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ABSTRACT: Terrestrial vegetation is a major global source of
atmospheric secondary organic aerosol (SOA) through oxidation
of biogenic volatile organic compound (BVOC) emissions.
Climate change is altering the composition of BVOC emissions
by increasing the prevalence of plant stress conditions, such as
frequency and intensity of herbivorous insect outbreaks. The
impact this will have on SOA formation is unknown. This
laboratory study investigated the influence of aphid herbivory
(Uroleucon macolai) on SOA formation from emissions of a
common riparian shrub in California, Baccharis salicifolia
(Asteraceae). Aphid herbivory increased the relative contribution
of β-ocimene and decreased the relative contribution of β-guaiene
in the BVOC emission profile. These effects on BVOC emissions
did not translate to a significant aphid effect on SOA mass yields. However, for both control and aphid experiments, the fraction of
total acyclic monoterpenes in the BVOC emission profile was correlated with reduced SOA mass yield. This is the first study to
demonstrate a clear reduction in SOA mass yield as the proportion of acyclic terpenes in a complex BVOC mixture increased. These
findings highlight the importance of better understanding acyclic terpene chemistry in the atmosphere to improve predictions of
SOA in both current and future climates.

KEYWORDS: secondary organic aerosol, biogenic volatile organic compounds, plant−atmosphere interactions, atmospheric chemistry,
plant stress

1. INTRODUCTION

Plants produce over one million different chemical metabo-
lites1 of which at least 1000 are emitted to the atmosphere as
biogenic volatile organic compounds (BVOCs).2,3 These
compounds are highly reactive and participate in important
atmospheric aerosol processes including particle nucleation4

and secondary organic aerosol (SOA) formation,5 whereby
they influence aerosol climate effects by altering particle
composition,6−8 hygroscopicity,9 and optical properties.10−12

Plant BVOCs, particularly terpenes, are the largest contributor
to atmospheric SOA globally.13,14 The SOA chemistry of a few
common terpene compounds (i.e., isoprene, α-pinene, β-
pinene, limonene) has been studied extensively in laboratory
chamber experiments,15−18 and this seminal work has provided
the foundation for model predictions of SOA production.
However, these laboratory experiments represent a small
fraction of all BVOCs, which have a diverse range of molecular
structures with atmospheric reactivity varying by orders of
magnitude even between different types of terpenes.19,20 The
types of BVOCs emitted by plants (or the BVOC emission
profile) varies in different environmental contexts21 and
between different plant species,22 many of which are

undergoing substantial range shifts due to climate change.23

This presents unique challenges for improving SOA
predictions in a rapidly changing world where future
spatiotemporal distributions of BVOC profiles could look
very different from today. Addressing this challenge neces-
sitates a more complete understanding of the aerosol chemistry
associated with these highly complex plant volatile mixtures
across a range of environmental conditions.
Each step of the SOA formation process, from BVOC

emissions to atmospheric chemistry, is affected by a changing
climate, leading to unpredictable BVOC-aerosol-vegetation
climate feedbacks. For example, increased temperature and
atmospheric carbon dioxide are both predicted to increase
BVOC emission rates with subsequent increases in SOA
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production.24−26 Increased SOA can have two very different
effects on plant physiology and BVOC emission rates. The first
effect is to reduce BVOC emissions (negative feedback)
through aerosol radiative cooling that results from increased
aerosol optical depth and increased number of cloud
condensation nuclei.27 This occurs because BVOC emission
rates are exponentially related to temperature so any radiative
cooling effect will decrease BVOC emission rates.28 The
second effect is to increase BVOC emissions (positive
feedback) through increased plant net primary productivity
driven by increased diffuse photosynthetic radiation and
decreased vapor pressure deficit. The existence of the positive
feedback effect has been supported with both modeling29 and
field observations,30 although there are still questions about the
net BVOC-aerosol-vegetation feedback effect due to the
inherent complexity of this system.31 Accounting for both
positive and negative feedback effects, the Norwegian Earth
System Model estimates a net negative radiative forcing of
−0.49 W m−2 offsetting 13% of forcing associated with
doubling atmospheric CO2.

32 These results highlight that the
BVOC-aerosol-vegetation feedback is worthy of further
investigation, including the consideration of important factors
other than temperature and CO2 that could alter BVOC
emissions. For example, it could be of equal or greater
importance that many abiotic and biotic plant stressors alter
both the BVOC emission profile and emission rates,33−37 and
that plant species are currently undergoing drastic range shifts
altering the distribution of plant types across Earth’s surface.23

