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ABSTRACT

As climate change continues with increased temperatures, drought conditions, ozone, and
carbon dioxide levels, a consequence is changes in volatile organic compound (VOCs)
composition and emissions and potential changes in plant-pollinator interactions. These
compounds and interactions play a critical role in maintaining healthy ecosystems feeding the
world's growing human population. Although there are numerous studies on individual plants,
their VOCs, and pollinator interactions, there is a lack of comparison studies that highlight trends
in volatile composition and emissions. Therefore, | examined 30 published studies related to
these important areas. | examined how abiotic factors such as drought, increased levels of carbon
dioxide and ozone, and increased temperatures affect VOC emissions. Of interest were
monoterpenes and terpenoids. | then examined how the changes in emissions and composition
might influence plant-pollinator interactions. Using the keywords climate change, plant volatile
organic compounds, plant-pollinator interactions, and bees, | searched Google Scholar, the
Montana State University Library, and textbooks. | compared studies on different classes of
VOCs and in different plant species and highlighted the most important changes found.
Ultimately, there were no specific trends in VOC composition and emissions or resulting plant-
pollinator interactions influenced by the abiotic factors | targeted. Both VOCs and plant-
pollinator interactions increased and decreased independent of one another. One monoterpene,
beta-pinene, increased 147% in emissions under drought conditions while a sesquiterpene, alpha-
gurjenene, decreased 200% in emissions under drought conditions. These responses may indicate
that the effects of climate change on VOC biosynthesis are not constant, making it difficult to
predict these fluxes. Due to this gap in knowledge, management of ecosystems and agricultural
cropping systems will be more difficult as there is not a specific prescribed way to manage these
changes. By possibly shifting our reliance on specific pollinators to a more diverse pollinator
population and by exploiting VOCs in management we can mitigate the potential pollination
losses due to changes in VOCs.
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INTRODUCTION

Climate change continues to threaten ecosystem functions with increased emissions such
as carbon dioxide and ozone. One consequence of climate change is its effects on plant volatile
organic compounds (VOC) composition and emissions and the resulting shifts in plant-pollinator
interactions. In my study, composition refers to the chemical composition of individual VOCs
being emitted, emissions refer to the quantitative discharge of VOCs being released by a plant,
and plant-pollinator interactions refers to the floral visitation and pollination rates by insect

pollinators.

Plant Volatile Organic Compounds (VOCs)

Plant VOCs are the most abundant compounds that play a key role in interactions
between neighboring plants. Plants interact with one another, and they rely on VOCs for defense
against herbivores, abiotic stresses, and pathogens, as well as in interactions with competitors
and mutualists (lason et al. 2012). More than 30,000 different VOCs are released into the
atmosphere by leaves, fruits, flowers, and into the rhizosphere by roots (Abbas et al. 2022).
Examples of VOCs include terpenoids, phenylpropanoids, fatty acids, and amino acids. The most
abundant VOCs are monoterpenes and terpenoids (Abbas et al. 2022). My study focuses mainly
on these two classes of terpenes for the following reasons. The first is that they are naturally
abundant. Since they are so abundant, they are often studied the most and are applicable to
almost every ecosystem as they are responsible for floral scents that attract pollinators. Another
reason | focus on them is because they have relevance in the agricultural and food industries as
well as in ecological systems due to their pollinator attractant properties. These VOCs play a role

in communication with pollinating species by providing olfactory cues (Clavijo et al. 2014).
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VOCs provide a scent that allows a pollinator to identify where a reward such as nectar or pollen
is located (Clavijo et al. 2014). VOCs also provide information to pollinators that indicate the
abundance and quality of the reward (Clavijo et al. 2014). Within the phenomenon of climate
change’s effects on ecosystems, its effects on floral VOCs are less studied than other areas such

as visual floral cues (Burkle et al. 2016, Glenny 2017).

Climate Change and VOCs

Since VOCs already have a profound effect on global biogeochemical systems, it is
hypothesized that VOC compositions and emissions will be affected by large-scale global
environmental changes such as increased atmospheric ozone, Os, and carbon dioxide, COz2, levels
(lason et al. 2012). Only limited, general patterns have been observed due to the unique and
individual characteristics of VOCs. Studies mostly focus on a few plant species at a community

level and are typically focused on phenolic and terpenoid VOCs (lason et al. 2012).

Plants growing in environments with increased levels of CO2 or Os typically exhibit
altered levels of VOCs (lason et al. 2012). This may be due to alterations in transduction
pathways or altered pools and fluxes of valuable resources needed for biosynthetic pathways of
VOC:s (lason et al. 2012). VOC biosynthesis pathways are disrupted due to physicochemical
properties of VOCs and stomatal function responses, as well as resource limitation under these
abiotic climatic stressors. Abiotic stress limits the capacity of plants to invest critical resources

into the biosynthesis of VOCs (Figure 1).
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Figure 1. Influences of atmospheric CO2 and Os on major biosynthetic pathways that lead to the
production of VOCs. Dashed lines indicate signal transduction pathways (lason et al. 2012 — Figure 7).

Other studies have focused on the effects of drought and increased atmospheric
temperatures on VOCs (Clavijo et al. 2014; Yuan et al. 2009). The chemical activity of these
complex compounds has shifted due to these climatic changes (Farre-Armengol et al. 2013).
Drought decreases diffusivity and volatility (Figure 2). Warming and increased atmospheric CO2
levels have increased synthesis of VOCs (Figure 2). Additionally, increased Oz levels have

reduced emissions of VOCs (Figure 2).
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Figure 2. Effects of different factors influencing climate change on floral odor signals (Farre-
Armengol et al. 2013).

Additionally, drought causes stomatal closure which reduces evapotranspiration in leaves
and petals, which often reduces floral emissions as well and temperature-specific enzyme

activity may shift with increased temperatures (Burkle 2016).

