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ABSTRACT

Plant volatile organic compound (VOC) emissions are important mediators for plant interactions with biotic and abiotic factors
in the environment. Changes in VOC emissions can be caused by factors associated with climate change, such as warming and
drought. However, we currently lack an understanding of how warming and drought affect plants’ emissions in their natural
environment, let alone how these climate factors may interact to synergistically affect emissions. To fill these knowledge gaps, we
measured VOC emissions from tall goldenrod (Solidago altissima) in an early successional plant community under four climate
treatments: ambient control, warmed, drought, and warmed + drought. Treatments were applied in situ using open-top chambers
for warming and rainout shelters for drought. Drought treatments (drought and warmed + drought) have a stronger effect on
VOC emissions compared to nondrought treatments (ambient and warmed). Furthermore, while the overall abundance of VOCs
did not differ between treatments, there were specific compounds associated with one or more climate treatments. For example,
diisopropyl adipate was more abundant in the drought and warmed + drought treatments. Our study shows that in goldenrod,
drought may have a stronger effect than warming on VOC emissions, but moreover, that specific compounds are especially sensi-
tive to certain climate treatments. However, additional experimentation is necessary to validate the functions associated with the
affected compounds. These findings demonstrate that climate change alters chemical emissions, which in turn could have impli-
cations for ecosystem functioning via changes in plant-plant communication, plant-insect interactions, and overall plant fitness.

1 | Introduction

Within an environment, plants face numerous multifaceted
interactions with biotic and abiotic factors. Plant emissions
of volatile organic compounds (VOCs) are important medi-
ators in these interactions. For example, VOCs can serve as
plant growth regulators, pathogen growth inhibitors, defense
priming signals, and more (Brilli et al. 2019). However, it is
currently unclear how climate change factors, such as warm-
ing and drought, may impact the emission of VOCs for plants.

While previous studies have shown that warming and drought
can change both the abundance and composition of emit-
ted VOCs (Reinecke et al. 2024; Sharkey and Singsaas 1995;
Pefiuelas and Llusia 2003; Sharkey et al. 2007; Kreuzwieser
et al. 2021), these changes can be dependent upon the sever-
ity of the stress experienced by the plant (Niinemets 2010;
Rissanen et al. 2022) and the species that were sampled
(Miiller and Junker 2022), therefore, we lack an understand-
ing of how these climate factors may impact VOC emissions
for many plant species. Here, we seek to understand the effects
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of experimental warming and drought treatments on the foliar
emissions of VOCs from a common herbaceous species in the
midwestern United States, Solidago altissima.

Changes in VOC production can occur as a result of altered
abiotic conditions, such as warming or drought. Typically,
warming leads to an overall increase in foliar VOC production
due to increased plant enzymatic activity, increased vapor
pressure, and decreased resistance in the diffusion pathway
(Hartikainen et al. 2009; Pefiuelas and Llusia 2003; Yuan
et al. 2009). Warming may also indirectly increase VOC emis-
sions through increased plant biomass (Kramshej et al. 2016).
Conversely, drought can have varying effects on VOC emis-
sions, and these differences may be due in part to the sever-
ity of the drought experienced by the plant. For example,
moderate drought can lead to increased VOC production if
limitation in growth leads to increased carbon availability,
whereas a more severe drought can reduce photosynthesis
and therefore reduce carbon allocation to VOC production
(Reinecke et al. 2024; Rissanen et al. 2022; Malone et al. 2023;
Tiiva et al. 2017; Niinemets 2010). Other climate-induced lim-
itations to the 2-C-methyl-D-erythritol 4-phosphate (MEP)
production pathway can reduce VOC production, such as
changes in gene regulation of compound synthases (Perreca
et al. 2022). However, there are currently still gaps in our un-
derstanding of VOC production under current climate regimes
(Yuan et al. 2009), let alone under warmer and drier condi-
tions; therefore, we lack complete understanding of these cli-
mate effects on VOC production. Furthermore, the majority of
studies we identified in our literature search on the effects of
warming and/or drought on VOC emissions focus on woody
species (e.g., Rissanen et al. 2022; Kreuzwieser et al. 2021;
Trowbridge et al. 2019; Staudt et al. 2016; Llusia et al. 2006),
and to our knowledge, no study has used Solidago spp. as a
focal species in climate-related VOC experiments.