Both of these will change the spatiotemporal distribution of
atmospheric BVOC composition. A simplified schematic
illustrating this BVOC-aerosol-vegetation feedback is shown
in Figure 1. Note that “biotic stressors” can include insect
herbivory and pathogens, which could increase BVOC
emissions in the short term but could also decrease BVOC
emissions in the long term depending on severity and plant
mortality. Currently, there are major gaps in our understanding
of how BVOC composition could change in the future and
how this could influence SOA production.
Changes in BVOC composition from different plant species

can alter SOA formation through effects on nucleation rates
and condensational growth. Ozonolysis of plant BVOC

emission profiles with a higher contribution of sesquiterpenes
(e.g., loblolly pine, Pinus taeda) generated much higher particle
formation rates than plant systems dominated by monoterpene
emissions (e.g., holm oak, Quercus ilex).38 Similarly, new
particle formation was enhanced via photooxidation of birch
(Betula pendula) emissions containing high amounts of
oxygenated BVOCs (e.g., 3-hexenol, 3-hexenyl acetate, and
methyl salicylate) compared to pine (Pinus sylvestris) and
spruce (Picea abies) emissions.39 All of these examples
demonstrate that variations in the complex mixtures of
BVOCs from different plants produce variations in aerosol
formation but plant BVOC emission profiles of individuals
from the same plant species can also change when a plant
experiences stress.
Plant stress can increase SOA production, for example, due

to insect herbivory or mechanical wounding.40−42 Part of the
increase in SOA production observed in laboratory chamber
experiments is simply due to large increases in BVOC emission
rates where increased emissions lead to increased BVOC
mixing ratios in the laboratory reaction chamber and higher
SOA mass. Of equal interest is the effect of plant stress on SOA
yield, which is more nuanced and can vary from plant system
to plant system depending on how the BVOC composition is
affected by the stress. For example, some plant stressors
preferentially increase emissions of monoterpenes over
sesquiterpenes, effectively reducing the sesquiterpene-to-
monoterpene ratio, leading to decreases in SOA mass
yield.40 Other stressors increase emissions of large cyclic
sesquiterpenes or large oxygenated compounds like methyl
salicylate, which increase SOA mass yields43 and decrease
hygroscopicity of the resulting particles.9 None of these plant
stress effects on SOA formation are accounted for in global
climate models, and their importance for the BVOC-aerosol-
vegetation feedback have not been investigated. Currently,
there are not enough laboratory SOA studies using real plant
emissions to identify the key chemical features in these
changing BVOC mixtures that drive SOA formation and
climate-relevant properties.
In this study, we investigated the effects of insect herbivory

on SOA formation from a common riparian shrub in
California, Baccharis salicifolia. Plants were exposed to a

Figure 1. Simplified schematic of the BVOC-aerosol-vegetation feedback associated with changing BVOC emission rates and BVOC composition.
We have not included all of the potential sources that could change BVOCs but rather provide a sample to illustrate the process.
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specialist sap-feeding aphid herbivore that only feeds on this
genus of plant, and emissions from control and aphid-treated
plants were used to generate SOA in the laboratory with an
oxidation flow reactor. BVOCs were sampled during each SOA
experiment to allow us to identify the specific chemical features
in the complex mixture that were driving SOA production in
the flow reactor. Leaf samples were collected at the completion
of the experiment for foliar metabolome analysis to evaluate
the effect of aphid herbivory on plant health. To our
knowledge, this is the first laboratory study investigating
effects of insect herbivory on SOA formation from shrubs,
which dominate the vegetation landscape in many regions
including the coastal sage scrub and chapparal in California.

2. EXPERIMENTAL METHODS
2.1. Experiment Overview. SOA was generated in the

laboratory by oxidizing the emissions of 4−11 plants located
inside a Teflon plant enclosure. Multiple plants were required
to generate a measurable amount of SOA mass (e.g.,
condensed phase organic aerosol mass). Each set of plants
was used to conduct an SOA “trial”, which refers to the
generation of an SOA mass yield curve with at least 3−4 SOA
yield data points for each curve. The SOA mass yield curves
were used to compare SOA formation efficiency between the
trials. Experimental replicates were defined as the SOA trial,
meaning each SOA mass yield curve constructed from multiple
SOA mass loadings is a single replicate (Table 1). Each trial
was both time and labor intensive, so replicates were thus
restricted to four control trials and four aphid treatment trials.
Each aphid trial used 4−5 plants, and each control trial used
8−11 plants. More control plants had to be used to obtain the
same SOA mass range because emission rates were likely lower
than aphid-exposed plants (as expected). A more detailed
description of the methods used for SOA generation is
provided in Section 2.3. BVOCs were collected for each
condensed mass loading in the SOA trial, but the average
BVOC emission profile was used for subsequent volatile
analysis and statistics. Leaves were harvested from each plant
after the SOA trial was completed to evaluate the effect of the
aphid treatment on plant health via its effects on the foliar
metabolome. The timing of the treatment and control SOA
trials was dependent on plant availability. We note that we
were unable to use a randomized block design due to this and
consequently all herbivore-treatment SOA trials were per-
formed first followed by all control trials (see dates in Table 1).
We acknowledge that there was a time variable separating
aphid trials from control trials that we could not necessarily
pull out due to the timing of plant availability where all aphid
trials were conducted first followed by all control trials. To
assess whether the temporal clustering of the trials from the
two treatments may have affected our results, we inspected
whether variation in the timing of trials within a treatment
group differed. This was not the case (see Section 3.1), leading
us to conclude that little, if any, of the treatment effects
observed were attributable to the sequencing of the trials.
2.2. Plants and Aphid Herbivore Treatment. Baccharis