Herbivory is expected to increase globally because of climate change and herbivory can
induce VOC emissions (Burkle 2016). Additionally, increases in tropospheric Os and CO2 might
reduce the extent to which pollinators can detect VOCs. As VOC composition and emissions are
changing, the olfactory signals being emitted are likely confusing pollinators which can result in

less effective pollination.

VOCs and Plant-Pollinator Interactions

Relying on both visual and olfactory senses, insects can identify flowers (Walker 2020).
Olfaction also enables an insect to detect and identify VOCs for purposes such as avoiding

natural enemies, finding mating partners, and foraging. Climate change poses risks to insect



5
olfactory signals by causing increased levels of background noise, such as increased levels of
COg2, that impede signal detection, chemical degradation, and transformation, as well as changes
in plant signaling due to physiological stress (Jirgens and Bischoff 2016). Disruptions in insect
olfactory signals due to climate change have been found to be responsible for pollinators failing
to find food and water sources, interrupting the identification of a mate, and rerouting an insect
from an oviposition site (Jirgens and Bischoff 2016). These shifts caused by climate change may

necessitate management techniques that consider VOCs and plant-pollinator interactions.

Bees, ants, and wasps are in the Order Hymenoptera and compromise a significant
portion of pollinating insect species. Of the 116,861 species, 70,117 visit flowers (Walker 2020).
There are more than 20,000 known bee species (Walker 2020). Bee species such as the European
honey bee, blue orchard bee (Osmia lignaria), and bumble bees (Bombus spp.) are examples of
species assigned a monetary value due to their ecological services within agriculture (Losey and

Vaughn 2006).

Bees can discriminate between more than 1,500 different combinations of plant-derived
aromas (Walker 2020). These plant-derived aromas include VVOCs responsible for floral scent
(Nepi et al. 2018). There are about 1,700 molecules in flower scent and primarily consist of
aliphatic compounds, terpenoids, and benzenoids (Walker 2020). Floral visitors often learn to
distinguish the most rewarding flowers by their characteristic odor profiles due to VOCs
(Fernandes et al. 2019). VOC:s assist pollinators in locating and recognizing a flower (Fernandes
et al. 2019). Recent studies have determined that a crop's VOC profile can play a role in the
successful attraction or rejection of a pollinating species (Fernandes et al. 2019). In a study on

five different commercial melon types, Fernandes et al. (2019) found that the European honey
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bee had strong preferences for certain VOC compositions. Six of the 37 VOCs found in the
melon flowers had significant positive or negative correlations to bee visitation. Since there were
differences in VOC compositions between male and female flowers, both pollination and fruit
production could be at risk if pollinators are not sufficiently attracted to the flower. Melons that

lack biotic pollination have a 90% reduction in fruit production (Fernandes et al. 2019).

Bees, specifically Apidae and Halictidae, are also responsible for providing the bulk of
the pollination for Stevia rebaundiana, the plant responsible for the sweetener Stevia (Benelli
2017). Attractiveness to specific flowers was driven by the VOC composition. Limonene, a
terpene, was responsible for the higher levels of pollinator attraction (Benelli 2017). As climatic
conditions such as COzand Os levels continue to shift, it is important to know what changes are
occurring to VOCs composition because there may be subsequent changes in how pollinating

species are attracted to crops.

Pollination provides a critical function in agricultural systems and VOCs play a key role
in attracting necessary pollinating species. Climate change has directly affected pollination and
VOC composition. For example, elevated temperatures increase pollination due to higher VOC
synthesis and volatility and increased Os decrease pollination due to VOC degradation which
causes reduced floral scent traits (Yuan et al. 2009). Since pollination is a critical ecosystem
service needed for every ecosystem, it is important to have an increased understanding of what

effects climate change has on these pollinator interactions due to the changes in VOCs.
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Importance of Pollination Services

Pollination is one of the most valuable ecosystem services provided by insects (Yang and
Gratton 2014). Pollinators pollinate about 180,000 different plant species and provide pollination
for between 85 and 90% of flowering plant species across the world (Farre-Armengol et al. 2013,
Nepi et al. 2018). Fifteen to thirty percent of the US human diet is either directly or indirectly
due to animal-mediated pollination (Losey and VVaughan 2006). As much as 80% of crop plants
produced globally require pollination from a pollinating species (U.S. Forest Service 2022). Apis
melifera, or the European honey bee pollinates 80% of the crop species produced around the
world (U.S. Forest Service 2022). These crops account for more than 130 different fruits and
vegetables such as grapes, apples, melons, and almonds (Losey and Vaughn 2006). Certain
specialty crops require specific pollinator interactions for successful pollination. For example,
bumble bee pollination is critical to produce tomato crops (Zhang et al. 2022). In the US alone,
there is a $117 billion value on pollination, which is about $360 per person annually (Silvertown

2015).

By 2050, demand for agricultural production of food will increase as the global
population is expected to rise from 7.3 to 9.7 billion (Brilli and Baccelli 2019). Dwindling
populations of pollinators are already a concern in pollination success. More than 90 specialty
crops in the US require pollination by bees, moths, and butterflies (Ramaswamy 2016).
Beekeepers have lost about 30% of their colonies every year since 2006, with annual losses
sometimes reaching 42% (Holt 2023). Local extinction events of bee species, like the 50% local
extinction in Illinois due to phenological mismatch between flowering times and the life history

of bees, are also impacting pollination success (Holt 2023). Ecosystem services provided by
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plant-pollinator interactions are critical for maintaining stable ecosystems and for pollination in
agriculture. This creates a need for increased knowledge of how climate change may affect plant

volatile organic compounds and plant-pollinator interactions.

