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Figure 1. Simplified overview of BVOC emission and production pathways in a needle tip. BVOCs are 
produced through secondary metabolism from several pathways, for example the methylerythriol 
phosphate (MEP)-, mevalonate (MVA)- and lipoxygenase (LOX)-pathways. Upon production, BVOCs 
can be emitted directly through the stomata but also stored in the plant, for example in resin ducts of a 
needle. 





Figure 2. Conceptual illustration of BVOC reactions in the atmosphere in relation to global warming. Red 
arrows with a plus sign illustrate increase and blue arrows with a minus sign a decrease. Higher 
temperatures from global warming leads to increased BVOC emissions.Complex chemical reactions with 
BVOCs occur in the atmosphere. The concentration of nitrogen oxides (NOx) determines if ozone (O3) 
is produced or consumed where net production leads to increased warming. BVOCs also react with OH-
radicals decreasing their concentration, resulting in prolonged lifetimes of CH4 and increased warming. 
Depleted OH also leads to decreases in the secondary organic aerosol (SOA) formation capacity of sulfur 
dioxide (SO2) resulting in decreased cloud formation capacity. BVOCs can be precursors of SOAs having 
a cooling effect through radiation scattering. SOAs also increases cloud condensation nuclei (CCN), 
however, a net decrease of SO2 + OH can result in decreased CCN. This also decreases the cloud 
droplet number concentration (CDNC) and albedo, further increasing global warming. The figure is 
redrawn from Peñuelas and Staudt, (2010) and Weber et al. (2022). 







Table 1. The size of forests in Sweden with reported damage from bark beetles, forest fires and elevated 
O3. The damage is quantified as a sum between the years 2018 to 2022. Data on land cover and number 
of bark beetle killed trees were taken from the Swedish forest statistics (Roberge et al., 2023), the extent 
of forest fires was acquired from Högberg et al. (2021) and the hours of elevated O3 concentrations were 
taken from the Swedish Meteorological and Hydrological Institute (SMHI, 2023). 

Tree type 
Land 
cover 
type 

Land 
cover 
(1000 ha) 

Stress type 
Quantified effect from 
2018-2022 

Norway 
spruce 

Production 
forest 

5849 
Insect attack from the 
European spruce bark beetle 

1.1% of all trees killed 

Scots pine 
Production 
forest 

8979 Forest fire 0.01% of forest burnt 

Mountain 
birch 

Alpine 
forest 

2900 
Elevated O3 concentrations 
above 40ppb 

11 330 hours of 
exposure above 
threshold 
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Figure 3. Schematic overview of the thesis aim to measure and analyze how different stresses affect 
BVOC emissions and ecosystem BVOC fluxes. 



 



Figure 4. The study sites’ location in Sweden and images of the main forest type (Photographs: 
Hyltemossa, Abisko and Norunda by author, Kårböle by Julia Kelly). 
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https://geohack.toolforge.org/geohack.php?language=sv&pagename=Abisko_naturvetenskapliga_station_(naturreservat)&params=68.355453_N_18.822089_E_type:landmark_region:SE


Figure 5. The chamber enclosures used in the study, (a) bark chamber, (b) forest floor chamber and (c) 
leaf chamber. 
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Table 2. The dates of field campaigns performed during the thesis work, their location, plant material, 
exposed, measured stress factor and in which paper the results are presented. 

Year and date of 
campaigns 

Location 
Plant 
material 

Stress factor Paper 

Year 2019: 

4-6 May, 4-6 and 13 June, 
2-4 July, 30-1 July/August, 
26-27 August 

Hyltemossa 
& Norunda 

Norway 
spruce bark 

Insect infestation of the 
European spruce bark 
beetle 

I 

Year 2020: 

28-4 June/July 

28-3 July/August 

Abisko Mountain 
birch leaves 

Oxidative stress from 
ozone 

II 

Year 2019: 19-20 July 

Year 2020: 1-3 August 

Year 2021: 3-6 August 

Year 2022: 30-31 July 

2-4 August 

Kårböle Scots pine 
dominated 
forest floor 

Post wildfire III 

June-August 2019-2021 Hyltemossa Norway 
spruce 
forest 

Long term ecosystem 
monitoring (no intentional 
stress) 

IV 



Figure 6. A conceptual overview of Paper I’s aim. BVOC measurements were taken from spruce trees 
that were unaffected by bark beetles and later from spruce trees with ongoing infestations of bark beetles 
and in the end from trees dying of succesful infestation. 



