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Abstract
Global climate is changing at a rapid pace and the pivotal question is if the rate and extent of species’
responses to stressful events enable them to persist in a changing world. Although the consequences
of rapid environmental changes on animal life-history traits are receiving considerable attention, our
understanding of how temperature fluctuations affect sexual chemical communication in animals is
scarce. Male-female interactions often depend on pheromone detectability and sudden shifts in en-
vironmental temperature are expected to disrupt communication between potential mates. Whether
organisms can adapt to temperature-induced changes at both signaller and receiver levels is virtu-
ally unexplored. In this perspective paper, we first provide a broad overview of the sex pheromone
pathway, from biosynthesis to detection, and outline the importance of chemical-based mate choice.
Finally, through several study cases, we highlight how thermal stress may interfere with chemical
communication between the sexes, and discuss the potential evolutionary consequence of temperature
stress.
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Introduction

The ability to effectively communicate with other individuals shapes the life of all
animals. However, animal communication can be compromised by anthropogenic
influences (see e.g., Lürling & Scheffer, 2007; Rosenthal & Stuart-Fox, 2012).

A primary means of contact between individuals in many animal species is
represented by odour (Wyatt, 2014). Studies of the effects of global change on
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pheromones suggest that these molecules might be impaired by variations in en-
vironmental parameters, with important consequences for the ecosystem (see e.g.,
Boullis et al., 2016; Henneken & Jones, 2017). For instance, high temperature
can accelerate pheromone decay, thus affecting communication between individ-
uals and the resulting behavioural response (e.g., foraging behaviour in ants: van
Oudenhove et al., 2011). Functions such as feeding and communication can be
compromised also by an impaired ability of smelling or detecting odours. Several
studies indicate a sensitivity of animal olfactory systems to several stressors: ele-
vated CO2 decreases the ability to detect food or predators in the European sea bass,
Dicentrarchus labrax (Linnaeus, 1758) (Porteus et al., 2018) and high temperatures
have been shown to hamper the odour-discriminating ability of the Chinese pond
turtle, Geoclemys reevesii (Gray, 1831) (Hanada et al., 1994).

Despite the large amount of research on chemical signalling, few studies have
tested the consequences of abiotic stress on intersexual signal transmission and de-
tection, particularly of temperature variations. Indeed, chemical signalling plays a
crucial role at different levels of sexual communication, not only allowing mate
identification (i.e., species recognition), but also mediating mate assessment (see
e.g., Harari et al., 2011; Thomas, 2011; Chemnitz et al., 2015). Thus, an impair-
ment of efficacy of chemically mediated sexual signals due to climate change is
expected to have profound impact on animal reproductive success with important
consequences for sexual selection. Individuals might not be able to recognise or
assess potential mates and thus become less choosy. In this scenario, same-sex com-
petition may become more relaxed. Given that mate choice has been suggested to
exert selection on chemical traits (Steiger & Stökl, 2014; Wyatt, 2014), changes in
signal transmission and detection might lead to disruption of sexual selection.

In this perspective paper, we focus on possible effects of extreme temperature
events on pheromones that are used in intersexual relationships. We first provide a
broad overview of the journey of sex pheromones and highlight their importance for
animal sexual behaviour. We then illustrate examples across several taxa where ther-
mal stress affects the efficacy of transmission and/or detection of sex pheromones.
Our aim is to prompt further consideration of a research area that has received lim-
ited attention so far.

Sex pheromones: chemical nature and biosynthesis

A sex pheromone is a molecule or a blend of molecules used specifically for
intersexual communication. When a pheromone has a behavioural effect on the
receiver, it is usually called a “releaser pheromone”; when it causes a physiolog-
ical change in the receiver by stimulating hormone secretion, it is referred to as
a “primer pheromone” (Wyatt, 2014). Many pheromones induce both releaser ef-
fects and long-term primer effects (Wyatt, 2017). Here we do not emphasize the
differences between releaser and primer pheromones and refer to both types as
“pheromones”. The chemical nature of animal sex pheromones is highly diverse.
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Sex pheromones can consist of saturated or unsaturated hydrocarbon chains with a
functional group. They can be short(er) carbon chain volatiles that attract potential
mating partners from a longer or shorter distance, or long(er) carbon chain cutic-
ular hydrocarbons (CHCs) that are used to identify potential mating partners upon
contact. The volatility in air and solubility in water is determined by their size and
polarity. The chemical nature and production pathways of sex pheromones vary
tremendously across taxa. Sex pheromones can be produced de novo in specialized
glands or tissues. For instance, most male lizards have femoral glands secreting
both lipophilic and proteinaceous compounds, while the sex peptide pheromones of
female newts are secreted by abdominal glands (see e.g., Martín & López, 2010;
Nakada et al., 2017). Odour communication seems to play an important role for
reproduction also in birds, with uropygial glands producing oily secretions likely
used for sex recognition in most bird species (Caro et al., 2015).