salicifolia (Asteraceae) is a woody dioecious shrub native to the
southwestern United States and Northern Mexico. Plant
cuttings were collected at a field site in the University of
California Natural Reserve System San Joaquin Marsh Reserve
(33.65°N, 117.85°E; Orange County, CA, U.S.A.). BVOC
emission profiles in Baccharis salicifolia are independent of
plant sex, so cuttings were collected from both plant sexes and

used for the experiment.44 We imposed an herbivore treatment
by an aphid species known to induce changes in Baccharis
salicifolia volatile emissions.44 The aphid used in this study,
Uroleucon macolai,45 is a dietary specialist herbivore feeding
only on two Baccharis species, including Baccharis salicifolia.
Like all aphids, this species is sap-feeding, viviparous,
parthenogenetic, and thus has a very short generation time
(5−10 days).46 The aphid laboratory colony, collected in the
Marsh reserve, was sourced from a single cluster of aphids and
was thus likely to all be of a single genotype.
The Baccharis salicifolia stems were cut from mature plants

in October 2017. Individual plant stems (from the same plant
source cut) were grown in 4 in. pots in a 1:1:1:1 mixture of
sand, peat moss, redwood compost, and pumice garden soil in
the greenhouse at the University of California, Irvine. In April
2017, plants were randomly selected for aphid colonization and
populations were allowed to grow to about 50 individual
aphids. To prevent aphid movement to control plants, plants
from aphid and control groups were kept in separate
greenhouse rooms of an identical size and maintained under
consistent environmental conditions. The aphids were
introduced to the plants about one month before aphid SOA

Table 1. Summary of Information for Each SOA Mass Yield
Curve Data Point from Each SOA Triala

trial ID date pointb
RH
(%) BVOCi

c COA
c OHexp

d

aphid 1 03/28/2018 1 58 35 1.4 8.1 × 1011

2 55 34 0.8 7,8 × 1011

3 50 33 0.4 7.4 × 1011

aphid 2 04/04/2018 1 70 112 2.5 8.5 × 1011

2 68 123 2.7 8.0 × 1011

3 60 92 1.8 7.8 × 1011

4 55 70 1.1 7.7 × 1011

aphid 3 05/02/2018 1 80 53 2.1 9.7 × 1011

2 80 47 1.4 9.7 × 1011

3 75 44 0.9 9.4 × 1011

4 70 33 0.5 9.1 × 1011

aphid 4 05/08/2018 1 75 36 2.7 9.4 × 1011

2 80 37 1.9 9.7 × 1011

3 85 32 0.9 9.8 × 1011

control 1 05/16/2018 1 75 15 0.8 9.6 × 1011

2 73 16 0.6 9.5 × 1011

3 65 14 0.5 8.8 × 1011

4 60 15 0.3 8.4 × 1011

control 2 05/18/2018 1 80 37 2.7 9.8 × 1011

2 75 46 1.6 9.3 × 1011

3 75 44 1.4 9.4 × 1011

4 70 43 0.6 9.0 × 1011

control 3 05/22/2018 1 60 150 2.7 7.5 × 1011

2 55 160 2.6 7.0 × 1011

3 50 110 0.9 6.8 × 1011

4 45 67 0.5 6.8 × 1011

control 4 05/24/2018 1 55 190 2.4 6.8 × 1011

2 45 147 1.7 6.8 × 1011

3 40 66 0.9 6.8 × 1011

4 39 76 0.4 6.8 × 1011

aIncluding date of experiment, relative humidity (RH) in OFR, mass
concentration of BVOCs introduced to the OFR (BVOCi), mass
concentration of condensed organic aerosol formed in the OFR
(COA), and OH exposure (OHexp).

bPoints, refers to the point
number for the SOA mass yield curve in that SOA trial. cUnits are μg
m−3. dUnits are molecules cm3 s−1.
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experiments were conducted. Before transferring plants to the
laboratory to conduct an SOA trial, aphids were removed from
plants with a soft brush followed by a gentle water rinse. This
was done to eliminate any volatile emissions that might come
from the aphids themselves. To account for any effect of the
washing treatment, control plants were subjected to the same
washing procedure.
2.3. SOA Generation and BVOC Emission Profile

Characterization. SOA trials were conducted in a laboratory
at University of California, Irvine. Plants were transported from
the greenhouse to a custom-built ∼500 L plant enclosure
constructed from Teflon sheets and supported by a 1.0 m × 0.7
m × 0.5 m plastic frame. Plants were acclimated to laboratory
conditions for a minimum of 24 h to ensure emissions were
not elevated due to physical disturbance associated with
transportation and the aphid removal processes, which has
been shown to be long enough for plant emissions to return to
baseline levels.47 Each trial consisted of generating SOA at a
minimum of three different mass loadings to generate an SOA
mass yield curve (number of measurement points included in
each SOA trial for different replicate sets is shown in Table 1).
Aerosol mass loadings <5 μg m−3 were targeted to stay within
an atmospherically relevant range in remote areas; the typical
range of global ambient biogenic SOA mass loadings vary from
0.1 to 20 μg m−3.48−50

