with a volume of 270 cm3 and
which were connected to a portable infra-red gas analyzer (IRGA;
6400-22L lighted conifer chamber; LI-6400, LICOR, Lincoln, NE,
USA). The needle twigs were acclimated to 1000 mmol m�2 s�1 PAR
and 400 mmol CO2 mol�1 air for approximately one hour before
BVOC sampling. Relative humidity was maintained close to
ambient conditions between 50 and 65% by removing excess water
vapor from the ingoing air stream when necessary. Leaf tempera-
tures were kept constant between 10 and 15 �C in October and
20e30 �C in AprileAugust, based on the anticipated average daily
temperature. Sample air was collected from the chamber outlet.

The measurements in Skogaryd and Norunda were performed
on a single tree and used 13-L cylindrical and transparent chambers
consisting of Teflon and stainless steel (Haapanala et al., 2009). To
avoid stress induced emissions from the trees, the chambers were
installed one day before themeasurements were initiated. Purge air
was continuously flowing into the chambers with a flow rate of
4e6 l/min. Temperature and humidity were measured inside and
outside the chambers (Campbell Scientific CS215, USA) together

Table 1
The study sites with their coordinates, approximate tree heights, the age of trees, number of trees measured with the number of collected samples given in parenthesis, the
months when measurements were taken including the number of performed campaigns in parenthesis, study years, average annual temperatures, total precipitation, average
Photosynthetically Active Radiation (PAR) inside the chambers during measurement campaigns and average temperatures inside the chamber during the measurements.

Study site and
coordinates

Tree
heights
(m)

Tree age
(yr)

No of trees and
samples

Measurement months and
no. of campaigns

Study
years

Temperature
(�C)

Precipitation
(mm)

PAR in chambers
(mmol m2 s1)

Temperatures in
chambers (�C)

Ljubljana 46�040N,
14�300E

17 52 3 (17) May (1) 2014 10.9a 1362a 1000 17.8

Ljubljana 46�040N,
14�300E

17 53 3 (21) Oct (1) 2015 10.9a 1362a 1000 12.5

Ljubljana 46�040N,
14�300E

17 54 3 (51) ApreMay (3) 2016 10.9a 1362a 1000 18.5

Grafrath 48�180N,
11�170E

2.5, 20 5, 51 6 (50) Jun (1) 2014 8.5b 877b 1000 25.7

Grafrath 48�180N,
11�170E

3, 20 7, 53 4 (22) Jun (1) 2016 8.5b 877b 1000 22.8

Taastrup 55�400N,
12�180E

15 42 4 (76) JuleAug (1) 2013 7.5c 583c 1000 20.2

Taastrup 55�400N,
12�180E

15 43e45 4 (70) Jul (3) 2014
e2016

7.5c 583c 1000 20.9

Hyltemossa
56�060N,
13�250E

14e18 30 4 (27) Jul (1) 2016 8.0d 800d 1000 20.8

Skogaryd 58�230N,
12�090E

25 53 1 (40) Oct (1) 2015 6.2e 709e 134 8.9

Norunda 60�050N,
17�29

25 119 1 (90) Jun (1) 2014 5.4f 520f 250 17.8

Norunda 60�050N,
17�29

25 119 1 (73) Jul (1) 2014 5.4f 520f 289 29.0

Piikki€o 60�230N,
22�300E

12 49 4 (19) JuleAug (1) 2014 5.9g 698g 1000 24.2

a ¼ http://meteo.arso.gov.si.
b ¼ http://www.wetter-by.de.
c ¼ Jensen et al., 1997.
d ¼ http://www.icos-sweden.se.
e ¼ Alexandersson and Eggertsson Karlstr€om, 2001.
f ¼ Aubinet et al., 2010.
g ¼ http://en.ilmatieteenlaitos.fi/.
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with PAR (Li-Cor Li-190, USA). In Skogaryd, two chambers were
mounted on a scaffold at two heights (2.5m and 3.5m). In Norunda,
one chamber was installed 20.0 m above the ground, whilst
another chamber measured the emission rates at a lower level
(3.0 m in June and 11.0 m in July).

In all campaigns, a hydrocarbon trap (Alltech, Associates Inc.,
USA) containing MnO2-coated copper nets was fixed between the
ambient air inlet and the chamber inlet to absorb all the VOCs and
ozone from the incoming air stream. Sample air passed through
stainless steel cartridges (Markes International Limited, Llantrisant,
UK) packed with adsorbents Tenax TA (a porous organic polymer)
and Carbograph 1TD (graphitized carbon black). The air samples
were extracted by using flow-controlled pocket pumps (Pocket
Pump, SKC Ltd., Dorset, UK). The sampling flow rate was
200 ml min�1 and the collected volume for each sample was be-
tween 5 and 6 L. Blank samples were also collected in order to
acknowledge possible background contamination in the ambient
air. After BVOC measurements were performed, the needles inside
the chambers were harvested, dried until the biomass weight was
constant and weighed to get the dry weight (g(dw)). All measure-
ments were performed during daytime (8:00e17:00).