Sex pheromones may also be derived from other sources. For instance, some
insects sequester host plant compounds and use them as sex pheromones or sex
pheromone precursors (Landolt & Phillips, 1997). In some cases, microbes or sym-
bionts participate in pheromone biosynthesis. In moths, pheromone production may
depend on sucrose nutrition (Foster & Johnson, 2010) and temperature (Raina,
2003). In lizards, a relation between diet and sexual chemical communication has
been suggested as most of the steroids secreted are of vegetal or microbial origin
(Martín & López, 2014). Urinary odorants are also widely used in sexual chem-
ical communication, such as the sex pheromones of fishes and rodents (see e.g.,
Brennan & Zufall, 2006; Keller-Costa et al., 2014).

Pheromone perception/signal detectability

The complex neural and physiological patterns underlying odour communication do
not fall within the scope of this paper; however, it is worth mentioning that odorant-
binding proteins of both invertebrates and vertebrates show similarities (Pelosi &
Maida, 1990), with a glomerular organization at the basis of odour processing (Ache
& Young, 2005).

In particular, the most studied mechanisms of pheromonal communication are
those of insects, which detect volatile pheromones mostly with their antennae. The
antennae harbour sensory sensilla, many of which are dedicated to pheromone re-
ception. These sensilla transform the chemical message into an electrical message
transmitted to the brain (Kaissling, 2014). The pheromone molecules enter the sen-
sitive sensilla via cuticular pores and reach the pheromone receptors (PRs) in the
dendritic membrane of the olfactory receptor neurons (ORNs) through pheromone-
binding proteins (PBPs) (Vogt, 2005). After interaction of the pheromone with its
receptor, signal termination may be ensured by pheromone-degrading enzymes in
the sensillum lymph.
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Non-volatile close-range pheromones are detected by contact chemodetection
that involves taste structures such as the labellum or forelegs, with gustatory re-
ceptors (GRs), which are structurally related to olfactory receptors, and/or two
transmembrane domain Pickpocket (PKK) ion channels that ensure signal recog-
nition.

In most mammals, reptiles and amphibians, volatile pheromones are detected
by the main olfactory epithelium (MOE), consisting of ciliated olfactory sensory
neurons, while protein pheromones are detected by the vomeronasal organ (VNO),
a blind-ended tube in the nasal septum (Brennan & Zufall, 2006; Woodley, 2010).
Fishes are equipped with ciliated sensory cells only (Hansen et al., 2004). Knowl-
edge of the mechanism of olfactory communication in birds is still scant (Caro &
Balthazart, 2010) but the organization of their olfactory bulbs seems more similar
to that in reptiles than that in mammals (Caspermeyer, 2016).

Sex pheromones and mate choice

Pheromones shape the life of most species in the animal kingdom and are especially
important for their sexual behaviour. Pheromones released to attract conspecifics of
the opposite sex can convey information about mate age, mating status, nutritional
state and genetic compatibility (see e.g., Johansson & Jones, 2007; Gomez-Diaz &
Benton, 2013). Olfactory-mediated mate choice is shown in both invertebrates and
vertebrates. Virgin males of the nematode Caenorhabditis remanei (Sudhaus, 1974)
are more attracted to virgin than mated females (Borne et al., 2017). In the cock-
roach Nauphoeta cinerea (Olivier, 1789), the male sex pheromone varies depending
on the carbohydrate intake, and a higher intake increases male attractiveness (South
et al., 2011), adding evidence that pheromones can be costly to produce (Steiger
et al., 2012). Similarly, one constituent of the male femoral secretions in lizards is
represented by oleic acid, which is diverted from the lizard fat reserves. Allocation
of this fatty acid to the secretions reflects male body size (Martín & López, 2010).
Given that females prefer the scent of males with high proportions of fatty acids, the
concentration of lipid components secreted is likely an honest signal of the actual
male condition (Martín & López, 2010).