SOA was generated via photooxidation of Baccharis salicifolia
volatile emissions in an oxidation flow reactor (OFR;
Aerodyne, Inc.) using the setup shown in Figure 2. Humid
clean air was introduced into the plant enclosure continuously
with flow rate ranging between 5 to 6 L min−1. Clean air was
generated with a zero-air generator (Environics Series 7000)
and humidified by passing the air through a bubbler. The plant
volatiles were pulled from the plant enclosure headspace into
the OFR through 0.25 in PFA tubing at flow rates ranging
between 2 to 5 L min−1. This flow rate was controlled by the
difference in flow rates between the actively controlled OFR
inlet and outlet flows. Humidified air was introduced to the
OFR at the inlet and controlled with a mass flow meter
between a range of 2.0 to 5.0 L min−1. This range in flows
reflect the values required to generate SOA at multiple
different mass loadings to generate the SOA mass yield curve.
Total flow rate through the OFR was controlled via the outlet
flows, which consisted of instrument sampling and an
additional vacuum pump flow. Particle size distributions and
particle composition were continuously monitored at the
outlet with a scanning mobility particle sizer (SMPS; custom-
built from TSI, Inc. and Brechtel Inc. components) and time-
of-flight aerosol chemical speciation monitor (ToF-ACSM:
Aerodyne, Inc.), respectively. The ToF-ACSM sampling line
was a 2 m, 3/8″ copper tube that pulled 2.5 L min−1 from the
same sampling line that served the SMPS. The SMPS pulled

0.7 L min−1 with 0.25 in copper tubing. An extra vacuum flow
at the outlet was established with a vacuum pump (Thomas,
Model 617CA22) and controlled with a needle valve at a flow
rate of 5.5 L min−1. Total OFR outlet flow was 8.7 L min−1

with a corresponding residence time of 1.49 min. For each
SOA mass loading, BVOCs were collected at the OFR inlet on
stainless steel adsorbent cartridges containing quartz wool,
Tenax TA, and carbograph 5TD (Markes International, Inc.)
by pulling 0.42 L min−1 through duplicate cartridges in parallel
for 4−6 min. Cartridges were capped and stored in a
refrigerator until they could be analyzed off-line with a
thermo-desorption gas chromatograph mass spectrometer
(TD-GC-MS, TD: Markes International Series 2 Unity/
Ultra, GC-MS: Agilent GC 7890B with flame ionization
detector (FID), equipped with a 30 m, DB-5 column and a
Markes, International mass spectrometer BenchTOF-Select
type). Details of the GC operation, volatile quantitation and
identification are provided in the BVOC emission profile
characterization section of Supporting Information (Section
1).
The Aerodyne OFR has been described in detail else-

where,51,52 and we include a brief description of the OFR setup
we used here. It is a 13 L (45.7 cm length OD × 19.7 cm ID)
aluminum cylinder equipped with two low-pressure mercury
185 and 254 nm lamps (BHK, Inc., model no. 82-904-03) to
produce OH radicals through the photolysis of H2O, O2, and
O3. In our experiment, the OFR was operated using both 185
and 254 nm lamps (referred to as OFR185 mode) in which
OH radicals were produced inside the OFR via reaction of
oxygen (O(1D)) radicals with water vapor. The ozone (O3)
was generated within the reactor via UV photolysis of oxygen
(O2) with 185 nm lamps. Then oxygen (O(1D)) radicals were
produced by UV photolysis of O3 with the 254 nm lamps
inside the reactor. The OH radicals readily react with BVOCs
to generate SOA. Before each SOA trial, the OFR was cleaned
by flushing overnight with zero air with OFR lights on, and the
SMPS and ToF-ACSM were used to verify the reactor was
clean before introducing volatiles to the reactor. The ToF-
ACSM operating principles, calibration procedures, and
analysis protocols are described in detail elsewhere.53

A summary of all SOA trials, including treatment group, date
conducted, and other relevant details is given in Table 1. For
each SOA trial mass yield point, the OFR relative humidity
(RH) and plant volatile concentration at the inlet of the OFR
were recorded (Table 1). Each SOA trial used volatiles from
the same set of plants in the enclosure and was completed in a
single day with each SOA mass loading requiring ∼60−90 min
to stabilize the system, collect the volatile cartridge samples,
and provide a minimum of 10 min averaging interval from the
SMPS and ToF-ACSM before and after cartridge sampling.
SOA yield was measured at multiple mass loadings to generate