A total of 556 cartridges were collected and analyzed. All car-
tridges were sealedwith Teflon-coated brass caps and stored at 3 �C
until analysis. For all sites except Norunda, the BVOCs samples were
analyzed by gas chromatograph-mass spectrometer following
thermal desorption at 250 �C at the University of Copenhagen (for
details, see van Meeningen et al., 2016). For standardization, pure
standard solutions of isoprene, a-pinene, camphene, d-phellan-
drene, limonene, eucalyptol, g-terpinene, linalool, aromadendrene
and a-humulene in methanol (Fluka, Buchs, Switzerland) were
injected into adsorbent cartridges in a stream of helium. When
quantifying BVOCs without a standard solution, a-pinene was used
for MTs and a-humulene was used for SQTs. The chromatograms
from the analysis were identified with the mass spectra in the NIST
library and analyzed with the MSD Chemstation Data Analysis
software (G1701CA C.00.00 21 Dec 1999; Agilent Technologies,
Santa Clara, CA, USA). For the samples collected in Norunda, the
analysis of sample tubes was done by the Finnish Meteorological
Institute (Atmospheric Composition Unit, Helsinki, Finland). The
samples were desorbed at 300 �C, and the standard solutions were
camphene, 3-carene, 1,8-cineol, limonene, linalool, myrcene, a-
pinene, b-pinene, terpinolene, longicyclene, isolongifolene, b-car-
yophyllene, aromadendrene, a-humulene, 2-methyl-3-buten-2-ol
(MBO), p-cymene and bornylacetate. Isoprene was calibrated us-
ing a gaseous standard.

2.3. Normalization of BVOC emission rates

The BVOC emission rate (E) from all of the samples was defined
by themass of compound per dry biomass weight and time (Hakola
et al., 2003):

E ¼ ðC2 � C1Þ � F�m�1 (1)

where E is the emission rate (in mg g(dw)�1 h�1), C2 is the con-
centration of compound in the sample (mg l�1), C1 is the VOC
concentration in the inlet air (mg l�1, here considered to be zero, as
the incoming air was filtered free of VOCs), F is the air flow rate into
the chamber (l min�1), and m is the dry weight of the needle
biomass (g). In order to make comparisons between emission
spectra and amounts from different sites, all emission rates were
normalized to standard light and temperature conditions (PAR,
1000 mmol m�2 s�1 and TS, 303 K). The algorithm for light depen-
dent compounds presented by Guenther et al. (1993) was used for
isoprene and is expressed as:

I ¼ ISCTCL (2)

where I is the emission rate at a given leaf temperature and flux of
PAR. IS is the standardized emission rate at standard light and
temperature conditions. CT and CL are the temperature and light
correction factors, calculated by the following equations:

CL ¼
aCL1PARffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2PAR2

p (3)

and

CT ¼ exp CT1ðT�TsÞ
RTsT

1þ exp CT2ðT�TMÞ
RTsT

(4)

where R (8.314 J K�1 mol�1) is the ideal gas constant and a (0.0027),
CL (1.066), CT1 (95 000 J mol�1), CT2 (230 000 J mol�1) and TM
(314 K) are empirical coefficients (Guenther et al., 1993). For
monoterpenes and sesquiterpenes, the algorithm for temperature
dependent compounds by Guenther et al. (1993) was used and is
described as:

M ¼ MS exp
bðT�TsÞ (5)

where M is the monoterpene or sesquiterpene emission rate at a
given leaf temperature, whilst b (0.09 K-1) is an empirical
coefficient.

2.4. Statistical analysis

The significant difference between sites, provenances and years
was analyzed by a Kruskal-Wallis test on all of the different groups.
If the test resulted in significant differences, a Mann-Whitney U test
followed by Bonferroni correction was performed to determine
significant groups. Differences in the emission rates between
different heights were tested using Mann-Whitney U-tests.

Partial least squares regression (PLS) was performed to inves-
tigate possible connections between factors such as ambient and
past average temperatures, height, latitude, PAR and season (X-
variables) and the emitted BVOCs (Y-variables). Seasonwas defined
as the number of active growing days where the average daily
temperature had exceeded 5 �C for five consecutive days. Analysis
was performed using SIMCA (Umetrics, version 13.0.3.0, Umeå,
Sweden).

3. Results

3.1. Latitudinal BVOC emission profiles and influential
environmental factors

The total average normalized emission rate of BVOC was
2.74 ± 2.96 mg g(dw)�1 h�1 (mean ± standard deviation), of which
MT (1.50 ± 1.91 mg g(dw)�1 h�1) was the most commonly emitted
BVOC group followed by isoprene (0.94 ± 1.84 mg g(dw)�1 h�1) and
SQTs (0.30 ± 0.88 mg g(dw)�1 h�1). The average release of isoprene,
MTs and SQTs between sites are in line with previous studies on
Norway spruce (Table 2). The sites Taastrup, Skogaryd and Norunda
had different emission rates in comparison to remaining study
sites. Taastrup had a higher total MT emission, due to high emission
rate contribution from needle branch measurements done in 2013.
Skogaryd had a total emissionwhich was a fifth of the average total
emission rate from all measured sites. But it should be noted that
the site was only visited in October, whilst the other sites had a
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majority of their measurements taken between May and August.
Norunda had the highest emission of isoprene, mostly originating
from the lower parts within the canopy (Table 2).