In addition to changes in overall VOC abundance, the composi-
tion of VOCs can also change in response to changes in abiotic
conditions. For example, warming can increase the production of
isoprene and monoterpenes, which may protect plants from heat
stress (Ibrahim et al. 2006; Sharkey and Singsaas 1995; Sharkey
et al. 2007). Similarly, Kreuzwieser et al. (2021) found that iso-
prene and monoterpene biosynthesis was maintained despite
reduced photosynthesis due to drought, indicating that these
compounds may have important functions for stress tolerance,
such as quenching reactive oxygen species or stabilizing mem-
branes (Loreto and Velikova 2001; Pefiuelas and Llusia 2003;
Velikova et al. 2011). Conversely, certain compounds or groups
of VOCs could experience a reduction in emissions under stress
if carbon is partitioned away from the production of those VOCs
(Kreuzwieser et al. 2021). In sum, climate conditions can induce
the production of novel compounds that aid in protection or pre-
vent specific compounds from being produced. By identifying
the compounds that are sensitive to climate conditions, we will
be able to gain a better understanding of how plant emissions
may be affected by climate change.

Climate warming and drought are projected to co-occur more
frequently in the future (IPCC 2021), making it essential to
understand their potential interactive effects on emissions.
However, because emissions are species-specific and highly

complex, it can be difficult to generalize how warming and
drought may affect VOC production across different envi-
ronmental and plant-level contexts (Llusia et al. 2006; Staudt
et al. 2016). Furthermore, in situ VOC studies are necessary to
aid in our understanding of how climate factors affect emissions
from plants in their natural environment (Pierik et al. 2014),
as results of greenhouse experiments may differ substantially
from field studies (Heinze et al. 2016; Wilschut et al. 2022), but
these in situ climate VOC experiments are less common (Midzi
et al. 2022).

In this study, our focal study species is tall goldenrod (Solidago
altissima), which is a native forb in old-field plant communities
in the Midwest region of the United States. This species has been
previously used in VOC experiments (Morrell and Kessler 2017;
Howard et al. 2020; Shiojiri et al. 2021), but to our knowledge,
no studies have investigated warming or drought effects on
the VOC emissions of this species. Solidago altissima and its
close relatives also have known ecological importance for plant
community succession and plant-insect interactions (Root and
Cappuccino 1992; Uriarte 2000; Pisula and Meiners 2010), as
they are relatively dominant species in many Midwest plant
communities (Eckberg et al. 2023) and interact with numerous
generalist to specialist insect species (Maddox and Root 1990;
Jobin et al. 1996), making it a good candidate for understand-
ing climate effects on VOC emissions in a natural system. We
use an in situ climate change experiment in Michigan, USA to
understand how warming, drought, and the combined effects of
warming and drought may alter the composition and abundance
of VOC emissions for a common species (S. altissima) in an early
successional community.

2 | Methods
2.1 | Study Site and Species

The climate treatments in this experiment were applied to plants
in situ in the Kellogg Biological Station’s Long-Term Ecological
Research site (KBS-LTER) in Hickory Corners, MI, USA
(42.41°N, —85.37°W). This site was under agricultural man-
agement until 1989, when management ceased and six replicate
fields were re-established as early successional plant communi-
ties. The fields have been maintained in an early successional
stage through annual spring burns since 1997, which prevent
woody species colonization. Within the KBS-LTER early succes-
sional fields, the most dominant species consist of tall golden-
rod (Solidago altissima), red clover (Trifolium pratense), timothy
grass (Phleum pratense), and Kentucky bluegrass (Poa pratensis)
(Robertson and Hamilton 2015).

2.2 | Treatments

Within the KBS-LTER, a large-scale climate manipulation ex-
periment known as the Rain-Exclusion Experiment (REX)
began in December 2020. The experiment consists of subplots
nested within six separate early successional field replicates,
with each subplot receiving a treatment of drought, warming, or
their combination, in addition to ambient control subplots. The
ambient control subplots used here are open subplots with no
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treatments applied. Each of the six field replicates contains all
four climate treatments (Figure S1A).