Figure 2. A schematic of the experiment setup. Solid lines refer to PFA tubing and dashed lines refer to copper tubing. LPM refers to liter per min.
“Sampling” denotes the location of volatile sampling. ACSM = aerosol chemical speciation monitor and SMPS = scanning mobility particle sizer
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an SOA mass yield curve. An SOA mass yield curve is a plot of
aerosol mass yield versus total condensed organic mass and is a
common approach to characterize the SOA formation
efficiency of a volatile/oxidant system.54−59 The SOA mass
yield is calculated as the condensed organic aerosol mass
generated (ΔCOA) divided by the mass of gas-phase BVOCs
that reacted (ΔBVOC). The BVOC concentration at the OFR
inlet ranged between 14 to 190 μg m−3. The conditions in the
OFR were targeted to be as atmospherically relevant as
possible (low BVOC concentrations, high humidity), but the
light intensities used were likely high enough to inhibit peroxy
radical interactions that normally occur in the ambient
environment.52 Thus, we do not recommend using the SOA
yields presented here for direct model integration. Rather, they
are used here as a useful metric for comparing SOA formation
potential between the different experiments. The integrated
OH exposure inside the OFR ranged from 6.8 × 1011 to 9.8 ×
1011 molecules cm−3 s in all trials. The corresponding
equivalent of atmospheric photochemical age of this OH
exposure range is 5−8 days assuming an ambient OH
concentration of 1.5 × 106 molecules cm−3.60 In all trials, we
assumed ΔBVOC was equal to the inlet concentration (e.g., we
assumed all BVOCs reacted) which is a reasonable assumption
for the conditions in this study; approximately 530 μg m−3 of
α-pinene could react (given OH rate constants 5.23 × 10−11

cm3 molec−1 s−1)61 at these OH exposure ranges, which is
much higher than the measured BVOC inlet concentrations
(14−190 μg m−3). ΔCOA was calculated from SMPS particle
size distributions measured at the OFR outlet assuming a
background condensed organic aerosol mass of zero (verified
before starting each trial) and using a particle density of 1.4 g
cm−3, a reasonable value for laboratory biogenic SOA, which
has been measured from 1.2 to 1.4 g cm−3.59,62,63

2.4. Leaf Sample Collection, Preparation, and
Metabolite Extraction. Leaves were harvested from plants
at the end of each SOA trial. From each plant in the enclosure,
4−7 “sunlit” leaves (meaning leaves at the top of the plant)
from each control and aphid-treated plant were harvested and
immediately frozen in liquid N2. Sunlit leaves at the top of the
plant were targeted to eliminate known variability between sun
and shade leaves, although it should be noted that these plants
were small enough that all leaves were exposed to sunlight. The
leaves at the top of the plant are the youngest leaves, but all
leaves on these Baccharis Salicifolia plants were less than 6
months in age because all plants were grown from cuts
collected in October of 2017. These samples were lyophilized,
ground with a vibration bead mill Qiagen TissueLyzer II
(Germantown, MD, U.S.A.) and stored at −80 °C until
metabolite extraction. Polar and semipolar compounds were
extracted following t’Kind et al. (2008) with minor
modifications.64 Briefly, for each sample, 30 mg of lyophilized
powder was introduced into a 2 mL glass vial and 1 mL of
methanol/water (80:20) was subsequently added. Samples
were shaken for 1 h at 1000 rpm in a Thermoximer at 18 °C,
centrifuged for 5 min at 12,000×g, and 0.8 mL of supernatants
were split and transferred into two different sets of clean 2 mL
tubes (0.3 mL for LC-MS and 0.5 mL for GC-MS). LC-MS
analysis was performed directly on the methanol/water extracts
using a high-resolution LTQ Orbitrap Velos mass spectrom-
eter (HRMS) equipped with a heated electrospray ionization
source (HESI) and coupled to a liquid chromatographer
Vanquish ultrahigh pressure (UHPLC) (Thermo Fisher
Scientific, Waltham, Massachusetts, U.S.A.). Additional details

of chromatography, data filtering, and data analysis methods
for GC-MS and LC-MS analysis are provided in Supporting
Information (Section 2).

2.5. Statistical Analyses. After data filtering, the
metabolomics data set containing both LC-MS and GC-MS
foliar metabolome data was composed of one categorical factor
with two levels: (control (C1, C2, C3, and C4 trials) and aphid
(A1, A2, A3, and A4 trials) treated plants), and 25 001
continuous dependent variables (metabolomic features) where
218 metabolomic features were assigned a metabolite ID
(Table S2). The TD-GC-MS data set of the identified plant
volatile compounds was composed of a categorial factor with
two levels (control (C1, C2, C3, and C4 trials) and aphid (A1,
A2, A3, and A4 trials) treated plants) and 13 continuous
variables (BVOC compounds). The foliar metabolome and
BVOC emission profile of all plants contained in the enclosure
for the SOA trial was used for tests of statistical difference
between treatment and control.
Variability in the BVOC emission profile and foliar

metabolome between control and aphid plants were visualized
with a principal component analysis (PCA). PCA of the foliar
metabolome was performed using data from individual plants
within each trial to visualize intra- and inter-trial variability.
PCA of the BVOC emission profiles was performed using the
average from the SOA trial because emissions from individual
plants were not measured. Differences in the BVOC emission
profile and foliar metabolome between control and aphid
plants were tested with permutational multivariate analysis of
variance (PERMANOVA). Linear regressions were used to fit
the SOA yield plots. All statistical analyses were performed
using R (version 3.6.1) except for the linear regression, which
was performed in Igor Pro software from WaveMetrics Inc.
(version 7.0.2.2). The adonis function from the “vegan”
package was used for PERMANOVAs.65 PCAs were plotted
using the PCA function from “FactoMineR” package.66