A total of 23 terpene compounds were detected from the mea-
surement sites, which were isoprene, 17 MTs and five SQTs. The
most emitted compounds from a majority of the sites were a- and
b-pinene and limonene. Other compoundswith high emission rates
were camphene and 3-carene. Early spruce had in general a higher
emission of a- and b-pinene whilst late spruce emitted more
isoprene and limonene. For the sites Hyltemossa and Skogaryd,
about a third of the emissions came from pinene, whilst Norunda
had high emission rates of isoprene. Average isoprene emissions for
Grafrath was 0.64 mg g(dw)�1 h�1 and for Norunda
2.58 mg g(dw)�1 h�1, which was significantly higher in comparison
to the majority of the study sites (P < 0.05). MT emissions from
Norunda were 1.02 mg g(dw)�1 h�1, which was significantly less in
comparison to Grafrath (1.60 mg g(dw)�1 h�1). Taastrup had an
average MT emission of 2.63 mg g(dw)�1 h�1, which was higher
compared to Ljubljana (1.17 mg g(dw)�1 h�1) and Norunda. Average
SQT emissions were significantly lower for Grafrath
(0.10 mg g(dw)�1 h�1) and Norunda (0.38 mg g(dw)�1 h�1) in
comparison to the other sites. In regards to separate compounds,
Taastrup had high emission rates of pinene (0.91 mg g(dw)�1 h�1)
and low emission rates of camphene (0.13 mg g(dw)�1 h�1), whilst
Norunda differed in 3-carene emission due to low emission rates
(<0.01 mg g(dw)�1 h�1). Limonene emission varied most between
sites (Fig. 2).

There were little changes in the emission patterns of specific
compounds with changes in latitude. Within the IPG network, the
contribution of limonene in relation to the total BVOC emission
increased slightly with latitude; from 12% in Ljubljana to 23% in
Piikki€o. The relative emission of pinene on the other hand ranged
between 16 and 23% between samples and was fairly similar be-
tween the IPG sites. For the sites Hyltemossa, Skogaryd and Nor-
unda, the relative percentage of limonene was lower, with 16% of
the total emission at Hyltemossa and 7e8% for Skogaryd and Nor-
unda. For total BVOC emission, a-pinene and b-pinene had a rela-
tive contribution of 30e32% for Hyltemossa and Skogaryd and 10%
for Norunda. In the case of Norunda, isoprene contributed with 64%
to the total emission. But if only MTs were considered, the relative

compound contribution of pinene would be in range of both
Hyltemossa and Skogaryd. Fig. 3 shows the average emission profile
of individual MTs for each of the sites.

As the emission rates and emission profiles varied between the
study sites, a PLS was used to investigate if there was any specific
climatic factor which had a higher tendency to affect the observed
emission patterns. It should be noted that the aim of this PLS-
analysis was to investigate the connection between the com-
pound emissions (isoprene, MTs and SQTs) and the climatic con-
ditions experienced on site, and not to build a good prediction
model for each of the studied compounds. The PLS-analysis
revealed that the samples were separated according to latitude
and measurement height on the y-axis and temperature on the x-
axis (Fig. 4a). Height and latitude were strongly correlated. In
Fig. 4a, data from higher latitudes and canopy heights are posi-
tioned towards the bottom whilst lower latitudes and canopy
heights are positioned at the upper part of the figure. On the x-axis
of this figure, data points with higher temperatures are positioned
to the right whilst lower temperatures are positioned to the left.
The number of active growing days (season) was not as strong
driver as temperature on the x-axis, but is part in separating sites
with measurements taken in October (Ljubljana and Skogaryd in
2015) from the sites where measurements were done in the middle
of the summer (Fig. 4a). The PLS-analysis also revealed that the
individual compounds are poorly explained by the model (Fig. 4b);
the included climatic factors explained 7.8% of the total emission
variation (Fig. 4).

3.2. The influence of genetics on observed BVOC emission patterns

The sites within the IPG network were used to study how the
BVOC emissions from Norway spruce might have adapted to local
growing conditions without considering genetic variation. Grafrath
was significantly different (P < 0.05) from the other sites in regards
to its isoprene emissions. The average emission from Grafrath
(0.64 mg g(dw)�1 h�1) was two to four times higher in comparison
to all remaining sites and provenances, except for late spruce in
Taastrup (0.50 mg g(dw)�1 h�1). The isoprene emission rate from
early spruce at Taastrup (0.22 mg g(dw)�1 h�1) was low and
significantly different from Ljubljana (0.32 mg g(dw)�1 h�1) and

Table 2
The average normalized emission rate (in mg g(dw)�1 h�1) of isoprene (ISO), monoterpenes (MT) and sesquiterpenes (SQT) from different sites, months and heights within the
canopy. Emission rates are reported from this study and from other studies done on Norway spruce together with the empirical coefficient (b-value) used for MTs and SQTs (b-
value for SQT in the parenthesis). For this study, the b empirical coefficient is based on a value given by Guenther et al. (1993). The emission rates aremean (standard deviation)
and n.d. stands for no data available.

