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: Secondary organic aerosol (SOA) impact climate by scattering and absorbing radiation and contributing

. to cloud formation. SOA models are based on studies of simplified chemical systems that do not

. account for the chemical complexity in the atmosphere. This study investigated SOA formation from
a mixture of real Scots pine (Pinus sylvestris) emissions including a variety of monoterpenes and
sesquiterpenes. SOA generation was characterized from different combinations of volatile compounds
as the plant emissions were altered with an herbivore stress treatment. During active herbivore feeding,
monoterpene and sesquiterpene emissions increased, but SOA mass yields decreased after accounting

. for absorption effects. SOA mass yields were controlled by sesquiterpene emissions in healthy plants.

. In contrast, SOA mass yields from stressed plant emissions were controlled by the specific blend of
monoterpene emissions. Conservative estimates using a box model approach showed a 1.5- to 2.3-fold
aerosol enhancement when the terpene complexity was taken into account. This enhancement was

. relative to the commonly used model monoterpene, “«.-pinene”. These results suggest that simplifying

. terpene complexity in SOA models could lead to underpredictions in aerosol mass loading.

. Plants are the largest source of volatile organic compound (VOC) emissions globally'. After entering the atmos-
. phere, plant volatiles undergo oxidative chemistry that generate low-volatility vapors and contribute to the pro-
duction of biogenic secondary organic aerosol (SOA)**. Atmospheric aerosols affect climate by scattering and
absorbing radiation and by contributing to cloud-formation processes*®. Potential climate feedbacks resulting
from this type of biosphere-atmosphere interaction have been targeted as a high priority area for the future of
atmospheric chemistry research®. However, there are many challenges to improving biogenic SOA predictive
capabilities. One of these challenges is addressing the chemical complexity of plant VOC emissions. More than
1,700 compounds have been identified from plant volatile emissions” and detailed SOA chemistry has only been
investigated in laboratory chambers for a small fraction of these. The objective of this research was to use real

: Scots pine emissions to identify chemical controls on SOA production from oxidation of a natural, complex VOC

: mixture.

: The chemical complexity of plant volatile emissions must be simplified in regional and global models due to
the limited number of observations and the computational expense of including additional compounds. There are
several approaches for doing this. Some models predict SOA as a prescribed source based on previous estimates
of SOA mass loadings®. Other models partition reacted vapors from the gas-phase to the particle-phase assuming
a single SOA yield. For example, the Norwegian Earth System Model (NorESM) assumes a 15% SOA yield from

. all monoterpenes’. Others add more complexity using absorption-partitioning theory where SOA mass yields are

© higher with increasing condensed phase organic mass to enhance absorption'’. Widely-used implementations of
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absorption-partitioning theory include the Odum two-product approach!! or, more recently, the volatility basis
set approach!>!®. However, models that account for absorption effects are based on parameters derived from
simplified chemical systems in laboratory chambers that do not represent the chemical complexity of real plant
emissions.

Natural chemical complexity of VOC emissions presents an obstacle for predicting both current and future
SOA production. Climate plays a key role in maintaining ecosystem health—including plant health. For example,
moderate wintertime temperatures decrease insect mortality leading to increased severity of herbivore outbreaks
in the spring'*. When faced with indirect climate stressors such as this, plant defense responses are activated
which alter the composition and magnitude of VOC emissions'>'®. Plant volatile responses to herbivore stress
are highly variable and depend on several factors including the degree of damage'®, type of plant species!’, her-
bivore species'®!® and presence of multiple interacting stressors'>°-21. Many herbivores increase the release of
constitutively-emitted terpenoid compounds, such as monoterpenes and sesquiterpenes, that were emitted at a
lower level prior to the stress. Alternatively, the stress can induce de novo biosynthesis and subsequent emission
of other terpenoid compounds, or entirely different compound types, such as plant stress hormones including
methyl jasmonate or methyl salicylate??. Other plant stress emissions are derived from mechanical damage. For
example, defoliators damage cell membranes which subsequently degrade and lead to emissions of six-carbon
green leaf volatiles such as 1-hexenol and hexenyl acetate?>. Consequently, the volatile bouquet of plant emissions
under herbivore stress contains a complex mixture of organics—many of which can act as precursors to SOA
formation and many of which have never been considered in chamber SOA studies.

A few studies have demonstrated that plant stress VOCs can contribute to SOA production®*-2%. However,
these studies did not account for absorption-partitioning effects in their experimental design. This gap limits
data interpretation for determining the chemical controls on SOA production from a mixture of plant volatile
emissions and how those chemical controls change within different plant volatile mixtures. To address this crit-
ical gap, we used emissions from Scots pine saplings to generate SOA directly from a complex mixture of plant
volatiles before, during and after a pine weevil herbivore stress treatment across a range of overlapping organic
aerosol mass loadings using an oxidation flow reactor. Scots pine (Pinus sylvestris L.) (Pinaceae) is one of the most
widely distributed conifer tree species in the world* and comprises 65% of the whole forest area in Finland™®.
The distribution of Scots pine covers Eurasian conifer forests from Scotland to Eastern Siberia close to the Pacific
Ocean and south to Turkey. Thus, it is the most representative conifer species of boreal forests. This experimental
design allowed us to investigate SOA production from a variety of different complex VOC mixtures represent-
ing unstressed emission profiles and herbivore-stressed emission profiles. Importantly, the goal of this research
was not necessarily to infer the effects of pine weevil stress on SOA production in the boreal forest environment
directly, but rather the goal was to investigate the chemical controls on SOA production as the mixture changes.
This is an important distinction because improved understanding of the specific chemical controls on SOA gen-
eration is transferrable to other studies even if the plant emission response is different. By directly characterizing
the impact of changing emissions on SOA production we seek to provide a framework for understanding the SOA
implications from the many plant stress emissions studies reported previously.

A schematic of the SOA generation system used in this study is provided in Fig. 1. This study represents the
most comprehensive investigation of the major chemical controls on SOA production from real plant emissions
made possible by the high throughput of the flow reactor technique and the novel study design that accounted for
important absorption effects. SOA from Scots pine emissions was compared to SOA generated from oxidation
of individual monoterpene and sesquiterpene standard compounds. SOA mass yields from Scots pine emissions
were controlled by the composition of the terpene emissions; both the sesquiterpene emission rate and the mix-
ture of monoterpene isomers could explain the observed yields. These results suggest that over-simplifying the
terpene complexity in SOA models could lead to significant underpredictions of SOA in forest environments.

Results

We characterized SOA production from different mixtures of plant volatiles using a plant-herbivore system that
included seven-year-old Scots pine (Pinus sylvestris) saplings before, during and after a 48-hour exposure to pine
weevils (Hylobius abietis). SOA was generated via photooxidation of plant volatile emissions in an oxidation
flow reactor (OFR). Table 1 summarizes the dates and duration for each of the four experiments conducted in
summer 2015 with dates and time provided for herbivore application and removal. The number of averaging
intervals used to characterize SOA generation from each experimental phase (pre-treatment, active feeding and
post-treatment) is also provided. The averaging interval for SOA characterization was defined as the start of
the plant volatile measurement at the OFR inlet to the end of the plant volatile measurement at the OFR outlet
using proton transfer reaction time-of-flight mass spectrometry (PTR-ToF-MS). The “active feeding” experi-
mental phase was defined based on an observable plant emission response using the PTR-ToF-MS data (see
Supplementary Information Fig. 1 for example). Each experiment included one treatment plant and one con-
trol plant. The control plant was used to characterize emission variability to determine if any emission changes
observed after treatment were due to the herbivore stress.

