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Chronobiology as compensation:
can biological rhythms
compensate for sexual signals?
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!Biological Sciences Department, University of Denver, Denver, CO, United States, 2Department of
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Conspicuous sexual signals come with costs and benefits. Such signals increase
reproductive success but may also reduce survival or viability. It has recently been
suggested that non-signal traits may alleviate some of those costs (termed
“compensatory traits”). In this perspective piece, we argue that biological
rhythms should be considered in the milieu of compensatory traits, as they can
reduce the natural selection burden of signaling. This may be particularly true for
the many sexual signals that are ephemeral (i.e., only periodically present like a
courtship dance). Biological rhythms (e.g., circadian and circannual rhythms) are
ubiquitous in nature and help organisms perform the right activity at the right
time—this includes the timing of many sexual signals and reproductive traits.
Timing itself may, in fact, reduce the costs of such sexual signals. Here, we review
sexual signals that are governed by biological rhythms and discuss how signal
modality and type (ornament, weapon, dominance trait) account for differences
in how chronobiology may act as a compensatory trait. We then consider how
biologists might examine the untested role of chronobiology as a compensatory
trait and set forth compelling questions for future work.

KEYWORDS

circadian rhythms, circannual rhythms, circalunar rhythms, circatidal rhythms,
compensatory trait, signal modality, ornament, weapon

1 Introduction

Sexual selection arises when one sex competes for access to matings (or gametes) with
the opposite sex (Andersson, 1994). This competition has resulted in a striking diversity of
sexually selected signals—showy plumage, elaborate displays, and sophisticated acoustic
advertisement that can showcase the location, identity, and quality of a signaler to an
intended receiver (Andersson, 1994). Trade-offs are at the heart of signaling in the context
of sexual selection because conspicuous sexual signals come with costs and benefits. The
cost of signaling is reduced survival or viability, while the benefit is increased reproduction
or fecundity (Getty, 2006; Figure 1). For instance, acoustic sexual signals (Table 1)
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Conceptual figure demonstrating how biological rhythms can indirectly reduce the costs of ornaments (after Swallow and Husak, 2011). We use the
Pacific field cricket in this example. The male (top left) produces a song (ornament) that female receivers (top right) use to make mating decisions.
Singing requires high energetic expenditure and incurs trade-offs including the inability to forage while singing (a time allocation trade-off) and a trade-
off between attracting mates and deadly parasitism (bottom right). The timing of singing (the “-" arrow of natural selection) may reduce the cost of
deadly parasitism specifically. Males that coexist with eavesdropping parasitoids shift their singing time to avoid risk (Westwood et al., in prep).

produced by insects and anurans often attract mates but at the
potential cost of attracting unintended receivers like deadly
predators or parasites (Sakaluk and Belwood, 1984; Cade, 1975;
Ryan et al,, 1981; Zuk et al., 2006).

Demonstrated costs of signaling may include reduced time that
can be spent on other needs like foraging, production costs,
reductions in immunity, locomotory costs, and increased risk of
predation and parasitism (Kotiaho et al., 1998; Pope, 2000; Liker
and Szekely, 2005; Bonduriansky et al., 2008; Zuk and Kolluru,
1998; McCullough and Emlen, 2013). Indeed, selection from
unintended receivers has even resulted in novel, protective sexual
signals in crickets (Zuk et al., 2006; Heinen-Kay et al., 2020) and
contributed to population divergence in guppies (Endler,
1980, 1982).

Importantly, sexual signals do not evolve in isolation. Rather,
they are part of an integrated organismal phenotype (Ghalambor
et al., 2003;. Ghalambor et al., 2004; Cornwallis and Uller, 2010)
with underlying genetic and phenotypic correlations and represent
‘dynamic compromises’ (Husak et al., 2024) of a suite of selective
pressures. Here, we are interested in whether biological timing may
mediate trade-offs associated with sexual signaling that arise in this
context. We argue that biologists should consider biological timing
a part of the integrated organismal phenotype, and particularly so in
the context of sexual selection. Recently, attention has been brought
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to the role of compensatory or cost-reducing traits, which are
morphological, physiological, or behavioral traits that reduce the
burden of (in this case) sexual signaling (Moller, 1996; Husak and
Fox, 2006). If selection favors efficient and optimal investment and
minimizes costs (Getty, 2006), over time, it should favor the
evolution of compensation, and the more expensive a sexually
selected signal is, the stronger should be the selection for
compensation (Oufiero and Garland, 2007). Notably, such a
process may make it difficult to detect signaling costs if they have
already been compensated for (Husak et al., 2011). Note that we are
not particularly concerned here with whether signals are honest
(Grafen, 1990; Penn and Szamado, 2020) or not—rather, we are
interested in whether (for signals that do bear some cost) biological
timing appears to have evolved in ways that buffer some of
those costs.

Seemingly, most research examining compensatory traits has
focused on morphology (Swallow and Husak, 2011). For instance,
increased ventricle mass (a compensatory trait) reduces the negative
effect of sword length (a sexually selected signal) on swimming
endurance in 57 species of swordtail fishes (genus Xiphophorus;
Oufiero and Garland, 2007). In another example, increased wing
size helps male birds compensate for the aerodynamic costs
associated with long, ornamental tails (Moller et al., 1998; Evans
and Hatchwell, 1992; Craig, 1989), and sexually dimorphic species
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TABLE 1 Key terms and their definitions.