Site Country (Latitude) Month Height (m) ISO (±std) MT (±std) SQT (±std) b-value for MT and SQT Source

Ljubljana SI (46�04) ApreMay 1e2 0.31 (0.29) 1.17 (1.46) 0.50 (1.28) 0.09 (0.09) This study
Grafrath DE (48�18) Jun 1e2 0.64 (0.92) 1.60 (1.24) 0.10 (0.29) 0.09 (0.09) This study
Taastrup DK (55�40) Jul 1e2 0.51 (0.78) 1.96 (1.95) 0.33 (0.84) 0.09 (0.09) This study
Taastrup DK (55�40) Jul 5.5 0.06 (0.23) 3.81 (3.83) 0.55 (1.18) 0.09 (0.09) This study
Taastrup DK (55�40) Jul 12.5 0.10 (0.31) 4.35 (3.42) 0.09 (0.21) 0.09 (0.09) This study
Hylte-mossa SE (56�06) Jul 1e2 0.43 (0.12) 1.25 (1.14) 0.34 (0.38) 0.09 (0.09) This study
Skogaryd SE (58�23) Oct 2.5e3.5 0.11 (0.61) 0.29 (0.25) n.d. 0.09 (0.09) This study
Norunda SE (60�05) Jun 3 3.79 (3.48) 1.51 (1.19) 0.23 (0.20) 0.09 (0.09) This study
Norunda SE (60�05) Jul 11 2.96 (2.65) 0.95 (0.41) 0.73 (0.38) 0.09 (0.09) This study
Norunda SE (60�05) JuneJul 20 0.98 (1.25) 0.59 (0.36) 0.17 (0.22) 0.09 (0.09) This study
Piikki€o FI (60�23) Jul 1e2 0.10 (0.08) 1.47 (1.52) 0.17 (0.19) 0.09 (0.09) This study
Fichtel-gebirge DE (50�08) JuleAug 12 0.32/1.7a 0.5 n.d. 0.1 Grabmer et al., 2006
Ulfborg DK (56�16) Aug 12 0.5 3 n.d. 0.03e0.16 Christensen et al., 2000
J€arvselja EE (58�16) SepeOct 16 n.d. 0.48e0.6 0.09e0.13 0.08e0.12 (0.09e0.17) Bourtsoukidis et al., 2014
J€adraås SE (60�48) MayeJul 2 n.d. 0.7e4.4 n.d. 0.07 Janson, 1993
Asa SE (57�) MayeJun n.d. 0.38 0.27 n.d. 0.16 Janson and de Serves, 2001
Hyyti€al€a FI (61�51) JaneOct n.d. <0.1e1.2 0.1e1.4 <0.1e0.5 0.09 Hakola et al., 2003
Hyyti€al€a FI (61�51) JuleAug 2 n.d. 0.55e12 0e0.1 n.d. Yassaa et al., 2012
Hyyti€al€a FI (61�51) ApreAug 2 0.06 <0.1 <0.08 0.01e0.19 (0.02e0.06) Hakola et al., 2017

a Emissions are standardized according to different algorithms.
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Grafrath. Total MT emission from early spruce in Grafrath
(1.88 mg g(dw)�1 h�1) and late spruce in Taastrup (2.95 mg g(dw)�1

h�1) were significantly different from Ljubljana (1.17 mg g(dw)�1

h�1) and late spruce in Piikki€o (0.70 mg g(dw)�1 h�1) due to higher
average MT rates (Fig. 5). There were no significant differences in
SQT emissions. In regards to separate compounds, late spruce in
Taastrup had higher emission rates of a-pinene (1.44 mg g(dw)�1

h�1) and lower emission rates of limonene (0.82 mg g(dw)�1 h�1) in
comparison to many of the other sites (Fig. 5). There were no sig-
nificant emission differences between sites for camphene and 3-
carene.

The importance of genetics and latitudinal adaptation was
further investigated by comparing the emission pattern variation
between genetically identical trees and genetically different trees

over similar latitudinal ranges. The sites Taastrup and Piikki€o were
chosen for comparing genetically identical sites and the sites
Hyltemossa and Norunda for the genetically different sites. These
four sites were chosen as the latitudinal differences between sites
are relatively similar, with approximately one latitude degree dif-
ference between the two sites compared. For Norunda, the emis-
sion rate from 20 m up in the canopy was used for the comparison.

For early and late spruce in Taastrup (n ¼ 25) and Piikki€o
(n ¼ 19), there were significant differences (P < 0.05) in the emis-
sion of isoprene, 3-carene, limonene, other compounds, total MT
emission and the total BVOC emission. However, if only late spruce
was considered (n ¼ 19 for Taastrup and n ¼ 10 for Piikki€o), then
there were no statistical differences (P > 0.05). This comparison
could not be done for early spruce as there was only one tree
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Fig. 2. Statistically significant differences between measurement sites Ljubljana (L), Grafrath (G), Taastrup (T), Piikki€o (P), Hyltemossa (H) and Norunda (N). Statistics were done on
the summarized emission of isoprene (a), monoterpenes (b), sesquiterpenes (c), pinenes (d), limonene (e), camphene (f) and 3-carene (g) across measurement sites. A grey box
indicates a statistical difference (P < 0.05) between the two sites for a particular BVOC group or compound. All measurements performed in April and October were excluded from
the dataset, which means that the site Skogaryd was not included in the statistical analysis. Statistical analysis was performed by doing a Kruskal-Wallis test and when it was
statistically significant it was followed by Mann-Whitney U test with Bonferroni correction.