Plant Emission Rates Before, During and After Pine Weevil Feeding. A summary of the average
monoterpene and sesquiterpene emission rates in each experimental phase (pre-treatment, active feeding and
post-treatment) is illustrated in Fig. 2. On average, monoterpene emissions from the treatment plant increased
from 48.14/—9.8ug m~2 h™! before treatment to 2080 +/— 383 ug m~2 h~! during active feeding. For compari-
son, the control plant monoterpene emissions were 56.1 +/—7.8ug m~>h~' and 39.7 +/— 6.7pg m~> h™' during
pre-treatment and active feeding experimental phases, respectively. Sesquiterpene emissions from the treatment
plant increased from 14.8 +/— 2.9 ug m~2 h~! before treatment to 31.7 +/— 7.7 ug m~2 h~! during active feeding.
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Figure 1. Flow reactor design for studying aerosol production from real plant volatile emissions. Humidified
air and ozone-enriched air were added to air from the plant enclosure before entering the flow reactor. Three-
way valves were located downstream of the plant enclosures to select which plant volatiles were used in aerosol
experiments. Clean dilution air was added to adjust the VOC concentration to measure aerosol yields across a
range of aerosol mass loadings.
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Figure 2. Summary of plant volatile emissions before, during and after pine weevil herbivory. The average
monoterpenoid (middle panel) and sesquiterpene (bottom panel) emission rates during the three experimental
phases. The top panel shows the sesquiterpene (SQT) to monoterpene (MT) emission ratio. Asterisks indicate
significant differences between control and treatment plant emission rates (t-test, p < 0.05).

1 June 1-June 12 | June 8 14:40 June 10 13:30 | 12 10 9

2 June 22-July 3 | June 29 11:30 | July 1 13:30 0 6 33
3 July 3-July 16 | July 8 12:00 July 10 16:00 | 1 21 109
4 July 16-July 31 | July 22 11:00 July 24 15:15 | 16 35 47

Table 1. Summary of SOA generation experiments conducted using Scots pine saplings during June-July of
summer 2015. “Active feeding refers to periods where the PTR-ToF-MS measurements indicated there was a
plant emission response. Data points collected after herbivores were applied but before a response was detected
were included in the “pre-treatment” experiment phase.
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Sesquiterpene emissions from the control plant were 23.1+/—4.7pgm>h™'and 11.24/—2.2ugm>h™!
for the pre-treatment and active feeding experimental phases. Post-treatment, monoterpene and sesquiterpene
emissions from the treatment plant were 435.5+/— 139.1pgm—>h~'and 17.8 +/— 5.2 ug m~> h~'. Both emission
rates for the post-treatment periods were lower than during the active feeding period, but remained elevated
above pre-treatment emission rate values. Furthermore, they were higher than post-treatment control emissions
with statistical significance for both monoterpene and sesquiterpene emission rates. Monoterpene and sesquit-
erpene emissions from treatment plants were significantly different from control emissions during active feeding
and post-treatment (t-test). The sesquiterpene emissions from the control plants exhibited a gradual decrease
over the length of each experiment. This is likely not due to a seasonal effect because each of the four experiments
was conducted at different stages of growth from early summer to late summer. Rather, this gradual decline in
emissions indicates that conditions in the laboratory enclosures (including water vapor concentrations and light
intensity) were not ideal for maintaining plant photosynthesis over time. This is also evident in Fig. 3 and is dis-
cussed further in the next section. Pre-treatment monoterpene and sesquiterpene emissions were not statistically
different between control and treatment plants.

A t-test was used to test for significance between observed differences in emission rates between the treatment
and control plants during the different experimental phases (Fig. 2). The number of data points used to calculate
the averages presented in Fig. 2 were as follows: pre-treatment (n =20), active feeding (n = 15) and post-treatment
(n=18). Statistical significance is indicated in Fig. 2 for differences in monoterpenoid emission rate between
treatment and control during active feeding (combined effective degree of freedom =14.01, t-value =5.329)
and post-treatment (combined effective degree of freedom = 17.00, t-value = 3.048). There was no significant
difference between control and treatment plants pre-treatment (combined effective degree of freedom =36.2,
t-value = —0.6402). Similarly, for sesquiterpene emissions there were significant differences between treatment
and control plants during active feeding (combined effective degree of freedom =16.32, t-value = —2.5753) and
post-treatment (combined effective degree of freedom = 17.87, t-value = —2.7646). There was no significant
difference between control and treatment plants pre-treatment (combined effective degree of freedom =31.78,
t-value = 1.5036).

Monoterpene and sesquiterpene emissions increased significantly for the treatment plants compared to the
control group. Specifically, monoterpene emissions increased by 4000% while sesquiterpene emissions increased
by 114%. The top line of Fig. 2 highlights the larger herbivore effect on monoterpene (MT) emission rates com-
pared to sesquiterpene (SQT) emission rates in the treatment plants with SQT:MT emission ratios of 0.31, 0.02
and 0.04 for pre-treatment, active feeding and post-treatment periods respectively. The control group SQT:MT
emission ratios were 0.41, 0.28 and 0.27 for the same respective periods. These unstressed SQT:MT ratios are
within the range of reported field measurements from different Scots pine chemotypes where SQT:MT ratios
ranged from 0-0.5°!. We note this herbivore effect on plant emissions is in the opposite direction compared with
that observed by Zhao and colleagues? from aphid herbivory where they measured unstressed, intermediate
stressed and maximum stressed SQT:MT from boreal forest trees of 0.119, 0.365 and 3.125, respectively. This is
probably due to the different plant stress response mechanisms to chewing (e.g. beetles) and sucking (e.g. aphids)
herbivore types. Constitutive (or unstressed) emissions are derived from a combination of de novo and pool
emission sources®?. Aphid herbivory induces de novo synthesis of new compounds that are subsequently emitted.
In contrast, the bark-boring pine weevils used in this study mechanically damaged the plant bark which exposed
terpene pools to the atmosphere. This mechanical damage likely led to a larger increase in emissions sourced from
terpene pools than from de novo emissions. In a Scots pine forest environment, de novo monoterpene emissions
contribute 30-46% of total monoterpene emissions with the remaining sourced from the pools®, but this has not
been quantified for sesquiterpene emissions. Our results demonstrated a much larger increase in monoterpene
emissions than sesquiterpene emissions after terpene pools were exposed to the atmosphere. This could suggest
that a larger percentage of constitutive sesquiterpene emissions were derived from de novo synthesis. An alternate
explanation could be that MT-rich resin was conducted from xylem and needles to the wounds for healing.

Characterization of Plant Volatile Emission Profiles Used for SOA Generation. Figure 3a-c shows
a sub-set of the GC data to demonstrate the variation in plant responses and emission profiles that were used for
SOA generation. The compounds included in Fig. 3 are all monoterpenes that were characterized with an authen-
tic GC standard and constituted greater than 5% of total emissions by mass during at least one of the experimen-
tal phases. These compounds were a-pinene, A-3-carene, camphene, 3-myrcene, limonene and 3-pinene. Two
other compounds, p-cymene and 3-phellandrene, comprised a major portion of the total emissions, but we did
not have analytical standards for those compounds and thus their results are semi-quantitative. All quantitative
and semi-quantitative emission rates measured from cartridge samples and averaged from each experimental
phase for all four experiments are provided in the supplementary information (Supplemental Table 1). Figure 3a
shows the sum of the basal emission rate (BER, normalized to 303 K, ug m~2 h~!) from these six compounds on
alog scale. Each experiment demonstrates an evident increase in monoterpene emissions during active feeding.
During experiments 1, 3 and 4 the emission rate decreased after herbivore removal, but stayed elevated above
pre-treatment emissions rates. The treatment plant in experiment 2 maintained high emission rates after herbi-
vores had been removed. The sum BER from the control plants decreased over time. This further highlights the
strong herbivore effect on emission rates because the gradual reduction in control plant emission rates suggests
that laboratory lighting was not sufficient to maintain photosynthesis rates.