3. RESULTS AND DISCUSSION
3.1. Effect of Aphids on the Foliar Metabolome. The

foliar metabolome was characterized to assess whether or not
aphid herbivory affected the overall plant metabolome. Aphid
herbivory altered the overall foliar metabolome (PERMANO-
VA; p < 0.05; Table S5). Principal component (PC)1 and PC2
of the PCA explained 47.9% (PC1 = 32.45% and PC2 =
15.45%) of the total variance and aphid herbivory and control
treatments were clustered separately along the PC1 axis
(Figure 3). PCA revealed larger metabolome variability
between control plants than aphid plants along the PC2. In
particular, we found that the total amino acid signal was
significantly (p < 0.01) increased in aphid-treated plants
compared to control groups (Table S7). Individual amino
acids that significantly increased in treated plants include
proline, histamine, adenine, asparagine, serine, aspartic acid,
and tryptophan. Amino acids play important roles in plant
stress response including regulating ion transport, modulating
stomatal conductance, affecting synthesis and regulation of
enzymes, gene expression, and participating in redox-homeo-
stasis.67 The relative abundance of jasmonic acid (JA), a
common stress signaling hormone associated with insect
herbivory,68−71 was increased in aphid plants as well. These
results demonstrate that aphid herbivory did affect the plant
secondary metabolism and confirm the aphid treatment
approach successfully induced an overall plant metabolic
response.
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3.2. Effect of Aphids on the Gas-Phase BVOC
Emission Profile. Unlike the foliar metabolome, the BVOC
emission profile of control and aphid plants did not exhibit
clear clustering based on treatment in a PCA (Figure 4),

indicating that aphid herbivory did not have a clear effect on
the BVOC emission profile (or the composition of the BVOCs
emitted from the plants). PC1 and PC2 of the PCA explained a
total variance of 67% (PC1 = 46% and PC2 = 21%). PC1
variability was largely explained by the relative contribution of
α-copaene, sabinene, α-phellandrene, camphene, 3-carene, β-
ocimene, and by β-guaiene. Variability along PC2 was
explained mainly by the relative contribution of 3-carene,

aristolochene, patchoulene, β-guaiene, β-ocimene, α-pinene,
and camphene. On the basis of Figure 4, it is clear that there
was substantial variation within treatment and control groups.
Consistent with the PCA results, there was no significant
difference between the BVOC emission profile of control and
aphid plants as tested with PERMANOVA analysis (Table S6).
This result is in contrast to some other plant-herbivore systems
that have been studied previously where significant changes in
the BVOC emission profile have been observed after herbivory.
For example, gypsy moth herbivory altered the BVOC
emission profile of holm oak by increasing β-caryophyllene
emissions and inducing new sesquiterpene emissions such as α-
humulene and δ-cadinene.72 Aphid herbivory significantly
increased emissions of monoterpenes like linalool and β-
ocimene, and sesquiterpenes, such as α-farnesene or β-
caryophyllene in European beech and tall fescue grasses.73,74

On the basis of these previous studies from other plant-
herbivore systems, our results were unexpected. We highlight
that our results do not suggest the BVOC emission rates were
unaffected by aphid herbivory; aphid herbivory has been
documented to significantly increase BVOC emission rates
from Baccharis salicifolia.44 Indeed, it is likely that BVOC
emission rates did increase from the aphid-exposed plants in
our study (although this was not directly measured) because
we were able to use fewer plants in the enclosure for the aphid
SOA trials than the control SOA trials to achieve the same
SOA mass loadings. Our measurements were not focused on
characterizing BVOC emission rates, but rather the BVOC
emission profile and how changes in the composition affect
SOA production. Regarding the aphid effect on the BVOC
emission profile, the results from this study demonstrated there
was just as much variation within treatment groups as between
treatment groups (even though all of these plants had been
propagated from the same source and were thus genetically
identical), and there was no clear impact of the aphid herbivore
on the BVOC emission profile. These results highlight the
intraspecies variability in BVOC emission profiles, which has
been a major challenge in developing predictive models of
plant stress emissions following biotic stress.69,75

Although the overall BVOC emission profile did not show
significant differences between aphid and control plants, there
were statistically significant differences in relative emissions of
two individual compounds. To illustrate this, the average
relative contribution of individual BVOC compounds from
aphid and control trials are shown (Figure 5). BVOC
emissions of both control and aphid B. salicifolia were
dominated by limonene. Aphid herbivory significantly
increased the relative contribution of β-ocimene and slightly
decreased the relative contribution of β-guaiene. The
contribution of β-ocimene increased by over 5 times, from
1.72% to 8.72% of the total BVOCs (p < 0.01). These results
are consistent with a previous study showing B. salicifolia
emissions are generally dominated by limonene and that aphid
herbivory increased β-ocimene emissions.44 On the other
hand, the contribution of β-guaiene was marginally reduced (p
< 0.1) in aphid plants (5.42%) compared to the control group
(9.67%).

3.3. Chemical Controls on SOA Formation. SOA mass
yields were plotted for each SOA trial to compare SOA
formation efficiency of the BVOC mixtures from each set of
plants (Figure 6). For all trials, the mass yield increased with
increased mass loading as expected based on gas-particle
partitioning theory.54,55 Normally, an SOA mass yield curve

Figure 3. PCA of foliar metabolites from control (circles) and aphid
(triangles) plants. Individuals included within each trial are
represented in different color. Ellipses represent the distribution at
95% confidence interval for each of the treatments in the plane
defined by both PC1 and PC2.