If individuals can gain benefits by choosing a partner with a particular sex
pheromone profile, sexual selection likely promotes intrasexual differences in
sex pheromone blend (i.e., amount and ratio of components). In the rock lizard
Iberolacerta monticola (Boulenger, 1905) and in the burying beetle Nicrophorus
vespilloides (Herbst, 1783), male quality depends on the relative composition of
the pheromone components emitted (Martín et al., 2007; Chemnitz et al., 2015),
while in the wasp Nasonia vitripennis (Walker, 1836), sperm load is reflected by
the quantity of the male sex pheromone (Ruther et al., 2009). Sex pheromones can
have multiple effects, as shown in the house mouse, whose puberty-accelerating
pheromone also elicits aggression in males (Novotny, 2003), and in male tilapia, in
which the sex pheromone attracts females and primes their ovulation (Keller-Costa
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et al., 2014). Pheromones can also change plastically depending on chemical en-
vironment. For example, in the moth Heliothis subflexa (Guenée, 1852), females
vary their sex pheromone blend based on the olfactory environment experienced
in their early-adult life (Groot et al., 2010). Pheromone expression can be affected
also by intra-sexual competition. In the collembolan Orchesella cincta (Linnaeus,
1758), males have been shown to influence female choice by plastically tailoring
the expression of the sex pheromone in the presence of rivals (Zizzari et al., 2013).

Importantly, sex pheromones and their detection can be affected by many exter-
nal biotic and abiotic factors (e.g., presence of plant volatile compounds, density,
temperature, wind, humidity, pollution). In the following, we explore a range of
species in which temperature shifts have been shown to hamper their sexual chem-
ical signalling and we highlight the importance of elucidating the consequences of
the loss of efficacy of sex pheromone communication.

The role of temperature in sexual chemical communication

Only a handful of studies has investigated the sensitivity of sexual chemical sig-
nalling to changes in temperature, while organisms experience increasing temper-
ature variations in their natural environment due to climate change. Importantly,
thermal stress can affect pheromone communication at different stages of the
pheromone journey, from biosynthesis to detection (fig. 1).

Biosynthesis

Thermal stress is expected to affect the enzymatic activity underlying the synthe-
sis of pheromones (Boullis et al., 2016). For example, in the springtail O. cincta,
the spermatophore-associated sex pheromone plays a crucial role in female choice
(Zizzari et al., 2013, 2017). Males exposed to heat stress (35.2°C) produced sper-
matophores that were less attractive to females than spermatophores produced by

Figure 1. A general schematic showing the three phases of the pheromone journey and the possible
effects of extreme temperature events on sexual chemical communication through each phase of the
pheromone pathway.
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control males (Zizzari et al., 2011), suggesting that in this species male exposure to
heat affects the spermatophore pheromone biosynthetic pathway, altering its com-
position. In the potato tuberworm moth Phthorimaea operculella (Zeller, 1873)
(Ono, 1994), females exposed to high temperature (35°C) modified the ratio of
their sex pheromone components, which was most evident in the pupal stage (Ono,
1993, 1994). In another moth species, Helicoverpa zea (Boddie, 1850), females ex-
posed to warm temperature (35°C) decreased the amount of the major component
of the sex pheromone (Raina, 2003). Short-range and contact sex pheromones can
also be affected by temperature variations. CHCs not only protect insects from de-
hydration, but also play an important role in mate recognition (e.g., Snellings et al.,
2018). In three Drosophila species, courtship and mating were dramatically altered
by heat stress (Patton & Krebs, 2001); the observed behaviours were suggested to be
a consequence of changes in the CHC composition that make males less attractive
to females (Markow & Toolson, 1990). Savarit & Ferveur (2002) tested the effect
of temperature on the production of sex-specific CHCs in Drosophila melanogaster
(Meigen, 1830) and found a sex-specific sensitivity to heat shock. Interestingly, in
the beewolf Philanthus triangulum (Fabricius, 1775) low temperature during lar-
val development was found to affect both the amount and composition of the sex
pheromone of adult males (Roeser-Mueller, 2010). Thus, temperature dependence
of pheromone synthesis should take into account not only heat stress events but all
acute temperature changes, depending on the species habitat or geographical distri-
bution.