Figure 3b and c illustrate the relative emission profiles from the treatment and control plants, respectively.
There was clear variation between tree chemotypes used in this study*. This was evident by comparing the treat-
ment and control plant emissions from experiments 1 and 2; the control plants were 3-carene emitters while the
treatment plants were not and the treatment plants emitted an appreciable amount of limonene while the control
plants did not. There was also variation in which compounds were most affected by herbivore treatment during
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Figure 3. Detailed characterization of monoterpene emission profiles from all four experiments. The x-axis
labels indicate the experiment number (E1 = experiment 1, E2 =experiment 2, ...), experimental phase
(PreT = pre-treatment, Active =active feeding, PostT = post-treatment), date and time of each duplicate
cartridge sample collection. Panel (a) shows a time-series of the sum basal emission rate (BER) for the six
dominant, quantitative monoterpene emissions identified in the cartridge samples on a log scale. Units are
pg m~2h~!. Panels (b) and (c) show the relative emission profile from the treatment plant and control plant,
respectively. Error bars denote the standard deviation of duplicate samples from each seedling.

the different experiments. For example, in experiment 1 the active feeding period corresponded to an increase in
the relative 3-myrcene emissions and, to a lesser extent, limonene emissions. Alternatively, active feeding during
experiment 2 led to an increase in the relative limonene emissions, but not the 3-myrcene emissions. In experi-
ment 4, 3-myrcene was emitted in a higher proportion before herbivore treatment than it was during or after her-
bivore treatment. It is likely that the plant emission profile before, during and after treatment was influenced by
a host of factors including plant chemotype, seasonal variation throughout the summer and phenotype plasticity
in responding to the herbivore stress. Even though there was no single “universal stress compound” observed in
each of the four pseudo-replicate experiments, one consistent result was the SQT:MT ratio decreased by an order
of magnitude from pre-treatment to active feeding (recall Fig. 2).

Figures 2 and 3 clearly demonstrate that emission profiles varied dramatically from experiment to experiment
and between unstressed and stressed plants. This provided a unique opportunity to investigate factors controlling
SOA production under varying monoterpene emission profiles and under different SQT:MT emission ratios.

SOA mass yields from Scots pine volatiles. A summary of all SOA mass yields measured from Scots
pine VOC emissions for all experiments is shown in Fig. 4a. For comparison, SOA mass yield curves from two
standard compounds are also shown—a monoterpene, a-pinene and a sesquiterpene, 3-caryophyllene. The
a-pinene SOA mass yields range from 0.5% to 12% across a condensed organic aerosol mass range of 2.5-143 ug
m~? in this OFR. These yields are lower than yields from a-pinene that have been presented in the literature pre-
viously, where yields have been reported as high as 40%>~*°. These reduced yields can be attributed to vapor dep-
osition of VOC oxidation products on the OFR walls. We characterized vapor deposition in the OFR used in this
study by measuring SOA mass yields from standard compounds at different seed concentrations and found that
yields were strongly dependent on particle seed surface area in this OFR (Supplementary Figure 2). This demon-
strates substantial loss of low volatility vapors to the flow reactor walls. This phenomonon could also be attributed
to uptake/partitioning kinetic limitations within the OFR due to the very short residence time. Regardless of
mechanism, this means all yields presented here are underestimated compared to yields measured without these
limitations, but does not prevent us from studying relationships between SOA precursors and SOA mass yields
which can be used to investigate implications for relative changes in SOA production in forest environments.
Furthermore, these results are the most comprehensive investigation directly linking complex plant emissions to
SOA production efficiency while accounting for absorption effects.

In general, SOA mass yields from Scots pine emissions were higher than SOA mass yields from «-pinene
alone (Fig. 4a). Most SOA yields from Scots pine emissions were between the yields from «-pinene and
B-caryophyllene standards suggesting both monoterpenes and sesquiterpenes contributed to SOA mass.
Figure 4b shows the same Scots pine data points, but now colored by the relative SQT:MT emission ratio (meas-
ured with PTR-ToF-MS). PTR-ToF-MS sesquiterpene measurements were corrected for sampling line wall losses
based on an inter-comparison between the GC and PTR-ToF-MS measurements (see Supplementary Figure S3
for more details). Higher yields were correlated with higher SQT:MT ratios. The highest SQT:MT ratios were
observed from unstressed plants before herbivore treatment representing typical emissions from healthy Scots
pines in boreal forests. When the SQT:MT ratio was less than 0.025 (dark blue and purple points), the SOA mass
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Figure 4. SOA mass yields from Scots pine volatile emissions. (a) Mass yields of SOA generated from Scots pine
emissions during all experiments and all experimental phases compared to SOA generated from a monoterpene
standard (o-pinene) and a sesquiterpene standard (3-caryophyllene). (b) Mass yields of SOA generated from
Scots pine emissions from all four experiments and all experimental phases colored by the sesquiterpene (SQT)
to monoterpene (MT) ratio at the flow reactor inlet. SOA mass yields from «-pinene are shown again for
comparison.

yield curve was similar to the curve generated from oxidation of the a-pinene standard. This low SQT:MT ratio
was observed during active feeding during Experiments 3 and 4. When SQT:MT ratios were greater than 0.05,
the SOA yields were higher than o-pinene alone and the yield increased with increasing SQT:MT. These results
demonstrate that sesquiterpenes played an important role in defining the overall SOA mass yield from Scots pine
emissions.

Theoretical Estimates of SOA Mass Yields. Scots pine SOA yields were theoretically estimated using
the Odum two-product approach!’. Figure 5a shows the Odum curves for the two terpene standards that were
oxidized in the Kuopio OFR. Odum fits are provided in the caption. Figure 5b and c show the theoretical versus
measured SOA mass yield for all data points with an SQT:MT > 0.1 (average SQT:MT for these points was 0.27).
This SQT:MT ratio is representative of typical unstressed emissions (refer to Fig. 2a). The theoretical yield was
calculated assuming all terpenes exhibited vapor/condensed-phase partitioning as monoterpenes (5b) or that
the final SOA mass yield was a linear addition of the monoterpenes and sesquiterpenes (5¢). Monoterpene yields
were estimated with a-pinene (aP) Odum fits and sesquiterpene yields were estimated with 3-caryophyllene (bC)
Odum fits. PTR-ToF-MS data was used to determine the fraction of monoterpene emissions relative to sesquiter-
pene emissions for the linear addition. When all terpenes were assumed to behave like monoterpenes, yields were
under-predicted with a slope of 0.52. When sesquiterpenes were accounted for using a linear addition approach,
the predicted values more closely matched the measured values with a slope of 0.87. This demonstrated that when
SQT:MT ratios were similar to the typical unstressed pre-treatment values (see Fig. 1), the two-product model
would under-predict SOA mass yields by approximately 50% if sesquiterpenes were neglected. When sesquiter-
penes were accounted for, the theoretical predictions were greatly improved.