Fig. 3. Individual MT compound contribution to the total emission of MTs (mean ± SE) from the measurement sites Ljubljana (Slovenia), Grafrath (Germany), Taastrup (Denmark),
Piikki€o (Finland), Hyltemossa (Sweden), Skogaryd (Sweden) and Norunda (Sweden). Other compounds include tricyclene, a-thujene, sabinene, a-phellandrene, a-terpinene, b-
phellandrene, eucalyptol, ocimene, g-terpinene, terpinolene and linalool.
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available in Taastrup and too few measurements from Piikki€o. For
the sites Hyltemossa (n ¼ 27) and Norunda (n ¼ 72), there were
significant differences (P < 0.05) in the emissions of isoprene, 3-
carene, other compounds and total emission of MTs. When the
genetically identical trees from Taastrup and Piikki€o were

compared with the emissions from Hyltemossa and Norunda, all
compounds except for the total BVOC emission were significantly
different, with an average emission rate of 2.76 ± 1.88 and
1.73 ± 1.55 mg g(dw)�1 h�1 for Taastrup and Piikki€o and1.76 ± 1.36
and 1.75 ± 1.59 mg g(dw)�1 h�1 for the Hyltemossa and Norunda.

Fig. 4. Partial least squares regression (PLS) on the biogenic volatile organic compound emissions (circle in the loading plot (b) ¼ isoprene; squares ¼ monoterpenes (M);
triangles ¼ sesquiterpenes (S) from the different latitudinal sites, height within the canopy and measurement years. The scores of the factors (a) are shown together with the
loading variables (b). The variance explained of the independent data (X) and dependent data (Y) are shownwithin the parenthesis. The independent variables shown in the loading
plot (b) were ambient temperature (�C), average temperature over the past two and four days (�C), daily ambient Photosynthetically Active Radiation (PAR), height within the
canopy (m), latitude and season. Season was defined as the number of active growing days where the average daily temperature had exceeded 5 �C for five consecutive days.
Dependent variables were the compounds isoprene (ISO), tricyclene (M1), a-thujene (M2), a-pinene (M3), camphene (M4), sabinene (M5), b-pinene (M6), myrcene (M7), a-
phellandrene (M8), 3-carene (M9), a-terpinene (M10), limonene (M11), b-phellandrene (M12), eucalyptol (M13), ocimene (M14), g-terpinene (M15), terpinolene (M16), linalool
(M17), caryophyllene (S1), b-farnesene (S2), a-farnesene (S3), a-humulene (S4) and cis-a-bisabolene (S5).
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3.3. The impact of height

At Taastrup (2013) and Norunda (2014), samples were taken at
different heights within the canopy in order to investigate possible
emission pattern variations. Focus has been on the emissions of
isoprene, MT, SQT and dominant MT compounds (a-pinene, b-
pinene, camphene, 3-carene and limonene) from different canopy
heights (Table 3). For early spruce in Taastrup, there was a signifi-
cant difference (P < 0.05) for limonene emission, between canopy
level of 2.0 m (2.47 mg g(dw)�1 h�1) in comparison to 5.5 m
(1.38 mg g(dw)�1 h�1). Camphene emissions were higher at 2.0 m
(0.07 mg g(dw)�1 h�1) in comparison to 12.5 m (0.02 mg g(dw)�1

h�1). The remaining compounds showed no statistical difference
(P > 0.05) between canopy heights. For late spruce in Taastrup,
camphene emission was significantly lower at 2.0 m
(0.01 mg g(dw)�1 h�1) than at 12.5 m (0.1 mg g(dw)�1 h�1), whilst
limonene emission was lower at 2.0 m (0.57 mg g(dw)�1 h�1) than
at 12.5 m (2.32 mg g(dw)�1 h�1) and at 5.0 m (0.69 mg g(dw)�1 h�1)
than at 12.5 m. For Norunda, all BVOC emissions between 3.0 m and
20.0 m height within the canopy were significantly different. The
emissions of isoprene (3.79 mg g(dw)�1 h�1) and MT
(1.51 mg g(dw)�1 h�1) at 3.0 m height were higher in comparison to
the emissions at 20.0 m above the ground (isoprene
0.98 mg g(dw)�1 h�1 and MT 0.60 mg g(dw)�1 h�1). The total MT
emission was not significantly different for canopy levels of 11.0 m
and 20.0 m, but there was a significant difference for the com-
pounds b-pinene (0.1 mg g(dw)�1 h�1 for 11.0 m and
<0.01 mg g(dw)�1 h�1 for 20.0 m) and 3-carene. It should be noted
though that no 3-carene emission was on 11.0 m due to a high 3-
carene concentration in the blank samples (Table 3).

3.4. Indications of annual and seasonal emission pattern
fluctuation

Within the IPG network, Ljubljana and Grafrath were visited in
2014 and 2016 at approximately the same time within the growing
season. Comparisons between years were done on the main BVOC
groups and the emission rates were not significantly different

(P > 0.05) between measurement years. Taastrup was visited be-
tween June and August in 2013e2016. Isoprene emission was
significantly different for both 2013 (0.19 mg g(dw)�1 h�1) and 2015
(1.12 mg g(dw)�1 h�1) in comparison to remaining measurement
years (P < 0.05). In 2013, the emission of isoprene was low in
comparison to the remaining measurement years, whilst 2015 had
a higher emission rate. MT emission was significantly different in
2013 (4.17 mg g(dw)�1 h�1) and between 2014 (1.57 mg g(dw)�1 h�1)
and 2015 (0.69 mg g(dw)�1 h�1) (P < 0.05). Both provenances of
spruce had MT emission rate three to four times as high in 2013 as
the average emission rate in the other years. There were also dif-
ferences in MT emission rates between 2014 and 2015, where the
average emissions in 2014 were higher in comparison to the
emission rates in 2015 (Fig. 6).