Each year since 2021, rainout shelters have been placed above
the plant community and their subplots in each of the six early
successional fields for 6 weeks to simulate drought during the
peak growing season (Figure S1B). The rainout shelters are
built with a galvanized steel frame with Lexan clear corrugated
roofing, which allows 85%-90% of light in photosynthetically
active wavelengths to pass through (Kahmark et al. 2024). Prior
to the initiation of drought, all subplots were watered to en-
sure the plants began the experiment with equal soil moisture.
Physiological drought was confirmed with findings of lower soil
volumetric water content, lower leaf level gas exchange, lower
evapotranspiration rates, and lower GPP in the drought plots
(Falvo 2024). Our sampling took place in 2022, and the rain-
out shelters were placed over the plant communities on 25 June
2022. Temperature is manipulated in this experiment with the
use of open-top chambers (OTCs) built for taller stature plant
communities (Welshofer et al. 2018). The OTCs are built with
a wooden frame with Lexan polycarbonate sheeting and pas-
sively increase air temperatures while allowing for natural lev-
els of light, precipitation, and gas exchange to occur (Marion
et al. 1997; Welshofer et al. 2018). The chambers were initially
placed on top of the established early successional plant commu-
nities in December 2020. OTCs remain on the plots year-round
and are only removed when the annual spring burn occurs;
when our sampling took place, the subplots had been continu-
ously warmed for 20 months. Within REX, the open-top cham-
bers are also nested underneath the rainout shelters to allow for
the combination of both warming and drought treatments.

Response variables were measured within 1m? subplots sit-
uated under the footprint of each of the four main treatments
used in this study (warmed, drought, warmed + drought, and
ambient control; Figure S1). MX2202 HOBO data loggers (Onset
Computer Corporation, Bourne, MA) were placed in the sub-
plots to determine the effects of our treatments on 1m air tem-
peratures. Soil temperature and moisture in the top 15cm of soil
were monitored using Campbell Scientific CS655 probes.

2.3 | Plant Headspace Collection

From 11 July to 15 July 2022, VOCs were collected from the
headspace of S. altissima from five of the six fields. We col-
lected VOC samples from one field per day over the course of
our consecutive 5-day sampling period. At the time of sampling,
the plants had been in drought for 17-21 days, depending on the
field that was sampled (field 1=17days, field 2=18days, field
3=19days, field 4 =20days, field 5=21days).

Five plants within each of the four treatments were sampled
each day (n=20 plants per day). Plants with any signs of dam-
age, herbivory, or poor health were not selected for VOC collec-
tion. However, there were very few plants with obvious signs of
herbivory or damage, and S. altissima is extremely abundant in
our experimental subplots; therefore, our selection of “healthy”
plants was not a biased selection toward the healthiest plants in
each subplot. The headspace was defined as the area immedi-
ately surrounding the top ~30 leaves from each selected plant.

This area was contained within a 35X 32.5cm nylon oven bag
(Jerina turkey bags). On each day, an empty nylon bag was also
sampled in situ to serve as a background air control. The top
corner of each nylon bag was fitted with an ORBO coconut char-
coal filter to allow clean air to enter the bag during sampling
(Figure S2). Air was pulled through the bags for 7h each day
(08:30-15:30h) and onto HayeSep Q VOC traps (volatilecollect
iontrap.com) via portable vacuum pumps (IONTIK) at a flow
rate of 300mL/min. Storms on two sampling days cut sampling
time to 5h for Fields 1 and 2 (08:30-13:30h), but on all sampling
days, all treatments in a given field were sampled for the same
amount of time. We did not find evidence of the storm strongly
affecting VOC composition or abundance (Figure S3).

Once the sampling was complete, the VOC traps were stored in
aluminum foil on ice and immediately taken to the laboratory to
be processed. Each trap was eluted with 150 uL of dichlorometh-
ane, which was pushed through the trap using nitrogen gas. One
KL of 500g/uL tetradecane was then added to each sample as an
internal standard. VOCs were analyzed with an Agilent 7890A
gas chromatogram (GC) fitted with an Agilent VF-5 ms column
(30m length, 0.25mm diameter, 0.25um film) with He as the
carrier gas and coupled with an Agilent 5975C mass spectrome-
ter (MS). Samples were injected into the GC/MS with an initial
temperature of 225°C. The temperature program heated the col-
umn from 40°C to 180°C at a rate of 10°C/min, then heated at
a rate of 40°C/min until the temperature reached 220°C, which
was held for 10 min.