SOA yields were not predicted as accurately for the entire data-set with all SQT:MT ratios (Fig. 6). Assuming
all terpenes could be treated as monoterpenes, SOA yields were under-predicted by 66% (6a). Accounting for the
relative amount of sesquiterpenes improved the estimate, but yields were still underpredicted by 49% (6b). This
suggests that the different monoterpenes have different SOA mass yields and furthermore, representing all the
monoterpene diversity with a single compound, such as the popular model compound a-pinene, is insufficient.
This conclusion was supported by our measurements of SOA mass yield curves from five different monoterpene
standards representing most of the dominant compounds in the plant emission profile (6c). At ~7 ug m— organic
aerosol, the yield from (3-myrcene was 0.023 while the yield from 3-pinene was 0.074—more than three times
greater than 3-myrcene. Qualitatively, the monoterpene standard curves (Fig. 6¢) suggest that SOA yields during
active treatment in experiments 1 and 2 should have been higher than experiments 3 and 4 because the former
had substantial limonene and 3-myrcene emissions while the latter was dominated by 3-carene (refer to Fig. 3).
This was generally true and is shown in the Supplementary information (S4). Yields during active feeding in
experiments 1 and 2 were approximately double the yields during experiments 3 and 4. There were exceptions for
the first 8 hours after active feeding started in experiment 4 when the yields were similar to experiments 1 and 2.
Without detailed GC information corresponding to each SOA data point, we cannot investigate the influence of
the monoterpene emission profile more quantitatively.

Potential Impact on SOA Formation: Box Model Results. We used a box model to investigate the
larger scale implications of simplifying terpene complexity for SOA production. We estimated organic aerosol
mass in a boreal forest environment under three different partitioning scenarios—one base case and two test
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Figure 5. Odum Theoretical and observed SOA mass yields from healthy, unstressed Scots pine volatile
emissions. (a) Odum fits for the two standard terpene compounds, a-pinene fits were o;; = 0.003, o, = 0.218,
k; =0.226, k, = 0.008; 3-caryophyllene fits were o; =0.735, o, =0, k; =0.025, k, = 0. (b and ¢) Show Odum
theoretical vs. measured SOA mass yield for all data points where the SQT:MT ratio was greater than 0.1. In
(b) theoretical values were calculated assuming all terpene emissions could be represented with a-pinene
yields. In (c) theoretical yields were calculated assuming the yields were a linear addition of a-pinene yields for
monoterpenes and 3-caryophyllene yields for sesquiterpenes.
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Figure 6. The influence of monoterpene chemical diversity on SOA mass yields. This figure shows Odum
theoretical and observed SOA mass yields for the entire data-set. In (a) Odum theoretical yield was calculated
assuming all terpenes had a-pinene yields and in (b) Odum theoretical yield was calculated assuming the yields
were a linear addition of a-pinene yields for monoterpenes and 3-caryophyllene yields for sesquiterpenes. (c)
The range of SOA mass yields from oxidation of five different monoterpene standards that represent the major
compounds emitted from Scots pines. Lines shown in (c) are Odum fits to the data.

cases. The base case was an “o-pinene only” scenario and the two test cases represented (1) impacts of ignor-
ing sesquiterpenes and (2) impacts of simplifying monoterpene diversity. In test case one, the sesquiterpenes
were accounted for and phase-partitioning was treated as 3-caryophyllene. In test case two, sesquiterpenes were
excluded and monoterpene phase-partitioning was treated as 3-myrcene. 3-Myrcene was selected to contrast with
a-pinene because it frequently comprised a major fraction of monoterpene emissions (Fig. 3) and had moder-
ately higher SOA yields than a-pinene (Fig. 6¢). The organic aerosol enhancement was calculated as the ratio of
the total organic aerosol mass calculated for the test case divided by the base case. The enhancement is shown to
compare the relative differences in SOA calculated using the Odum theory with different assumptions. This box
model does not provide useful information about predicted SOA mass loadings because Odum fits generated in
the OFR will not adequately represent gas-particle partitioning in a forest environment. However, comparing
relative differences between different model assumptions provides meaningful results for the SOA modelling
community. Further details about the box model calculation are included in the methods section. The results are
shown in Fig. 7. The range of values reflects variability in estimates for environmental conditions representing
May-August in 2013 and 2014 at the Svartberget ICOS Sweden station. The addition of sesquiterpenes to the box
model enhanced SOA mass by 1.5 to 2.1-fold (25"-75" percentile). This is likely a lower estimate because ses-
quiterpenes are highly reactive with ozone and only OH oxidation was used in the box model calculation. Using
B-myrcene as a model monoterpene instead of a-pinene led to enhancements of organic aerosol of 1.9 to 2.3-fold
(25%-75% percentile). Again, this is likely a conservative estimate because many of the major monoterpene emis-
sions from these Scots pines have higher SOA mass yields than 3-myrcene.
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Figure 7. Organic aerosol enhancement from terpene complexity. Box model results illustrated enhancement
of condensed organic aerosol formed for two cases. Enhancements calculated as the ratio of each case

to the “a-pinene only base case”. Case 1: sesquiterpenes included and phase-partitioning was based on
B-caryophyllene measurements. Case 2: monoterpene phase-partitioning was based on the 3-myrcene Odum
fit from measurements shown in Fig. 6¢c. Middle line denotes average, box edges denote 25™ and 75™ percentiles
and bars denote 10" and 90" percentiles of enhancements calculated from MEGAN emissions using ICOS
Sweden meteorological data May-August 2013 and 2014.

Discussion

There were two consistent herbivore stress responses from Scots pine seedlings in all four experiments. First,
there was an overall increase in terpene emission rates. Second, there was a decrease in the SQT:MT ratio of the
emission blend. These two observations have competing effects on SOA formation. Increased terpene emissions
overall would provide more condensable organic material in the atmosphere, but the efficiency with which the
organic material would condense to SOA would decrease. It is likely that the overall effect would be dominated by
the increased emission rate and produce an increase in SOA because emissions increased by two orders of mag-
nitude while SOA formation efficiency decreased by approximately half. Though outside the scope of this work,
future studies should investigate these two competing effects from stressed Scots pine emissions in boreal forests
using a regional chemical transport model.

Results from Figs 5 and 6 suggest that SOA formation from Scots pine emissions was controlled by (1) ses-
quiterpene emission rates in the healthy plants and (2) the blend of monoterpene isomers in the stressed plants.
This is the first study to demonstrate the critical role of sesquiterpenes in SOA production by oxidizing plant
volatile emissions directly. These results have important implications for SOA modeling. First, sesquiterpene
emissions are likely underestimated in current inventories because they are relatively difficult to measure*'. For
example, a recent study of ambient volatiles in a pine forest using a new analytical approach reported many new
sesquiterpenoid compounds that had not been reported previously*2. Our results suggest that underestimating
sesquiterpenes in the emissions inventory could have substantial impacts on SOA production. Additionally, even
when emission models accurately simulate sesquiterpene emissions, their contributions to SOA in boreal forests
are commonly ignored®® to simplify the chemical mechanisms in atmospheric models. The Model of Emissions
from Gases and Aerosol from Nature (MEGAN) has a SQT:MT ratio for needleleaf boreal forests of 0.22 and
our results clearly demonstrate that SOA yields could be underestimated by nearly 50% if the sesquiterpenes are
ignored when SQT:MT > 0.1.