10.3389/fetho.2024.1473358

Term Definition

Biological rhythms

Behavioral, physiological, morphological, developmental, or molecular processes that recur with periodicities related to those of geophysical

cycles (Dunlap et al., 2004). These can be either endogenous (self-sustained) or exogenous (driven by the environment).

Circadian rhythm

Self-sustained biological rhythm with a periodicity of approximately 24 h (Numata and Helm, 2015)

Circannual rhythm
Entrainment

Free running

>

“Intrinsic” and “extrinsic”
adaptive value
(Sharma, 2003).

Self-sustained biological rhythm with a periodicity of approximately 1 year (~365 days; Numata and Helm, 2015)
The synchronization of a rhythm to a Zeitgeber (Aschoff, 1951)
The persistence of a rhythm in the absence of a Zeitgeber (Bruce and Pittendrigh, 1957)

Circadian rhythms are thought to confer fitness benefits via coordinating behaviors and physiologies with the external environment
(extrinsic adaptive value) and by scheduling internal, metabolic processes (extrinsic adaptive value) to when they are best performed

Ornament “Morphological, acoustic, behavioral, or chemical features which are the targets of intersexual mate choice” (McCullough et al., 2016)
Period The length of time between the occurrence of two defined phases of an oscillation (e.g., ~24 h for circadian rhythms)
Signal “An action or structure which increases the fitness of an individual by altering the behavior of other organisms” (Smith and Harper, 1995)

Temperature compensation

Phenomenon concerning a biological clock’s ability to maintain a stable pace regardless of ambient environmental temperature (e.g., it

would be disadvantageous to have a biological clock that runs at a faster pace during the summer vs. during the winter)

Weapon
et al., 2016)

Zeitgeber
temperature, and humidity.

of male stalk-eyed flies compensate for reduced flight performance
due to increased eye spans with increased wing area (Husak et al.,
2011). Despite their significance, uncovering compensatory traits
mitigating sexually selected signals such as acoustic advertisement
and behavioral displays has received considerably less attention.
This lack of focus may be attributed to challenges in data collection
since such traits are ephemeral and may only be present periodically
(e.g., at certain times-of-day or times-of-year; see “Period,” Table 1).

We propose that the timing of signaling (biological rhythms)
may be an important and overlooked mechanism that compensates
for the costs of signals and perhaps particularly so for more
ephemeral signals. Biological rhythms (Table 1) are behavioral,
morphological, physiological, developmental, or molecular
phenomena whose recurrence is synchronized with periodic,
geophysical cycles (Dunlap et al., 2004). They are ubiquitous in
nature and help organisms take advantage of the opportunities and
cope with the difficulties presented by a rhythmic environment
(Westwood et al., 2019). Indeed, organisms must perform a great
variety of periodic behaviors and physiologies, and not all such
activities can, or should, co-occur [i.e., biological rthythms provide
both “intrinsic” and “extrinsic” adaptive value (Table 1); Sharma,
2003; Jabbur et al., 2024]. For example, yeast reduces mutation rates
by temporally constraining cell division to the reductive phase of
metabolism (“intrinsic” adaptive value; Chen et al, 2007), and
numerous organisms (such as algae) have been found to coincide
UV-sensitive activities to the nighttime, thus avoiding harmful UV
radiation (“extrinsic” adaptive value; Nikaido and Johnson, 2000).
As such, scheduling activities to their optimal timing is thought to
be adaptive (Hutchinson et al, 1993; Sharma, 2003). Biological
rhythms are typically characterized as being endogenously driven
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Morphological (or chemical; Nekaris et al., 2020) features that are used in intrasexual (usually male-male) competition (McCullough

A periodic, environmental factor that acts as a time cue for a rhythm (Aschoff, 1951). The most common Zeitgebers include light,

(i.e., they persist in the absence of external time cues, or,
“Zeitgebers”; Table 1), and at least in the case of circadian
rhythms (i.e, ~24 h rhythms; Table 1), they are seemingly so
advantageous that nearly all eukaryotes have biological
pacemakers in nearly every cell (Dunlap, 1999).

A timing phenotype may be both sexually selected as well as
compensatory given that multiple vectors of selection could act on
the same trait in different ways. The notion that biological rhythms
can be targets of sexual selection is not new. Hau et al. (2017)
provide a compelling framework and wealth of examples by which
circadian (and circannual; Table 1) rhythms are directly acted on by
sexual selection (e.g., experimental delay of singing increases the
likelihood of being cuckolded in male blue tits; Greives et al., 2015).
However, here, we draw the reader’s attention to cases where the
signal is something other than timing itself (e.g., the song itself
rather than the timing of singing) and biological timing reduces the
burden of that signal (i.e., is compensatory). It is not hard to
envision a situation where performing a costly sexual signal at the
“wrong” time-of-day or year would be disadvantageous, if not
deadly, to an organism. Indeed, if selection optimizes benefits
while reducing costs, performing mating behaviors only at certain
times should minimize the risk of predation and/or parasitism
(Bulla et al., 2016), help organisms synchronize mate-seeking
behaviors between the sexes (Roth et al., 2009; Davidson and
Menaker, 2003), and reduce intraspecific competition for
soundscapes (Ancillotto and Labadessa, 2023). Given that all
sexually selected signals are necessarily being produced at a given
time (i.e., time is always happening), we argue that the milieu of
compensatory evolution can and should be expanded to consider
biological rhythms.
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2 Sexually selected signals are
governed by biological rhythms

Here, we explore examples of rhythmic, sexually selected
signals. Due to the strict criteria for illustrating the endogenous
nature of biological rhythms (see Box 1), not every sexually selected
signal we discuss has been shown to be driven by a cellular