The REX experimental subplots are sampled nondestructively,
and therefore no plant material can be taken from within the
1m? experimental subplots. As such, we did not harvest plant
material post-VOC sampling for a calculation of total biomass
sampled. To estimate the biomass sampled per plant, we col-
lected leaves of S. altissima from plants immediately outside of
each 1m? subplot but still within each treatment. For each treat-
ment, we then fit a linear regression between the collected leaf
biomass and leaf length (Table S1). Prior to VOC sampling, we
marked the top ~30 leaves of the five S. altissima individuals in
each subplot and recorded the length of each leaf that was to be
sampled during VOC sampling. Using our regression equations,
we applied each treatment-specific regression to the correspond-
ing measured leaf lengths from the sampled VOC plants in order
to estimate total leaf biomass per subplot (Table S2). Because the
biomass data were estimated on a subplot level and not an indi-
vidual plant level, we divided the total biomass per subplot by 5
to estimate total plant biomass per individual (Table S2).

2.4 | Statistical Analysis

The temperature and soil moisture data were analyzed using R
(R Core Team 2024). We calculated average air temperature, soil
temperature, and soil moisture from 11 July to 15 July to match
the VOC sampling time frame. We also calculated monthly av-
erages to determine the beginning of the warming treatment,
as well as daily averages from June to July to observe treatment
effects for the duration of the drought treatments.

The VOC GC/MS data were first run through the Agilent
MassHunter Qualitative Analysis 10.0 program, in which
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compounds were identified by comparing them to those in
the NIST17 (National Institute of Standards and Technology,
Gaithersburg, MD) and Adams (Adams 2007) libraries.
All further data processing was conducted using R (R Core
Team 2024). We normalized the data by dividing the abun-
dance of each compound in each sample by the abundance of
the internal standard in each sample. After normalizing the
data, the abundance of the internal standard was removed
from each sample (as its abundance was now equal to 1 across
all samples). To remove any background noise from the sam-
pling procedure, the abundance of each compound found in
the nylon bag controls was subtracted from the abundances
for each sample. Any abundance that became negative after
subtraction, which indicates compounds that were found
within the control, was replaced with a zero. Caprolactam,
which was present due to the nylon oven bags used for sam-
pling, was also removed from each sample. Samples from field
1 were removed prior to analyses due to a sample processing
error (n=24). Samples were also removed prior to analyses if
they did not contain the internal standard (n =1) or if the sam-
ple had abnormally high abundances, which could indicate
plant stress from unseen sources such as herbivory (n=3).
After sample removal, each climate treatment had n=18-20
samples. We confirmed that outlier removal did not impact
overall results (Table S3). To obtain a final measure of com-
pound abundance/g/h, we divided each individual plant's
VOC abundances by its estimated individual biomass, and
then by the total number of hours sampled, which was either
7 or 5h. We also tested for treatment effects on abundance/h,
without normalizing by gram of biomass, to look at effects on
absolute emissions. We include both biomass per gram and ab-
solute abundance because absolute abundance may be a rele-
vant metric for understanding the cues available to organisms
that detect total VOC emissions in the atmosphere, whereas
abundance per unit biomass standardizes emissions by plant
weight and may be more appropriate for comparing emission
rates among plants of different sizes.

To test for differences in air temperature, soil temperature,
and soil moisture between treatments, we ran a mixed model
for each with climate treatment as a fixed effect and field num-
ber as a random effect. These mixed models were conducted
using the Imer function from the ImerTest package (Kuznetsova
et al. 2017), and we tested all pairwise comparisons using the
emmeans package (Lenth 2022).

The compositional differences between climate treatments
were investigated using a PERMANOVA (method =Bray-
Curtis, permutations=999, block=field replicate) via the
adonis2 function in the R vegan package (Oskanen et al. 2022).
We then ran pairwise comparisons for all climate treatments
using the pairwise.adonis2 function. We visualized these
compositional differences using a PCoA with Bray-Curtis dis-
tances in the vegan package. We also ran an additional super-
vised Partial Least Squares Discriminant Analysis (PLS-DA)
using the mixOmics R package (Rohart et al. 2017) to further
visualize compositional differences between treatments. To
test for an effect of the climate treatments on the abundance
of VOCs emitted, we ran a mixed effects model using the
Imer function from the lmerTest package in R (Kuznetsova
et al. 2017). For the mixed effects model, VOC abundances

were transformed via a cubed root transformation to ensure
the data fit the assumptions of normality, and field number
was included as a random effect.