The other important result from Fig. 6 suggests that the specific blend of monoterpene emissions can also
play a critical role in controlling SOA yields, particularly at SQT:MT < 0.1. This is an important result because
a-pinene has often been used as a “model compound” to represent all monoterpenes for predictions of SOA
formation from plant emissions, but SOA mass yields were underestimated by 39% (Fig. 6b) using a-pinene as a
model compound for this data-set. While it is true that many of the state-of-the-art chemical transport models
now include a few different monoterpenes (e.g. GEOS-chem), it is also true that (1) the monoterpene lumping
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approach used in these models is somewhat arbitrary and (2) other models, or simplified versions of the mod-
els, continue to use « -pinene as the biogenic SOA model compound (e.g. ECHAM-HAM or NorESM)®#3:44,
Furthermore, a-pinene is often still used as a model compound for laboratory studies investigating SOA behav-
ior, for example chemistry in polluted atmospheres®, hygroscopicity and phase®, or evaporation kinetics**. Our
results suggest that other monoterpenes, particularly limonene and 3-myrcene, could be major contributors to
SOA from Scots pine emissions and it would be prudent to start using these monoterpenes in laboratory investi-
gations of SOA behavior and properties. We compared SOA mass yields from five different monoterpene isomers
and demonstrated they had widely-varying SOA formation potential. Lumping all monoterpenes into a single
category and treating them as a-pinene resulted in underpredicting SOA yield from the blend of terpenes stud-
ied here. Furthermore, these results emphasize that monoterpene lumping approaches could have a significant
impact on final SOA results because the individual monoterpenes have widely-varying SOA yields. The same is
likely true of sesquiterpenes. More effort should be made to identify the most important monoterpenes and ses-
quiterpenes in natural environments and to develop simplified lumping approaches that make the most sense for
accurately predicting SOA generation.

The emissions data reported here add to the existing body of literature on pine weevil effects on boreal conifer
emissions. There are a wide range of reported responses to pine weevil herbivory on boreal forest conifers. Heijari
and colleagues (2011)* reported a 2.8-fold and 2.9-fold systemic increase in monoterpene and sesquiterpene
emissions, respectively, from the shoots of pine weevil damaged Scots pines. Thus, they observed no significant
change in the relative SQT:MT ratio from healthy and herbivore-stressed plant shoot emissions. The SQT:MT
ratio in shoot emissions from their study was ~0.017. Similarly, Joutsensaari and colleagues (2015)* present
emissions from control and herbivore-stressed plants after pine weevil herbivory. They found an SQT:MT of 0.02
and 0.005 in control and stressed Scots pine, respectively and an SQT:MT of 0.002 and 0.01 in control and stressed
Norway spruce. Thus, exposure to pine weevil herbivores caused the SQT:MT ratio to either stay relatively
constant’® or decrease? in Scots pine, or to increase in Norway spruce?. However, in all plant stress cases, the
SQT:MT ratio was less than 0.1. Our results demonstrated that the monoterpene diversity dominates SOA yields
in cases where the emission mixture has SQT:MT < 0.1 (Figs 5 and 6). Thus our results suggest in all these stress
emission cases the implications for SOA generation are likely dominated by the major monoterpene emission
increases. This is even true in the case where Norway spruce sesquiterpene emissions exhibited a larger increase
than monoterpene emissions because the final SQT:MT was 0.01. Overall, we conclude that SOA formation from
boreal forest conifer emissions exposed to pine weevil herbivore stress would be controlled by the monoterpene
emissions profile and that this should be the subject of future investigations on the topic. However, our results
also suggest that SOA formation from healthy boreal forest conifers with SQT:MT ranging from 0.0-0.5* could
be substantially impacted by sesquiterpene emissions. These sesquiterpene emissions have often been ignored in
SOA studies in boreal forests and should be another topic of future investigations.

In contrast to stress emissions from pine weevil herbivory, Zhao and colleagues (2017) exposed boreal for-
est trees to aphid herbivory and observed SQT:MT ratios of 0.119, 0.365 and 3.125 from healthy, intermedi-
ate stressed and maximum stressed plants, respectively. Similar to the plants in our study, Zhao and colleagues
observed SQT:MT > 0.1 from healthy plant emissions, suggesting sesquiterpenes were significantly contributing
to SOA yield before any stress. In contrast to our study, the aphid herbivore stress preferentially induced emissions
of sesquiterpenes over monoterpenes leading to an increased SQT:MT ratio. Our results suggest in this case that
SOA generation would be substantially enhanced due to the combined effects of (1) increasing overall emission
rates and (2) drastically increasing the SOA mass yield of the mixture due to increased contribution from sesquit-
erpenes. Even though our observations after pine weevil herbivory had a drastically different effect on emissions,
our conclusions regarding chemical controls on SOA generation are consistent with what was observed in Zhao
etal.®,

Conservative box model estimates suggest that accounting for terpenoid complexity could enhance SOA
mass loadings by 1.5- to 2.3-fold relative to an a-pinene model. Importantly, our calculations also demonstrated
that representing the monoterpene diversity was just as important as accounting for the sesquiterpenes. These
results provide key insights into areas for further study. In particular, more quantitative field measurements of
sesquiterpene emission rates are needed with an emphasis on environmental controls, such as the fraction of
light-dependent and light-independent emissions. Additionally, these results demonstrate that simplified chemi-
cal systems do not provide an adequate representation of SOA production from a more realistic mixture of plant
volatile emissions. Future research should target SOA studies using plant volatile mixtures and detailed chemi-
cal measurements (including individual monoterpene isomer quantification) to identify the unifying molecular
properties that drive SOA production from a mixture of terpenes. This will provide necessary information to
simplify SOA models while still adequately representing the chemical complexity of the mixture.

Methods

Plant Description and Treatment. Plants were grown in 7.5-liter plastic pots in a 1:1:1 mixture of quartz
sand, garden soil and natural peat in the Kuopio campus research garden at the University of Eastern Finland
(UEF). Plants received fertilizer treatment (0.5L of 0.1% fertilizer solution Turve-superex, N:P:K 12:5:27, Kekkild
Oy, Vantaa, Finland) once per week. Two plants were transported to the laboratory at least twenty-four hours
before starting experiments. The plant lighting system consisted of four high output LED lamps directed at each
plant (Valoya model B100, Valoya Oy, Helsinki Finland). Each plant was equipped with a dynamic enclosure
secured to the trunk with cable ties—an ~70 liter custom-made Tedlar enclosure from Johnson Inert Products.
%” PFA tubing were used for the inlet and outlet. The inlet tube carried approximately 4 Ipm clean air to the
enclosure and the outlet tube carried air from the enclosure to a three-way valve (Swagelok, Inc.) that was set to
room air or to the OFR inlet. Plant enclosure outlet flow was pushed from the enclosure. Enclosure outlet flow
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rate was checked in-line daily to calculate final emission rates. Temperature was monitored in the enclosures with
a thermocouple.

The adults of the large pine weevil (Hylobius abietis L.) used for the treatment were collected from pine saw-
dust storage at a sawmill (Iisveden Metsd Oy, Suonenjoki, Finland) and kept at +8 C. They were fed with freshly
cut pine branches as a food source and starved for twenty-four hours prior to the start of experiments. The day of
treatment, dynamic plant enclosures were carefully removed from both control and treatment plants. Four pine
weevils were placed in a plastic foam enclosure (120 x 150 mm) with mesh sides and secured around the trunk
of the treatment plant with clips. An empty foam enclosure was secured around the trunk of the control plant to
account for any plant disturbance due to treatment application. Dynamic plant enclosures were carefully placed
back on the control and treatment plants with the smaller mesh insect enclosure contained within the larger
dynamic plant enclosure. Pine weevils were left on the treatment plant for forty-eight hours. Following insect
enclosure removal, plant volatiles were monitored and SOA generation experiments were conducted for a mini-
mum of three additional days.