10.3389/fetho.2024.1473358

pacemaker [e.g., they have not been examined under constant
environmental conditions for months (circalunar) or years
(circannual)]. These experimental perturbations are highly
artificial, are logistically and sometimes ethically impossible, and
serve only to show endogeneity and do not accurately reflect the
environment. Moreover, it can be assumed that most observed
biological rhythms indeed have a molecular basis given that it has

BOX 1 Clocks 101: schematic and short introduction to biological rhythms for novice readers.
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Because the cellular machinery governing biological clocks varies across the tree of life, whether a
rhythm is deemed circadian or not is based on the expressed traits rather than their underlying mecha-
nisms. These traits include: (i) when placed under constant environmental conditions, the rhythm per-
sists with approximately 24h periodicity (free-runs: Table 1), (ii) the phase of the rhythm is set (or en-
trained: Table 1) by an environmental time-cue (Zeitgeber: Table 1), and (iii) the pace of the rhythm is
unaffected by a biologically realistic range of temperatures.
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Both circannual and circadian rhythms share common neurobiological pathways, and indeed the traits
describing both kinds of rhythms are largely, if not entirely, similar (Gwinner 1986). Understanding how
these two systems are connected is important, as phenotypic variation lays the groundwork of sexual
selection. Thus, it helps to garner insight into whether, and how, environmental perturbations might
affect evolutionary changes in seasonal and daily rhythms. As an example, male superb fairy wrens
produce bright, elaborate plumage during the breeding season (on the right) which they swap for drab,
cryptic plumage for the remainder of the year (on the left). Additionally, males participate in the dawn
chorus (a circadian rhythm; shown on the righthand pop-out) to advertise to females (Dalziell and
Cockburn 2008). Solid, black lines indicate a rhythmic behavior or physiology. Periods for each rhythm
extend from the peak to peak (i.e., the time of the greatest output), and are 365 days for circannual
rhythms and 24 hours for circadian rhythms.

A. Schematic depicting an entrained biological rhythm (left side) which is then released into free-running conditions (i.e., when the Zeitgeber is removed; right side).
The behavior or physiology (y-axis) is shown as an oscillating, solid black line that peaks and troughs (i.e., reaches its maximum and minimum, respectively; highlighted in
red) with ~24-h periodicity. The distance between the peak and trough is referred to as the amplitude (also highlighted in red). Solid gray bars during the entrained portion
refer to the dark phase (i.e., lights-off), and white bars indicate the light phase (i.e., lights-on). Once released into free-running conditions, constant darkness is experienced
(shown as an entirely gray background). Such visual identifiers are standard in chronobiological research.

B. Schematic portraying the circannual breeding plumage (left) and circadian singing rhythms (to the right in pop-out) of the superb fairy wren (Dalziell and
Cockburn, 2008). The duration of each period is highlighted in red (1 year and 24 h for circannual and circadian rhythms, respectively), and the solid gray bars on the right
depict the dark phase of the circadian period (shown as 12 h).
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consistently been shown to be the case (Vitaterna et al.,, 2001).
Considering that their compensatory value is not necessarily
dependent on their molecular basis, we have opted to include
examples of biological rhythms even in cases for which the
presence of a molecular pacemaker has not been confirmed.

2.1 Circadian rhythms

Countless examples exist of sexual signals that have daily or
circadian underpinnings, particularly behavioral signals such as
acoustic advertisement and mating displays (Hau et al, 2017).
Several proximate and ultimate hypotheses have been proposed to
explain the timing of sexual displays, including circadian hormone
cycling (Staicer et al,, 2019), female fertility (Mace, 1987), foraging
conditions (Kacelnik and Krebs, 1983), and predation risk (Staicer
et al, 2019). Many of these hypotheses are compatible with the
notion of chronobiological compensation that we propose. As
stated above, the optimization of the timing of sexual signaling to
reduce natural selection pressures should reduce the cost of the
signal and, thus, play a compensatory role. Interestingly, there exists
a behavioral and physiological connection between many circadian
and circannual rhythms, as circadian acoustic advertisement and
mating displays are often only performed at certain times-of-year
(Box 1; Hau et al., 2017). First, let us explore some examples of
sexually selected signals that are governed by circadian rhythms and
how these rhythms may compensate for their costs.

The dawn chorus of birds is one of nature’s most charismatic
and quintessential alarm clocks and perhaps the best-known
example of a circadian signal. Various mutually inclusive
environmental factors likely influence the timing of the dawn
chorus. Due to lower light and temperature levels, costs
associated with foraging at dawn are much greater than later in
the day (Kacelnik, 1979), and so scheduling non-foraging behaviors
(such as mating) at this time helps birds to get the best “bang for
their buck” out of each 24-h cycle. While numerous other
hypotheses exist (see Gil and Llusia, 2020), taken together, each
of these factors contributes to the optimal timing of dawn chorus in
many bird species. This timing adaptively reduces the natural
selection costs (e.g., foraging and energetic costs) associated with
sexual signaling, supporting our thesis that biological timing itself is
an important compensatory trait that can be selected.