To test for specific indicator compounds between treat-
ments (i.e., compounds associated with specific climate treat-
ments), we used the multiplatt function (permutations=999,
block =field replicate, max.order=3) from the indicspecies R
package (Céaceres and Legendre 2009). The statistical output
from multiplatt provides an indicator value (“stat”) as the test
statistic, which measures the association between a compound
and a group; this statistic is associated with a p-value. The out-
put also provides the specificity (“A”) and sensitivity (“B”) of that
compound to given climate treatments (Table S4). For example,
A=1.0, B=0.3 would demonstrate that the compound was only
found in a single climate treatment, but not all replicates of that
treatment. Conversely, A=0.3, B=1.0 would demonstrate that
the compound was found in all replicates of that treatment but
not solely found within that treatment.

To better understand the classification of the 29 compounds
identified in the indicator species analyses, we searched
known chemical databases for further classification infor-
mation that was not available from the chemical libraries
(Table S5). The databases we included in our search were
PubChem (Kim et al. 2023), Pherobase (El-Sayed 2024), mVOC
4.0 (Lemfack et al. 2018), and the plant-associated VOC data-
base (PVD; Shao et al. 2024). Compounds were cross-searched
between these databases using their PubChem CID number
and the name of the compound. We also performed literature
searches on each compound to identify its potential biological
function for the plant.

3 | Results
3.1 | Abiotic Measurements

Warmed treatments (warmed and warmed + drought) began to
experience warmer temperatures than nonwarmed treatments
(ambient and drought) in June (Figure S4). Air temperatures
during the VOC sampling period (11 July-15 July, 07:00-19:00)
in the warmed +drought treatment were ~2.5°C warmer than
air temperatures in the ambient (t=—-4.61, p<0.001), warmed
(t=-3.91, p=0.001), and drought (t=-5.29, p<0.001) treat-
ments (Figure 1A). The warmed treatment had lower soil tem-
peratures than drought (t=2.82, p=0.02) and warmed + drought
(t=3.13, p=0.01), whereas the ambient treatment had lower soil
temperatures than drought (t=2.49, p=0.06) (Figure 2B). All
treatments differed from each other in terms of soil moisture,
with the ambient and warmed treatments having the highest
levels of soil moisture (Figure 1C).

3.2 | VOC Composition and Abundance

The composition of VOCs in the ambient and warmed treat-
ments differed significantly from the composition of VOCs in
the drought (ambient: F, ,,=1.67, p=0.04; warmed: F, ,,=1.81,
p=0.04) and warmed +drought (ambient: F, ,;=1.85, p=0.03;
warmed: F, ;;=1.83, p=0.04) treatments (Figures 2 and S5,
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FIGURE1 | (A) Air temperatures at 1 m above soil level (°C), (B) Soil temperatures integrated across the top 15cm (°C), and (C) Soil moisture
across the top 15cm (m*/m?) in all climate treatments from 11 July to 15 July during daytime hours (07:00-19:00). The points and error bars repre-
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outlined point represents the centroid for each climate treatment, and different letters denote statistical differences in VOC composition from a

PERMANOVA.

Table S3a). The composition did not differ between ambient and
warmed (F, ;;=0.83, p=0.55) or drought and warmed + drought
(F1,37: 0.69, p=0.73) treatments (Figures 2 and S5, Table S3a).