It is also critical to avoid ecological collapse within ecosystems. There is evidence that
the adaptability and plasticity of invasive species allows them to “steal” away pollinators from
native species, so it is possible that shifts in VOCs could confound that problem by optimizing
pollinator attraction (Burkle et al. 2016). As we continue to avoid ecological collapse and
agriculture faces the challenge of finding better ways to meet food demands, there is an urgent
need to ensure that the VOCs responsible for attracting pollinators remain successful. By
pinpointing what VOC emissions are changing, how they are changing, and how that might

confuse, attract, or repel pollinators, we can attempt to mitigate these effects.

The effects of climate-change stressors on VOC composition and emissions have been
minimally studied, especially in a comparative manner. Most studies have investigated
agricultural crops and focus on carbon-based compounds such as phenolics and terpenoids.
These studies have provided background context to allow decision makers, such as producers,
policy makers, and scientists, to predict plant responses to elevated CO2 and Os. My study aims
to discern what trends might exist in VOCs by comparing studies and offering alternative

management ideas to maintain successful ecosystems in the face of these changes.
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Research Goals

My study examines the effects of climate change on VOC composition and emissions as
well as shifts in plant-pollinator interactions. | compare the effects of abiotic factors that are
direct results of climate change on VOC composition and emissions in different plant species. |
also compare the resulting plant-pollinator interactions in these systems. Since there are more
than 1,700 identified VOCs, compromising 90 families and 38 orders, | will focus on
monoterpenes and terpenoids (Picazo-Aragones et al. 2020). My study focuses mainly on these
two classes of terpenes for the following reasons. | focus on these two classes of terpenes for the
following reasons. The first is that they are naturally abundant. Since they are so abundant, they
are often studied the most and are applicable to almost every ecosystem as they are responsible
for floral scents that attract pollinators. Another reason | focus on them is because they have
relevance in the agricultural and food industries as well as in ecological systems due to their
pollinator attractant properties. Floral visitors distinguish the most rewarding flowers by a
flowers’ VOC emissions.

I ask the following questions to address the effects of climate change on VOC composition and
emissions and the resulting shifts in plant-pollinator interactions:

1. How do abiotic climatic factors, such as drought, increased carbon dioxide and ozone
levels, and increased temperature affect the composition and emissions of VOCs,
particularly monoterpenes and terpenoids?

2. How have the changes in VOCs due to climate change identified by question 1 influenced
plant-pollinator interactions between plant species and insect species such as the

European honey bee?
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METHODS

My first goal was to conduct a literature review on the effects of climate change on the
composition and emissions of plant VOCs. Literary sources and studies were identified from
previous coursework, Google Scholar, Montana State University’s (MSU) online library
database, and the textbooks The Ecology of Plant Secondary Metabolites by lason et al. (2012)
and Pollination by Timothy Walker. | conducted my queries on February 11, 2023, using the
search string “VVOCs AND climate change AND plant-pollinator interactions” in Google Scholar
and the MSU online library database. This produced 1,100 results in Google Scholar and 18
results in MSU’s library database. Due to the low number of results on MSU’s library database, |
expanded my search string to “VOCs AND climate change AND pollinators” which produced
7,650 results on Google Scholar and seven results on MSU’s library database. The second search
produced five duplicate sources. | decided to use 24 sources from Google Scholar and two
sources from MSU’s library database (Tablel). | used Table 7.1 in the textbook The Ecology of
Plant Secondary Metabolites by lason et al. (2012) for my literary search because it listed
relevant studies evluating the effects of elevated atmospheric CO2 concentrations on levels of
secondary metabolites in green plant tissues. | sifted through the table of 78 sources and

identified four sources relevant to my study that were focused on monoterpenes and terpenoids

(Table 1)
Table 1. Search Query Methods.
Academic Resource Google Scholar MSU library lason et al. (2012)
Sources produced by search query 1 1,100 18 78
Sources produced by search query 2 7,650 7

Sources Used 24 2 4
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For my analysis, | chose 30 sources because they had similar topics studying VOCs, with
similar climatic factors such as drought, increased temperature, and increased COz and Oz levels
being assessed. To have data representative of more than one ecosystem and one stressor, | chose
10 studies that examined temperature, nine studies that examined drought, 10 studies that
examined elevated COz levels, and seven studies that examined elevated Os levels. Between the
studies, there are a variety of plant species being assessed including trees, shrubs, crops, grasses,
and forbs. The variety of plant species studied allowed the scope of my analysis to not be based
on just an agricultural or field setting. Depending on the experimental design of each study, |
either considered percentages that represent increases or decreases of VOC emissions, or |
classified the change by an increase, decrease, or no change. Some sources also included

discussions of plant-pollinator interactions.

A literature review and subsequent data were collected from Burkle et al. (2016), Glenny
et al. (2018), Musse (2019), Bourtsoukidis et al. (2014), Kanoun et al. (2001), Sager et al.
(2005), Goverde et al. (2004), Lincoln and Couvet (1989), Agrell et al. (2004), Ormefio et al.
(2007), Guenther et al. (1993), Helmig et al. (2007), Lluisa et al. (2006), Pefiuelas et al. (2004),
Gouinguené et al. (2002), Kividmeanpaa et al. (2016), Daussy & Staudt (2019), Fu et al. (2017),
Hellén et al. (2018), Kreuzwieser et al. (2021), Himanen et al. (2008), Loreto et al. (2001),
Possell et al. (2004), Rosentiel et al. (2003), Pinto et al. (2007), Vuorinen et al. (2004), Fortunati

et al. (2008), Rinnan et al. (2005), and Sharkey et al. (2001).