Figure 4. Biplot of the PCA of the gas-phase BVOC profile for
control and aphid Baccharis trials. Circles represent the average
BVOC profile from SOA trials. Numbers 1−4 indicate the
experimental ID number (Table 1).
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would not exhibit linearity but would approach a maximum
yield at higher condensed organic aerosol (Coa) mass loadings.
However, we targeted very low aerosol mass loadings to
represent atmospherically relevant conditions in remote areas
where BVOCs dominate SOA production, which means we
stayed within the linear range of the mass yield curve rather
than observing a yield threshold. The SOA yield threshold
would typically occur at condensed mass concentrations at
least an order of magnitude higher than those used in this
study.56 In both control and aphid trials, the SOA mass yield
ranged from 1% to 7% across a condensed organic aerosol
mass range of 0.5−3 μg m−3 in the OFR. These low-yield
values were expected at the low mass loadings targeted in these
trials; the estimated SOA mass yields from monoterpene-
dominated BVOC mixtures ranged from 3% to 11% at similar
organic aerosol mass loadings (0.5−6 μg m−3).76 Limonene
and 3-carene are the dominant terpenes in the BVOC profile
for all of the trials, collectively contributing 70−80% of total

BVOCs by mass (Figure 5) and are likely driving a large
fraction of the SOA production in the flow reactor. SOA mass
yields of laboratory-generated limonene and 3-carene organic
aerosols are less than 10% for condensed mass loadings below
10 μg m−3,77,78 and thus these values are comparable with the
yield values and corresponding organic aerosol mass values in
this study.
SOA formation efficiency was defined as the slope of the line

for each SOA mass yield curve; a steeper slope equals higher
SOA formation efficiency. The slopes ranged from 0.44 to 2.91
and 0.21 to 6.49 for the aphid and control trials, respectively.
This demonstrates there was as much variability in SOA
formation efficiency within aphid/control groups as there was
between groups. Recall from Section 3.2 that there was quite a
bit of variability in the BVOC emission profiles between trials.
Detailed BVOC emission profiles for each individual trial are
provided in the Supporting Information to help explain some
of the variability observed in SOA formation efficiency (Figure
S1). The aphid 2 trial had the lowest SOA formation efficiency
of all aphid plants and also had the smallest relative
contribution from sesquiterpenes in the volatile profile.
Aphid 3 and aphid 4 had nearly identical sesquiterpene
contributions to the profile, but aphid 3 had a higher
contribution from acyclic monoterpenes which can fragment
upon oxidation and could explain the reduced SOA formation
efficiency.79 Of particular note, control 1 had the highest SOA
formation efficiency with a slope of 6.49. The BVOC profile of
the control 1 trial also had the highest cyclic-to-acyclic terpene
ratio at 13% compared to the other trials which ranged from
2.7 to 6.5%. However, just qualitatively comparing the BVOC
emission profiles of individual trials with the SOA formation
efficiency does not indicate which molecular features were
driving SOA formation from a more comprehensive
perspective.
To systematically investigate relationships between BVOC

structural class and SOA formation efficiency for all trials, we
calculated the correlation between the slope of the SOA mass
yield curve (e.g., the SOA formation efficiency) and the relative
contribution of various compound classes and/or structures.
This included relative fraction of cyclic terpenes, bicyclic

Figure 5. Average percent contribution of individual BVOC compounds during control and aphid Baccharis trials. Asterisk indicates significance
level based on t test (*, p < 0.1 and **, p < 0.01). Other SQTs (sesquiterpenes) included caryophyllene and α-copaene. Other MTs
(monoterpenes) included α-pinene, α-phellandrene, and camphene. Error bars denote the standard error of all cartridge samples.

Figure 6. SOA mass yields for aphid and control trials. Lines
represent best fits to the data using linear regression. C1−C4 denotes
control trials and A1−A4 denotes aphid trials. Error bars denote
standard deviation of the measurements.
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terpenes, monocyclic terpenes, total monoterpenes, total
sesquiterpenes, and all individual compounds. The compounds
were grouped as follows: bicyclic terpenes (aristolene,
patchoulene, β-guaiene, caryophyllene, sabinene, 3-carene,
camphene, α-pinene), acyclic terpenes (β-ocimene, β-myr-
cene), and monocyclic terpenes (limonene, α-phellandrene). A
summary of these results is provided in Table 2. No single

individual compound was correlated with SOA formation
efficiency with correlations ranging from 0.03 to 0.50 (Table
S8). Total sesquiterpene contribution was also not correlated
with higher SOA formation efficiency. This is in contrast to
results presented previously on the effects of bark borer
herbivory on SOA mass yield from Scots pines where the
sesquiterpene-to-monoterpene ratio was the primary predictor
of SOA yield.59 More recent studies have demonstrated that
the large structural diversity in sesquiterpenes can produce
different effects on aerosol formation and properties than
would be expected if using β-caryophyllene as a model
sesquiterpene compound.80,81 These results further substan-
tiate that sesquiterpene-to-monoterpene ratios cannot be used
to estimate SOA mass yield, and that SOA production from a
range of sesquiterpene structural classes should be the topic of
future studies.
The highest correlation between SOA formation efficiency

