Chapter 2
BVOC-Mediated Plant-Herbivore Interactions

Amy M. Trowbridge and Paul C. Stoy

Abstract Plants release unique blends of biogenic volatile organic compounds
(BVOC:s) into the atmosphere, part of a silent language used to communicate with
other organisms in their community. Within this high traffic chemical environment,
plants and insects, among other organisms, are receiving, processing, modifying,
and responding to information conveyed through varying suites of molecules. Be-
cause plants and insects are part of an integrative complex of food web relationships,
one common topic of conversation is defence. Plants maintain a baseline level of
BVOC emissions as a bottom-up constitutive defence, emitting compounds that
act as repellents or deterrents to feeding and/or egg deposition by herbivores. Due
to the autonomy of their attackers, plants can also employ an indirect top-down
defence strategy, releasing induced volatiles in response to feeding that attract the
natural enemies of their herbivore attackers, such as predators and parasitoids. Both
bottom-up and top-down BVOC-mediated strategies have important consequences
for herbivore preference, performance, and survival with even broader ecological
and evolutionary consequences for tritrophic interactions. In this chapter we discuss
how constitutive BVOCs mediate aspects of plant defence within a hierarchical
spatiotemporal framework. Next we bring to light some of the most recent research
on oviposition- and herbivore-induced BVOC synthesis and subsequent effects on
the recruitment of natural enemies. We follow up by discussing the ecological effects
of induced BVOC:s in the context of multiple herbivores, expression from various
plant organs, time-lags associated with BVOC induction, and heterogeneity within
the infochemical environment. The critical feature of insect learning is described
and we highlight some of the major evolutionary implications of BVOC-mediated
plant defence syndromes that rely on the unique timing of events at the biochemical,
atmospheric, organismal, and community scales.
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2.1 Introduction

Organisms are in continuous communication with each other to facilitate survival,
defence, cooperation, and social connections. The study of the ability of organisms
to interpret and communicate information is known as biosemiotics (von Uexkiill
1926) and extends far beyond the signals that human are most adept at perceiving.
We are constantly in the midst of countless mutualistic, antagonistic, and uninfor-
mative dialogs that are carried out in a chemical language that developed long before
humans walked the Earth. The terrestrial fossil record provides evidence of volatile
chemical signalling at the beginnings of the evolutionary arms race between species
via structures such as plant essential oil glands (Fahn 2002; Krings et al. 2002)
and olfactory appendages (Strausfeld and Hildebrand 1999; Labandeira 2002). The
ability of plants to communicate with plants and other organisms via volatile organic
compounds (BVOCs) is fascinating, and influences important evolutionary and
ecological processes that we are only beginning to understand.

Definitions

Allelopathy: Biogenic phenomenon where secondary chemicals produced by one
organism affect the development, growth, survival, and reproduction of other
organisms.

Constitutive defence: A plant defence strategy that is always expressed in the plant.

Direct plant defence: Plant traits that negatively influence the physiology or
behavior of herbivores.

Indirect plant defence: Plant traits that enhance the efficacy of the natural enemies
of herbivores, such as herbivore-induced BVOCs.

Induced response: Change in a plant following stress or damage.

Induced resistance: An induced response that reduces herbivore survival, repro-
duction, or preference for the plant of interest, but may not necessarily benefit
the plant.

Induced defence: A response that decreases the negative fitness consequences of
attacks on plants, but may not necessarily affect herbivores.

Infochemical: A chemical that conveys information between two organisms or
individuals resulting in a physiological or behavioral response in the receiver
that is adaptive to one or both parties.

Tritrophic interactions: Relationship between a plant, an herbivore, and the natural
enemies of the herbivore, mediated by plant chemistry and/or BVOCs.

Plants emit more than 30,000 different BVOCs including terpenoids, green
leaf volatiles, phenylpropanoids, benzenoids, and methyl esters of plant hormones
(i.e., methyl jasmonate and methyl salicylate). These BVOCs mediate plant-plant,
plant-insect, and multitrophic interactions and play critical roles in plant defence
(Yuan et al. 2009; Fineschi et al. 2013). Effective defence is critical for plant survival
and reproduction as plants are subject to constant attack from pathogens, fungi,
insects, mammalian herbivores, and other biotic agents. To combat herbivory by
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Fig. 2.1 Scheme highlighting the role of biogenic volatile organic compounds (BVOCs) in
mediating interactions between trees and herbivores. Plants constitutively synthesize and release
BVOCs from leaves, stems, and roots, as demonstrated on the left hand side of the figure.
Constitutive BVOC emissions from different organs within a tree and trees within a forest (blue) are
transported to the atmosphere (black lines) where they are mixed by turbulence. Different mixtures
and concentrations of BVOCs are present in different plant parts, as indicated by coloration.
Constitutive BVOC emissions are also mixed with BVOCs whose synthesis and/or emission was
induced by herbivores, as demonstrated on the right-hand side of the figure, resulting in the total
BVOC signal in red. Herbivores perceive and respond to BVOC concentrations within the plant
(red dashed lines), and their feeding activities may induce plants to produce and release a different
combination of BVOC:s locally, or in other parts of the plant as demonstrated by the dashed white
lines. Other organisms perceive and respond to BVOCs in their environment (or Umwelt following
von Uexkiill 1926), as represented by dashed black lines. The multitrophic interactions that are
mediated by BVOCs, including herbivore activity and parasitoid oviposition behavior, are central
components of forest population, community and ecosystem ecology

heterotrophic organisms that span multiple taxa and developmental stages, plants
employ a diverse arsenal of chemical defence mechanisms that include BVOCs.
Thus, BVOCs are an integral part of a comprehensive bottom-up and top-down plant
defence strategy because they enable plants to resist herbivory within and beyond
the leaf, stem, and root (Fig. 2.1).

This chapter focuses on the role BVOCs play in interactions between plants and
insects. We place particular emphasis on spatial and temporal aspects of both consti-
tutive and insect-induced BVOC dynamics to highlight the role played by BVOCs in
tritrophic ecological interactions. We also discuss above- and belowground factors
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that control BVOC emissions, and the influence of the resulting emissions on
tritrophic interactions associated with both roots and leaves. Our focus here is on
biotic interactions in natural unpolluted environments, and we refer the reader to the
chapter of Holopainen et al. (2013) in this book for a discussion of the modification
of biotic interactions in polluted atmospheres and under global change. We further
refer the reader to Penuelas and Llusia (2003), Loreto and Schnitzler (2010), and
Possell and Loreto (2013) and Calfapietra et al. (2013) in this book about the role
of abiotic stresses, including climate change, in altering BVOCs, and subsequent
consequences for ecological signalling. We conclude with a brief overview of the
evolutionary implications of BVOCs in the context of insect learning in complex
environments.

2.2 Constitutive BYOCs

Constitutive BVOCs serve as constant barriers to herbivore attack by deterring
colonization through their antixenotic function and inhibiting growth, reproduction,
development, and/or survival through their antibiotic function (Paiva 2000; Walling
2000). We refer to these characteristics as ‘bottom-up’ defences as they directly
impact herbivore performance. In a natural setting, both the rate at which volatiles
are released and their spatial and temporal persistence in the environment determine
their relevance in ecological signalling. However, complex feedbacks exist between
the phylogenetic constraints on biosynthesis, environmental controls on emissions,
and compound-specific physico-chemical responses to the environment. As a result,
the spatial and temporal heterogeneity of BVOC emission rates is often pronounced,
with important implications for multispecies interactions. We discuss consequences
of BVOC emissions at the leaf level and then describe controls on and consequences
of BOC emissions at the organ, whole plant, and community scale.

2.2.1 Role of Constitutive BVOCs in Defence
and Host Selection

Trees maintain a baseline level of volatile metabolites that are released from the
leaf upon production, or some time after production from storage sites (e.g., resin
canals) (Paré and Tumlinson 1999). Within the last decade, an emphasis has been
placed on understanding the role of constitutive vegetative BVOCs in deterring
herbivory. Unfortunately we still lack a mechanistic understanding of how BVOCs
released from plants directly repel herbivores and/or inhibit feeding. One possibility
is that constitutive emissions are directly toxic to impending attackers, potentially
affecting physiological and neurological processes by influencing gene expression
and/or interfering with the macronutrient digestion. However, studies have yet to
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demonstrate how relatively low-emission rates, typically on the scale of nano-
or micrograms per hour per gram of leaf tissue, elicit toxic physiological effects
(Unsicker et al. 2009).

Herbivores must discriminate between true ecological signals that might increase
their fitness, and background noise resulting from a highly variable infochemical
environment. Most phytophagous insects are specialist feeders that utilise a limited
number of species as resources, and chemical cues are critical in selecting suitable
hosts. It is not in the best interest of a plant to attract herbivores; however,
specialists are capable of exploiting the characteristic volatiles emitted by their
hosts to gain information on quality, susceptibility, and natural enemy status.
Reddy and Guerrero (2004) give two examples of how insects exploit BVOCs with
different pheromone-mediated implications for plant resistance. Some insects can
use constitutive BVOCs for their own defence. For instance, green leaf volatiles
(GLVs) released from non-host tree species serve as repellents in host selection
and inhibit the pheromone response of several bark beetles. Other insects can
use constitutive BVOCs to their advantage in finding mates. When male Ips
and Dendroctonus spp. are exposed to the volatile myrcene, they modify the
compound, which results in the production of oxygenated pheromones in their
hindgut. However, predators and parasitoids attacking adults and eggs have learned
to eavesdrop on these pheromone signals to locate prey more effectively (Stowe
et al. 1995). As a consequence, constitutive BVOC signals that are attractive to
specialists can be intercepted and used by the herbivore’s natural enemies as a
type of indirect defence. Thus, constitutive and induced defence strategies should
be assessed in an integrative fashion to fully appreciate the ecological role played
by BVOCs.

