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Reproductive skew, a common feature in social animals, is an
evolutionary enigma requiring both ultimate and proximate
explanations. At the ultimate level, the question is whether
reproductive subordination is coercive or self-restrained, i.e.,
whether the dominant reproductive forcefully inhibits the sub-
ordinate’s reproduction, or the subordinate actually expresses
reproductive restraint directed by inclusive fitness consider-
ations (Hamilton 1972; Keller and Nonacs 1993). At the prox-
imate level, the question is not only what are the mechanisms
regulating reproductive skew, but also whether they are shared
across species, either by being conservatively shared among
phylogenetically-related social species or via convergent or
parallel evolution with different species adopting similar strat-
egies to regulate reproduction.

Many signals, especially in insects, are hypothesized to
have evolved from non-communicative cues that are a by-
product of physiological processes (Bradbury and
Vehrencamp 2001; Stökl and Steiger 2017; Wyatt 2014a).
However, we have a limited understanding of the signals and
mechanisms regulating reproduction, and in many cases they
appear diverse and involve different modalities of communi-
cation, affecting both the behavior and the physiology of the
recipients (Schulz 2004; Symonds and Elgar 2008). What

kinds of signals are used to regulate female reproduction? Do
they act coercively or informatively? How conserved are these
signals and the physiological pathways they target in females?
How do they evolve? And to what extent are they rooted in
signals or cues regulating reproduction in non-social species?
All of these are longstanding questions in the study of social
evolution.

One striking example of pheromones that evolved from
non-communicative cues that are a by-product of physiologi-
cal processes is that of the urinary composition in mammals.
Female house mice produce volatile compounds in their urine
in order to regulate the reproduction of other females as well
as to communicate their reproductive status to other females
and males (Champlin 1971; Drickamer 1974; Massey and
Vandenbergh 1980; McIntosh and Drickamer 1977).
Specifically, 2,5-dimethylpyrazine is the key component in
the female urine and it has been shown to lengthen the oestrus
cycle of female house mice kept in groups as a means to
reduce competition (BLee-Boot effect^, Van Der Lee and
Boot 1955), and to cause delayed puberty in both male and
female mice (Jemiolo and Novotny 1993; Jemiolo and
Novotny 1994). Urine is a highly efficient vehicle for the
transmission of signals, and an especially good system by
which to transmit honest signals, since several of the urine
compounds are derivatives of major classes of steroid hor-
mones (Nodari et al. 2008), suggesting that the signaling sys-
tem is a by-product of the females’ physiology. Furthermore,
the effect can be fully achieved whether using live females or
only with their urine (Drickamer 1974; McIntosh and
Drickamer 1977), suggesting that the signal is coercive.
Male urine constituents are also known to regulate female
physiology (Coombes et al. 2018), and in turn, females relate
to male urine when choosing mate (Green et al. 2015).
However, the house mouse system is one of the few systems
in which our understanding of the reproductive signaling sys-
tem is comprehensive, and similar investigations, particularly
in social insect species, are warranted.
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Studies seeking to explain reproductive skew, however, need
to be carried out with great caution and to follow strict guide-
lines, since the explanations to some of these mechanistic and
evolutionary questions can be easily confounded. For example,
much work has been conducted on the role of cuticular hydro-
carbons (CHCs) in regulating behavior in insects. These arrays
of typically long-chained linear and branched, saturated and
unsaturated, hydrocarbons are highly abundant on the insect
epicuticle and highly informative. Variation in CHC composi-
tion can be achieved genetically as well as environmentally
through food, gut microbes, or nest-site material (d’Ettorre
and Lenoir 2010), which provide information specific to spe-
cies, sex, age, health, mating status, social hierarchies, kin,
nestmates, caste, and, particularly pertinent to this special issue,
female reproductive status (Howard and Blomquist 2005;
Kather and Martin 2015; Smith and Liebig 2017). However,
the ubiquitous occurrence of hydrocarbons, coupled with their
easy detection and synthesis through common methodologies,
may bias our conclusion regarding their importance in regulat-
ing reproductive decisions, compared to the more elaborate
chemical signals. Such a bias may further lead to conclusions
such as hydrocarbons may act to coercively inhibit worker re-
production or that their role in regulating reproduction in social
insects is conserved across taxa (Oi et al. 2016; Van Oystaeyen
2014; but see Amsalem et al. 2015; Kather and Martin 2015;
Nunes et al. 2017 for different conclusions). It is not inconceiv-
able that, similar to the highly chemically-diverse alarm or trail
pheromones of social insects, pheromone-regulating reproduc-
tion are diverse rather than conserved.