The VOCs in my study included several monoterpenes and terpenoids. Various VOCs
such as eucalyptol, acetaldehyde, cinnamaldehyde, methanol, beta-pinene, and hexenyl acetate

are represented here. Some studies included 30 or more VOCs, and not all are named



individually here (Table 2). VOC classes of the most importance in my analysis are
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monoterpenes and terpenoids.

| then identified existing trends between VOCs and plants under several environmental

conditions. Additionally, I drew comparisons on plant-pollinator interactions from the studies

that included pollination data. Using suggestions from the literature-review findings, | provide

recommendations of management practices and how they can aid in the mitigation of the effects

of climate change on VOC composition and emissions and plant-pollinator interactions.

Table 2. Studies identified and the respective plant species, VOCs of interest, and climatic factors
assessed in each. Studies focused mostly on crop species, monoterpenes, and climatic factors such as drought
and increased CO:z levels.

Condensed Tannins

Reference Plants assessed VOC:s studied Climatic factor
Glenny et al. Harebell Campanula rotundifolia Over 30 volatiles; Drought
2018 Hairy false goldenaster Heterotheca villosa volatiles of interest: CO,
Silverleaf phacelia Phacelia hastata Eucalyptol
Sulphur cinquefoil (invasive) Potentilla recta 6-methyl-5-hepten-2-one
z-3-hexenyl acetate
Musse 2019 Squash 1,4-dimethoxybenzene Drought
Cucurbita pepo. 1,2,4-trimethoxybenzene
Alpha-gurjunene
Cinnamaldehyde
Bourtsoukidis Black Cherry Methanol Flooding
etal. 2014 Prunus serotina Acetaldehyde Drought
Ethanol
Isoprene
Burkle et al. Harebell Campanula rotundifolia Over 30 volatiles; volatiles of Drought
2016 Hairy false goldenaster Heterotheca villosa interest:
Silverleaf phacelia Phacelia hastata Eucalyptol
Sulphur cinquefoil (invasive) Potentilla recta 6-methyl-5-hepten-2-one
z-3-hexenyl acetate
Kanoun et al. Bean Phaseolus vulgaris Hydroxycinnamic acid O3
2001 Quercetin-Oglycoside
Kaempferol-O-glycoside
Sager et al. Sugar Maple Acer Saccharum Flavonoids; specific focus on 0Os
2005 three quercetin glycosides
Goverde et Bird’s-foot trefoil Lotus corniculatus Cyanoglycosides CO,
al. 2004 Total polyphenols
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Lincoln and Peppermint Mentha piperita Monoterpenes CO,
Couvet 1989
Apigenin glucoside CO,
Agrell et al. Alfalfa Medicago sativa Terpenoid aldehydes
2004 Cotton Gossypium hirsutum Medicagenic acid bidesmoside
Zabhic acid tridesmoside
Ormefio et al. Rosmarinus officinalis Monoterpenes Drought
2007 Pinus halepensis Sesquiterpenes
Cistus albidus
Quercus coccifera
Guenther et al. Quercus spp. Monoterpenes Temperature
1993 Isoprenes
Helmig et al. Pinus spp. Beta-caryophyllene Temperature
2007 Alpha-bergamotene
Beta-farnesene
Alpha-farnesene
Llusiaet al. Pinus halepensis L Alpha-pinene Drought
2006 Pistacia lentiscus L Camphene Temperature
Rosmarinus officinalis L. Beta-pinene
Globularia alypum L. Beta-phellandrene
Caryophyllene
Pefiuelas et al. Quercus ilex Alpha-tocopherol Temperature
2004 Ascorbic acid
Beta-carotene
Gouinguené et Zea mays Beta-myrcene Drought
al. 2002 Linalool Temperature
Beta-caryophyllene
Geranyl acetate
Alpha-bergamotene
Kiviméenpai Pinus sylvestris Monoterpenes Temperature
et al. 2016 Sesquiterpenes O3
Sun et al. 2022 Meta-analysis of varying species Phenolic CO,
Terpenoid
Daussy & Artemisia annua Monoterpenes Temperature
Staudt 2019 Alpha-pinene CO2
Beta-pinene
Sesquiterpenes
Beta-selinene
Beta-caryophyllene
Fuetal. 2017 Osmanthus fragrans Linalool Temperature
Alpha-ionone
Beta-ionone
Decalactone
Hellén et al. Boreal forest species Terpenoids Temperature
2018 Aldehydes
Kreuzwieser et Pinus sylvestris Sesquiterpenes Drought
al. 2021 Alpha-farnesene

Beta-farsenene
Monoterpenes
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Himanen et al. Brassica napus Terepennoids CO,
2008 O3
Loreto et al. Quercus ilex L. Monoterpenes CO,
2001 Alpha-pinene
Sabinene
Beta-pinene
Possell et al. Mucuna pruriens Isoprenes CO,
2004 Arundo donax
Rosenstiel et Populus deltoides Isoprenes CO2
al. 2003
Pinto et al. Brassica oleracea Terpenes 0Os
2007 Phaseolus lunatus
Vuorinen et al. Phaseolus lunatus Terpenes O3
2004
Fortunati et al. Populus nigra L. Isoprenes Drought
2008
Rinnan et al. Eriophorum vaginatum Isoprenes O3
2005
Sharkey et al. Quercus sp. Isoprenes Temperature
2001

LITERATURE REVIEW

Burkle et al. (2016) investigated the effects of drought and leaf herbivory on VOC
emissions and the subsequent pollinator attraction in four forb species including Campanula
rotundifolia, or harebell, Heterotheca villosa, or hairy false goldenaster, Phacelia hastata, or
silverleaf phacelia, and Potentilla recta, or sulphur cinquefoil. More than 30 volatiles were
assessed. Of interest were terpenes, monoterpenes, and monoterpenoids. Phacelia hastata
experienced 47% variation in composition of VOCs between drought and water control
treatments. Twenty-five pollinating species visited the plants in their study. As much as 88% of
the pollinating visits were by bee species. Drought-stressed plants reduced pollination visits by
22.5-fold in sulphur cinquefoil. Burkle et al. (2016) describe how their findings indicate that
drought altered the diversity of VOCs and ultimately both deterred and attracted pollinators.