2.2.2 Spatiotemporal Patterns

2.2.2.1 Leaf-Level Responses

BVOC emissions exhibit significant variations across space and time at the scales of
leaves, organs, whole plants, and ecosystems. At the leaf level, rates of constitutive
BVOC production and emission are sensitive to a number of abiotic factors, includ-
ing light and temperature as discussed by Niinemets et al. (2004) and other chapters
in this volume. These factors can interact with ontogenetic changes in emissions
and result in variable emission rates from leaves close in proximity. For instance,
constitutive monoterpene (Co) emissions can be detected from young hybrid poplar
leaves (Populus deltoides x Populus nigra). However, mature leaves on the same
tree were found to emit only isoprene (Cs) and at a rate of about five times greater
than monoterpenes released from young leaves (Brilli et al. 2009), suggesting
that the amount of carbon invested towards isoprenoid biosynthesis changes with
leaf ontogeny. Differences in BVOC quality and quantity between leaves have
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important consequences for herbivore host selection, and these differences can
result from the presence of specialized structures and/or the vascular connections
within the tree. Even subtle spatial variation can be critical for specialists that
have learned to associate proximate volatile signals with host quality. For example,
BVOC emissions tend to be significantly higher in sunlit leaves when compared
to shaded leaves on the same plant and/or branch, due largely to an increase in
light and temperature and higher rates of physiological activity (Harley et al. 1996).
While this increase in emissions may have consequences for herbivore preference,
it is also possible that BVOCs serve multiple ecological functions simultaneously
(e.g., protecting leaves from photodamage at high temperature and light conditions)
(Pefiuelas and Llusia 2002) with evolutionary implications via multiple selection
pressures. Furthermore, some plant BVOCs with low vapour pressures tend to
condense on leaf surface as a function of leaf temperature and position in the canopy
and may serve as defence agents against herbivores and pathogens (Holopainen and
Gershenzon 2010), but it is unknown if this mode of BVOC function represents an
effective defence.

2.2.2.2 BVOC Variation Between Vegetation and Flowers

The suite of volatiles released by healthy trees can also vary spatially within a
plant among organs including leaves, stems, flowers, and roots (Fineschi and Loreto
2012; Mumm and Hilker 2006; Takabayashi et al. 1994). The survival of a plant is
determined by investment in reproduction (e.g., flowers, nectar) and growth (e.g.,
vegetative biomass). Thus, allocation of resources to defence may come at the
expense of investment in reproductive tissues and affect mutualistic relationships,
pollination events, and fitness (Mothershead and Marquis 2000). For instance, floral
and vegetative BVOC emissions are differentially attractive and repellent to species
that specifically feed on those organs, yet BVOCs from both plant parts are likely
to be mixed in the atmosphere before their perception by an insect. Thus, chemical
information from other plant organs may confound perception and host identifi-
cation, particularly in response to damage (see Induced Responses). Because both
herbivores and pollinators are selective agents on floral chemistry and emissions, it
is critical to understand the degree to which defensive vegetative BVOC production
alters nectar and pollen quality and thereby affects fitness. Furthermore, compound
type and emission rate can vary substantially between organs as a function of the
predictability of attack on various plant parts (see optimal defence theory, Rhoades
(1979); Zangerl and Rutledge (1996)) and ecophysiological constraints (e.g., tissue-
specific biosynthesis or allocation, Niinemets et al. 2004). While many BVOCs
appear to be exclusively produced in either flowers or leaves, compounds can also
be passively transported into the nectar and/or pollen and subsequently released
into the atmosphere. Future studies should focus on plant allocation and tissue type
to fully understand the dynamics of plant-pollinator-herbivore-interactions (Kessler
and Halitschke 2009).
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2.2.2.3 Belowground BVOC-Mediated Interactions

While most studies focus on BVOC-mediated interactions between aboveground
plant parts and herbivores, plants must also defend themselves against soil-dwelling
herbivores including rodents, insects, and nematodes, all of which play key roles
in terrestrial ecosystem community structure. Due to the limited mobility of soil
organisms and the low transport rates of root compounds, interactions in the
soil occur over significantly smaller spatial scales than aboveground interactions
(van der Putten et al. 2001). Despite the difference in characteristic spatial scales
of influence, the role of BVOCs might be more important for belowground
communities where visual cues are lacking and with soil-dwelling herbivores often
exhibiting poor eyesight (Rasmann et al. 2005; van Dam and Heil 2011). A number
of compound classes emitted from aboveground organs have been shown to mediate
plant-herbivore interactions belowground, but in different compositions (Wenke
et al. 2010). Nonetheless, BVOCs can directly or indirectly influence belowground
communities, support symbioses, combat competitive plant species, and defend
against pathogenic fungi, bacteria, and herbivores (Nardi et al. 2000).

Herbivore host choice for oviposition is critical for the next successful generation
of soil dwelling herbivores. Adults of the large pine weevil (Hylobius abietis)
are attracted to suitable hosts in a dose-dependent manner, depending on BVOC
concentrations released from conifer roots (Nordlander et al. 1986). BVOC compo-
sition is also important; larvae of the forest cockchafer (Melolontha hippocastani)
exhibited a noted preference for monoterpenes released from carrots over the fatty
acid derivatives emitted from oak roots (Weissteiner and Schiitz 2006). Despite
being separated in space, roots, shoots, leaves, and flowers are connected and so
are their resources, metabolic activities, and defences. Belowground organisms can
induce defence responses aboveground and vice versa, the cost: benefit ratio of
these induced responses and their consequences are discussed in more detail in the
Sect. 2.3: Induced BVOCs.

2.2.2.4 BVOC Variability Between Plants

At the whole-plant level, BVOC emission rates are dependent on a number of
environmental and biotic factors, including developmental stage as well as plant
species, genotype, and age (see Dicke 1999; Paré and Tumlinson 1999). Consti-
tutive plant defences are expressed differentially with ontogeny, and while BVOC
emissions have been shown to decrease in mature cultivated herbs (Cole 1980),
information about their ontogenetic patterns in mature trees and seedlings remains
largely unknown (Boege et al. 2011). Studies focused on ontogenetic changes in
tree BVOC emissions, foliar chemistry, and predator/parasitoid foraging dynamics
may offer mechanistic insight into tritrophic patterns observed in the field. In
addition to age, specific chemotypes and plant varieties have differential growth and
resistance properties (Staudt et al. 2001). For example, mango (Mangifera indica)
tree cultivars that are the most susceptible to mango gall flies (Procontarinia spp.)
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emit significantly higher levels of a-pinene and p-pinene throughout the growing
season; these volatiles are highly attractive to this pest (Augustyn et al. 2010). At
the plant population level, BVOCs emitted by particular genotypes of seedlings
of Pinus pinaster in plantations have been found to be susceptible to a generalist
phloem-feeding pine weevil (Hylobius abietis). Blanch et al. (2012) showed that
under high nutrient availability, susceptible trees exhibited higher terpene emission
rates, including a-pinene, an attractant for H. abietis (Moreira et al. 2008), which
could explain the pattern of weevil damage observed in the field (Zas et al. 2008).
Thus, BVOC emission rates must be investigated in the context of plant genetics,
development, and the environment to better-understand herbivore-natural enemy
development, behavior, and natural ecological patterns.

2.2.2.5 Community-Level Variability

Observed spatial variations in foliar BVOC emissions range over several orders of
magnitude at the community level due to changes in species composition and foliar
density (Guenther 1997). Spatial patterns in both the magnitude and composition
of BVOC:s that herbivores and their natural enemies perceive are critical for their
behavior, and therefore, for their reproduction and survival. However, the identifi-
cation of specific cues signalling host availability and quality may be influenced by
the background of chemicals present in the habitat from other species, requiring
adaptive and integrative abilities to extract useful search information from the
milieu of chemicals present in the environment (Hilker and McNeil 2008). Drastic
community shifts, via invasive species or changes in climate, can influence plant-
herbivore interactions by altering the proportion of species that produce varying
types and quantities of BVOCs. Depending on the ability of the insect to learn
(see Sect. 2.4, Insect Perception and Learning) and the time required to make
new host-BVOC associations, changing habitats can modify the probability of a
particular plant-herbivore interaction occurring, the intensity of the interaction, and
coevolutionary processes (Agrawal and Fishbein 2000).

2.2.2.6 Variation in Time: Diurnal Cycles of BVOC Release

The effects of time on BVOC emissions extend beyond ontogeny. BVOC emissions
are a product of day length (light), corresponding changes in temperature and
water status, as well as seasonality. Many BVOC:s released constitutively from trees
exhibit diurnal cycles, increasing rapidly in the morning with temperature and solar
radiation, peaking in the middle of the day, and decreasing during the afternoon
and evening (Pio et al. 2005; Grabmer et al. 2006). High emissions make plants
more “apparent” to insects, and may determine the employment of other defensive
strategies used by plants to protect against herbivory (Feeny 1976; Rhoades and
Cates 1976). However, “apparency” due to high daytime emissions and their role
in increasing plant vulnerability to herbivores is dependent upon the peak foraging
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time of the insect attacker as well as the searching behaviors of their natural enemies.
Furthermore, because vegetative and reproductive tissues exhibit diurnal variability
in emissions, plasticity in volatile production from both types of plant organs can be
critical, as the specificity with which insects choose to visit flowers on fruiting trees
may be the result of the quantitative relationship between the attractant and repellent
components in the blend contributed from leaves (Euler and Baldwin 1996).

2.2.2.7 Variation in Time: Seasonal Trends

Seasonal trends in BVOC emissions have been observed in a number of forest types,
including mixed hardwood (Karl 2003), boreal coniferous (Hakola et al. 2003),
and Mediterranean (Owen et al. 2001; Pio et al. 2005). Similar to emission rates
observed over a shorter time scale, the seasonal release of BVOCs is a function
of changes in light, temperature, and compound-specific physico-chemical controls
(see Niinemets et al. 2004 and Grote et al. 2013 for detailed discussion of controls on
seasonal changes in emissions). For example, within a mixed hardwood forest, Karl
(2003) found, among other patterns, a spring peak for methanol and attributed it to
rapid leaf expansion. While the large amount of methanol released from vegetation
has long been assumed to be a metabolic waste product, studies have shown that
herbivory can also elicit its release, suggesting the potential role of methanol in
mediating plant-insect relationships (Pefiuelas et al. 2005). Furthermore, application
of methanol to plants in quantities mimicking herbivore-elicited release affects
bottom-up controls by decreasing plant foliar defences (e.g., trypsin proteinase
inhibitors) and enhancing the performance of the herbivore (von Dahl et al. 2006).
Thus, seasonally-driven BVOC-specific spikes may not only impact plant-insect
signalling, but also force within-plant feedbacks that negatively impact defence
capabilities resulting in higher herbivore pressure at key developmental times of
the year.