In regards to seasonal development, most of the BVOC mea-
surements were taken between May and August, but for Ljubljana
(2015) and Skogaryd, measurements were performed in October.
The average standardized emission rates in October were approx-
imately a third to a sixth of the total average standardized emission
rates measured between May and July (Table 1; Fig. 6). For Ljubl-
jana, where the emission profile in October and May were
compared, early spruce had a higher contribution to the total
emission of camphene (43.1%) and limonene (23.72%) in October,
whilst in May there was a higher contribution of isoprene (17.64%)
and SQTs (23.6%). Late spruce had a higher emission of isoprene
(43.06%) and SQT (36.02%) in October and a higher contribution to
the total emission of pinenes (20.48%) and other compounds
(24.83%, which for Ljubljanawere tricyclene, terpinenes, eucalyptol
and linalool) in May. Both provenances showed a decrease in the
total emission contribution of other compounds, but without a
decrease in the number of emitted compounds (data not shown).

4. Discussion

4.1. Separating latitudinal adaptation from genetic diversity

Norway spruce and Scots pine are important BVOC emission
contributors in European boreal ecosystems (Rinne et al., 2009). In
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Fig. 5. Statistically significant differences between measurement sites Ljubljana (L), Grafrath (G), Taastrup (T) and Piikki€o (P) and between provenances of early spruce (SE), with an
early budburst, and late spruce (SL) with a budburst approximately one week later. A grey box indicates a statistical difference (P < 0.05) between the two sites for a particular BVOC
group or compound. All measurements performed in April and October were excluded from the dataset. Statistical analysis was performed by doing a Kruskal-Wallis test and when
this was statistically significant it was followed by Mann-Whitney U test with Bonferroni correction.
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comparison to Scots pine, less emission studies have been under-
taken on Norway spruce despite it being one of the most common
coniferous tree species growing in Europe (Rinne et al., 2009;
Yassaa et al., 2012). This study presents the average standardized
emission rates of Norway spruce within the European boreal zone,
but also over a larger latitudinal range across Europe. The emission
rates across the sites were in range of other earlier studies (Janson,
1993; Christensen et al., 2000; Janson and de Serves, 2001; Hakola
et al., 2003; Grabmer et al., 2006; Yassaa et al., 2012; Bourtsoukidis
et al., 2014; Hakola et al., 2017) and there was minimal emission
rate difference between the southernmost site and the northern-
most site. Taastrup, Skogaryd and Norunda were sites which
differed most from the other sites in regards to their emission
patterns. Even though these sites are located in the northern range
of this study, the observed emission rate differences are not
necessarily due to their geographical location. The total MT emis-
sion rate at Taastrup in 2013 was higher and significantly different
from the emission rates at the other sites. The measurement years
between 2014 and 2016 were in range of the other visited sites.
BVOC emission at Skogaryd was only measured in October and had
lower emission rates in comparison to sites measured during the
growing season. Norunda had the highest average isoprene emis-
sion, with high emission rates at 3.0 m and 11.0 m in the canopy.
This is most likely due to a strong emission response during high
irradiation events in different parts of the canopy.

Apart from limonene, the emission rates of other compounds in
the southernmost sites Ljubljana and Grafrath were not signifi-
cantly different from each other. The spruce tree in Norunda

differed most from the trees in the remaining sites, both in regards
to BVOC emission groups and for separate compounds. One reason
could be that the tree in Norunda was standing in a much denser
forest in comparison to the other sites, leading to a possible dif-
ference in shade acclimation.

Both local climate and genetic diversity have been shown to
impact observed emission pattern fluctuations (Komenda and
Koppmann, 2002; Semiz et al., 2007; Niinemets et al., 2010; B€ack
et al., 2012; Steinbrecher et al., 2013), but it can be difficult to
separate latitudinal adaptations and genetics apart. By using the
IPG network, it was possible to further investigate the impact of
possible adaptations to local growing conditions from two prove-
nances of spruce without considering genetic diversity. The two
provenances of Norway spruce were slightly different in regards to
their emission profiles. Whilst early spruce had a higher relative
emission of a- and b-pinene, late spruce emittedmore isoprene and
limonene. Apart from limonene emission, which increased slightly
with increasing latitude, there were no distinct emission pattern
changes within the same provenance and between IPG sites. This
relative compound similarity across latitudes would suggest that
the genetic material of the tree determines the emission profile of
the compounds and that adaptation to local growing conditions do
not happen instantly, but may have developed over generations.

The importance of genetic diversity was further investigated by
comparing the BVOC emissions of genetically identical trees from
Taastrup and Piikki€o with genetically different trees in Hyltemossa
and Norunda. When all sites were compared, there was a statistical
difference for all compounds and sites except for the total amount

Table 3
The p-values of Mann-Whitney U test for the standardized emission rate (in mg g(dw)�1 h�1) of isoprene (ISO), monoterpenes (MT) and sesquiterpenes (SQT) and dominant MT
compounds from different canopy heights in Taastrup (2.0 m, 5.5 m and 12.5 m) and Norunda (3.0 m, 11.0 m, 20.0 m). SE stands for early spruce and SL for late spruce. The
hyphen marks compounds where there was a lack of data on one of the measurement heights. Statistics were not performed between height levels of 3.0 m and 11.0 m at the
Norunda site due to a difference in measurement months between mentioned height levels.