Both harebell and sulphur cinquefoil experienced a decrease in pollinator visitation rates, while
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hairy false goldenaster and silverleaf phacelia did not experience any changes in pollination
visitation rates. They make the distinction that it is difficult from their study to infer exactly
which traits influence pollinator visitation the most, but that VOCs likely play a role in the

interaction.

Glenny et al. (2018) studied the interactive effects of drought and increased CO: levels
on floral VOC emissions and pollinator visitation. They studied the same four forb species as
Burkle et al. (2016). Their experimental design included collecting seeds from each species from
a local site in Montana. Drought increased VOC emissions and decreased pollinator visitation
rates. COz increased VOC emissions and pollinator visitation rates. Harebell experienced 98%
more VOC emissions in drought-treated plants. Total VOC emission rates did not differ per
treatment in hairy false goldenaster. Silverleaf phacelia VOC emissions increased by 42% in CO2
treated plants. Sulphur cinquefoil increased 129% in VOC emissions in drought treated plants.
All treatments saw a difference in VOC composition, particularly among terpenoids and

benzenoids.

Glenny et al. (2018) point out that there was little evidence of interactive effects of
drought and CO:2 on pollinator visitation rates, but rather were based on whether plants were in
single or multiple species communities. This distinction highlights the need for studies like mine
in which comparisons of different abiotic stressors and species assemblages are made. Also

unique to Glenny et al. (2018) was the inclusion of an invasive forb, sulphur cinquefoil.

Similar to Burkle et al. (2016) and Glenny et al. (2018), Musse (2019) examined the
effect of experimentally induced drought on the production of volatile organic compounds in

Cucurbita pepo, or squash, flowers. Musse (2019) focused on four VOCs out of 600 identified.
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Chosen for their role in insect attraction, 1,4-dimethoxybenzene, 1,2,4-trimethoxybenzene,
alpha-gurjunene, and cinnamaldehyde were studied. Using gas chromatography-mass
spectrometry, Musse quantified floral VOC emissions from the squash flowers. Findings
indicated that only alpha-gurjnene emissions decreased with decreasing soil moisture levels in
female flowers. Musse believed that there might be an underlying mechanism that alters
pollinator visitation to flowers on plants experiencing drought stress. One important distinction
in Musse’s work when compared to the other studies discussed here is that squash flowers are
sexually dimorphic, and it can be assumed that VOC production in male and female flowers

might differ given the different floral rewards provided by each flower sex.

Following similar methods of Burkle et al. (2016), Glenny et al. (2018), and Musse
(2019), Bourtsoukidis et al. (2014) studied VOC emissions in Prunus serotina, or black cherry,
seedlings in relation to flooding and drought conditions. Seedlings reduced their total isoprene
emissions by about 30% in flooding conditions. Under drought conditions, emissions of

methanol and acetaldehyde decreased 57%.

Lincoln and Couvet (1989) provide additional insight into increased CO2 on VOC
emissions. They experimented with Mentha piperita, or peppermint, VOC emissions. As CO2
levels increased, monoterpene and sesquiterpene emissions increased about 34%. Ultimately,
they determined that monoterpenes and sesquiterpenes emissions did not change due to increased

CO:2 levels since the changes were proportionate to increases in leaf dry weight.

Goverde et al. (2004) explored the effects in Lotus corniculatus, a popular legume used
for a livestock grazing source. Polyphenols and condensed tannins showed an increasing trend

due to elevated levels of CO2. However, phosphorus fertilization tended to decrease the effects of
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elevated COz. Their study was conducted in the field, whereas similar studies have been

primarily conducted in a lab or greenhouse setting.

Before Kanoun et al. (2001), most studies had identified the effects of CO2 on VOC
emissions. They considered the effects of increased Os levels on the VOC emissions of
Phaseolus vulgaris, or bean. Hydroxycinnamic acid was reduced as Oz levels increased (Kanoun
et al. 2001). Unique to their study, necrosis of bean leaves was closely related to the production
of Os -induced phenolics and could likely provide an alternative reason for the changes in VOC

emissions.

Sager et al. (2004) studied the implications of tropospheric Oz on VOC emissions. They
studied Acer saccharum, or sugar maple, in five woodland lots along an urban-rural transect in
Toronto, Canada. Tropospheric Os and VOCs were measured. Nine VOCs were analyzed and
three flavonoids, avicularin, isoquercitrin, and quercitrin, were significantly greater in areas of
increased tropospheric Os. Two sites exhibited about a 500% increase in quercitrin with the
increased tropospheric Os levels. Isoquercitrin and avicularin also had higher levels with
increased tropospheric Os. They point out that several factors, including increases in ultraviolet
radiation and different herbivore pressures could also have an influence on the concentrations of

VOCs exhibited in their study.

Most studies before Agrell et al. (2004) individually examined climate change stressors.
They explored herbivore-induced effects of Medicago sativa, or alfalfa, and Gossypium
hirsutum, or cotton, under different CO2 levels. Saponin levels increased by 64% with elevated
levels of CO2 and 84% with leaf herbivory in alfalfa. Medicagenic acid bidesmoside, a saponin,

was reduced by higher levels of COz and zanhic acid tridesmoside, a saponin, levels were
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unaffected. Leaf herbivory increased levels of terpenoid aldehydes, gossypol, hemigossypolone,
and heliocides in cotton.
VOC COMPOSITION AND EMISSIONS
There were changes in VOC emissions under drought conditions in the various studies.
Alpha-gurjunene emissions decreased 200% (Musse 2019), beta-pinene increased 147% (Glenny

et al. 2018) (Figure 3).
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Figure 3. Effects on VOC emissions under drought conditions. Each bar represents one VOC or class of VOC
from a single study in those studies that provided percentage increases or decreases in their analysis.