2.3 Induced BVOCs

Plants are the primary food source for millions of insect species, each using
unique strategies to obtain nutrients from both above- and belowground tissues.
In contrast to constitutive ‘hard-wired’ plant traits that confer resistance to insect
pests regardless of insect infestation risk, herbivore-challenged plants can exhibit
phenotypic plasticity and can mount active defence responses that are induced
by insect behavior. Trees are thought to have evolved induced defences to save
on allocation costs when pressure from herbivores is low (Heil 2002). When
expressed following herbivory, induced responses can serve as direct defences,
affecting the herbivore through immediate toxicity (i.e., a ‘bottom-up’ defence)
or as an indirect (‘top-down’) defence, affecting the herbivore via recruiting its
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natural enemies (Dicke and Vet 1999). Both induced direct and indirect defences
can alter herbivore behavior and development. BVOCs released immediately after
herbivory consist of preformed volatiles, some resulting from the bursting of storage
structures, and depend on the mode of damage such as wounding, egg deposition,
and herbivore feeding (Walling 2000). Other BVOCs released with feeding are
synthesized de novo and exhibit delayed emissions on time scales of minutes, hours,
days, and potentially seasons. These emissions can also be expressed both locally
and systemically (Paré and Tumlinson 1999). Plant BVOCs are not only mediators
of aboveground plant-insect interactions, but also affect herbivore dynamics in the
soil. In fact, damage by below- and/or aboveground herbivores has been found
to affect pollinators and higher trophic levels, particularly the natural enemies
of herbivores in both root and shoot food webs (see van Dam and Heil (2011)
and references therein). Here we briefly expand upon these topics, with particular
focus on herbivory and oviposition-induced BVOCs and the consequences of the
spatiotemporal dynamics of emissions on above- and belowground defence.

2.3.1 Herbivore and Oviposition-Induced BVOCs:
Induction Depends on Mode of Damage,
Elicitors, and Signal Transduction

The synthesis of novel BVOCs in response to herbivory is not part of a general
syndrome in response to stresses (i.e., drought, ozone, temperature, etc.), but is
a specific response to herbivory with a well-documented defensive role in trophic
interactions (Staudt and Lhoutellier 2007). Some of the earliest studies of induced
host volatiles were performed on trees, (e.g., Populus spp. (Baldwin and Schultz
1983)). With the ability to release hundreds of BVOCs, how do trees release such
specific chemical signals in response to herbivore attack? The quality and quantity
of herbivore-induced BVOCs are dependent on a variety of factors, including the
plant species, plant age, the tissue type being attacked, as well as the herbivore
species, feeding mode, and its developmental stage (De Moraes et al. 1998). The
mode, frequency, and severity of physical damage by herbivores and herbivore-
specific chemical elicitors initiate highly regulated modifications in the plant’s
transcriptional and metabolic processes by activating signalling pathways (Kessler
and Halitschke 2007). While these pathways are well known in herbaceous species,
there exists a gap in our knowledge regarding signals and pathways that induce
resistance in many tree systems. In light of a few recent studies, many assume
similar signal cross-talk and activation in trees as observed in herbaceous plants
(Eyles et al. 2010).

A number of elicitors initiating signal cascades involved in BVOC synthesis have
been isolated and characterized from insect saliva, regurgitants, and oviposition
fluids, and include enzymes, fatty acid-amino acid conjugates, and bruchins (Paré
et al. 2005). Once in contact with plant cells, these elicitors activate signal
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transduction pathways (e.g., the octadecanoid (Cjs-fatty acids) pathway) that
ultimately lead to gene expression and the synthesis of particular defence-related
BVOCs (for more detail on signal cascades see Kessler and Baldwin (2002)).
Numerous studies in trees have shown that in the absence of wounding, pathways
can also be induced through the application of herbivore oral secretions, elicitors
themselves, or phytohormones such as jasmonic acid (JA), ethylene, and salicylic
acid (SA) (Dicke et al. 1999; Eyles et al. 2010; Van Poecke et al. 2001). The
early steps in the herbivore elicitation process remain to be elucidated as well
as the mechanisms responsible for plant recognition of these herbivore-specific
compounds. Nonetheless, the result of these signal cascades is an herbivore-induced
BVOC blend comprised of tens to hundreds of compounds. While a number of these
compounds are species-specific and actively produced in response to herbivory,
many BVOCs also “leak out” or are released simply due to mechanical damage.
These compounds, known as green leaf volatiles (GLVs), consist of saturated and
unsaturated Cq alcohols, aldehydes, and esters produced by the oxidative breakdown
of membrane lipids (Paré and Tumlinson 1999). Within this complex blend of GLVs
and novel compounds synthesized de novo, however, only a subset of compounds
play a biological role in mediating higher trophic level interactions with herbivores
and natural enemies (see Dicke (2009) and references therein).

Individual signal cascades, as described above, have the ability to serve a variety
of functions. The involvement of several signal cascades in response to specific
forms of herbivory may help explain the specificity of BVOC profiles (Kessler
and Baldwin 2002). As such, plants must be able to not only identify the source
of damage, but also prioritize and tailor the signalling pathway that will mount
the most effective defence strategy (Reymond and Farmer 1998). A rich body of
literature exists regarding induced plant responses to attack by chewing insects and
the subsequent interactions between the two organisms (e.g., Karban and Baldwin
1997). There are also many studies that demonstrate the specific and differential
chemical response of plants to chewing insect species (e.g., De Moraes et al.
1998). However, plants are constituents of complex communities, and as such, are
rarely attacked by a single herbivore. Multiple biotic stressors can significantly
alter herbivore-induced BVOC emissions as concurrent feeding may induce cross-
resistance (Kessler and Halitschke 2007) or competing plant defence pathways,
both of which have important implications for defence and evolution (Rodriguez-
Saona et al. 2005). While far less is known about the induction of BVOCs by
herbivores of feeding guilds that cause less tissue damage (i.e., miners, galls,
and piercing-sucking insects), a study by Delphia et al. (2007) demonstrated
that simultaneous herbivory by insects with different feeding habits significantly
alters BVOC emission and defence strategies. However, ways in which plants
simultaneously integrate responses to multiple herbivores and the ecological and
evolutionary consequences for plant-insect interactions after attack, remains largely
unknown.

Herbivores not only induce changes in plant leaf BVOCs through feeding, but
also through egg deposition. Hilker and Meiners (2002) describe the mechanism
involved in oviposition-induced BVOCs in Scots pine (Pinus sylvestris) and field
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elm (Ulmus minor). In both systems, the adult female wounds the surface of the
leaf and needle just before oviposition. The eggs are then laid into the wounded
tissue along with oviduct secretions that surround the eggs securing them to
the plant. Only when the secretions, containing an elicitor, make it past the
cuticular barrier do leaves release parasitoid attractant BVOCs (Hilker and Meiners
2006). To date, only a few oviposition-associated elicitors have been identified,
including bruchins (Doss 2005) and benzyl cyanide (Fatouros et al. 2008). The
application of jasmonic acid can also elicit the release of BVOCs that attract
the egg parasitoids associated with each species, suggesting the involvement of
the octadecanoid pathway in driving oviposition-induced responses (Hilker and
Meiners 2002; Meiners and Hilker 2000). Similar to herbivory, insect egg deposition
induces plant responses that are specific to both the plant and herbivore species
attacking it, yet whether this specificity is due to species-specific elicitors or a
dosage-dependent response remains unknown for most systems (Hilker and Meiners
2010). While the induced BVOCs produced via feeding and oviposition differ in
composition, both BVOC blends may be perceived by the herbivore and parasitoid
with either negative or positive consequences. For example, herbivore-induced
BVOCs have been shown to deter female herbivores from oviposition in an attempt
to avoid competition (Kessler and Baldwin 2001; De Moraes et al. 2001). Future
work aimed at understanding the interaction of herbivore- and oviposition-induced
signalling pathways, the BVOCs emitted, and consequences for herbivores and
their natural enemies will offer insights into the evolutionary importance of these
compounds.

What is a parasitoid anyway?!?

Farasitoids spend only part of their lifecycle associated with a host. They feed
exclusively in or on the body of another arthropod, eventually killing it. Only a
single host is required for the parasitoid to complete its lifecycle.

Predators kill their prey, usually more than one species, but do not need a host
to complete any part of their lifecycle.

Parasites spend their entire life associated intimately with its host, usually at
the host’s expense, but without causing death.

2.3.2 Induced Volatiles Serve as Direct Plant Defences

Immediately following release, herbivore- and/or oviposition-induced BVOCs carry
a vast array of information through the environment with the potential to directly
influence the behavior of different members of the ecological community. Some
herbivore-induced volatiles have been shown to function as a plant defence by
deterring herbivore feeding and oviposition (Kessler and Baldwin 2001; Laotha-
wornkitkul et al. 2008; De Moraes et al. 2001). For instance, when foraging, starved
adult willow leaf bugs (Plagiodera versicolora) orient towards odors elicited from



2 BVOC-Mediated Plant-Herbivore Interactions 33

willow leaves infested by conspecifics as opposed to intact leaves, perhaps due
to increased quality or lower concentrations of secondary compounds (Yoneya
et al. 2009). Deception is another way in which plants use herbivore-induced
BVOC:s to their advantage, such as in the case of the sesquiterpene, (E)-p-farnesene,
which is also an aphid alarm pheromone that signals aphids to stop feeding and
disperse (Bernasconi et al. 1998). Even oviposition-induced BVOCs can affect
the egg laying choice of other female herbivores. To avoid inter- and intraspecific
competition and a site attractive to egg parasitoids, laboratory choice tests showed
adult Xanthogaleruca luteola to prefer BVOCs from field elm (Ulmus minor) leaves
without eggs over those with eggs and/or feeding damage (Hilker and Meiners
2002). In addition to directly resisting the attacking herbivore, induced BVOCs
can also influence herbivores on neighboring plants by priming non-infested plants
to chemically respond faster to future insect attacks. One study showed that rates
of herbivory were lower in black alder (Alnus glutinosa) trees growing close to
damaged conspecifics (Dolch and Tscharntke 2000). This is similar to observations
made by Rhoades (1983), who reported that undamaged Sitka willow trees (Salix
sitchensis) in close proximity to herbivore-infested conspecifics mounted a more
aggressive chemical defence in response to fall webworm larvae (Hyphantria cunea)
than distant controls. If induced BVOCs can directly influence the chemical de-
fences within neighboring trees, it is not surprising that they can also elicit defence
responses in undamaged parts of the same tree. For instance, gypsy moth (Lymantria
dispar) feeding on branches previously exposed to herbivore-induced BVOCs from
nearby damaged branches was reduced by 70% compared with controls (Frost et al.
2007). In addition, extrafloral nectaries have been shown to increase in output when
undamaged leaves are exposed to herbivore-induced BVOCs emitted from damaged
leaves on the same plant, resulting in increased visits from predators (Heil and
Silva Bueno 2007). Despite evidence from experimental observations, we lack an
understanding of how the signals that induce priming are received by plants, which
compounds are biologically active within an herbivore-induced mixture, and the
signalling cascades responsible for indirect BVOC-mediated plant defence.