In this special issue, we explore both the ultimate and
proximate aspects of reproductive dominance, focusing on
behavioral and chemical signals that are mediators of many
social interactions, including the reproductive division of
labor (Wilson and Holldobler 2005; Wyatt 2014b). While
behavioral means for reproductive dominance are common
across all social species (Holldobler and Wilson 1990;
Michener 1974), chemical communication, although com-
mon to many systems (Hoffmann et al. 2006), is typically
considered to be an advanced feature of social behavior,
marking the transition from the use of aggression to estab-
lish dominance hierarchies in small groups of cooperative
females, to the use of pheromones to regulate task alloca-
tion and reproduction in the sterile worker caste (Kocher
and Grozinger 2011; Le Conte and Hefetz 2008). Studying
these chemicals, their structures and mode of action, the
physiological pathways they target, and their regulation in
multiple social and non-social systems across different
taxa, can shed light on and identify the shared motifs,
mechanisms and evolutionary pathways of these signals,
as well as generate predictions regarding as yet undefined
pheromones. We review cases at all levels of sociality,
emphasizing the transition from solitary to social living
in animals, in an attempt to delineate possible common

and conserved evolutionary pathways as well as the mech-
anisms involved, pertaining in particular to the nature,
structures, and origin of the chemical signals.

The chapters included in this issue have been designed to
provide an in-depth overview of these regulatory mechanisms
in solitary species (Billeter and Wolfner 2018; Coombes et al.
2018), Hymenopteran insect species (Dani and Turillazzi
2018; Steitz et al. 2018; Villalta et al. 2018) and non-
hymenopteran insect species (Abbot et al. 2018; Korb 2018;
Steiger and Stökl 2018) as well as in parasite species that
mimic the mechanisms used by their host (Lhomme and
Hines 2018). This cross-disciplinary examination of the liter-
ature identifies the key principles in understanding the
ultimate and proximate mechanisms regulating reproduction.
For example, the study by Billeter and Wolfner (2018) high-
lights the importance of understanding sexual conflicts and the
ecological conditions when examining the role of phero-
mones. The role of hydrocarbons as honest signals of fertility
has been highlighted in several of the species investigated
(Dani and Turillazzi 2018; Korb 2018; Lhomme and Hines
2018; Villalta et al. 2018). Other social systems provide a
unique opportunity to study the evolution of signals and social
behavior: sub-social species like burying beetles that present a
primitive form of sociality (Steiger and Stökl 2018), and spe-
cies in which sociality has evolved (and reversed) multiple
times, as in halictid bees (Steitz et al. 2018), provide excellent
model systems by which to understand the transition from the
use of behavioral to chemical means to regulate reproduction
and social behavior, and to identify shifts in the transition from
the functional to the communicative role of pheromones.
Aphids offer a glance into the relationship between social
behavior and the chemical ecology of plant-insect interac-
tions, providing an opportunity to examine the bottom-up
and top-down effects of these interactions on the evolution
of social traits in herbivorous insect species (Abbot et al.
2018). Finally, termites are the only non-hymenopteran spe-
cies in which both simple and advanced eusociality has
evolved, providing an excellent model by which to examine
the evolution of pheromones in non-haplo-diploid systems
(Korb 2018). These articles together provide an exciting over-
view of the diverse cues and signals that regulate female re-
production, the role that pheromones play in ‘hacking’ well-
conserved sites that regulate reproduction, and the evolution
of complex social systems.
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