Six studies in my analysis found increases in VOC emissions, six studies found decreases
in VOC emissions, and two studies found no changes in VOC emissions under drought stress

(Table 3).
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Table 3. Trends in VOC emissions under drought conditions. Classification of VOCs is based on individual
class and the effect of drought is classified as increase, decrease, or no change.

VOC Class Effect of Drought
Isoprenes 1 study decreased in emissions
Monoterpenes 2 studies had no change in emissions, 1 study decreased in emissions
Sesquiterpenes 2 studies decreased in emissions
Terpenes 1 study decreased in emissions

Elevated COz2 levels also contributed to shifts in VOC emissions. Limonene emissions
increased 272% and beta-pinene emissions increased 255% (Glenny et al. 2018). Lincoln and
Couvet (1989) found a 34% increase in monoterpene and sesquiterpene emissions. However, it
was proportionate to dry leaf weight and thus could not be attributed solely to increased CO2

levels. For purposes of my comparison study, it is included here (Figure 4).
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Figure 4. Effects on VOC emissions under elevated CO: conditions. Each bar represents one VOC or class of
VOC from a single study in those studies that provided percentage increases or decreases in their analysis.
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Four studies in my analysis found increases in VOC emissions and four studies found
decreases in VOC emissions under elevated CO2 conditions (Table 4). Elevated CO2 seemingly

increases VOC emissions more than decreases them.

Table 4. Trends in VOC emissions under elevated CO:z conditions. Classification of VOCs is based on
individual class and the effect of elevated CO: is classified as increase, decrease, or no change.

VOC Class Effect of increased COz levels
Isoprenes 1 study increased in emissions, 1 study decreased in emissions
Monoterpenes 2 studies decreased in emissions
Sesquiterpenes 1 study decreased in emissions
Terpenes 3 studies increased in emissions

In the studies | assessed that examined increased temperature conditions on VOC
emissions, 10 studies found increases in VOC emissions and three studies found decreases in

VVOC emissions (Table 5).

Table 5. Trends seen in VOC emissions under elevated temperature conditions. Classification of VOCs is
based on individual class and the effect of elevated temperature is classified as increase, decrease, or no

change.
VOC Class Effect of increased Temperature levels
Isoprenes 1 study increased in emissions, 1 study decreased in emissions
Monoterpenes 3 studies increased in emissions, 2 studies decreased in emissions
Sesquiterpenes 3 studies increased in emissions
Terpenes 3 studies increased in emissions

Sager et al. (2005) examined the effects of increased levels of Os on volatile emissions
and identified a 500% increase in quercitrin. However, this was the only study | found which
examined this question. It is possible that at the time of sampling in Sager et al. (2005),
seasonality or other independent variables may have caused this change in emissions. Overall, |

found little evidence of a trend in VOC emissions at elevated Oz levels. Two studies found
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increases in VOC emissions and two studies found decreases in VOC emissions under elevated

O3 conditions (Table 6).

Table 6. Trends seen in VOC emissions under elevated Os conditions. Classification of VOCs is based on
individual class and the effect of elevated Os is classified as increase, decrease, or no change.

VOC Class Effect of increased Os levels
Isoprenes 1 study increased in emissions, 2 studies decreased in emissions
Terpenes 1 study increased in emissions
DISCUSSION
VOCs Trends

| discovered that there are no obvious trends of increases or decreases in VOCs
compositions and emissions attributed to abiotic climatic stressors. Some VOCs increased
dramatically while others decreased substantially, and others experienced fewer changes. All

VVOCs experienced some change, so universally, abiotic climatic stressors do influence VOCs.

Under drought conditions, alpha-gurjenene, a sesquiterpene, experienced a 200%
decrease and beta-pinene, a monoterpene, experienced a 147% increase under drought conditions
(Musse 2019; Glenny et al. 2018). The smallest change was seen in 6-methyl-5-hepten-2-one, or
sulcatone, a ketone, which experienced a 50% increase and 64% increase in emissions under
drought conditions (Glenny et al. 2018; Burkle et al. 2016). There was also some evidence of no
changes in emissions in some studies. There were six studies where emissions increased and six

studies where emissions decreased.

Elevated CO2 concentrations also caused notable changes in VOCs emissions. beta-

pinene had a 255% increase and limonene, a flavonoid-monoterpene, had a 272% increase in
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emissions levels (Glenny et al. 2018). The least change detected was in beta-myrcene, a
monoterpene, at a 24% increase (Glenny et al. 2018). In the assessed carbon dioxide studies,

emissions seem to be increasing more than decreasing.

In the studies | assessed that examined temperature, | found more evidence that emissions
increase initially, and then once out of an average temperature, emissions start to decrease. This

is likely due to stomatal closure (Sharkey et al. 2001).

The most change detected in a VOC was in quercitrin, a flavonoid, which experienced
almost a 500% increase in emissions under elevated Os levels (Sager 2005). This increase may
have also been due to seasonality or geographic location and not solely due to the increased Os
levels (Sager 2005). Overall, | found that there was not a specific trend for ozone, it was about a

50% chance of increased or decreased emissions from my analysis.

| surmise that there is a high chance to see an increase or decrease in VOC emissions
when under climate change stress rather than stability in VOC levels. Based on my findings, |
argue that there is a chance that the percentage increase or decrease would be greater than 20%
because every study indicated a change greater than 20%. Drought conditions seem to produce
the greatest changes in VOCs across the board and seem to favor a 50% or higher increase or

decrease in emissions.