2.3.3 Induced Volatiles Serve as Indirect Plant Defences

The attraction of the natural enemies of herbivores by damage-induced volatiles
is a well-established phenomenon in many plant species, and probably the first
defence strategy that comes to mind when discussing induced BVOCs. For over
40 years (Green and Ryan 1972), a vast array of herbivore-induced plant BVOCs
has been shown to effectively recruit insects of the third trophic level that prey
upon or parasitize larval herbivores, as well as eggs. By doing so, BVOCs reduce
the preference and/or performance of herbivores, serving as an indirect defence
and an important mediator of tritrophic interactions (Karban and Baldwin 1997).
Nonetheless, because most palatable herbivores are cryptically coloured and well
hidden on the undersides of leaves, the probability of parasitoids effectively finding
their hosts using visual cues and random searches is relatively low. However, the
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suite of compounds released following herbivore-damage is quite sophisticated and
unique, differing in total abundance and composition following attack by different
herbivores (e.g., De Moraes et al. 1998). The species-specific plumes present within
the local environment contain critical host-location information for parasitoids,
which have developed the ability to learn chemical cues associated with the presence
and quality of their specific host (see Sect. 2.4, Insect Perception and Learning).
For instance, some parasitoids are capable of differentiating between parasitized
and unparasitized larval hosts in flight due to the different odor blends induced
by each caterpillar (Fatouros et al. 2005). While herbivore-induced volatile blends
can be quite complex, a number of individual BVOCs involved in attraction of
parasitoids have been identified (e.g., Halitschke et al. 2008; Ibrahim et al. 2005).
However, it is highly unlikely that a parasitoid will be exposed to only one BVOC
in nature, and the context within a BVOC blend is perceived may be important. In
fact, the eulophid egg parasitoid (Chrysonotomyia ruforum), while attracted to the
herbivore-induced release of (E)-f-farnesene, requires the presence of background
non-induced pine odor to locate its sawfly host (Diprion pini) (Mumm and Hilker
2005). While individual herbivore-induced BVOCs may be involved in parasitoid
host location, it is often critical that they are perceived in the context of other BVOCs
so as to distinguish variation in quality and quantity.

Although most available information on BVOC-mediated tritrophic interactions
comes from studies in agricultural or herbaceous species, a number of studies
has also demonstrated the attraction of the natural enemies to herbivore-induced
BVOCs elicited by pests attacking trees, particularly in fruit trees [e.g., apple
(Malus domestica), mango (Mangifera indica), and grapefruit (Citrus paradisi)],
conifers [e.g., Scots pine (Pinus sylvestris) and loblolly pine (Pinus taeda)], as well
as some deciduous species [e.g., elm (Ulmus minor) and black poplar (Populus
nigra)] (see Dicke (1999) and Mumm and Dicke (2010)). For instance, fruit fly
parasitoids (Diachasmimorpha longicaudata: Braconidae) significantly preferred
BVOCs from infested mangoes (with higher BVOC concentrations) and their
extracts (particularly 2-phenylethyl acetate) over healthy and mechanically damaged
fruits, suggesting that parasitoids use induced BVOC:s to locate hosts in this system
(Carrasco et al. 2005). In conifers, a dosage-dependent synergistic effect among
pine terpenoids and bark beetle pheromones can attract predators and parasitoids to
their hosts. For instance, the attraction of the predatory beetle Thanasimus dubius
was positively correlated with the concentration of a-pinene when mixed with the
pheromones of its scolytid prey (Mumm and Hilker 2006). Parasitized herbivores
have also been shown to induce different BVOC blends compared to unparasitized
herbivores, affecting parasitoid choice (Fatouros et al. 2005). However, mutualistic
interactions with herbivores (e.g., aphids and ants) can also alter induced BVOCs
with potential consequences for parasitoid host location (Paris et al. 2011). There
is also evidence that oviposition-induced plant BVOCs successfully recruit egg
parasitoids, such as in the case of Pinus sylvestris and egg deposition by Diprion
pini (Meiners and Hilker 2000). In the deciduous species Ulmus minor, terpenoid
hydrocarbons induced by oviposition of the elm leaf beetle (Xanthogaleruca
luteola) are exploited by the egg parasitoid Oomyzus gallerucae. Despite the work
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in these systems, more studies are needed to fill gaps in our knowledge pertaining
to the importance of induced indirect defences employed by trees, particularly in
determining community structure and outbreak dynamics.

2.3.4 Spatiotemporal Aspects of Induced Indirect Defence

Similar to constitutive BVOCs, herbivore-induced BVOCs not only vary over space
and time, but their associated costs to plant fitness vary as well. Most factors
influencing constitutive emissions have similar effects on herbivore-induced volatile
defences as discussed in previous sections here and in other chapters in this
volume. Thus, rather than reiterating these points, we place the spatial and temporal
variability of herbivore-induced BVOCs in an ecological framework by discussing
ecological interactions influenced by the location of induction in a plant and the
timing and patterns associated with the response.

2.3.4.1 Local vs. Systemic Induced Responses

Induced BVOC:s that serve a resistant or defensive role for plants can be expressed
locally at the wounding site or systemically via mobile signals and phloem
transport (Turlings and Tumlinson 1992; Heil and Ton 2008). The ability to
respond systemically to herbivory enables a plant to have a larger BVOC response,
potentially serving as long range cues capable of recruiting natural enemies that
forage over spatial scales of metres to kilometres (Puente et al. 2008). Furthermore,
these systemic signals can give parasitoids an initial estimate of patch quality
(e.g., number of hosts in a habitat) to aid in determining whether or not to pursue
hosts in a given area. However, once parasitoids orient themselves within the
general vicinity of their host, the specific blend associated with the herbivore at
the damage site itself becomes more important, and constitutes a reliable indicator
of host location (Cortesero et al. 1997). BVOC communication between branches
or leaves of the same individual could enable faster responses, particularly when
signalling via phloem and xylem is thwarted by limited vascular connections or
distance, for example in larger trees (Dicke 2009). For instance, Frost et al. (2008)
demonstrated that both mechanically-injured and gypsy moth-damaged leaves of
hybrid poplar (Populus deltoides x P. nigra) primed defence responses in undamaged
leaves of the same plant. This “second route” for signal transduction within plants
can provide a relatively large benefit to the emitting plant in lieu of synthesis
costs. Herbivore-infested plants also mediate plant-plant interactions in unattacked
neighboring plants, thus increasing their attractiveness to natural enemies and
decreasing their susceptibility to herbivory (Baldwin et al. 2006). While within-
plant BVOC signalling has gained much interest, interspecific volatile signalling
between plants has remained a topic of debate (Agrawal 2000; Baldwin and Schultz
1983; Bruin and Dicke 2001; Dudareva et al. 2006; Farmer and Ryan 1990).
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2.3.4.2 Spatially Separated but Connected: Above- and Belowground
Induced Responses

Herbivores can attack spatially-disparate plant organs, such as roots and leaves
simultaneously, leading to variation in herbivore-induced BVOCs and consequences
for above- and belowground defences. Due to vascular connections, aboveground
herbivory can change the quantity and composition of root BVOCs and vice versa.
While the majority of studies focus on BVOC-mediated tritrophic interactions
above-ground, these relationships occur belowground as well and have important
effects on aboveground communities (Van der Putten et al. 2001). To our knowledge,
no studies to date have described the integration of above and belowground BVOC-
mediated tritrophic interactions in trees. While such interactions are likely to exist,
they will likely occur at different temporal time scales due to longer generation
times and contributing phenological factors. Recent studies focused on herbaceous
plants have shown that the vegetative portions of plants experiencing belowground
herbivory emit lower total BVOC emissions and produce different BVOC profiles
compared to plants solely attacked by an aboveground herbivore (Rasmann and
Turlings 2007). Thus, the presence of soil herbivory in this case appears to lower the
potential for defence, particularly when the belowground herbivore causes increased
damage as a function of development and size (Soler et al. 2007). Another study
demonstrated the effects of belowground herbivory on aboveground indirect defence
by showing that black mustard (Brassica nigra) plants experiencing root herbivory
emit high levels of sulfur-containing BVOC:s, highly toxic for insects, and low levels
of (E)-B-farnesene, an attractant for parasitoids (Soler et al. 2007). In addition to
soil herbivores, mutualistic mycorrhizal associations can also effect aboveground
signalling, as in the case with parasitoids of aphids attracted to mycorrhizal plants
in the absence of their aphid hosts (Guerrieri et al. 2004). Because of signal cross-
talk, the timing of attack by above- and belowground herbivores can be crucial
when examining the extent to which communities are affected. Clearly, more studies
investigating BVOC responses to simultaneous attacks by above- and belowground
herbivores in forest species are needed.

2.3.4.3 Induced BVOCs Exhibit Diurnal Patterns

The release of herbivore-induced BVOCs occurs both locally and systemically
in space and also varies over time. For example, hybrid poplar leaves (Populus
trichocarpa x P. deltoides) attacked by forest tent caterpillars (Malacosoma
disstria) released similar characteristic blends of volatiles, including mono-,
sesqui-, and homoterpene compounds, that peaked during the light period (Arimura
et al. 2004). This diurnal pattern could be critical depending on parasitoid and
predator foraging patterns and the biologically-active compounds present. In
Nicotiana tabacum, several herbivore-induced BVOCs are exclusively released
at night and repel female moths (Heliothis virescens) searching for oviposition sites
(De Moraes et al. 2001). Because most parasitoids search during the day, these
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nighttime emissions may not be relevant as top-down defences, but the impact of
daytime indirect forcings and nighttime bottom-up effects may have significant
multiplicative consequences for herbivore densities. Currently, we lack studies
describing exclusive and additive diurnal ecological relationships mediated by
herbivore-induced emissions in tree systems.

2.3.4.4 Induced BVOCs: Immediate vs. Delayed Responses

A limitation of inducible volatile defences is the time-lag between damage,
induction, signalling, and the actual plant response (Dicke 2009). Upon feeding or
oviposition, the plant can emit BVOCs within seconds to minutes. Most of these
emissions, are not under control of the plant, but rather released as a consequence
of exposure to the atmosphere (Maffei et al. 2007). Compounds synthesized in
response to metabolic changes and involved in indirect plant defence are usually
expressed within hours or days following damage (Kunert et al. 2002). Thus,
parasitoids and predators must perceive and respond to these compounds within a
critical window of time before the benefits of effective host-location are missed.
Abiotic conditions and emissions from other organisms in the environment can
also influence herbivore-induced cues with important implications for top-down
controls over time, the scope of which is beyond this chapter. Rapid herbivore-
induced BVOCs active in plant resistance may stabilise insect densities; however,
delayed induced resistance, via foliar chemistry, potentially contributes to popula-
tion cycles (e.g., Roden and Mattson 2008). Some studies demonstrate that needles
of previously defoliated trees exhibit higher suitability for subsequent defoliator
generations (Lyytikdinen 1992; Clancy et al. 2004), while others have demonstrated
induced resistance after defoliation (Hodar et al. 2004; Smits and Larsson 1999).
The susceptibility or resistance of previously defoliated trees depends on a number
of variables (i.e., tree age, intensity of defoliation, herbivore species, etc.), yet the
influence of BVOCs emitted during and after defoliation on higher trophic level
interactions has not been studied.