With the indicator species analysis, we found 29 compounds to
be significantly associated with one or more climate treatments
(Figure 3 and Table S4). For example, diisopropyl adipate was
significantly associated with the drought and warmed + drought
treatment groups and was only found within those treatments
(A=1.00, B=0.34, stat=0.59, p=0.002; Table S4). Conversely,
p-cymene was significantly associated with the ambient and
warmed treatment groups (A=1.00, B=0.19, stat=0.44,
p=0.03; Table S4). However, we did not find differences in the

overall abundance of VOCs emitted among treatments, neither
for emissions per unit biomass (F3’70: 0.34, p=0.80; Figure S6)
nor for absolute emissions (F3’70:0.24, p=0.87; Figure S7).
Fifteen out of the 29 identified compounds for which we could
classify the VOC category included ketones, esters, terpenoids,
benzenoids, and alcohols (Figure 3 and Table S5). Six out of the
15 classified compounds were terpenes/terpenoids, whereas the
other categories were less common (3 ketones, 3 esters, 2 ben-
zenoids, and 1 alcohol; Table S5). Furthermore, we identified
potential functions for 15 of the 29 compounds (Table S6). The
majority of these potential functions were related to herbivore
defense, whereas the others were related to antifungal, antibac-
terial, and/or stress responses (Table S6).
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their significant association with at least one climate treatment based on indicator species analysis (Table S4). Compounds are ordered on the y-axis

in terms of decreasing mean abundance. Larger bubbles represent a greater abundance of that compound in that treatment. Compound bubbles are

colored by the classification of that compound (Table S5).

4 | Discussion

We observed differentiation in VOC composition between the
nondrought (ambient and warmed) and drought (drought and
warmed +drought) treatment groups. Based on this differ-
entiation, the overall composition of VOCs in S. altissima ap-
pears to be more affected by drought than by warming. We
base this conclusion on the fact that there was separation be-
tween nondrought and drought treatments, but not between
nonwarmed (ambient and drought) and warmed (warmed and
warmed + drought) treatments (Figures 2 and S5). There are a
few potential explanations for why the drought treatment had a
stronger effect on VOC composition than warming.

First, drought may be affecting VOC production more if it is
a stronger stressor than the warming treatment; Trowbridge
et al. (2019) also found that drought appears to override the
effects of warming on Pinus edulis emissions. During our
sampling period, the drought treatments had lower soil mois-
ture and increased temperatures compared to nondrought
treatments (Figure 1). However, only the warmed + drought
treatment demonstrated increased air temperatures, whereas
our warmed treatment was not different from the ambient or
drought treatments in terms of air temperature. The lack of
warming in our warmed-only treatment during our sampling
period may have led to a reduced warming effect on over-
all VOC production. However, we do know that the warmed
treatment increased air temperatures prior to our sampling
period (Figure S8), and a nearby experiment using the same
OTC design demonstrated warming over 7years (Young
et al. 2024), confirming our experimental warming methods

as effective. Furthermore, we do not expect to see soil warm-
ing with the use of OTCs, as increased biomass due to warming
leads to cooling at ground level within the chambers (Young
et al. 2024). Therefore, any effects of the warming treatment
we found in our indicator species analysis were most likely
due to increased air temperatures that occurred prior to our
sampling, that is, “pre-warming.” This effect of prewarming
demonstrates that these changes in emissions were likely due
to physiological changes in the plant due to prior warming,
rather than changes due to concurrent heat affecting the vol-
atilization of compounds. In other words, this prewarming
treatment potentially better demonstrates the effects of prior,
long-term warming on plant VOC emissions when compared
to plants experiencing current warming, which may show dif-
fering effects on emissions due to ongoing changes in plant
metabolism and chemical volatilization properties.

Second, we initiated the drought ~3weeks prior to VOC collec-
tion, whereas the plants had been warmed for 20 months leading
up to our study. The drought treatment was therefore more re-
cent for the plants and could have led to a strong initial response
(Franks et al. 2014). Because the plants had been experiencing
warmer temperatures for several months leading up to sam-
pling, the warming may have caused an initial response that we
did not capture due to our measurements being collected after
several months of warming (Kristensen et al. 2020). As such,
our results therefore capture a transient snapshot of plant VOC
emissions under experimental climate treatments and do not
necessarily represent long-term responses, especially for the
shorter-term drought treatment. Future studies could conduct
longitudinal, multiseason sampling of plant emissions in these
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climate treatments to better capture variability in emissions and
distinguish between immediate and acclimated responses.