Figure 7. A conceptual overview of the aim of Paper II. BVOC measurements were taken from healthy 
mountain birch leaves that were sequentically exposed to elevated O3 with new measurements taken at 
several steps. The experiment was done on young leaves in the early summer and mature leaves later 
in summer. 



Figure 8. A conceptual overview of the aim of Paper III. The effect of forest fires on BVOC emissions 
were analyzed by measuring the emissions of healthy forest floor, burnt forest floor one year post fire 
and the recovering forest floor up to four years post fire. 



Figure 9. A conceptual overview of Paper IV’s aim. Long-term ecosystem monitoring of BVOC fluxes in 
a managed spruce forest. Measurements were sampled from 2019 to 2021 allowing for the capture of 
summer trends as well as annual variations. 







Figure 10. Diel cycles of hourly averages of air temperature, gross primary production (GPP) and 
monoterpene fluxes for the summer months June, July and August for the years 2019, 2020 and 2021. 
The lines represent the hourly average where the shaded areas represent ± 1 standard deviation where 
colors represent the years (red = 2019, yellow = 2020, green = 2021). The vertical axes for each variable 
share the same scale indicated by the left axis. Air temperature and GPP were aquired from the ICOS 
research station in Hyltemossa (Heliasz et al., 2023a). 





Figure 11. Relationship of the monoterpene fluxes above the forest in Hyltemossa with the air 
temperature measured at 50m from the nearby flux mast at the ICOS research station in Hyltemossa 
(Heliasz et al., 2023a). The plotted data points are the average of the observed fluxes binned into 1 °C 
bins. All fluxes pass the criteria for well mixed conditions (friction velocity greater than 0.3m s-1; Lindroth 
et al., 2020), and are not limited by light (PPFD greater than 1000 µmol m-2 s-1). The standard errors are 
represented by the error bars The years are plotted in different colors (red = 2019, yellow = 2020, 
green = 2021). The plotted lines show the expontial Q10 relationship for the monoterpene fluxes for each 
year (equation 5 in Paper I, with T0 set to 0 °C).  
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Figure 12. BVOC emission rates (µg m-2 h-1) from boreal forest floor measured at unburnt areas with 
mature trees (UM), high-severity fire with mature trees (HM) and high-severity fire with young trees (HY). 
Yearly measurments were taken in July/August between 2019-2022. The emission rates are presented 
in log scale to facilitate the comparison between sites and years with high variation. The emitted 
compounds are presented in different color schemes where monoterpenes (MT) are red, sesquitepenes 
(SQT) green and oxygenated compounds (OXY) blue. Isoprene is separated on its own and colored 
yellow. The black lines represent the standard deviation of the total emission rates. 
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Figure 13. BVOC emission rates (ng gdw
-1

 h
-1) from mountan birch leaves at different ages (young and 

mature) and different exposures of O3 (80 and 120ppb) measured twice in the summer of 2020. The 
emission rates are presented in log scale to facilitate the comparison between the different ages. The 
emitted compounds are presented in different color schemes where monoterpenes (MT) are red, 
sesquitepenes (SQT) green and oxygenated compounds (OXY) blue, where MBO is abbreviated from 
2-methyl-3-buten-1-ol and AMCH from 4-acetyl-1-methylcyclohexene. Isoprene is separated on its own 
and colored yellow. The black lines represent the standard deviation of the total emission rates. 
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Figure 14. BVOC emission rates (µg m-2 h-1) from both healthy and infested Norway spruce bark 
measured throghout the summer in 2019. The emission rates are presented in log scale to facilitate the 
comparison between sites and months with high variation. The emitted compounds are presented in 
different color schemes where monoterpenes (MT) are red, sesquitepenes (SQT) green and oxygenated 
compounds (OXY) blue. Isoprene is separated on its own and colored yellow. The black lines represent 
the standard deviation of the total emission rates. 
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Table 3. The emissions from unstressed Norway spruce bark (µg m-2 h-1), Mountain birch leaf 
(ng gdw

-1 h-1) and boreal forest floor (µg m-2 h-1) and the change (%) after stress. Some compounds were 
not measured all year which is indicated by n.d. (no data). NaN values indicate that there is no possibility 
of calculating the % since there is no emission. Inf indicates that there was no emission before the stress 
meaning that the increase not quantifiable. MBO is abbreviated from 2-methyl-3-buten-1-ol and AMCH 
from 4-acetyl-1-methylcyclohexene. 