2.4 Insect Perception, Learning, and Evolutionary
Considerations

Insects must perceive and process enormous amounts of sensory information,
including chemical information, to locate their hosts within dynamic heterogeneous
environments (Vet 2001). BVOC infochemicals are sensed by olfactory sensory
neurons, primarily within antennae but also located within chemosensory sensilla
on other parts of the insect’s body, to aid in perceiving chemical signals in the
atmosphere. The ability to perceive BVOCs plays a key role in host location for
both herbivores and their natural enemies (Meiners et al. 2003), and many insects are
capable of identifying compounds present in the atmosphere at levels much lower
than some of our most sensitive analytical instruments.
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The ability of an insect to perceive and respond to stimuli is not fixed, and can
change upon association with favorable or unfavorable stimuli. For example, female
parasitic wasps have a well-developed learning capacity to associate herbivore-
induced plant BVOCs with the presence of suitable hosts (de Boer and Dicke
20006). The ability of insects to exploit information from BVOCs can be both innate
(Gandolfi et al. 2003a; Steidle and van Loon 2003; Wang et al. 2003) and learned
(Dicke 1999; Wickers and Lewis 1999). We briefly highlight studies that focus on
parasitoid learned behavior to emphasize the important role of behavioral ecology
in BVOC-mediated multitrophic interactions.

Regardless of the strict categorical descriptions, learning a given task in nature
likely involves a combination of stimulus-stimulus and stimulus-response asso-
ciations, allowing a parasitoid to take advantage of a variety of cues, including
unrewarding experiences, which might aid in future decisions and actions (Vet
et al. 2003). Learning behavior tends to be more prevalent in generalist parasitoids
(Geervliet et al. 1998) than in specialists (Mumm et al. 2005), suggesting that
specialist parasitoid species are more ‘hardwired’ when it comes to responding
to plant BVOCs expressed in response to their specific host. While this genetic
component may be beneficial in relatively stable environments, changes in climate
and/or community composition could confound host-associated signals with impor-
tant consequences for parasitoid adaptations and herbivore dynamics. Furthermore,
not all generalist species have the capability to learn (Tamo et al. 2006), which
complicates our ability to generalize parasitoid behavior in response to dynamic
chemical cues.

The ability of parasitoids to remember learned behavior also varies with time
and stimulus. Recollection of unrewarded activities often fade within a few hours to
days (Peri et al. 2006), but learning responses to odors of advantageous activities
tend to be more persistent (Takasu and Lewis 2003), and can even occur at
preimaginal stages before the adult stage (Gandolfi et al. 2003b). The coordination
of plant BVOC emissions with the window of parasitoid ‘memory’ is thus critical
for eliciting parasitoid response. Importantly, learning behavior has been found
to positively impact fitness (Dukas and Jun 2000) and contributes to coexistence
between parasitoids and their insect hosts (Hastings and Godfray 1999), which
emphasizes that learning plays an important role in not only chemical ecology, but
also in insect evolution and plant-insect coevolution.

BVOCs impact evolutionary pressures on herbivores and parasitoids through
their role in determining fitness. Biogenic BVOCs are involved in a range of
ecological functions (Fig. 2.1), and as a consequence, their role in plant evolution
is dynamic (Yuan et al. 2009). Adaptive explanations have been offered to address
the diversity of BVOCs found among and within plant families (Lerdau and Gray
2003; Wink 2003). It has also been argued that natural selection also exploits the
volatility of the compounds themselves and thereby the context in which they are
perceived by herbivores and their natural enemies (Pefiuelas and Llusia 2004). The
precise ecological functions and evolutionary consequences of every BVOC are not
yet known (Niinemets et al. 2004), so their full contribution to plant-insect evolution
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has yet to be characterized. However, the importance of BVOC:s to plant, herbivore,
and parasitoid fitness highlights their role in the evolution of each taxonomic group,
and their role in ecological signalling suggests that they play a substantial role in
coevolution among taxonomic groups.

2.5 Conclusions

BVOCs influence plant-insect interactions across multiple levels of ecological
organization and play active roles in bottom-up and top-down defences against her-
bivory. Important ecological consequences stem from feedbacks that exist between
constitutive and herbivore-induced BVOC emissions, herbivore and parasitoid
behavior, and the environment. Researchers are only beginning to uncover the role
BVOCs play in mediating tritrophic interactions and influencing coevolutionary
processes that exist between plants and insects. An improved understanding of the
impacts of global change on plant and insect ecology and evolution will help us
understand the full consequences of BVOC-mediated plant-insect interactions in
forested ecosystems, including the role of insects in recently observed forest die-
off (Raffa et al. 2008; Rhoades 1983). Models of surface-atmosphere exchange
have long had the capability to include BVOC dynamics (Guenther et al. 1995),
and their mechanistic representation of BVOC emissions is continuously being
improved (Monson et al. 2012). We suggest that including plant-insect interactions
into models of BVOC emissions will improve our understanding of the impacts of
these interactions on ecosystems, and to the entire Earth system.

Acknowledgments The authors acknowledge Russell K. Monson and Deane Bowers for en-
lightening conversations and sharing their enthusiasm for plant-insect interactions. PCS also
acknowledges funding from the National Science Foundation (‘Scaling ecosystem function: Novel
Approaches from MaxEnt and Multiresolution’, Division of Biological Infrastructure #1021095)
and the State of Montana.

References

Agrawal AA (2000) Specificity of induced resistance in wild radish: causes and consequences
for two specialist and two generalist caterpillars. Oikos 89:493-500. doi:10.1034/j.1600-
0706.2000.890308.x

Agrawal AA, Fishbein M (2006) Plant defense syndromes. Ecology 87:S132-S149

Arimura G-i, Huber DPW, Bohlmann J (2004) Forest tent caterpillars (Malacosoma disstria)
induce local and systemic diurnal emissions of terpenoid volatiles in hybrid poplar (Populus
trichocarpa X deltoides): cDNA cloning, functional characterization, and patterns of gene
expression of (—)-germacrene D synthase, PtdTPS1. Plant J 37:603-616

Augustyn WA, Botha BM, Combrinck S, Maree JE, du Plooy GW (2010) Effect of sec-
ondary metabolites on gall fly infestation of mango leaves. Flavour Frag J 25:223-229.
doi:10.1002/1fj.1999


http://dx.doi.org/10.1034/j.1600-0706.2000.890308.x
http://dx.doi.org/10.1002/ffj.1999

40 A.M. Trowbridge and P.C. Stoy

Baldwin IT, Schultz JC (1983) Rapid changes in tree leaf chemistry induced by damage: evidence
for communication between plants. Science 221:277-279

Baldwin IT, Halitschke R, Paschold A, von Dahl CC, Preston CA (2006) Volatile signaling in
plant-plant interactions: “talking trees” in the genomics era. Science 311:812-815

Bernasconi ML, Turlings TCJ, Ambrosetti L, Bassetti P, Dorn S (1998) Herbivore-induced
emissions of maize volatiles repel the corn leaf aphid, Rhopalosiphum maidis. Entomol Exp
Appl 87:133-142. doi:10.1023/A:1003200108763

Blanch J-S, Sampedro L, Llusia J, Moreira X, Zas R, Pefiuelas J (2012) Effects of phospho-
rus availability and genetic variation of leaf terpene content and emission rate in Pinus
pinaster seedlings susceptible and resistant to the pine weevil, Hylobius abietis. Plant Biol
14(Suppl 1):66-72. doi:10.1111/§.1438-8677.2011.00492.x

Boege K, Barton KE, Dirzo R (2011) Influence of tree ontogeny on plant-herbivore interactions.
Tree Physiol 4:193-214. doi:10.1007/978-94-007-1242-3

Brilli F, Ciccioli P, Frattoni M, Prestininzi M, Spanedda AF, Loreto F (2009) Constitutive and
herbivore-induced monoterpenes emitted by Populus x euramericana leaves are key volatiles
that orient Chrysomela populi beetles. Plant Cell Environ 32:542-552. doi:10.1111/j.1365-
3040.2009.01948.x

Bruin J, Dicke M (2001) Chemical information transfer between wounded and unwounded plants:
backing up the future. Biochem Syst Ecol 29:1103-1113

Calfapietra C, Pallozzi E, Lusini I, Velikova V (2013) Modification of BVOC emissions by changes
in atmospheric [CO,] and air pollution. In: Niinemets U, Monson RK (eds) Biology, controls
and models of tree volatile organic compound emissions, vol 5, Tree physiology. Springer,
Berlin, pp 253-284

Carrasco M, Montoya P, Cruz-Lopez L, Rojas JC (2005) Response of the fruit fly parasitoid
Diachasmimorpha longicaudata (Hymenoptera: Braconidae) to mango fruit volatiles. Environ
Entomol 34:576-583. doi:10.1603/0046-225X-34.3.576

Clancy KM, Chen Z, Kolb TE (2004) Foliar nutrients and induced susceptibility: genetic
mechanisms of Douglas-fir resistance to western spruce budworm defoliation. Can J Forest
Res 34:939-949. doi:10.1139/X03-264

Cole RA (1980) Volatile components produced during ontogeny of some cultivated crucifers. J Sci
Food Agr 31:549-557

Cortesero AM, De Moraes CM, Stapel JO, Tumlinson JH, Lewis WJ (1997) Comparisons and
contrasts in host-foraging strategies of two larval parasitoids with different degrees of host
specificity. J Chem Ecol 23:1589-1606. doi:10.1023/B:JOEC.0000006424.41365.0d

de Boer JG, Dicke M (2006) Olfactory learning by predatory arthropods. Anim Biol 56:143-155

De Moraes CM, Lewis WJ, Paré PW, Alborn HT, Tumlinson JH (1998) Herbivore-infested plants
selectively attract parasitoids. Nature 570-573

De Moraes CM, Mescher MC, Tumlinson JH (2001) Caterpillar-induced nocturnal plant volatiles
repel conspecific females. Nature 410:577-580. doi:10.1038/35069058

Delphia CM, Mescher MC, De Moraes CM (2007) Induction of plant volatiles by herbivores with
different feeding habits and the effects of induced defenses on host-plant selection by thrips.
J Chem Ecol 33:997-1012. doi:10.1007/s10886-007-9273-6