Terpene Taastrup (SE) Taastrup (SL) Norunda

2.0 m�5.5 m 2.0 m�12.5 m 5.5 m�12.5 m 2.0 m�5.5 m 2.0 m�12.5 m 5.5 m �12.5 m 3.0 me20 m 11.0 me20.0 m

ISO 0.66 0.35 0.21 0.82 0.83 0.83 <0.01 0.35
MT 0.13 0.24 0.98 0.65 0.07 0.05 <0.01 0.79
SQT 0.24 0.97 0.19 1.00 1.00 1.00 <0.01 <0.01
a-Pinene 0.10 0.19 0.93 1.00 0.35 0.44 <0.01 0.46
b-Pinene 0.40 0.35 0.94 1.00 0.77 0.77 <0.01 <0.01
Camphene 0.07 <0.01 0.28 0.86 0.02 0.05 <0.01 0.07
3-Carene 0.66 0.61 0.90 0.42 0.48 0.35 <0.01 e

Limonene 0.03 0.19 0.88 0.10 <0.01 <0.01 <0.01 0.64

Fig. 6. The average standardized emission rates (in mg g(dw)�1 h�1) of isoprene (ISO), monoterpenes (MT) and sesquiterpenes (SQT) from Ljubljana (Lju), Grafrath (Gra) and
Taastrup (Taa) for provenances and years. SE stands for early spruce and SL for late spruce, where early spruce has a budburst pattern approximately one week earlier than late
spruce. The error bars shows the standard deviation for each BVOC group.
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of BVOC emissions. But when the same comparison was performed
on genetically identical trees, there were significant differences for
all compounds and sites. These results highlight that the sites show
less of a difference in emission patterns with a change in latitude,
most likely due to acclimation to local weather and growing con-
ditions. The non-significant difference between sites and geneti-
cally identical trees further suggest that adaptation to local
environment do not happen instantly, but may take place over a
longer time. In order to confirm this possible similarity of the
relative emission profile, similar emission comparisons with more
sites and over a longer latitudinal range are suggested.

The potential similarity in the total emission rates across a lat-
itudinal gradient and relative emission profile might be of use in
atmospheric emission models. In general for many emission
models, the emission potentials are calculated for isoprene, the sum
of all MTs and the sum of all SQTs as they represent a significant
emission proportion from trees (Arneth et al., 2010; Niinemets
et al., 2010). The results presented here provide average stan-
dardized emission rates of these three compound groups from
spruce over a vast latitudinal range. However, for models which
focus on atmospheric chemistry, it is important to also consider the
emission profile, as the reactivity of compounds varies by several
orders of magnitude due to their molecular structure (Atkinson and
Arey, 2003; Niinemets et al., 2010). As the composition might vary
due to short-term environmental impacts and genetic diversity
between trees, it is difficult to give specific emission ranges of
different compounds. However, the observed similarity of emission
rates between IPG network sites, which also have had the possi-
bility to acclimate to the local growing conditions, show that the
composition seen at different sites can be considered to remain
fairly stable with the progression of time.

4.2. Observed BVOC emission patterns in relation to height, season
and year

Apart from the studied effects of latitudinal adaptation and
genetic diversity on observed emission pattern fluctuations, the
effect of measurement height within the canopy, change with
season and yearly differences have also been investigated.

In Taastrup and Norunda, emissions were measured at three
levels within the canopy. Whilst Taastrup only showed emission
pattern differences between levels for a few compounds, Norunda
showed statistically significant differences both for compound
groups and separate compounds for all measured canopy heights. A
possible explanation for the dissimilarity in emission response
could be the amount of shade adaptation at different heights and
sites. Persson et al. (2016) explained that the insignificant emission
difference between canopy heights in Taastrup could be caused by
the wide spacing between trees in the phenological garden. This
results in relatively high levels of irradiation at lower canopy levels,
which minimizes the difference in light adaptation between needle
branches from the upper and lower parts of the canopy. In Norunda,
the trees were planted with less space in between trees and
therefore have quite distinct differences in available light at
different canopy levels. Furthermore, the shape and the color of the
needles in Norunda were different between canopy heights, with
thicker, greener and a higher percentage of newly produced shoots
at the upper canopy in comparison to lower levels.

The emission pattern change in regards to time of season has
shown to have a substantial effect on observed emission rates
(Janson, 1993; Hakola et al., 2003, 2012, 2017; Tarvainen et al.,
2005). Seasonality has also shown to influence not only the emis-
sion amounts, but also changing the compounds’ emission profile
(Janson, 1993; Hakola et al., 2003). The majority of the measure-
ments in this study were performed between May and August,

which is in the middle of the growing season. But in Ljubljana and
Skogaryd in 2015, measurements were performed in October
which is outside the main growing season. In comparison to both
the emission differences between campaigns within Ljubljana and
between the remaining sites, the emission rates in October were
less than one third of the emissions reported during the middle of
the growing season. The trees in Ljubljana also showed a change in
emission profile for both provenances of spruce and season. Early
spruce changed from high emissions of isoprene and SQT in May to
emitting a higher relative contribution of camphene and limonene
in October. Late spruce had high relative compound contribution of
pinenes and other compounds in May and emitted more isoprene
and SQT in October. However, even though the emission profile
changed with the progression of the season, the number of com-
pounds emitted did not change considerably. Skogaryd has only
been measured in October and as it is unknown what the emission
capacities are during summer season, which makes comparisons of
emission profile with other sites unrealistic. However, the differ-
ences in emission patterns with remaining sites points to a po-
tential influence of season which would be recommended to study
further.