Persistence

Sex pheromones may be altered after their emission, and signal persistence in the
environment can significantly decrease under warmer conditions, as a consequence
of higher evaporation rate (McDonough et al., 1989). For instance, in the mountain
lizard Iberolacerta cyreni (Müller & Hellmich, 1937), detectability of male femoral
secretions by females was found to be negatively affected by warm temperature
(22°C) due to decreased scent durability (Martín & Lopez, 2013). In the red ma-
son bee Osmia bicornis (Linnaeus, 1758), male and female sex-pheromone profiles
changed significantly between two temperature regimes (17 and 22°C) (Conrad et
al., 2017).

Temperature increases can also interfere with sustainable strategies for pest
control management. Research on the effect of temperature on the release of the
synthetic sex pheromone of the gypsy moth, Lymantria dispar (Linnaeus, 1758) in-
dicates that release of the pheromone in warmer climates could affect trap efficacy
(Nation et al., 1993; Tobin et al., 2011).

Detection

Changes in temperature might modify not only the sender information, but also the
way the receiver perceives information. In the animal kingdom there is a plethora of
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chemosensory receptors, which have the same organization in most animal species
(Wyatt, 2017). Thus, given the lipid component of the membranes surrounding
receptor proteins (Hanada et al., 1994), a correlation between temperature depen-
dence of membrane fluidity and odour sensitivity is not surprising. Remarkably,
the consequences of an extreme temperature increase on the perception of sex
pheromone have not received adequate attention. One of the few studies address-
ing the consequences of thermal stress on sex pheromone detection found that
the degree of response specificity of male Oriental fruit moths, Grapholita mo-
lesta (Busck, 1916) and pink bollworm moths, Pectinophora gossypiella (Saunders,
1844), to different pheromone titres was altered by higher temperatures (Linn et al.,
1988).

Linking chemical signalling and sexual interactions under climate warming

As thermal stress can alter the sex pheromones and the responses to these sig-
nals, thus impacting both emitter and receiver, population fitness may be affected
(Henneken & Jones, 2017). There is evidence that pheromones employed in mate
assessment reflect the genetic quality of the signaler (e.g., Chemnitz et al., 2015),
so that the question becomes: what are the evolutionary consequences of decreased
efficacy for pheromones under sexual selection? A subtle shift in the quantity or
quality of the sex pheromone profile could disrupt mate recognition with negative
effects on population viability. Temperature shifts may result not only in the re-
ceiver not obtaining the correct information about prospective mates (by a change
in the pheromone profile), but they can also affect the way the pheromone is per-
ceived (i.e., receptors are not able capture the odour). A better knowledge of the
interplay between pheromones and environment may help elucidate which selec-
tive pressures act on emission of pheromone titre and receiver’s olfactory organs.

A reduced odour perception might determine a weak sexual selection if the sig-
nalers invest less resources in pheromone production, or could lead to signalers
reinforcing the odours. Sexual selection could also favour individuals with greater
olfactory sensitivity, if thermal stress affects the pheromone quantity a signaler
emits. For example, in the moth Uraba lugens Walker, 1863, Johnson et al. (2017a)
found that the antennal length of males is related to their ability to detect female
sex pheromones, likely due to longer antennae supporting a higher number of sen-
silla. Moreover, U. lugens males adjust their investment in antennae according to
environmental cues (Johnson et al., 2017b). However, how the strength of sexual
selection could be affected by an impaired neural pathway involved in the odour
perception and/or shift in pheromone profile is difficult to predict. Finally, changes
in signal transmission and detection might possibly lead to hybridization between
closely related species with similar mating signals.
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Conclusions and future prospects

To determine whether animal chemical communication systems are able to adapt to
the rapidly changing environment, and how and whether extreme weather events in-
fluence the olfactory sensory receptors, a connection between different disciplines is
required, ranging from evolutionary physiology to chemical ecology. Comparative
studies that measure the consequences of climate change for sex pheromones and
overall reproductive fitness in species with different geographical distributions will
give insight in how generalist and specialist species may differ in their vulnerability
to environmental change. This information is not only important for understanding
possible changes in biodiversity patterns, but also for taking nature conservation
measures as well as developing sustainable pest management strategies. Many moth
species are important agricultural pests and climate change is expected to impact
on the abundance, distribution ranges and phenology of many Lepidoptera (Kocsis
& Hufnagel, 2011). Information on the consequences of the loss of efficacy of sex
pheromones will lead to a better understanding of the fate of synthetic pheromones
used in insect management programs, thus ensuring the efficiency of the trapping
systems and mating disruptions techniques. Knowing whether and which sexual
chemical communication systems are able to adapt to rapid environmental changes
is of paramount importance and should be a direction for future research.
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