Consider the circadian calling behavior of male Pacific field
crickets (Teleogryllus oceanicus; Westwood et al., 2024; Zuk et al,,
1993). These crickets are native to Australasia but are introduced in
the Hawaiian Islands where they coincide with the deadly,
acoustically orienting parasitoid fly Ormia ochracea. While a male
calling song is important for attracting female crickets to mate, it
also poses the risk of attracting gravid female flies in search of
suitable hosts for their larvae. Evidence suggests that the male T.
oceanicus in Hawaii (but not in other parts of their range where flies
are absent) has evolved altered circadian rhythms in its calling
behavior in response to fly parasitism (Westwood et al., in prep; Zuk
et al,, 1993), presumably to align mating behaviors to times-of-day
that the risk of parasitism is relatively low (Figure 1). As such, the
timing of male calling behavior may, in part, compensate for its risk.
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Importantly, the timing of biological rhythms operates within a
broad set of constraints (i.e., there is typically more than one reason
that a certain behavior or physiology occurs at a given time-of-day;
Westwood et al.,, 2019; Sharma, 2003). We do not intend to suggest
that circadian rhythms (or other biological rhythms) evolved solely
as a means to alleviate the cost of sexually selected signals; rather, it
is likely one of the many benefits conferred by optimizing the timing
of producing or displaying sexual signals. Indeed, the biological
timing of sexual signals may adaptively evolve to help ease their
burden (as is the case in T. oceanicus).

In addition to the chorus of crickets and birds, singing in frogs is
another well-documented example of a daily, acoustic display.
While certain species are nocturnally active (Murphy, 1999;
Bridges et al., 2000), others predominantly sing during the
daytime (Zigler et al., 2023). Considering the high energetic cost
of calling [e.g., European tree frogs (Hyla arborea) experience a 30—
40-fold increase in metabolic rate while calling; Grafe and Thein,
2001), only singing while females are receptive would reduce costs.
Calling frogs are also subject to eavesdropping predatory bats
(Tuttle and Ryan, 1981) and biting midges (McKeever, 1977), and
it is possible that changed biological timing could reduce those
natural selection costs; these study systems seem like natural
contexts in which to experimentally address timing as
compensation. Gibbons (Family: Hylobatidae) are also notable for
their sex- and species-specific songs (Cheyne, 2008), and males are
known to chorus at dawn (Chivers, 1976; Mitani, 1985). Male
gibbons sing to advertise to females (Cowlishaw, 1992), signal
condition (Barelli et al., 2013), assert territorial dominance
(Henwood and Fabrick, 1979), and advertise pair-bond status
(Wickler, 2010). As with birds, the timing of the dawn chorus in
gibbons is likely due to a confluence of environmental factors, such
as favorable conditions for sound transmission (Clink et al., 2020),
optimizing the timing of foraging (Cheyne, 2008), and
thermoregulation (Cowlishaw, 1996). It is easy to imagine a
scenario in which spending precious daylight hours singing
(which is often initiated before sunrise; Cheyne et al.,, 2008) in
lieu of foraging could be costly and indeed may coincide an
energetically demanding behavior with a time-of-day that females
are unreceptive or environmental conditions are thermally and/or
acoustically unfavorable. Thus, optimizing the timing of sexual
signaling may reduce costs.

2.2 Circannual rhythms

In contrast with the relatively fast circadian period, circannual
rhythms are governed by the leisurely rotation of the Earth around
the sun (Box 1). Sunlight acts as the primary Zeitgeber of circannual
rhythms, with annual changes in daylength setting the pace of the
molecular clock (Gwinner, 1981; Gwinner, 1986). However, for
equatorial species (such as many birds), changes in the annual
intensity of daytime light, which directly corresponds to rainy and
dry seasons, may act as the primary Zeitgeber (Dawson et al., 2001).
In an ultimate sense, circannual mating systems align reproduction
with times-of-year when food availability is greatest and offspring
survival is most ensured (Baker, 1938; Kreitzman and Foster, 2010).
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Thus, in species with short gestation periods, mating and
parturition may occur within a single season, whereas species
with long gestation periods mate and parturate in different
seasons (Bronson, 1989, 1988). Whether short gestation periods
facilitate a more phenotypically plastic breeding phenology, as
compared to species with long gestation periods which must rely
more greatly on the predictability of circannual timing mechanisms,
is an interesting and timely area of research given the concerns
surrounding climate change (see, e.g., Tyler et al., 2024; Froy et al,,
2019; Bonnet et al., 2019; Renaud et al., 2019; Mougi, 2020; Aubry
and Williams, 2022).

One key feature of endogenous, biological rhythms is that they
help organisms to anticipate, rather than directly respond to,
changes in the environment. While this is certainly necessary for
primary sexual signals (gonadal and egg development; Gwinner,
2012), sexually selected signals too must develop in advance of
mating. For example, male birds of many species develop showy
breeding plumage (Peters et al., 2013), many fish species develop
breeding coloration (Kodric-Brown, 2015), female mandrills
(Mandrillus sphinx) show marked increases in sexual skin
tumescence (Setchell and Dixson, 2001), and male deer grow
antlers (Goss, 2012) in advance of the breeding season. In the
case of breeding plumage, male birds can reduce the maintenance
cost of such sexual traits by producing them only in anticipation of
the mating season and removing them otherwise (Moller, 1996). In
one example, rock ptarmigan develop brilliant white plumage
during snowy winters, that females then trade in for their cryptic
breeding plumage when the snow begins to melt. In contrast, males
retain their white feathers approximately 3 weeks longer, making
them attractive to females while simultaneously conspicuous to
predators. Once females begin egg incubation and can no longer be
fertilized, males soil their flashy attire with mud and dust prior to
the onset of their molt (Montgomerie et al., 2001). As evidenced by
this creative stopgap, the costs associated with conspicuous
plumage are indeed quite high, and losing (or soiling) them
quickly after the breeding season is advantageous. This is a clear
example of how precise timing of sexual signaling can compensate
for some of the cost (in this case predation) of a conspicuous signal.