SOA Generation. Plant volatiles from Scots pines were photooxidized in a custom-built OFR. The OFR
concept has been described in detail previously*”**4-*_ Prior to herbivore exposure, emissions from both the
control and treatment plant were used for aerosol generation for a minimum of two days. This was necessary to
get sufficient volatile mixing ratios for aerosol generation. After herbivore exposure, only the treatment plant was
used for aerosol generation. All volatile measurements used to calculate SOA yield were measured directly from
the OFR inlet. Flow through the OFR was controlled via suction from the analytical instruments and a vacuum
mass flow controller. OFR flows ranged from 2.5-3.6 Ipm with corresponding residence times of 60-90 seconds.
OH radicals were generated in the flow reactor from a combination of ozone, water vapor and high intensity
mercury lamps (LT 36 W/UV-C, Sylvani Germicidal linear, Germany). Ozone was generated with a calibration
source (part number UVP SOG-2). Ozone mixing ratios at the OFR inlet were approximately 450 ppb. RH was
maintained in the OFR between 30-40% using humidified flow generated with a Nafion membrane humidifier
(Perma Pure FC-Series humidifier, model FC-125-240-5PP). The plant volatile line was connected to a clean dilu-
tion air source, a three-way valve connected to the plant enclosure and an exhaust line located downstream of the
three-way valve. The plant volatile flow was mixed with variable levels of dilution air to generate SOA efficiency
curves at multiple mass loadings.

For comparison purposes, monoterpene and sesquiterpene standards were also used to generate SOA effi-
ciency curves. Standards were introduced with a glass diffusion bottle containing a small vial of a standard com-
pound. The standard monoterpenes used were a-pinene (Sigma-Aldrich, >99%), 3-carene (Sigma-Aldrich,
>95%), 3-myrcene (Sigma-Aldrich, >90%), 3-pinene (Sigma-Aldrich, >99%), limonene (Sigma-Aldrich, >97%)
and the standard sesquiterpene used was 3-caryophyllene (Sigma-Aldrich, >98.5%). All flows were controlled
with mass flow controllers unless otherwise noted (AliCat Scientific, Inc.). OH exposures in the OFR ranged
from 6.6 x 10'°-3.3 x 10'! molec cm~3 s based on offline calibrations with SO, as described in Lambe et al.?’. This
corresponds to an approximate photochemical age from 0.5-2.5 days assuming [OH] = 1.5 x 10° molec cm~>.
Note that these have not been corrected for external OH reactivity and thus represent an upper bound for OH
exposure®.

Instruments and Calculations.  Plant volatile emissions were monitored semi-continuously from the con-
trol and treatment plant with a proton transfer reaction time of flight mass spectrometer, PTR-ToF-MS (Ionicon,
Inc., PTR-ToF 8000). The PTR-ToF-MS was connected to an automated valve switching system that alternated
between control tree enclosure, treatment tree enclosure (used as OFR inlet measurement for active feeding and
post-treatment points), OFR inlet (for pre-treatment points only) and OFR outlet with 20 minutes of sampling at
each location. Details about PTR-ToF-MS data processing are described in detail in the supplement. PTR-ToF-MS
measurements were supplemented approximately twice daily (morning and afternoon) with duplicate adsorbent
cartridge samples (Tenax TA adsorbent). Cartridges were analyzed via thermo-desorption gas chromatograph
mass spectrometry, TD-GC-MS (TD: Perkin Elmer, ATD 400, USA; GC-MS: Hewlett Packard, GC 6890, MSD
5973, USA). The following compounds were resolved and quantified with authentic GC standards: a-pinene,
camphene, 3-pinene, 3-myrcene, 3-carene, limonene, longifolene, 3-caryophyllene, and (3-farnesene. P-Cymene
and 3-phellandrene were also dominant contributors to the emission profile, but did not have a corresponding
authentic standard. In that case, terpinolene was used as a proxy standard for their quantification. In addition,
23 other monoterpenoids and 13 sesquiterpenes were included in the “other” categories. These compounds are
listed in the supplementary information in the footnote of Table S1. A comprehensive list of the compounds
included in the authentic standard are provided in the supplementary information. All plant volatile measure-
ments were reported as Basal Emission Rates (BER)— normalized to total needle surface area and to a standard
temperature of 303 K. Temperature-normalization was performed using the Guenther algorithm with 3 =0.09 for
monoterpenes and 3 =0.17 for sesquiterpenes'. Needle surface area was approximated via the methods presented
in Kivimédenpia et al.?!, following Flower-Ellis and Olsson*’. A comparison of PTR and GC measurements is pre-
sented in the supplementary information (Figure S3). PTR-ToF-MS sesquiterpene measurements were corrected
for sampling line wall losses based on this inter-comparison.

SOA mass yields (Y) were calculated from the amount of organic aerosol mass generated in the OFR divided
by the mass of terpenoids that reacted (monoterpenes + sesquiterpenes).

_ Ac,
AVOCyr, sor (1)
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Where ACp, is the condensed organic aerosol mass formed in the flow reactor (ug m~3) and the AVOCyr, sqr
is the mass of total monoterpenes and sesquiterpenes that reacted in the flow reactor (ug m~). Organic aerosol
mass was calculated from particle size distribution measurements with a scanning mobility particle sizer, SMPS
(TSI, Inc., Model DMA 3082, CPC 3775). Volume distributions were converted to mass using the SOA density
calculated from a comparison of aerodynamic median diameter measured with the high resolution time of flight
aerosol mass spectrometer, HR-ToF-AMS (Aerodyne, Inc) and the median mobility diameter measured with the
SMPS. SOA densities ranged from 1.1-1.4g cm . When size distributions were too small to obtain appreciable
signal with the AMS, the average value of 1.2 g cm™ was used. This is consistent with other observations of the
density of biogenic SOA®!*2 Mass of reacted gas-phase terpenoids was calculated from PTR-ToF-MS measure-
ments made at the inlet and outlet of the OFR. All terpenoids reacted in the OFR for the conditions in these
experiments. Additional measurements at the OFR outlet included ozone mixing ratios (Thermo, Model 49i) and
RH and temperature (Vaisala HMP110).

Theoretical SOA Yields. Theoretical SOA mass yields were calculated using the Odum 2-product
approach'!. Briefly, the SOA mass yield is expressed by the following equation:

aK;

Y =C, )
OAZII + KiCoa (2)

Where Cg, is the total condensed organic aerosol mass in the flow reactor (ug m—3), o is the proportionality
constant relating the amount of VOC that reacted to the total concentration of product, i and K; is the partition-
ing coeflicient for species, i. We fit the yield curves generated from standard compounds (and shown in Figs 5a
and 6¢) using equation (2) assuming two species. The fitted parameters used in the theoretical calculations are
shown in Fig. 5. These fit parameters were then used to calculate the theoretical yield from measured organic
aerosol masses for each Scots pine SOA data point using equation (2). Theoretical yields for two scenarios were
calculated. Scenario 1 (aP): all condensing vapors were treated as a-pinene. Scenario 2 (aP +bC): the yield was a
linear addition of the monoterpene and sesquiterpene emissions where monoterpenes were treated as a-pinene
and sesquiterpenes were treated as 3-caryophyllene.