Apart from a seasonal change in BVOC emission patterns, there
might also be differences between measurement years (Hakola
et al., 2017). Hakola et al. (2012) compared the emissions from a
boreal forest in Hyyti€al€a between seasons and years. They found
that apart from summer, when the emission differences were
rather small, the emission profile could differ between measure-
ment years. A similarity between summer season emissions was
also indicated in this study for Ljubljana and Grafrath, which
showed no significant difference between measurement years. But
as only two summer seasons were compared, the emission simi-
larities during the summer period in general cannot be quantified.
For Taastrup, measurements were conducted for four years in a row
at approximately the same time in July. For the total emission rates,
the emissions were on average higher in 2013 compared to the
other years. For the summer season of 2013, Persson et al. (2016)
reported a distinct period without rainfall which might have
caused drought stress to the spruce trees. Even though the volu-
metric water content of the soil was not measured, other in-
dications such as dry needles shedding from lower branches whilst
being handled suggested that the trees were in some state of water
shortage. In a study by Lappalainen et al. (2009) in a coniferous
forest, MT concentrations started to decline soon after a summer
drought. This drop in emissions might be connected to senescence
or needle shedding. The emission rates also differed between
measurement years. In 2013, the emission of isoprene was signifi-
cantly lower in comparison to other measurement years, whilst
MTs were higher. 2015 was also a year which differed from
remaining measurement years, with high isoprene emissions and
lower MT emissions. In relation to other measurement years, 2015
was almost 2 �C colder than average for July (data not shown) and
this may have had an influence on the observed emission patterns.
Even though the reasons for variable emission patterns only can be
speculated in this case, there are indications that past weather
events might have had an influence on the emission pattern vari-
ations between years.

4.3. Uncertainties related to BVOC measurements from chosen sites
and the latitudinal gradient

Several sites which are part of different measurement cam-
paigns were studied in order to get a better representation of the
possible growing range of Norway spruce. The inclusion of different
measurement campaigns made it possible to investigate different
influential aspects of the emission variation, such as genetic
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diversity, latitudinal adaptations, potential emission differences
between summer and autumn, height within the canopy and be-
tween measurement years. But as the different measurement
campaigns were not originally set to cover all of the above
mentioned aspects, the amount of data collected is not sufficient to
quantify their separate importance on observed BVOC emissions.
Furthermore, the inclusion of different chamber measurement
techniques between studies adds further uncertainty to emission
variations between sites. The needle chambers used together with
LI-6400 has a disadvantage that the plant needs to be handled for
each sample, which might increase the risk of mechanical stress
induced emissions. The disadvantage of the transparent branch
chambers is that the climatic conditions inside the chamber are
more difficult to control, which might have indirectly provided
with more stress to the branch inside the chamber due to different
climatic conditions.

Apart from the influence of genetic diversity, adaptations to
different growing conditions, height, season andmeasurement year
on observed BVOC emissions, the emissions have also been influ-
enced by other factors which have not been thoroughly studied in
this setup. In the performed PLS analysis, only 7.8% of the emissions
could be explained by temperature, PAR, height, latitude and time
of season. Factors which were not included in the analysis but
which have shown visible effects on the emission rates are drought,
heat, herbivore attack and mechanical damage of the needle twigs
or branches. Therefore, more studies investigating how the emis-
sion patterns in situ are influenced by these short-term effects
would be needed.

In order to compare the emission rates between sites, all mea-
surements were normalized according to the algorithms presented
by Guenther et al. (1993). For the normalization of monoterpenes
and sesquiterpenes, a b-value of 0.09 was used. But it has been
shown by Duhl et al. (2008) that the b-value could be different
between SQTs and MTs when the standardized emissions are
calculated. Previous results have indicated that b for SQTs could be
in the range 0.05e0.29 (Duhl et al., 2008). However, since many
factors need to be taken into account when choosing an appro-
priate b-value, such as plant species, season and specific com-
pounds, it is hard to decide which value should be used. For the
studies reported in Table 2, the b-value for MTs is between 0.01 and
0.19 and for SQTs 0.02e0.17. As the main purpose of this study was
to compare the emission pattern variability for spruce influenced
by latitude, genetics and height, the same value for both MTs and
SQTs was chosen to simplify the analysis.

5. Conclusions

Norway spruce is an important coniferous source of BVOCs
which can be found over a large range in Europe. This study
measured the emission rates of genetically identical and genetically
different Norway spruce trees at seven European sites. The results
showed that the standardized emission rates from different sites
within Europe did not vary considerably with a change in latitude.
The emission profile differed between provenances and sites, but
the emission profile difference was less distinct for genetically
identical trees. The study suggests that the spruce isoprenoid
emission is potentially more determined by genetic diversity than
by adaptation to local growth conditions. This possible stability in
isoprenoid emissions could be used to improve the parameteriza-
tion in different emission models.

It was also indicated that the observed emission rates were
influenced by canopy height, time of season and measurement
years. But due to different experimental setups between mea-
surement campaigns, it is not possible to quantify the effect of the
separate factors. More comprehensive measurements involving the

effect of canopy height, season and measurement years would be
needed in order to better understand the emission pattern
fluctuations.
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