Variation in the timing of producing sexually selected signals
may help, or hinder, an individual’s reproductive success. On one
hand, being one of the first individuals in a population to ready
themselves for reproduction may result in more matings, but only if
the opposite sex is receptive and potentially at the cost of increased
conspicuousness to predators and/or parasites. Interestingly, musth
in African elephants has been shown to be circannual, though
asynchronous among males (i.e., each male goes into musth at the
same time each successive year, but this varies among males). This
discordant timing likely reduces intrasexual conflict among males
and is enabled by the availability of females in estrous throughout
the year (Poole, 1987). Critically, intrasexual conflict in elephants
involves energetically expensive combat that may result in serious
injury—the circannual yet asynchronous nature of musth helps to
resolve such conflicts (Murphy et al, 2019; Keerthipriya et al,
2019). Individual variation in the timing of male display is also
sometimes seen in bird species where young adult males are unable
to compete with older, more experienced males. As such, these
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young male birds may reduce the costs of conspicuous plumage
(e.g., predation) by delaying plumage maturation and aligning their
mating efforts to times when intrasexual competition is less fierce
(Hawkins et al., 2012). However, this strategy is facultative and such
subadult males are likely to mate when and if the opportunity arises
(Studd and Robertson, 1985). Delaying the development of
breeding plumage to times when matings are most likely to be
acquired underscores the cost of such traits and how compensation
via biological timing may in fact ease those associated costs.

2.3 Circatidal and circalunar rhythms

Compared to the wealth of circadian rhythm research, a relative
paucity of studies exists concerning circatidal and circalunar
rhythms [while a Google Scholar search (July 2024) for the key
term “circadian clock” returns ~604,000 results, searches for
“circatidal clock” and “circalunar clock” return 291 and 333
results, respectively]. As such, both their molecular machinery
and underlying mechanisms are less well understood (Rock et al.,
2022). Yet, there is something enchanting, and indeed primordial,
about the power of the ocean tides and the moon to drive biological
rhythms. Circatidal rhythms are dictated by the tidal cycle making
them the shortest rhythm we discuss (~12.4 h), while circalunar
rhythms correspond to the lunar cycle and last approximately 1
month (~29.5 days; Rock et al., 2022).

Most evidence for circatidal rhythms focuses on foraging (e.g.,
the mangrove cricket; Satoh, 2017) and movement (usually upward
and downward migrations in sand or water; e.g., Gamble and
Keeble, 1903; Barnwell, 1966). While we are unaware of sexual
signals governed by circatidal rhythms, they most certainly exist;
and given the incredible environmental fluctuations that occur over
short periods of time in tidal regions, timing, which minimizes costs
associated with sexual signaling, should certainly be selected for.

There are numerous examples of primary sexual traits that are
governed by circalunar rhythms such as synchronous spawning in
marine invertebrates like corals (e.g., Lin et al,, 2021) and a myriad
of examples in teleost fishes that include traits like egg-laying
behavior, migration to spawning grounds, and gonadal
maturation (e.g., Shima et al,, 2020; Takemura et al., 2004;
reviewed in Takemura et al, 2010; Takemura et al, 2004). In
each of these cases, there are certainly mating behaviors
(including sexual signaling) that are governed by the same lunar
cycles. For instance, numerous species of damselfish exhibit peak
reproductive activity near the full and/or new moon (Takemura
etal., 2010; Robertson et al., 1990). It is hypothesized that circalunar
rhythms in teleost fishes evolved to minimize predation risk
(Takemura et al, 2010), suggesting that these rhythms are
compensatory. There are some striking examples of circalunar
sexual signaling in insects and birds as well. Around the full and
new moon, midges of the species Clunio marinus emerge from the
ocean to perform nuptial dances, mate, and oviposit (Kaiser et al.,
20165 Figure 2). This timing corresponds with the most extreme low
tides that expose larval habitat; offspring survival would
undoubtedly be negatively impacted if individuals were to miss
this crucial breeding window. Note that some of these examples blur
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FIGURE 2

Circannual

10.3389/fetho.2024.1473358

Circalunar

Photos of organisms with periodic sexually selected signals. Circadian: (A) Crested lark singing during dawn chorus (Wikimedia Commons) and (B)
tungara frog calling for mates (Wikimedia Commons); circannual: (C) rock ptarmigan male (front) and female (back; Wikimedia Commons) and (D)
elk using antlers in male—male competition (photo credit: Christopher Welsh); circalunar: (E) Houbara bustard male with nocturnal, moonlight-
triggered display (Wikimedia Commons) and (F) midge (Clunio marinus; photo credit: Kage and Neumann).

the line between timing being compensatory versus timing being
sexually selected itself. Interestingly, male African houbara bustard
birds perform nocturnal courtship displays with visual and acoustic
components, but only during a full moon (Figure 2). It is
hypothesized that the bright moonlight helps displaying males
detect predators and maximizes the visibility of the visual display
(Alonso et al., 2021). If the bright moonlight helps displaying males
detect and avoid predators, the timing of this behavior may
compensate for the cost of predation.

3 Are there differences in how
chronobiology might act as a
compensatory trait if signals are
different modalities?

Organisms send sexual signals through a variety of sensory
channels or signal modalities. The most common of these are visual,
acoustic, chemical, and tactile (Breed and Moore, 2021). Here, we
explore whether particular modalities that each have their own costs
and benefits might affect whether and how timing might
compensate for the costs of these signals. We acknowledge that
much of this is speculative, as we are unaware of any research in this
specific area.