Box Model Calculation. Monoterpene and sesquiterpene emission rates were estimated from a boreal
forest using a simplified Excel version of MEGAN v2.1'. The emission type was “needleleaf evergreen boreal”
Meteorological inputs for the model were obtained from the ICOS Sweden Svartberget station (64°15'N, 19°46'E)
for May-August 2013 and 2014. The Svartberget station is in a boreal forest with primarily Scots pine (Pinus
sylvestris) and Norway spruce (Picea abies) vegetation. Other MEGAN inputs included: leaf area index =5 and
vegetation cover fraction = 1. The influence of temperature and light for the past 24 hours and 240 hours was
accounted for. Model output was hourly monoterpene and sesquiterpene emission rates (ug m—2s!). Emission
rates were used to estimate an approximate hourly atmospheric concentration (ug m~>) assuming a PBL height
of 1km and lifetimes based on OH reaction rate constants® (a-pinene, ko =5.37 x 107 cm® molecule™ s! or
B-myrcene, ko =2.15 x 107 cm® molecule ™! s~ for monoterpenes and 3-caryophyllene, ko =1.97 x 107 cm?®
molecule™! s7! for sesquiterpenes). [OH] concentration was set to 1 x 10° molecules cm~>. Total organic aerosol
produced from the reacted VOCs was calculated with the following equation:

Coa = Coap + Z,-(Y; * VOC, ;) 3)

where Cg,, is the initial background concentration of condensed organic mass (assumed to be 1uyg m—3), VOC,;
is the mass of reacted VOCs for species, i (ug m~>) and Y, is the yield for species i calculated from equation (2) and
assuming a background Cp, of 1 pg m=3.

Data availability. The data supporting the findings of this study are available upon reasonable request to the
corresponding author.

References
1. Guenther, A. B. et al. The Model of Emissions of Gases and Aerosol from Nature version 2.1 (MEGAN2.1): an extended and updated
framework for modeling biogenic emissions. Geosci. Model Dev. 5, 1471-1492 (2012).
2. Riccobono, E. et al. Oxidation products of biogenic emissions contribute to nucleation of atmospheric particles. Science 344,717-721
(2014).
. Tréstl, J. et al. The role of low-volatility organic compounds in initial particle growth in the atmosphere. Nature 533, 527-531 (2016).
4. IPCC. Climate change 2013: the physical science basis. contribution of working group I to the fifth assessment report of the
intergovernmental panel on climate change. (Eds et al.) (Cambridge University Press, 2013).
5. Pajunoja, A. et al. Adsorptive uptake of water by semisolid secondary organic aerosols. Geophys. Res. Lett. 42, 3063-3068 (2015).
6. National Academies of Sciences, Engineering and Medicine. The future of atmospheric chemistry research: remembering yesterday,
understanding today, anticipating tomorrow. (The National Academies Press, 2016).
7. Dudareva, N., Negre, F., Nagegowda, D. A. & Orlova, I. Plant volatiles: recent advances and future perspectives. CRC Crit Rev Plant
Sci. 25, 417-440 (2006).
8. Kirkevag, A. et al. Aerosol-climate interactions in the Norwegian Earth System Model - NorESM1-M. Geosci. Model Dev. 6, 207-244
(2013).
9. Makkonen, R., Seland, @., Kirkevag, A., Iversen, T. & Kristjansson, J. E. Evaluation of aerosol number concentrations in NorESM
with improved nucleation parameterization. Atmos. Chem. Phys. 14, 5127-5152 (2014).
10. Pankow, J. E. An absorption model of gas-particle partitioning of organic compounds in the atmosphere. Atm. Env. 28, 185-188
(1994).
11. Odum, J. R. et al. Gas-particle partitioning and secondary organic aerosol yields. Environ. Sci. Technol. 30, 2580-2585 (1996).
12. Donahue, N. M., Robinson, A. L., Stanier, C. O. & Pandis, S. N. Coupled partitioning, dilution and chemical aging of semivolatile
organics. Environ. Sci. Technol. 40, 2635-2643 (2006).

w

SCIENTIFICREPORTS | (2018) 8:3053 | DOI:10.1038/s41598-018-21045-1 11



www.nature.com/scientificreports/

13.
14.
15.
16.
17.

18.
19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
. Hiamet-Ahti, L., Palmén, A., Alanko, P. & Tigerstedt, P. M. A. Woody Flora of Finland. University Press: Helsinki, 373p (1992).
30.
31.
32.
33.

34.
35.

36.
37.
38.
39.

40.

41

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Donahue, N. M., Epstein, S. A., Pandis, S. N. & Robinson, A. L. A two-dimensional volatility basis set: 1. organic-aerosol mixing
thermodynamics. Atmos. Chem. Phys. 11, 3303-3318 (2011).

Bale, J. S. et al. Herbivory in global climate change research: direct effects of rising temperature on insect herbivores. Global Change
Biology 8, 1-16 (2002).

Holopainen, J. K. & Gershenzon, J. Multiple stress factors and the emission of plant VOCs. Trends in Plant Science 15, 176-184
(2010).

Niinemets, U., Kinnaste, A. & Copolovici, L. Quantitative patterns between plant volatile emissions induced by biotic stresses and
the degree of damage. Frontiers in Plant Science 4, 1-15 (2013).

Faiola, C. L., Jobson, B. T. & VanReken, T. M. Impacts of simulated herbivory on volatile organic compound emission profiles from
coniferous plants. Biogeosciences 12, 527-547 (2015).

Mithofer, A. & Boland, W. Recognition of herbivory-associated molecular patterns. Plant Phys. 146 (2008).

Papazian, S. et al. Central metabolic responses to ozone and herbivory affect photosynthesis and stomatal closure. Plant Phys. 172,
2057-2078 (2016).

Ghimire, R. P. et al. Herbivore-induced BVOC emissions of Scots pine under warming, elevated ozone and increased nitrogen
availability in an open-field exposure. Agric. For. Meteorol. 242, 21-32 (2017).

Kiviméenpad, M. et al. Increases in volatile organic compound emissions of Scots pine in response to elevated ozone and warming
are modified by herbivory and soil nitrogen availability. Eur. J. For. Res. 135, 343-360 (2016).

Moreira, X., Nell, C. S., Katsanis, A., Rasmann, S. & Mooney, K. A. Herbivore specificity and the chemical basis of plant-plant
communication in Baccharis salicifolia (Asteraceae). New Phytologist (2016).

Maja, M. M. et al. Contrasting responses of silver birch VOC emissions to short- and long-term herbivory. Tree Physiology 34,
241-252 (2014).

Bergstrom, R., Hallquist, M., Simpson, D., Wildt, J. & Mentel, T. F. Biotic stress: a significant contributor to organic aerosol in
Europe? Atmos. Chem. Phys. 14, 13643-13660 (2014).

Joutsensaari, J. et al. Biotic stress accelerates formation of climate-relevant aerosols in boreal forests. Atmos. Chem. Phys. 15,
12139-12157 (2015).

Mentel, F. Th. et al. Secondary aerosol formation from stress-induced biogenic emissions and possible climate feedbacks. Atmos.
Chem. Phys. 13, 8755-8770 (2013).

Yli-Pirila, P. et al. Herbivory by an outbreaking moth increases emissions of biogenic volatiles and leads to enhanced secondary
organic aerosol formation capacity. Environ. Sci. Technol. 50, 11501-11510 (2016).

Zhao, D. F. et al. Environmental conditions regulate the impact of plants on cloud formation. Nature Comm. 8 (2017).