Dicke M (1999) Are herbivore-induced plant volatiles reliable indicators of herbivore identity
to foraging carnivorous arthropods? Entomol Exp Appl 91:131-142. doi:10.1046/j.1570-
7458.1999.00475.x

Dicke M (2009) Behavioural and community ecology of plants that cry for help. Plant Cell Environ
32:654-665. doi:10.1111/j.1365-3040.2008.01913.x

Dicke M, Vet LEM (1999) Plant-carnivore interactions: evolutionary and ecological consequences
for plant, herbivore and carnivore. In: Drent RH (ed) Herbivores: between plants and predators.
Blackwell Science, Oxford, pp 483-520

Dicke M, Gols R, Ludeking D, Posthumus MA (1999) Jasmonic acid and herbivory differentially
induce carnivore-attracting plant volatiles in lima bean plants. J Chem Ecol 25:1907-1922

Dolch R, Tscharntke T (2000) Defoliation of alders (Alnus glutinosa) affects herbivory by leaf
beetles on undamaged neighbours. Oecologia 125:504-511. doi:10.1007/s004420000482


http://dx.doi.org/10.1023/A:1003200108763
http://dx.doi.org/10.1111/j.1438-8677.2011.00492.x
http://dx.doi.org/10.1007/978-94-007-1242-3
http://dx.doi.org/10.1111/j.1365-3040.2009.01948.x
http://dx.doi.org/10.1603/0046-225X-34.3.576
http://dx.doi.org/10.1139/X03-264
http://dx.doi.org/10.1023/B:JOEC.0000006424.41365.0d
http://dx.doi.org/10.1038/35069058
http://dx.doi.org/10.1007/s10886-007-9273-6
http://dx.doi.org/10.1046/j.1570-7458.1999.00475.x
http://dx.doi.org/10.1111/j.1365-3040.2008.01913.x
http://dx.doi.org/10.1007/s004420000482

2 BVOC-Mediated Plant-Herbivore Interactions 41

Doss RP (2005) Treatment of pea pods with bruchin B results in up-regulation of a gene similar to
MI(N19. Plant Physiol Biochem 43:225-231

Dudareva N, Negre F, Nagegowda DA, Orlova I (2006) Plant volatiles: recent advances and future
perspectives. Critic Rev Plant Sci 25:417-440. doi:10.1080/07352680600899973

Dukas R, Jun J (2000) Potential fitness consequences of associative learning in a parasitoid wasp.
Behav Ecol 11:536-543

Euler M, Baldwin IT (1996) The chemistry of defense and apparency in the corollas of Nicotiana
attenuata. Oecologia 107:102-112

Eyles A, Bonello P, Ganley R, Mohammed C (2010) Induced resistance to pests and pathogens in
trees. New Phytol 185:893-908. doi:10.1111/j.1469-8137.2009.03127.x

Fahn A (2002) Functions and location of secretory tissues in plants and their possible evolutionary
trends. Isr J Plant Sci 50:S59-S65

Farmer EE, Ryan CA (1990) Interplant communication: airborne methyl jasmonate induces
synthesis of proteinase inhibitors in plant leaves. Proc Natl Acad Sci USA 87:7713-7716

Fatouros NE, van Loon JJA, Hordijk KA, Smid HM, Dicke M (2005) Herbivore-induced plant
volatiles mediate in-flight host discrimination by parasitoids. J Chem Ecol 31:2033-2047.
doi:10.1007/s10886-005-6076-5

Fatouros NE, Dicke M, Mumm R, Meiners T, Hilker M (2008) Foraging behavior of egg parasitoids
exploiting chemical information. Behav Ecol 19:677-689

Feeny P (1976) Plant apparency and chemical defense. In: Wallace J, Mansell R (eds) Biochemical
interaction between plants and insects, vol 10, Annual review of phytochemistry. Plenum Press,
New York, pp 1-40

Fineschi S, Loreto F (2012) Leaf volatile isoprenoids: an important defensive armament in forest
tree species. iForest Biogeosci Forest 5:13—17. doi: 10.3832/ifor0607-009

Fineschi S, Loreto F, Staudt M, Pefiuelas J (2013) Diversification of volatile isoprenoid emissions
from trees: evolutionary and ecological perspectives. In: Niinemets U, Monson RK (eds)
Biology, controls and models of tree volatile organic compound emissions, vol 5, Tree
physiology. Springer, Berlin, pp 1-20

Frost CJ, Appel HM, Carlson JE, De Moraes CM, Mescher MC, Schultz JC (2007) Within-
plant signalling via volatiles overcomes vascular constraints on systemic signaling and primes
responses against herbivores. Ecol Lett 10:490-498

Frost CJ, Mescher MC, Carlson JE, De Moraes CM (2008) Plant defense priming against
herbivores: getting ready for a different battle. Plant Physiol 146:818-824. doi:10.1104/pp.
107.113027

Gandolfi M, Mattiacci L, Dorn S (2003a) Mechanisms of behavioral alterations of parasitoids
reared in artificial systems. J Chem Ecol 29:1871-1887

Gandolfi M, Mattiacci L, Dorn S (2003b) Preimaginal learning determines adult re-
sponse to chemical stimuli in a parasitic wasp. Proc Royal Soc Biol 270:2623-2629.
doi:10.1098/rspb.2003.2541

Geervliet JBF, Vreugdenhil Al, Dicke M, Vet LEM (1998) Learning to discriminate between
infochemicals from different plant-host complexes by the parasitoids Cotesia glomerata and
C. rubecula. Entomol Exp Appl 86:241-252

Grabmer W, Kreuzwieser J, Wisthaler A, Cojocariu C, Graus M, Rennenberg H, Steigner D,
Steinbrecher R, Hansel A (2006) VOC emissions from Norway spruce (Picea abies L.
[Karst]) twigs in the field—results of a dynamic enclosure study. Atmos Environ 40:128-137.
doi:10.1016/j.atmosenv.2006.03.043

Green TR, Ryan CA (1972) Wound-induced proteinase inhibitor in plant leaves: a possible defense
mechanism against insects. Science 175:776-777

Grote R, Monson RK, Niinemets U (2013) Leaf-level models of constitutive and stress-driven
volatile organic compound emissions. In: Niinemets U, Monson RK (eds) Biology, controls
and models of tree volatile organic compound emissions, vol 5, Tree physiology. Springer,
Berlin, pp 315-355

Guenther A (1997) Seasonal and spatial variations in natural volatile organic compound emissions.
Ecol Appl 7:34-45


http://dx.doi.org/10.1080/07352680600899973
http://dx.doi.org/10.1111/j.1469-8137.2009.03127.x
http://dx.doi.org/10.1007/s10886-005-6076-5
http://dx.doi.org/10.3832/ifor0607-009
http://dx.doi.org/10.1104/pp.%20107.113027
http://dx.doi.org/10.1098/rspb.2003.2541
http://dx.doi.org/10.1016/j.atmosenv.2006.03.043

42 A.M. Trowbridge and P.C. Stoy

Guenther A, Hewitt CN, Erickson D, Fall R, Geron C, Graedel T, Harley P, Klinger L, Lerdau
M, Mckay WA, Pierce T, Scholes B, Steinbrecher R, Tallamraju R, Taylor J, Zimmerman
P (1995) A global model of natural volatile organic compound emissions. J Geophys Res
100:8873-8892. doi:10.1029/94JD02950

Guerrieri E, Lingua G, Digilio MC, Massa N, Berta G (2004) Do interactions between plant roots
and the rhizosphere affect parasitoid behaviour? Ecol Entomol 29:753-756

Hakola H, Tarvainen V, Laurila T, Hiltunen V, Hellén H, Keronen P (2003) Seasonal variation
of VOC concentrations above a boreal coniferous forest. Atmos Environ 37:1623-1634.
doi:10.1016/S1352-2310(03)00014-1

Halitschke R, Stenberg JA, Kessler D, Kessler A, Baldwin IT (2008) Shared signals -‘alarm calls’
from plants increase apparency to herbivores and their enemies in nature. Ecol Lett 11:24-34.
doi:10.1111/j.1461-0248.2007.01123.x

Harley P, Guenther A, Zimmerman P (1996) Effects of light, temperature and canopy position
on net photosynthesis and isoprene emission from sweetgum (Liquidambar styraciflua) leaves.
Tree Physiol 16:25-32

Hastings A, Godfray HCJ (1999) Learning, host fidelity, and the stability of host-parasitoid
communities. Am Nat 153:295-301

Heil M (2002) Ecological costs of induced resistance. Curr Opin Plant Biol 5:345-350

Heil M, Silva Bueno JC (2007) From the cover: within-plant signalling by volatiles leads to
induction and priming of an indirect plant defense in nature. Proc Natl Acad Sci USA
104:5467-5472

Heil M, Ton J (2008) Long-distance signaling in plant defence. Trends Plant Sci 13:264-272.
doi:10.1016/j.tplants.2008.03.005

Hilker M, McNeil J (2008) Chemical and behavioral ecology in insect parasitoids: how to behave
optimally in a complex odorous environment. In: Wajnberg E, Bernstein C, van Alphen J (eds)
Behavioral ecology of insect parasitoids: from theoretical approaches to field applications.
Blackwell Publishing Ltd, Oxford, pp 92-112

Hilker M, Meiners T (2002) Induction of plant responses to oviposition and feeding by her-
bivorous arthropods: a comparison. Entomol Exp Appl 104:181-192. doi:10.1046/j.1570-
7458.2002.01005.x

Hilker M, Meiners T (2006) Early herbivore alert: insect eggs induce plant defense. J Chem Ecol
32:1379-1397. doi:10.1007/s10886-006-9057-4

Hilker M, Meiners T (2010) How do plants “notice” attack by herbivorous arthropods? Biol Rev
85:267-280. doi:10.1111/j.1469-185X.2009.00100.x

Hédar JA, Zamora R, Castro J, Baraza E (2004) Feast and famine: previous defoliation limiting
survival of pine processionary caterpillar Thaumetopoea pityocampa in Scots pine Pinus
sylvestris. Acta Oecol 26:203-210

Holopainen JK, Gershenzon J (2010) Multiple stress factors and the emission of plant VOCs.
Trends Plant Sci 15:176-184. doi:10.1016/j.tplants.2010.01.006

Holopainen JK, Nerg A-M, Blande JD (2013) Multitrophic signalling in polluted atmospheres. In:
Niinemets U, Monson RK (eds) Biology, controls and models of tree volatile organic compound
emissions, vol 5, Tree physiology. Springer, Berlin, pp 285-314

Ibrahim MA, Nissinen A, Holopainen JK (2005) Response of Plutella xylostella and its parasitoid
Cotesia plutellae to volatile compounds. J Chem Ecol 31:1969-1984. doi: 10.1007/s10886-005-
6071-x