 Bark beetle Ozone Forest fire 

Compound 

 

Control 

(µg m-2 h-1) 

Infested 

(%) 

Control 

(ng gdw
-1 h-1) 

O3 

(%) 

Recovery 

(%) 

Control 

(µg m-2 h-1) 

Year 
1 

(%) 

Year 
2 

(%) 

Year 
3 

(%) 

Year 
4 

(%) 

Isoprene 0 NaN 7.0 -28 35 0.4 37 -41 -65 22 

Monoterpene 

3-Carene 2.5 7134 11.4 -97 -53 11.5 -56 -31 -59 -94 

α-Pinene 11.3 6582 211.1 -100 39 22.5 -46 -81 -75 -89 

β-Pinene 8.0 8328 2.1 -96 15 0.5 -48 -58 -60 -50 

Limonene 1.9 10739 21.5 -93 -48 1.4 -34 -49 -89 -93 

p-Cymene 0.4 39366 11.6 -95 -46 5.2 -85 -69 -95 -86 

Camphene n.d. n.d. 16.9 -98 -10 n.d. n.d. n.d. n.d. n.d. 

β-Myrcene 0.3 36559 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Sesquiterpenes 

α-Humulene 1.1 782 0.5 3591 32 0.6 -57 -74 -86 -99 

β-Caryophyllene n.d. n.d. 4.6 100 -86 3.4 -83 -89 -92 -100 

β-Farnesene n.d. n.d. 3.8 321 56 n.d. n.d. n.d. n.d. n.d. 

iso-Longifolene n.d. n.d. 0.4 -32 58 n.d. n.d. n.d. n.d. n.d. 

Longicyclene n.d. n.d. 0.8 -87 -83 n.d. n.d. n.d. n.d. n.d. 

β-Caryophyllene + 
Longifolene 

0.5 4583 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Oxygenated compounds 

Eucalyptol 0 Inf n.d. n.d. n.d. 0.1 21 -29 -87 -71 

Linalool 0 NaN 24.9 -75 -23 0.1 288 147 -72 -86 

AMCH n.d. n.d. 0.3 532 127 n.d. n.d. n.d. n.d. n.d. 

MBO n.d. n.d. 5.3 -59 2 n.d. n.d. n.d. n.d. n.d. 

cis-3-Hexenol n.d. n.d. 5.9 -64 -19 n.d. n.d. n.d. n.d. n.d. 

Nopinone n.d. n.d. 1.3 -80 -74 n.d. n.d. n.d. n.d. n.d. 

Total emission rates 

Total 25.9 7960 329.3 -80 16 45.5 -54 -66 -75 -90 
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Figure 15. The stress effect on BVOC emission rates from (a) bark beetle infestations comparing healthy 
and infested Norway spruce bark, (b) forest fire comparing unburnt and burnt forest floor and the recovery 
until four years post fire and (c) O3 exposure comparing healthy and O3 exposed at 80 and 120ppb 
mountain birch leaves and the recovery after exposure. The numbers in the figures indicate the 
percentage increase or decreae in emission rates compared to the healthy state. The emitted compounds 
are presented in different color schemes where monoterpenes (MT) are red, sesquitepenes (SQT) green 
and oxygenated compounds (OXY) blue, where MBO is abbreviated from 2-methyl-3-buten-1-ol and 
AMCH from 4-acetyl-1-methylcyclohexene. Isoprene is separated on its own and colored yell. The black 
lines represent the standard deviation of the total emission rates. 







Table 4. The yearly BVOC emissions (Gg year-1) from healthy and stressed forests in Sweden. The 
calculated emission rates are based on the results presented in the thesis and the estimation of forest 
land cover and stress in Sweden quantified as a sum between the years 2018 to 2022. Data on land 
cover and number of bark beetle killed trees were taken from the Swedish forest statistics (Roberge et 
al., 2023), the extent of forest fires were acquired from Högberg et al. (2021) and the hours of elevated 
O3 concentrations were taken from the Swedish Meteorological and Hydrological Institute (SMHI, 2023). 
The emission change (%) is calculated from the yearly average estimated healthy state emission and 
the combined emission rates from stressed and healthy trees. 

Tree type Stress 
Healthy state 
emission rate 
(Gg year-1) 

Stress 
emission rate 
(Gg year-1) 

Combined 
emission rate 
(Gg year-1) 

Emission 
change 
(%) 

Norway 
spruce 

Insect attack from 
the European 
spruce bark beetle 

211 0.7 212 0.3 

Scots pine Forest fire 36 0.001 29 -20 

Mountain 
birch 

Elevated O3 
concentration 
above 40ppb 

37 12 49 33 

All tree types 284 13 290 2 
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