A common theme throughout the studies | looked at was their timespan. None of the
studies | examined were conducted for longer than one year. Since abiotic factors such as
drought and increased CO2 levels due to climate change deplete vital nutrients and resources,

such as water, | believe that over a longer study duration the emissions of VOCs would become
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limited. Due to the limitation of these resources used for the biosynthesis of VOCs, there could
be a more dramatic shift in VOC emissions originally and then lessen over time as these
resources would become limited. | believe that a long-term study would better capture the
variation associated with VOC emissions.

Plant-Pollinator Trends

Very few studies examined plant-pollinator interactions. In the studies that provided data
on plant-pollinator interactions, pollinator visitation rates experienced changes as well. Some
pollinators were attracted, some were repelled, and others experienced stability in visitation rates
and pollination success. A few studies indicated that pollinators are both attracted and sometimes
deterred at greater rates within drought stressed plants. Burkle et al. (2016) found that some
plants under drought stress, with altered VOC profiles, still experienced a stable, normal,
pollination visitation rate. Many studies determined that while abiotic stressors due to climate
change altered the diversity of VOCs and their emissions, it is difficult to determine if VOCs
play an individual and key role in the interaction. This is why it is important to keep studying the

general trends in future research.

Management

My analysis indicates that the very nature of the effects of climate change on VOC
biosynthesis will likely continue to change, making it more difficult to predict these fluxes
accurately. As there are no definitive trends found between the composition and emissions of
VOCs under climate change stress or the resulting plant-pollinator interactions, management

practices must address this concern.
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Phenological Mismatch

Phenological mismatch is the asynchrony in activity periods in different species. As VOC
compositions and emissions change in crops due to various climate change stressors,
phenological mismatch is occurring between crop species and their pollinators (Gérard 2020).
The lack of this mutualistic interaction will influence the successful pollination of crops (Gérard
2020). Crops including melons, squash, broccoli, cranberries, pumpkins, avocados, and almonds

require successful pollination by honey bees (FDA 2018).

Diversification

It is important to consider diversifying our reliance on the European honey bee as the sole
pollinating species for many of our crops. More than 90 commercially produced crops currently
rely on bee pollination (FDA 2018). Of the 3,600 bee species in the US, the European honey bee
is the most common and most important to domestic agriculture (FDA 2018). Since it is unclear
at this time whether VOCs will continue to experience minimal or drastic changes due to climate
change, it is important to begin managing as if we know they will continue to drastically change.
The worst-case scenario in managing as if VOCs continue to change, is that we have diversified

the pollinating species relied on in agricultural cropping systems.

Pollinators have different olfactory capabilities. Moths typically use VOC cues over
longer distances and higher levels of emissions while bees can discern small differences in the
ratios of VOCs (Yuan et al. 2009). For increased emissions of VOCs, moths might be able to
detect plants from distances farther than they could before. This could mean that moths could fill

the gaps that bee pollinators are not able to because they are repelled by the changes in VOC
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emissions. Some alternative pollinators are currently used. Blue orchard bees have been shown
to double production efforts in cooler temperatures when compared to honey bees (Allchin
2018). They are also native to the US. Honey bee prices have also increased due to colony losses
so this could help offset the added costs that alternative pollination efforts used to cost in
comparison. The alkali bee and leaf cutting bees have also been established in commercial
practices for alfalfa seed crops (Allchin 2018). The horned faced bee is being used in apple
production and the European orchard bee is being used for apple and almond crops (Allchin
2018). These alternative bee species are already visiting many of the same crops as the European
honey bee, so there is not a distinct need to attract them to these plants already, rather the focus
could be on bolstering their populations or choosing them as a pollinating species for commercial

purposes.

In my analysis, | found that 6-methyl-5-hepten-2-one, or sulcatone, increased its
emissions by 72% under elevated CO2 conditions and over 50% under drought conditions. The
European honey bee is repelled by sulcatone (Su et al. 2022). If emissions of sulcatone are
increasing in crops, honey bees are likely being repelled and not pollinating those crops. This is
where the introduction of another pollinating species could fill a gap and pollinate where the
honey bees preferred not to. There is evidence that the Lepidopterans, or the order compromising
butterflies and moths, are attracted to floral scent bouquets, or VOC bouquets, with sulcatone
(Schiestl 2010). Moth and butterfly families attracted to sulcatone include Papilionidae, or the
swallowtail butterflies, Nymphalidae, or the brush footed butterflies, and the Tortricidae, or

tortrix moths (Schiestl 2010).
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Another VOC, limonene, showed evidence of increased emissions in my study. There is
evidence that limonene can both attract and repel bee species dependent on emission levels
(Benelli et al. 2017). While bees may be repelled by higher limonene emissions, hover flies and
blow flies are attracted to VOC bouquets with higher emissions of limonene (Benelli et al. 2017).
The plant responsible for a popular sweetener, Stevia rebaudiana, or candyleaf, relies on bee and
fly pollination. In plants with higher limonene emissions, fly species compromised the highest

pollinator visitation rates (Benelli et al. 2017).

Pollinators also visit different flowers and at different parts of the day. Bee species tend
to be most active during the warmest part of the day, while fly species prefer the early morning,
butterflies in the early afternoon, and moths at night (Stokstad 2021). Additionally, different
pollinators visit different parts of flowers. Flies and butterflies typically land on larger, outer
flowers, and bees typically visit smaller, inner flowers (Stokstad 2021). Roughly 50% more
flowers are visited by butterflies and moths in cotton (Stokstad 2021). Typical cotton pollination
uses bee species as pollinators, and if moth and butterfly pollinators are used in addition to bees,

they could fill the gap with VOC changes.