Peltola, A. Eds Finnish statistical yearbook of forestry. Official Statistics of Finland, Agriculture, forestry and fishery; Finnish Forest
Research Institute (METLA): 426p (2014).

Yassaa, N. et al. Diel cycles of isoprenoids in the emissions of Norway spruce, four Scots pine chemotypes and in Boreal forest
ambient air during HUMPPA-COPEC-2010. Atmos. Chem. Phys. 12, 7215-7229 (2012).

Ghirardo, A. et al. Determination of de novo and pool emissions of terpenes from four common boreal/alpine trees by 13CO2
labelling and PTR-MS analysis. Plant, Cell and Env. 33, 781-792 (2010).

Taipale, R. et al. Role of do novo biosynthesis in ecosystem scale monoterpene emissions from a boreal Scots pine forest. Biogeosci.
8,2247-2255(2011).

Bick, J. et al. Chemodiversity of a Scots pine stand and implications for terpene air concentrations. Biogeosci. 9, 689-702 (2012).
Donahue, N. M., Kroll, J. H., Pandis, S. N. & Robinson, A. L. A two-dimensional volatility basis set — Part 2: Diagnostics of organic-
aerosol evolution. Atmos. Chem. Phys. 12, 615-634 (2012).

Eddingsaas, N. C. et al. Pinene photooxidation under controlled chemical conditions — Part 2: SOA yield and composition in low-
and high-NOx environments. Atmos. Chem. Phys. 12,7413-7427 (2012).

Lambe, A. et al. Characterization of aerosol photooxidation flow reactors: heterogeneous oxidation, secondary organic aerosol
formation and cloud condensation nuclei activity measurements. Atmos. Meas. Tech. 4, 445-461 (2011).

Lambe, A. et al. Effect of oxidant concentration, exposure time and seed particles on secondary organic aerosol chemical
composition and yield. Atmos. Chem. Phys. 15, 3063-3075 (2015).

Ng, S. et al. Contribution of first- versus second-generation products to secondary organic aerosol formed in the oxidation of
biogenic hydrocarbons. Env. Sci. Technol. 40, 2283-2297 (2006).

Ng, S. et al. Effect of NOx level on secondary organic aerosol (SOA) formation from the photooxidation of terpenes. Atmos. Chem.
Phys. 7, 5159-5174 (2007).

. Duhl, T. R, Helmig, D. & Guenther, A. Sesquiterpene emissions from vegetation: a review. Biogeosci. 5, 761-777 (2008).
42.

Chan, A. W. H. et al. Speciated measurements of semivolatile and intermediate volatility organic compounds (S/IVOCs) in a pine
forest during BEACHON-RoMBAS 2011. Atmos. Chem. Phys. 16, 1187-1205 (2016).

Schultz, M. G. et al. The chemistry climate model ECHAM®6.3-HAM2.3-MOZ1.0. Geosci. Model Dev. Discuss. https://doi.
org/10.5194/gmd-2017-191 (2017).

Zhang, K. et al. The global aerosol-climate model ECHAM-HAM, version 2: sensitivity to improvements in process representations.
Atmos. Chem. Phys. 12, 8911-8949 (2012).

Yli-Juuti, T. et al. Factors controlling the evaporation of secondary organic aerosol from a-pinene ozonolysis. Geophys. Res. Lett. 44,
2562-2570 (2017).

Heijari, J., Blande, ]. D. & Holopainen, ]. K. Feeding of large pine weevil on Scots pine stem triggers localized bark and systemic shoot
emission of volatile organic compounds. Env. And Exp. Botany 71, 390-398 (2011).

Lambe, A. T. et al. Laboratory studies of the chemical composition and cloud condensation nuclei (CCN) activity of secondary
organic aerosol (SOA) and oxidized primary organic aerosol (OPOA). Atmos. Chem. Phys. 11, 8913-8928 (2011).

Bruns, E. A. et al. Inter-comparison of laboratory smog chamber and flow reactor systems on organic aerosol yield and composition.
Atmos. Meas. Tech. 8,2315-2332 (2015).

Peng, Z. et al. Non-OH chemistry in oxidation flow reactors for the study of atmospheric chemistry systematically examined by
modeling. Atmos. Chem. Phys. 16, 4285-4305 (2016).

Flower-Ellis, J. G. K. & Olsson, L. Estimation of volume, total and projected area of Scots pine needles from their regression on
length. (Studia Forestalia Suecica, No. 190, 1993).

Malloy, Q. G. J. et al. Real-time aerosol density determination utilization a modified scanning mobility particle sizer—aerosol
particle mass analyzer system. Aerosol Sci. Tech. 43, 673-678 (2009).

Nakao, S. et al. Density and elemental ratios of secondary organic aerosol: Application of a density prediction method. Atmos. Env.
68,273-277 (2013).

Calvert, J. G. et al. The mechanisms of atmospheric oxidation of the alkenes (Oxford University Press Oxford, 2000).

SCIENTIFICREPORTS | (2018) 8:3053 | DOI:10.1038/s41598-018-21045-1 12


http://dx.doi.org/10.5194/gmd-2017-191
http://dx.doi.org/10.5194/gmd-2017-191

www.nature.com/scientificreports/

Acknowledgements

We thank the funding support from European Research Council (ERC-StG-QAPPA 335478), Academy of
Finland (259005, 307331), University of Eastern Finland (EPHB Doctoral Program). We thank the operators of
the ICOS Sweden long-term measurements sites for providing us with meteorological data for the box model.

Author Contributions

C.L.E wrote the manuscript. C.L.E, K.EJ.L., AB.G. and A.V. designed the experiments. C.L.E, A.B,, EK,, PY.P.
and PM. performed the laboratory experiments. C.L.E, A.B. and E.K. analyzed the data. . K.H. and M.K. grew the
plants, collected and cared for the herbivores and assisted with herbivore treatment application. K.E.J.L., A.B.G.,
D.R.W. and A.V. helped with data interpretation and edited the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-21045-1.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:3053 | DOI:10.1038/s41598-018-21045-1 13


http://dx.doi.org/10.1038/s41598-018-21045-1
http://creativecommons.org/licenses/by/4.0/

	Terpene Composition Complexity Controls Secondary Organic Aerosol Yields from Scots Pine Volatile Emissions

	Results

	Plant Emission Rates Before, During and After Pine Weevil Feeding. 
	Characterization of Plant Volatile Emission Profiles Used for SOA Generation. 
	SOA mass yields from Scots pine volatiles. 
	Theoretical Estimates of SOA Mass Yields. 
	Potential Impact on SOA Formation: Box Model Results. 

	Discussion

	Methods

	Plant Description and Treatment. 
	SOA Generation. 
	Instruments and Calculations. 
	Theoretical SOA Yields. 
	Box Model Calculation. 
	Data availability. 

	Acknowledgements

	Figure 1 Flow reactor design for studying aerosol production from real plant volatile emissions.
	Figure 2 Summary of plant volatile emissions before, during and after pine weevil herbivory.
	﻿Figure 3 Detailed characterization of monoterpene emission profiles from all four experiments.
	Figure 4 SOA mass yields from Scots pine volatile emissions.
	Figure 5 Odum Theoretical and observed SOA mass yields from healthy, unstressed Scots pine volatile emissions.
	Figure 6 The influence of monoterpene chemical diversity on SOA mass yields.
	Figure 7 Organic aerosol enhancement from terpene complexity.
	Table 1 Summary of SOA generation experiments conducted using Scots pine saplings during June-July of summer 2015.