Karban R, Baldwin IT (1997) Induced responses to herbivory. Chicago University Press, Chicago

Karl T (2003) Seasonal variation of biogenic VOC emissions above a mixed hardwood forest in
northern Michigan. Geophys Res Lett 30:2-5. doi:10.1029/2003GL018432

Kessler A, Baldwin IT (2001) Defensive function of herbivore-induced plant volatile emissions in
nature. Science 291:2141-2144. doi:10.1126/science.291.5511.2141

Kessler A, Baldwin IT (2002) Plant responses to insect herbivory: the emerging molecular analysis.
Annu Rev Plant Biol 53:299-328. doi:10.1146/annurev.arplant.53.100301.135207


http://dx.doi.org/10.1029/94JD02950
http://dx.doi.org/10.1016/S1352-2310(03)00014-1
http://dx.doi.org/10.1111/j.1461-0248.2007.01123.x
http://dx.doi.org/10.1016/j.tplants.2008.03.005
http://dx.doi.org/10.1046/j.1570-7458.2002.01005.x
http://dx.doi.org/10.1007/s10886-006-9057-4
http://dx.doi.org/10.1111/j.1469-185X.2009.00100.x
http://dx.doi.org/10.1016/j.tplants.2010.01.006
http://dx.doi.org/10.1007/s10886-005-6071-x
http://dx.doi.org/10.1029/2003GL018432
http://dx.doi.org/10.1126/science.291.5511.2141
http://dx.doi.org/10.1146/annurev.arplant.53.100301.135207

2 BVOC-Mediated Plant-Herbivore Interactions 43

Kessler A, Halitschke R (2007) Specificity and complexity: the impact of herbivore-induced
plant responses on arthropod community structure. Curr Opin Plant Biol 10:409-414.
doi:10.1016/j.pbi.2007.06.001

Kessler A, Halitschke R (2009) Testing the potential for conflicting selection on floral chemical
traits by pollinators and herbivores: predictions and case study. Funct Ecol 23:901-912.
doi:10.1111/5.1365-2435.2009.01639.x

Krings M, Taylor TN, Kellogg DW (2002) Touch sensitive glandular trichomes: a mode of defense
against herbivorous arthropods in the Carboniferous. Evol Ecol Res 4:779-786

Kunert M, Biedermann A, Koch T, Boland W (2002) Ultrafast sampling and analysis of plant
volatiles by a hand-held miniaturised GC with pre-concentration unit: kinetic and quantitative
aspects of plant volatile production. J Separat Sci 25:677-684

Labandeira CC (2002) The history of associations between plants and animals. In: Herrera CM,
Pellmyr O (eds) Plant-animal interactions. Blackwell Publishing Ltd, Oxford, pp 26-74,
248-261

Laothawornkitkul J, Moore JP, Taylor JE, Possell M, Gibson TD, Hewitt CN, Paul ND (2008)
Discrimination of plant volatile signatures by an electronic nose: a potential technology for
plant pest and disease monitoring. Environ Sci Tech 42:8433-8439. doi:10.1021/es801738s

Lerdau M, Gray D (2003) Ecology and evolution of light-dependent and light-independent
phytogenic volatile organic carbon. New Phytol 157:199-211

Loreto F, Schnitzler J-P (2010) Abiotic stresses and induced BVOCs. Trends Plant Sci 15:154-166

Lyytikdinen P (1992) Comparison of the effects of artificial and natural defoliation on the growth
of diprionid sawflies on Scots pine foliage. J Appl Entomol 114:57-66

Maffei ME, Mithofer A, Boland W (2007) Insects feeding on plants: rapid signals and responses
preceding the induction of phytochemical release. Phytochemistry 68:2946-2959

Meiners T, Hilker M (2000) Induction of plant synomones by oviposition of a phytophagous insect.
J Chem Ecol 26:221-232. doi:10.1023/A:1005453830961

Meiners T, Wickers F, Lewis WJ (2003) Associative learning of complex odours in parasitoid host
location. Chem Senses 28:231-236

Monson RK, Grote R, Niinemets U, Schnitzler J-P (2012) Modeling the isoprene emission rate
from leaves. New Phytol 195:541-559

Moreira X, Sampedro L, Zas R, Solla A (2008) Alterations of the resin canal system of Pinus
pinaster seedlings after fertilization of a healthy and of a Hylobius abietis attacked stand. Trees
Struct Funct 22:771-777. doi:10.1007/s00468-008-0237-4

Mothershead K, Marquis RJ (2000) Fitness impacts of herbivory through indirect effects on plant-
pollinator interactions in Oenothera macrocarpa. Ecology 81:30—40

Mumm R, Dicke M (2010) Variation in natural plant products and the attraction of bodyguards
involved in indirect plant defense. Can J Zool 88:628—667. doi:10.1139/210-032

Mumm R, Hilker M (2005) The significance of background odour for an egg parasitoid to detect
plants with host eggs. Chem Senses 30:337-343. doi:10.1093/chemse/bji028

Mumm R, Hilker M (2006) Direct and indirect chemical defence of pine against folivorous insects.
Trends Plant Sci 11:351-358. doi: 10.1016/j.tplants.2006.05.007

Mumm R, Tiemann T, Varama M, Hilker M (2005) Choosy egg parasitoids: Specificity of
oviposition-induced pine volatiles exploited by an egg parasitoid of pine sawflies. Entomol
Exp Appl 115:217-225. doi:10.1111/j.1570-7458.2005.00262.x

Nardi S, Concheri G, Pizzeghello D, Sturaro A, Rella R, Parvoli G (2000) Soil organic matter
mobilization by root exudates. Chemosphere 41:653-658

Niinemets U, Loreto F, Reichstein M (2004) Physiological and physico-chemical controls on foliar
volatile organic compound emissions. Trends Plant Sci 9:180

Nordlander G, Eidmann HH, Jacobsson U, Nordenhem H, Sjodin K (1986) Orientation of the pine
weevil Hylobius abietis to underground sources of host volatiles. Entomol Exp Appl 41:91-100

Owen SM, Boissard C, Hewitt CN (2001) Volatile organic compounds (VOCs) emitted from 40
Mediterranean plant species: VOC speciation and extrapolation to habitat scale. Atmos Environ
35:5393-5409


http://dx.doi.org/10.1016/j.pbi.2007.06.001
http://dx.doi.org/10.1111/j.1365-2435.2009.01639.x
http://dx.doi.org/10.1021/es801738s
http://dx.doi.org/10.1023/A:1005453830961
http://dx.doi.org/10.1007/s00468-008-0237-4
http://dx.doi.org/10.1139/Z10-032
http://dx.doi.org/10.1093/chemse/bji028
http://dx.doi.org/10.1016/j.tplants.2006.05.007
http://dx.doi.org/10.1111/j.1570-7458.2005.00262.x

44 A.M. Trowbridge and P.C. Stoy

Paiva NL (2000) An introduction to the biosynthesis of chemicals used in plant-microbe commu-
nication. J Plant Growth Regul 19:131-143. doi:10.1007/s003440000016

Paré PW, Tumlinson JH (1999) Plant volatiles as a defense against insect herbivores. Plant Physiol
121:325-331

Paré PW, Farag MA, Krishnamachari V, Zhang H, Ryu C-M, Kloepper JW (2005) Elic-
itors and priming agents initiate plant defense responses. Photosynth Res 85:149-159.
doi:10.1007/s11120-005-1001-x

Paris CI, Llusia J, Pefiuelas J (2011) Indirect effects of tending ants on holm oak volatiles and
acorn quality. Plant Signal Behav 6:547-550. doi:10.4161/psb.6.4.14839

Pefivelas J, Llusia J (2002) Linking photorespiration, monoterpenes and thermotolerance in
Quercus. New Phytol 155:227-237

Pefiuelas J, Llusia J (2003) BVOCs: plant defense against climate warming? Trends Plant Sci
8:105-109

Pefiuelas J, Llusia J (2004) Plant VOC emissions: making use of the unavoidable. Trends Ecol Evol
19:402-404

Pefiuelas J, Filella I, Stefanescu C, Llusia J (2005) Caterpillars of Euphydryas aurinia (Lepi-
doptera: Nymphalidae) feeding on Succisa pratensis leaves induce large foliar emissions of
methanol. New Phytol 167:851-857

Peri E, Sole MA, Wajnberg E, Colazza S (2006) Effect of host kairomones and oviposition
experience on the arrestment behavior of an egg parasitoid. J Exp Biol 209:3629-3635.
doi:10.1242/jeb.02416

Pio C, Silva P, Cerqueira M, Nufies T (2005) Diurnal and seasonal emissions of
volatile organic compounds from cork oak trees. Atmos Environ 39:1817-1827. doi:
10.1016/j.atmosenv.2004.11.018

Possell M, Loreto F (2013) The role of volatile organic compounds in plant resistance to abiotic
stresses: responses and mechanisms. In: Niinemets U, Monson RK (eds) Biology, controls and
models of tree volatile organic compound emissions, vol 5, Tree physiology. Springer, Berlin,
pp 209-235

Puente M, Magori K, Kennedy G, Gould F (2008) Impact of herbivore-induced plant volatiles
on parasitoid foraging success: a spatial simulation of the Cotesia rubecula, Pieris rapae, and
Brassica oleracea system. ] Chem Ecol 34:959-970. doi:10.1007/s10886-008-9472-9

Raffa KF, Aukema BH, Bentz BJ, Carroll AL, Hicke JA, Turner MG, Romme WH (2008) Cross-
scale drivers of natural disturbances prone to anthropogenic amplification: the dynamics of bark
beetle eruptions. BioScience 58:501. doi:10.1641/B580607

Rasmann S, Turlings TCJ (2007) Simultaneous feeding by aboveground and belowground
herbivores attenuates plant-mediated attraction of their respective natural enemies. Ecol Lett
10:926-936. doi:10.1111/j.1461-0248.2007.01084.x

Rasmann S, Kollner TG, Degenhardt J, Hiltpold I, Toepfer S, Kuhlmann U, Gershenzon J, Turlings
TCJ (2005) Recruitment of entomopathogenic nematodes by insect-damaged maize roots.
Nature 434:732-737

Reddy GVP, Guerrero A (2004) Interactions of insect pheromones and plant semiochemicals.
Trends Plant Sci 9:253-261. doi:10.1016/j.tplants.2004.03.009

Reymond P, Farmer EE (1998) Jasmonate and salicylate as global signals for defense gene
expression. Curr Opin Plant Biol 1:404—411

Rhoades DF (1979) Evolution of plant chemical defense against herbivores. In: Rosenthal GA,
Janzen DH (eds) Herbivores: their interaction with secondary plant metabolites. Academic,
Orlando, pp 3-54