As signals are not transmitted to receivers in a vacuum, but
rather in complex environments containing physical features
(vegetation, etc.), competing signalers, potential mates, and
eavesdropping natural enemies, certain modalities are more
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effective and less costly in particular environments (Endler, 1993).
For instance, visual signals are well known for being conspicuous,
including to eavesdropping predators, and can be quickly
transferred to receivers (at the speed of light); however, they
require light and are impeded by objects like vegetation (reviewed
in Breed and Moore, 2021). In contrast, chemical, acoustic, and
tactile signals can function in the dark and are not impeded by
objects, though they each have additional advantages and potential
costs. Acoustic signals can be airborne or substrate-borne and have
the major advantage of traveling long distances and providing
detailed information about the location of the sender. Even
animals that lack ears (like many insects) can still gather
vibrational information (Hill, 2009). However, acoustic signals
attract many predators and parasites, are energy-intensive
(Gammon and Baker, 2004), and are easily masked by
environmental noise (noise being background stimuli, natural or
anthropogenic, in any modality that can compete with or mask a
signal). Tactile and chemical signals are less susceptible to being
masked by noise. Chemical signals are long-lasting even after the
sender has moved locations, and often evolve to be quite specific,
which limits the ability of other organisms to eavesdrop on them.
Interestingly, tactile signals are only useful in very close proximity,
which makes them rather private—one can only eavesdrop on a
tactile signal if they are also touching the sender (Breed and
Moore, 2021).

Visual signals often include exaggerated morphological
structures like growths (e.g., horn, long feather) or striking
coloration as well as behavioral components that show off these
morphological elements. Thus, the investment in growing and
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maintaining these signals is likely to be high in terms of energy and
may impede locomotion and increase conspicuousness to predators
and parasites. Such costs may be reduced by exhibiting or growing
visual signals only during a specific breeding season [e.g., in deer
(Goss, 2012) and birds (Moller, 1996)] via circannual or even
circalunar rhythms. There are also often circadian rhythms in the
behavioral component (display) of the signal that may align the
display with the timing of environmental conditions or receiver
behavior that allow it to be most effectively received (e.g., Guevara-
Fiore et al, 2010). In contrast, acoustic signals may require
specialized structures to produce sounds like the syrinx, modified
wings, or even modified body structures used for substrate-borne
vibrations, which they maintain throughout their adult lives. The
energy required to produce acoustic signals in real-time can be quite
costly (Grafe and Thein, 2001). Additionally, conspicuous acoustic
signals suffer danger from eavesdroppers and can be masked by
environmental and anthropogenic noise and competing signals. We
would thus predict that the timing of acoustic signals is optimized to
minimize masking noise, risk of predation and parasitism, and lost
foraging costs. Indeed, examples of compensation for each of these
costs can be found in the literature, for instance shaping the
circadian rhythms in bird song (Ancillotto and Labadessa, 2023;
Bulla et al., 2016; Kacelnik, 1979).

Unlike acoustic and visual signals, there is a reduced risk of
masking or eavesdropping on chemical signals since receivers
require specific receptors to perceive signals. Similarly, tactile
signals are the most private mode of communication and thus
likely have a very low risk of masking or eavesdropping. Given all of
that, we hypothesize that if natural selection costs of masking and
risk of predation and parasitism are the highest for visual and
acoustic signals, we would expect those modalities to experience
stronger selection for timing as compensation, as compared to
chemical and tactile communication, which are generally more
private communication channels. Interestingly, depending on their
molecular structure, chemical signals may be ephemeral or may
remain in the environment for a long period of time, which could
make studying their rhythmicity challenging.

4 Are there differences in how
chronobiology might act as a
compensatory trait depending on the
type of sexual signal (e.g., ornament,
weapon, and dominance trait)?

In this section, we consider whether biological rhythms might
compensate for different types of sexually selected signals in
different manners. We are prompted to consider this possibility
because sexually selected signals can be thought of as falling into
one of four major categories: ornaments (Table 1), dominance traits,
combat traits, and intrasexually selected weapons (Table 1; Rico-
Guevara and Hurme, 2019). Ornaments are morphological,
acoustic, behavioral, or chemical features, which evolve through
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intersexual selection (between the sexes; McCullough et al., 2016),
while the other three types of traits evolve via intrasexual selection.
For example, in gorillas, males have distinctive fur coloration that
serves as a status indicator (dominance), musculoskeletal traits like
back muscles and enlarged arms that aid in combat (combat), and
canine teeth and fists that are used to harm other males during
fights (intrasexually selected weapons; Rico-Guevara and Hurme,
2019; Caillaud et al.,, 2008). While fascinating chemical weapons
exist (Nekaris et al, 2020), the term weapon is often defined
narrowly to describe “projections used in combat”; using such a
definition, these traits are always morphological/structural (Emlen,
2008). Examples of weapons include spicules in nematodes,
pedipalps in spiders, hammers in mantis shrimp, mandibles in
insects, jaws in fishes, fangs in frogs, horns in lizards, and canines
and horns in mammals (Rico-Guevara and Hurme, 2019). One
could imagine that ornaments, weapons, dominance traits, and
combat traits may differ in their costs and benefits, which may affect
how chronobiology mediates these trade-offs.