and BVOC structural class was observed in relation to the
relative contribution of cyclic versus acyclic terpenes in the
BVOC profile (r2 = 0.82). Acyclic terpenes were negatively
correlated with SOA formation efficiency (Figure 7). We note
there could be a confounding relationship between SOA mass

yield and OH exposure because we cannot control the OH
exposure in the flow reactor with precision. Every effort was
made to minimize variations in OH exposure by keeping the
light settings the same throughout the experiment. We tested
for any confounding relationship with OH exposure by plotting
the cyclic-to-acyclic terpene contribution versus the OH
exposure and confirmed there was no correlation (Figure
S2). Thus, the relationship we observed between the
proportion of cyclic terpenes to total BVOCs and SOA
formation efficiency cannot be explained by small changes in
OH exposure between the SOA trials. From a gas-phase
chemistry perspective, a positive correlation between SOA
formation efficiency and proportion of cyclic terpenes in the
mixture makes sense; breaking endocyclic carbon−carbon
double bonds results in ring-opening and retaining the carbon
backbone while breaking carbon−carbon double bonds of
acyclic compounds results in fragmentation of the molecule.
Breaking the carbon−carbon bond at the location of the
double bond is common during atmospheric oxidation of
terpenes, which is why the dominant oxidation products of α-
pinene are pinic acid and pinonic acid, both of which have a
single ring while the parent compound, α-pinene, has a bicyclic
molecular structure.82 Fragmentation produces compounds
with a smaller carbon backbone, by definition, and thus we
would expect fragmentation reaction products from acyclic
terpene oxidation to have higher volatility and lower SOA mass
yields than ring-opening reaction products from cyclic terpene
oxidation. This result is consistent with previous reports. The
ozonolysis of Scots pine emissions containing a higher
proportion of acyclic sesquiterpenes following aphid herbivory
contained more fragmentation reaction products than the
ozonolysis of healthy Scots pine emissions.80 Furthermore,
photooxidation of farnesene and bisabolene standards
purchased from a chemical supplier have lower SOA mass
yields than α-pinene.81 Farnesene isomers are acyclic
sesquiterpenes and bisabolene isomers are sesquiterpenes
containing a long, unsaturated acyclic tail. These prior studies
provided indirect evidence suggesting that an increased
proportion of acyclic terpenes would be expected to decrease
SOA mass yields, but this study is the first to more clearly link
a reduction in SOA formation efficiency with an increasing
proportion of acyclic terpenes in a complex BVOC mixture.

4. CONCLUSION
This study characterized SOA formation potential of a complex
mixture of BVOC emissions from a riparian shrub with and
without being exposed to aphid herbivory. Foliar metabolome
analysis indicated that aphid herbivory had a significant effect
on plant metabolism, demonstrating the aphid herbivory
treatment did influence plant metabolism and health. In
particular, amino acids and jasmonic acid were elevated in
aphid-exposed plants, both of which have been implicated in
plant stress responses. In contrast, the BVOC emission profile
was not significantly different between control and aphid
plants. Overall, the BVOC emission profile exhibited a lot of
variation between different sets of plants, regardless of aphid
herbivory, and this led to measurable differences in the SOA
formation potential between different BVOC mixtures. This
provided the opportunity to examine the chemical controls on
SOA formation related to differences in chemical composition
of the BVOC mixture. The single chemical structural
characteristic that was most correlated with SOA formation
potential was the relative amount of cyclic-to-acyclic terpenes.

Table 2. Correlation between SOA Formation Efficiency
and the Relative Contribution of Different Structural
Classes to Total BVOCs

structural class r2

cyclic terpenes 0.82
bicyclic terpenes 0.61
monocyclic terpenes 0.08
monoterpenes 0.03
sesquiterpenes 0.03
individual terpenes 0.03−0.50

Figure 7. Correlation between the relative contribution of acyclic
compounds to total BVOCs and SOA formation efficiency as defined
as the SOA mass yield slope. Error bars denote the standard error.
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We found a negative correlation between the proportion of
acyclic terpenes contributing to the BVOC mixture and the
SOA formation efficiency. In this study, the relative
contribution of acyclic terpenes to total BVOC emissions
was not significantly altered by aphid herbivory. However,
other studies have implicated acyclic terpenes as common
inducible plant stress BVOCs following herbivory.33,34,36

Currently, SOA models and chemical transport models do
not explicitly account for the atmospheric chemistry of acyclic
terpenes. Our results highlight the importance of acyclic
terpenes in controlling SOA formation efficiency from a
complex mixture, which could become even more prominent
in an evolving world with increasing frequency and severity of
plant stress conditions. Future studies should target a more
comprehensive understanding of the atmospheric chemistry of
acyclic terpene compounds including their effect on aerosol
chemistry, formation, and climate-relevant properties.
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