One family of moths, Sphingidae, or the hawkmoth family, is particularly attracted to
sulcatone (Buchman 2023). This family of moths pollinate flowers at night. They might not be
the most suitable moth for every specialty crop, like tomatoes, due to their larvae, the green
hornworm herbivory habits (Buchman 2023). However, because these moths pick up pollen on
their legs and wings, and deposit the pollen on subsequent floral visits, they could be used as an
alternative pollinator choice for some crops. The introduction of a nighttime pollinator could fill

the gap for the disinterested honey bees during the day. For example, the hawk moth is an
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efficient pollinator of cucurbits. Calabash, okra, snake gourd, and the Chinese cucumber all

commercially rely on hawk moth pollination in lieu of bee pollinators (Lu et al. 2021).

Additionally, by introducing other pollination techniques such hand, wind, water or self-
pollination applications, agricultural systems might not need to rely on bees as much. While bees
and other pollinating species will likely adapt to the changes in VOCs over time, we cannot rely
on the successful evolution of pollinating insects to happen at a rate that is needed to keep a
growing population fed (Yuan et al. 2009). Diversification of pollinating species in agricultural
systems would not only manage for changes in VOCs, but also allow for flexibility in
management when other uncontrolled or unprecedented changes like disease, such as American
foulbrood, affects a portion of pollinating species (FDA 2018). If there is already a more diverse
group of pollinating strategies that producers are relying on, they can still manage for the
successful pollination of their crops. This would mitigate the effects of losing one pollinating
species during a growing season. By relying on different pollinators or methods of pollination in

agricultural practices, we can likely mitigate the effects of these changes.

Exploitation of VOCs

Another management strategy that is already being employed is the exploitation of
VOCs. VOCs are often manipulated to help enhance crop production, protect against pathogens
and environmental stressors, provide allelopathic effects, and regulate the growth and
development of crops (Brilli and Baccelli 2019). Management could also work with the shifts in
VOCs by exploiting them. Managers could select for plants that are producing VOC bouquets
with higher pollination attraction rates and successful pollination rates. Each pollinating species

has its preferences on scents and with further studies, managers could select for the plants with
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those preferred bouquets. Managers can also exploit VOCs to protect plants from stressors using
companion crops. Brilli and Baccelli (2019) showed evidence in their study that selecting for
different bouquets in breeding programs allowed for more successful stress priming in a field.
Fernandes et al. (2019) also found that breeding commercial melon flowers for preferred VOC
bouguets, higher in terpene emissions, increased pollinator visitation rates by the European
honeybee. This doesn’t exactly work in a native ecosystem though, so I would propose that in
native systems management relies more on future studies identifying the most important VOCs
in each ecosystem and to include visual floral attractiveness. Both interspecific and intraspecific

communication and interactions would need to be further analyzed.

Conservation Efforts

VVOCs increase pollinator foraging efficiency, drive the diversification of floral traits, and
increase pollinator fidelity for flowers (Glenny 2017). Floral scents also help promote plant-
pollinator specialization and outcrossing (Picazo-Aragonés et al. 2020). Since VOCs are subject
to selective pressures, they also play a fundamental role in plant adaptations and evolution
(Picazo-Aragoneés et al. 2020). Conservation of VOCs is critical to maintain these ecological
traits and systems.

Additionally, by focusing on continued conservation efforts across ecosystems we can
possibly manage for the changes in biosynthetic pathways of VOCs. As natural habitats
disappear and face pollution, collaborative efforts between farmers, commercial operations,
federal agencies, and scientists in varying fields needs to be strengthened. My hope is that a more
robust focus would allow VOC biosynthetic pathways and enzymatic responses to remain more

stable and respond in their “normal” ways.
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CONCLUSION

Although there have been many studies examining the effects of climate change on VOC
composition and emissions due to individual stressors, studies comparing the changes have been
insufficient, or simply nonexistent. Since 80%, or 1,500, crop plants produced globally require
pollination by a pollinating species (U.S. Forest Service 2022; Nepi et al. 2018), determining the
effects of climate change on VOC composition and emissions and the resulting plant-pollinator
interactions is critical in feeding the world. After examining studies on the effects of abiotic
climatic stressors on different species of plants, it is evident that increases, decreases, and

stability can all be occurring in VOC composition, emissions, and plant-pollinator interactions.

My findings indicate that VOC emissions will likely continue to change due to climate
change and will most likely rise, with some variability. I believe that changes in VOC emissions
and plant-pollinator interactions is an area that will continue to need to be studied. As work
within the context of the effects of climate change on VOCs and the subsequent plant-pollinator
interactions continues, the diversity of VOCs and plant species studied could be broadened. |
also argue that minor emissions need to be analyzed further because insect pollinators perceive
minute emissions of VOCs. Continued studies will aid in mitigating any detrimental effects on

ecosystems and agricultural systems.

Ideally, my study could lead to a broader purpose such as the eventual creation of a VOC
and plant-pollinator interactions database for easier comparative or informational access. A
database would allow other studies to put more time and energy into their own lab or field work

rather than sifting through existing work to determine where the gaps in knowledge on the
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effects of climate change on VOCs composition and emissions and resulting plant-pollinator
interactions exists.

Ultimately, this is a multi-faceted problem. My analysis only focuses on a few of the
many abiotic climatic stressors. VOC emissions are intimately linked to climate change stressors
and plant-pollinator interactions. By focusing research efforts to include all three variables, |
believe we will have better answers for management to maintain happy and healthy ecosystems
and meet anthropogenic service needs. Since this is a newer field of study because previous work
has focused on floral visual cues attracting pollinators rather than VOCs, | am excited to see

where this field of research will be in the next 10 years.
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