The onset of ornamentation may differ slightly in timing
compared to intrasexually selected signals. To illustrate this idea,
consider three-spined stickleback fish (reviewed in Tinbergen and
van lersel, 1947). Males arrive at breeding sites before females are
present. They build nests and use dominance and combat traits to
establish territories, while intersexual selection begins later after
nests are established and females become gravid. There are many
such examples where intrasexual selection precedes intersexual
selection, and it begs the question of whether and how the same
Zeitgebers are able to coordinate traits important for each. Since
social behaviors may act as Zeitgebers [e.g., in bees (Bloch and
Robinson, 2001) and in diverse vertebrates (Favreau et al., 2009)],
the switch from intra- to intersexual behaviors may involve social
cues (like the presence of mates). Furthermore, the switch itself
from intrasexual behaviors like combat and dominance to
intersexual signaling likely has trade-offs. In the stickleback
example above, one can imagine the costs to switching early (not
enough investment in territory and nest to be competitive) versus
late (missed mating opportunities).

It is possible that intrasexually selected weapons are more costly
than other types of signals. Weapons that are morphological
structures must be grown by organisms, which requires time and
energy. Weapons may also be costly to maintain and may hinder
movement, sometimes leading to their adaptive loss when not in use
(e.g., antlers, which are gained and lost circannually; Goss, 2012).
Additionally, there is likely less plasticity associated with weapons
as compared to, for instance, behavioral traits that are immediately
flexible. One needs only to consider the development time and cost
of maintaining antlers (weapons) compared to the short-term cost
of engaging in combat. If weapons are indeed more costly, we might
expect there to be stronger selection for compensation, including
through biological rhythms, though more ephemeral traits may be
less constrained evolutionarily. Additionally, there are multiple
contexts where chronobiological compensation could occur, for
example, the onset of development, the rate of development, and the
timing of the loss of the weapon.
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5 How can we test for a
compensatory role of
biological timing?

Conventional approaches for examining compensation for sexually
selected signals involve quantifying ornament size (assuming larger
ornaments are more costly) alongside the relative extent of the
associated compensatory trait; finding a positive relationship between
these variables indicates compensation (Husak et al., 2011). Here, we
suggest five possible approaches (Table 2) that link variation in biological
timing with variation in sexual signals and the traits expected to trade-off
with signals (e.g., predation risk, immune function, and survival). The
first two approaches parallel traditional methods described above,
whereas the final three allow for a more experimental approach, with
the last two capitalizing on tools available in chronobiology (e.g., the
ability to experimentally shift or knockout rhythms). Note, of course,

10.3389/fetho.2024.1473358

that there will be system-specific nuances that will certainly affect trade-
offs associated with signaling (e.g., trade-offs can be condition-
dependent; Tomkins et al,, 2004; Hill, 2011), and biological timing is
only one of the many types of compensatory traits that may evolve with
signals in a correlated manner (Swallow and Husak, 2011).

6 Future questions

Given the paucity, if not the absence, of studies examining
chronobiology as compensation for sexually selected signals, there
exists ample opportunity to investigate such questions. We propose
the following areas of interest as a springboard for future studies.
Indeed, we hope future work not only expands upon these areas but
illuminates entirely new avenues of research.

First, as humans disrupt ecosystems at an unprecedented rate,
anthropogenic change will undoubtedly alter canonical

TABLE 2 Five experimental approaches that could be used to investigate the role of biological rhythms as compensation for sexually selected signals
[For each, we indicate the expected result that would support the idea of biological rhythms as compensatory traits (middle column) and discuss the
relative tractability and important considerations for each approach (right column)].

Method

“Natural rhythm differences among populations”

If aware of populations that face differential selection
pressures on signals (e.g., predation, food availability,
signal masking), then measure the timing of signaling
rhythms in relation to the Zeitgeber (e.g., sunrise).

“Comparative”

For a group of closely related species with a common
sexual signal (e.g., song, horns), associate the extent of
signal costs (e.g., attraction of signal to natural
enemies, weapon size, immune costs) with biological
timing in a phylogenetic comparative context.

“Selection experiments”

In a lab, select for earlier or later timing of sexual
signal onset or production (chronotypes) and measure
whether there are differences between the selected and
unmanipulated line in traits expected to trade-off with
signaling (e.g., predation risk, immune

function, survival).

“Clock mutant”

Compare wild-type individuals to those whose
rhythms are knocked out (clock mutants) and measure
whether there are differences in traits expected to
trade-off with sexual signaling (e.g., predation risk,
immune function, survival) between the two groups.

“Rhythm disruption/decoupling”

Disrupt rhythms so that one group of animals signals
(or receives) at the “wrong” time (e.g., elicit signaling
or receiving outside of the natural courting time) and
measure traits expected to trade-off with signaling
(e.g., as above) in this group compared to the
unmanipulated group.
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Expected result

If timing has (in part) evolved to reduce the cost of
the signal, then the timing of the sexually selected
signal should vary in line with the differences in costs
(see Figure 1).

In one example, songbirds in a city experience more
anthropogenic noise than their wild counterparts, so
we should expect city birds to perform their dawn
chorus earlier than their wild counterparts (Arroyo-
Solis et al., 2013).

If timing compensates for a given sexually selected
signal, then species that experience similar costs
should have similar timing of signals. For example,
one could use a phylogeny of singing insects and ask
whether different biological timing has evolved in
species with and without eavesdropping natural
enemies (limiting signaling to times of day that do not
correspond to the natural enemy’s active period would
be compensatory timing).

If timing has (in part) evolved to reduce costs
associated with signaling, then trade-offs should be
revealed such that costs of signaling are higher for the
selected line that is being forced to signal outside its
evolved optimum time.