Furthermore, although the PERMANOVA demonstrated signif-
icant differences between the composition of nondrought and
drought treatments, the PCoA shows notable overlap between
climate treatments (Figure 2). This demonstrates that the climate
treatments may not lead to large, pronounced differentiation in
VOC blends; rather, the composition of VOCs may change in
more nuanced ways, with a few key compounds being enhanced
or suppressed. The indicator species analysis found compounds
that were significantly associated with one or more climate treat-
ments, and through literature searches of these compounds, we
identified three compounds with potential stress-related func-
tions: 5-Hepten-2-one, 6-methyl- (warmed + drought treatment);
2-Ethylhexyl salicylate (drought and warmed treatments); and
3-Hexen-1-ol (drought, warmed, and warmed +drought treat-
ments; Table S6). 5-Hepten-2-one, 6-methyl- has been found to
promote programmed cell death (Niu et al. 2024), which may
occur due to plant stress. 2-Ethylhexyl salicylate has been found
to protect against UV radiation for desert plants (Matsunaga
et al. 2008) and is released under hot temperatures. Finally,
3-Hexen-1-ol can have hyperosmotic stress tolerance functions
resulting from decreasing stomatal conductance (Hu et al. 2020)
and could aid the plant when experiencing warming and/or
drought stress. Additionally, many other compounds were iden-
tified as having herbivore defense and antimicrobial properties
(Table S6).

Taken together, these results suggest that warming and
drought may induce both protective and potentially harmful
VOC responses: Some compounds appear to mitigate stress
(2-Ethylhexyl salicylate and 3-Hexen-1-ol), while others may
signal stress-related cell death (5-Hepten-2-one, 6-methyl-).
We also found declines in compounds associated with defense
against pathogens and herbivores, which could further reduce
plant fitness under climate stress (Figure 3 and Table S6). Future
work could experimentally validate the fitness effects of these
compounds, as well as uncover the functions of VOCs that have
not yet been described in the literature (i.e., compounds with
“NA” in Table S6).

We also found that the overall abundance of VOCs did not differ
between treatments, either for abundance per unit biomass or
for absolute biomass (Figures S6 and S7). While we hypothe-
sized that the overall abundance of VOCs would increase under
warming, we may not be seeing overall differences in abun-
dances due to the nuanced effects of these climate treatments on
specific compounds; some compounds or groups of compounds
may be enhanced, while others are suppressed, leading to no
overall net change in abundances between treatments. However,
although not significant, total absolute emissions appear to be
higher in the warmed treatment when compared to the other
climate treatments (Figure S7), which matches expectations of
greater compound abundances under warming (Hartikainen
et al. 2009; Pefiuelas and Llusia 2003; Yuan et al. 2009). Future
studies could further test these ideas by incorporating VOC
emissions profiles across multiple species (i.e., community-level
profiles), which may better capture the complexity of natural
systems and reveal the effects of climate on emissions at broader
ecological scales.

For about half of the 29 compounds (14 out of 29) identified in the
indicator species analyses, information on the chemical classifica-
tion was not available in any database (Table S5). The compounds
that did have classification information (15 out of 29) spanned a
broad range of VOC categories, which demonstrates that the cli-
mate treatments affected multiple VOC types rather than mainly
affecting a specific type of VOCs. Based on this information, we
found terpenes/terpenoids to be the most common category iden-
tified in the indicator species analysis (6 out of 15), showing that
this class of compounds may be more sensitive to climate con-
ditions than others. Past studies have also identified terpenes,
namely monoterpenes, as having a potential warming stress pro-
tective function (Pefiuelas and Llusia 2003). However, terpenes/
terpenoids are also the largest VOC family (Picazo-Aragonés
et al. 2020), potentially explaining why this classification was the
most common. Further classification for the remaining 14 com-
pounds would allow us to more fully determine how climate af-
fects these broad VOC categories. Furthermore, many of the same
compounds were missing information across all four databases,
highlighting the gap in knowledge for the plant VOCs we identi-
fied in this study. Nonetheless, these databases highlight the prom-
ise of synthesizing VOC information across resources and studies,
and future VOC studies should prioritize their use and contribute
to this growing body of knowledge.