Rhoades DF (1983) Responses of alder and willow to attack by tent caterpillars and webworms:
evidence for pheromonal sensitivity of willows. Am Chem Soc Symp Ser 208:55-68.
doi:10.1021/bk-1983-0208.ch004

Rhoades DF, Cates RG (1976) Toward a general theory of plant antiherbivore chemistry. In:
Wallace JW, Mansell RL (eds) Biochemical interaction between plants and insects. Plenum
Press, New York, pp 168-213


http://dx.doi.org/10.1007/s003440000016
http://dx.doi.org/10.1007/s11120-005-1001-x
http://dx.doi.org/10.4161/psb.6.4.14839
http://dx.doi.org/10.1242/jeb.02416
http://dx.doi.org/10.1016/j.atmosenv.2004.11.018
http://dx.doi.org/10.1007/s10886-008-9472-9
http://dx.doi.org/10.1641/B580607
http://dx.doi.org/10.1111/j.1461-0248.2007.01084.x
http://dx.doi.org/10.1016/j.tplants.2004.03.009
http://dx.doi.org/10.1021/bk-1983-0208.ch004

2 BVOC-Mediated Plant-Herbivore Interactions 45

Roden DB, Mattson WJ (2008) Rapid induced resistance and host species effects on gypsy moth,
Lymantria dispar (L.): Implications for outbreaks on three tree species in the boreal forest.
Forest Ecol Manage 255:1868-1873

Rodriguez-Saona C, Chalmers J, Raj S, Thaler J (2005) Induced plant responses to multiple
damagers: differential effects on an herbivore and its parasitoid. Oecologia 143:566-577.
doi:10.1007/s00442-005-0006-7

Smits A, Larsson S (1999) Effects of previous defoliation on pine looper larval performance. Agr
Forest Entomol 1:19-26

Soler R, Harvey JA, Kamp AFD, Vet LEM, van der Putten WH, van Dam NM, Stuefer
JE, Gols R, Hordijk CA, Bezemer TM (2007) Root herbivores influence the behaviour of
an aboveground parasitoid through changes in plant-volatile signals. Oikos 116:367-376.
doi:10.1111/5.2006.0030-1299.15501.x

Staudt M, Lhoutellier L (2007) Volatile organic compound emission from holm oak infested by
gypsy moth larvae: evidence for distinct responses in damaged and undamaged leaves. Tree
Physiol 27:1433-1440. doi:10.1093/treephys/27.10.1433

Staudt M, Mandl N, Joffre R, Rambal S (2001) Intraspecific variability of monoterpene composi-
tion emitted by Quercus ilex leaves. Can J Forest Res 31:174-180. doi:10.1139/cjfr-31-1-174

Steidle JLM, van Loon JJA (2003) Dietary specialization and infochemical use in carnivo-
rous arthropods: testing a concept. Entomol Exp Appl 108:133-148. doi:10.1046/j.1570-
7458.2003.00080.x

Stowe MK, Turlings TC, Loughrin JH, Lewis WJ, Tumlinson JH (1995) The chemistry of
eavesdropping, alarm, and deceit. Proc Natl Acad Sci USA 92:23-28

Strausfeld NJ, Hildebrand JG (1999) Olfactory systems: common design, uncommon origins? Curr
Opin Neurobiol 9:634-639

Takabayashi J, Dicke M, Posthumus MA (1994) Volatile herbivore-induced terpenoids in plant-
mite interactions: variation caused by biotic and abiotic factors. J Chem Ecol 20:1329-1354.
doi:10.1007/BF02059811

Takasu K, Lewis WJ (2003) Learning of host searching cues by the larval parasitoid Microplitis
croceipes. Entomol Exp Appl 108:77-86. doi:10.1046/j.1570-7458.2003.00070.x

Tamo C, Ricard I, Held M, Davison AC, Turlings TCJ (2006) A comparison of naive and
conditioned responses of three generalist endoparasitoids of lepidopteran larvae to host-induced
plant odours. Anim Biol 56:205-220

Turlings TC, Tumlinson JH (1992) Systemic release of chemical signals by herbivore-injured corn.
Proc Natl Acad Sci USA 89:8399-8402

Unsicker SB, Kunert G, Gershenzon J (2009) Protective perfumes: the role of vegeta-
tive volatiles in plant defense against herbivores. Curr Opin Plant Biol 12:479-485.
doi:10.1016/§.pbi.2009.04.001

van Dam NM, Heil M (2011) Multitrophic interactions below and above ground: en route to the
next level. J Ecol 99:77-88. doi:10.1111/j.1365-2745.2010.01761.x

van der Putten WH, Vet LEM, Harvey JA, Wickers FL (2001) Linking above- and belowground
multitrophic interactions of plants, herbivores, pathogens, and their antagonists. Trends Ecol
Evol 16:547-554. doi:10.1016/S0169-5347(01)02265-0

van Poecke RMP, Posthumus MA, Dicke M (2001) Herbivore-induced volatile production by Ara-
bidopsis thaliana leads to attraction of the parasitoid Cotesia rubecula: chemical, behavioral,
and gene-expression analysis. J Chem Ecol 27:1911-1928. doi:10.1023/A:1012213116515

Vet LEM (2001) Parasitoid searching efficiency links behaviour to population processes. Appl
Entomol Zool 36:399-408. doi:10.1303/aez.2001.399

Vet LEM, Lewis WIJ, Papaj DR, van Lenteren JC (2003) A variable-response model for parasitoid
foraging behavior. In: van Lenteren JC (ed) Quality control and production of biological control
agents: theory and testing procedures. CABI Publishing, Cambridge, pp 25-39

von Dahl CC, Havecker M, Schlogl R, Baldwin IT (2006) Caterpillar-elicited methanol emis-
sion: a new signal in plant-herbivore interactions? Plant J 46:948-960. doi:10.1111/j.1365-
313X.2006.02760.x

von Uexkiill J (1926) Theoretical biology. Harcourt, Brace & Co, New York


http://dx.doi.org/10.1007/s00442-005-0006-7
http://dx.doi.org/10.1111/j.2006.0030-1299.15501.x
http://dx.doi.org/10.1093/treephys/27.10.1433
http://dx.doi.org/10.1139/cjfr-31-1-174
http://dx.doi.org/10.1046/j.1570-7458.2003.00080.x
http://dx.doi.org/10.1007/BF02059811
http://dx.doi.org/10.1046/j.1570-7458.2003.00070.x
http://dx.doi.org/10.1016/j.pbi.2009.04.001
http://dx.doi.org/10.1111/j.1365-2745.2010.01761.x
http://dx.doi.org/10.1016/S0169-5347(01)02265-0
http://dx.doi.org/10.1023/A:1012213116515
http://dx.doi.org/10.1303/aez.2001.399
http://dx.doi.org/10.1111/j.1365-313X.2006.02760.x

46 A.M. Trowbridge and P.C. Stoy

Wickers FL, Lewis WIJ (1999) A comparison of color-, shape- and pattern-learning by
the hymenopteran parasitoid Microplitis croceipes. J Comp Physiol A 184:387-393.
doi:10.1007/s003590050337

Walling LL (2000) The myriad plant responses to herbivores. J Plant Growth Regul 19:195-216.
doi:10.1007/s003440000026

Wang Q, Gu H, Dorn S (2003) Selection on olfactory response to semiochemicals from a plant-host
complex in a parasitic wasp. Heredity 91:430-435. doi: 10.1038/sj.hdy.6800340

Weissteiner S, Schiitz S (2006) Are different volatile pattern influencing host plant choice of
belowground living insects. Mitt Dtsch Gesell Allg Ange Ent 15:51-55

Wenke K, Kai M, Piechulla B (2010) Belowground volatiles facilitate interactions between plant
roots and soil organisms. Planta 231:499-506. doi:10.1007/s00425-009-1076-2

Wink M (2003) Evolution of secondary metabolites from an ecological and molecular phylogenetic
perspective. Phytochemistry 64:3—19

Yoneya K, Kugimiya S, Takabayashi J (2009) Do adult leaf beetles (Plagiodera versicolora)
discriminate between odors from intact and leaf-beetle-infested willow shoots? J Plant Interact
4:125-129. doi:10.1080/17429140802710658

Yuan JS, Himanen SJ, Holopainen JK, Chen F, Stewart CN Jr (2009) Smelling global climate
change: mitigation of function for plant volatile organic compounds. Trends Ecol Evol
24:323-331

Zangerl AR, Rutledge CE (1996) The probability of attack and patterns of constitutive and induced
defense: a test of optimal defense theory. Am Nat 147:599-608

Zas R, Sampedro L, Moreira X, Martins P (2008) Effect of fertilization and genetic variation
on susceptibility of Pinus radiata seedlings to Hylobius abietis damage. Can J Forest Res
38:63-72. doi:10.1139/X07-128


http://dx.doi.org/10.1007/s003590050337
http://dx.doi.org/10.1007/s003440000026
http://dx.doi.org/10.1038/sj.hdy.6800340
http://dx.doi.org/10.1007/s00425-009-1076-2
http://dx.doi.org/10.1080/17429140802710658
http://dx.doi.org/10.1139/X07-128

	Chapter 2: BVOC-Mediated Plant-Herbivore Interactions
	2.1 Introduction
	2.2 Constitutive BVOCs
	2.2.1 Role of Constitutive BVOCs in Defence and Host Selection
	2.2.2 Spatiotemporal Patterns
	2.2.2.1 Leaf-Level Responses
	2.2.2.2 BVOC Variation Between Vegetation and Flowers
	2.2.2.3 Belowground BVOC-Mediated Interactions
	2.2.2.4 BVOC Variability Between Plants
	2.2.2.5 Community-Level Variability
	2.2.2.6 Variation in Time: Diurnal Cycles of BVOC Release
	2.2.2.7 Variation in Time: Seasonal Trends


	2.3 Induced BVOCs
	2.3.1 Herbivore and Oviposition-Induced BVOCs: Induction Depends on Mode of Damage, Elicitors, and Signal Transduction
	2.3.2 Induced Volatiles Serve as Direct Plant Defences
	2.3.3 Induced Volatiles Serve as Indirect Plant Defences
	2.3.4 Spatiotemporal Aspects of Induced Indirect Defence
	2.3.4.1 Local vs. Systemic Induced Responses
	2.3.4.2 Spatially Separated but Connected: Above- and Belowground Induced Responses
	2.3.4.3 Induced BVOCs Exhibit Diurnal Patterns
	2.3.4.4 Induced BVOCs: Immediate vs. Delayed Responses


	2.4 Insect Perception, Learning, and Evolutionary Considerations
	2.5 Conclusions
	References