Overall, we found effects of both warming and drought on
the emission of S. altissima VOCs, with specific compounds
being more affected than others. Certain compounds, such
as 2-Ethylhexyl salicylate and 3-Hexen-1-ol, have previously
been found to have stress-protectant functions and could sim-
ilarly be protecting goldenrod here, as they were upregulated
under warmed and/or drought treatments. Future studies
could further build upon our observational findings to more
specifically determine the function of the compounds we iden-
tified, which could aid in our understanding of climate effects
on important emissions. Furthermore, because it is difficult
to generalize climate effects on plant emissions, more coordi-
nated climate change experiments and more fully developed
VOC databases are necessary to unravel the mechanisms un-
derlying warming and drought effects on VOC production and
emissions.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: (A) Experimental design
of the climate treatments in the REX at the KBS-LTER. Each large
green square represents a single field replicate (1-6), with the four cli-
mate treatment subplots (drought, warmed and drought, ambient, and
warmed) present within each field replicate. Five plants were sampled
from each treatment subplot. (B) A photograph of a single field replicate,
showing a rainout shelter with open-top chambers nested underneath
(left) and an open-top chamber with no rainout shelter (right) (Photo
by Kara Dobson). Figure S2: Diagram of plant headspace VOC collec-
tion. Nylon oven bags contained the top 30 leaves of each plant, with
an ORBO charcoal filter fitted to the top corner of the bag to pull clean
air through. Vacuum pumps pulled air from the plant headspace onto
HayeSep Q VOC traps. Figure S3: Compositional (A) and abundance
(B) differences between field replicates. Field replicate 2 experienced
a storm which cut sampling time short to 5h, whereas the other field
replicates were sampled for 7h. Figure S4: Average 1 m air tempera-
tures (°C) during daytime hours (07:00-19:00) for each climate treat-
ment (ambient, drought, warmed, and warmed drought) for each
month of 2022. Points represent means + standard error (n =6 ambient
and warmed, n=5 drought and warmed drought). Figure S5: Partial
least squares discriminant analysis (PLS-DA) of VOC composition be-
tween treatment groups. Figure S6: Average VOC abundance (peak
area/g/h) in the ambient, warmed, drought, and warmed + drought
treatments. Points represent the mean + the 95% confidence interval
(ambient, warmed, and warmed+drought: n=18, drought: n=20).
Figure S7: Average VOC abundance (peak area/h) in the ambient,
warmed, drought, and warmed+drought treatments. Points repre-
sent the mean + the 95% confidence interval (ambient, warmed, and
warmed +drought: n=18, drought: n=20). Figure S8: Average daily
1 m air temperatures (°C) during daytime hours (07:00-19:00) in the
ambient, drought, warmed, and warmed drought treatments from June
1-July 15 2022. Points represent means+standard error (n=4 for all
treatments). Our VOC sampling took place from July 11-15. Table S1:
Regression equations between Solidago altissima leaf length (cm) and
leaf weight (g) for leaves collected from each of the climate treatments
(n=60 per treatment). For any given leaf length (x), the equation calcu-
lates an estimated leaf weight (y). Table S2: Average individual plant
biomass (g) per field replicate. Averages are based on five plants mea-
sured per field replicate. Table S3: Pairwise comparisons of all climate
treatments from PERMANOVA model. (a) Model outputs when out-
liers were removed from the data, and (b) model outputs when using
the full dataset. Table S4: Indicator compounds associated with one
or more climate treatments. ‘Stat’ represents the indicator value for
that compound and group. Value “A” represents the specificity of the
compound as an indicator of the group, while value “B” represents
the sensitivity of the compound as an indicator. A=1.0, B=0.3 would
demonstrate that the compound was only found in that specific group,
but not all replicates of that group. Conversely, A=0.3, B=1.0 would
demonstrate that the compound was found in all replicates of that
group, but not solely found within that group. Formula: multipatt(ab,
voc_transpose$Treatment, max.order=3, control=how(nperm =999,
blocks=voc_transpose$Rep)). Table S5: Indicator compounds
and their associated chemical classification. The databases include
PubChem (Kim et al. 2023), Pherobase (El-Sayed 2024), mVOC 4.0
(Lemfack et al. 2018), and the plant-associated VOC database (PVD;
Shao et al. 2024). The “Final” column combines the classifications from
the prior four databases into one final chemical classification deter-
mination. Table S6: Indicator compounds and their associated func-
tions identified from literature searches. For compounds with “NA” in
the function column, we were not able to find studies in our literature
searches that identified the specific functions of that compound.
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