If timing has evolved (in part) to compensate for
sexual signaling, trade-offs across the treatments
should differ such that the costs of signaling are
higher for clock mutants (arrhythmic).

As above, if timing has (in part) evolved to reduce the
cost of the signal, then trade-offs should be revealed
for the disrupted treatment that is being forced to
signal outside its evolved natural time.

09

Tractability and considerations

Identifying systems where natural populations differ in
the costs of signaling may be challenging.

However, many species inhabit broad geographic
ranges (including introduced areas) and certainly
experience variations in selective pressures related to
sexual signaling. As above, it would also be critical to
consider the condition of signalers.

Such results would be correlational and would need to
be interpreted with caution. Particular attention
should be paid to latitude due to its close association
with circadian and circannual timing systems. Note
that similar comparative approaches across modalities
could reveal the ability of timing to compensate for
sexual signals. Some modalities might carry different
costs than others (e.g., one modality has an
eavesdropper and one does not).

This approach requires time to select over multiple
generations to create a shifted chronotype.
Additionally, it would be critical to consider the
condition of individual signalers as well as other
correlated traits.

Could be a powerful approach if it is possible to
knock out rhythms associated with sexual signals
(without knocking out the signal itself). One challenge
in this method is that arrhythmic mutants may have
some reduction in fitness that is not wholly explained
by changes in sexual signaling. As above, consider the
condition of the signalers.

It should be relatively simple to shift timing in the lab
(e.g., offer reproductive opportunities outside of the
natural courting time). Similar to the example above,
it would be important to account for the condition of
the signalers.
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environmental clock cues (namely, light and temperature) and thus
biological rhythms as a whole. A timely question then is, whether
and how anthropogenic effects such as artificial light at night
(ALAN) and anthropogenic noise alter Zeitgebers and thus
clocks, and how this may alter the compensatory effect of clocks.
For example, ALAN advances the onset of dawn calling in
songbirds and increases male extra-pair paternity (Kempenaers
et al, 2010). Frogs sing less and move around more when
exposed to ALAN (Baker and Richardson, 2006). Regarding
circannual rhythms, many animals breed once a year and
optimize that timing based on resource availability. “False spring”
or other human-induced climate change events will likely shift the
timing of breeding seasons. For instance, caribou antler growth,
courtship, and calving are aligned with the availability of high-
quality forage, but altered plant phenology is leading to a mismatch
between calving and food availability and is hypothesized to be
contributing to the global decline of the species (Vors and
Boyce, 2009).

As is unfortunately all too common in our field, we have so far
ignored the important role of receivers. Receivers, often females,
may have preferences that are rhythmic that may also be costly. For
example, female scarab beetles release sex pheromone every 48 h,
which aligns with male receivers’ receptor gene and response to the
sex pheromone, which has the same unusual 48-h periodicity
(Wang et al., 2024). It is possible that rhythmic female
preferences dictate rhythmic sexual signals rather than vice versa.
In other words, the timing of receiver preferences has been
optimized to minimize trade-offs, and male signaling simply
evolves in response. This example highlights the pernicious bias
in our field to study male traits and the selection acting on them
before investigating female traits (Ah-King, 2022). Relatedly,
systems where males are the receiver should not be ignored;
mosquitoes in tropical regions mate in highly synchronized and
time-of-day-specific daily swarms where males are the phonotactic
sex (Somers et al.,, 2022). Thus, a fundamental and largely ignored
question is, what is the role of receiver preferences when sexual
signals are chronobiological? An understanding of this basic feature
of animal communication will then certainly impact how we think
about whether and how rhythms compensate for the costs of sexual
signals—for instance, if timing is optimized to reduce costs for
receivers, the signaler may not also be able to optimize timing to
reduce signaling costs (sexual conflict; Ferguson et al., 2015).
Furthermore, if the timing of signals and preferences have
coevolved to minimize costs to both signalers and receivers, a
shift in the timing of either the signal or the preference would
decouple them, and one party would lose the compensatory value
of timing.

Finally, different life history strategies and mating systems lead
to different costs of signals, and this may select for different
rhythmic compensation. We can illustrate this idea using
weapons. Regarding life history, animals that have evolved to
have a very short lifespan may not benefit from developing and
then losing a costly weapon, while animals with long lifespans and
multiple breeding seasons may benefit from losing costly weapons
when not in use (e.g., ungulates that lose and regrow antlers; large
and elaborate duck penises that decrease their mass by five times
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during the non-breeding season each year; Hohn, 1960). As for
mating systems, sexual selection differs among systems (e.g., similar
selection on males and females in monogamous systems and much
stronger selection on males in polygynous systems, where males
have multiple female mates). This should translate to differences in
how selection acts on weapons, leading to larger and more costly
weapons in polygynous systems compared to monogamous or
polygynandrous (both males and females mate multiply).
Relatedly, polygynous animals across taxa have greater sexual size
dimorphism than monogamous species (Clutton-Brock, 1985); with
bigger costs, we would expect stronger selection for compensation,
including through timing. The exciting question then is, whether
and how do life history and mating systems shape the costs of sexual
signals and the compensation of those costs through timing?

7 Conclusion

Understanding how and why sexual signals evolve has
fascinated biologists since Darwin initially proposed that
exaggerated male traits may evolve via female choice (Darwin,
1871). A central tenet of this theory is that such traits should
impose trade-offs on the bearer (Andersson, 1994). We propose that
the timing of the production, maintenance, and display of such
traits may help to ease their cost. The idea that biological rhythms
are crucial to survival and reproduction is not new (timing underlies
nearly all behavior and physiology); however, the goal of
chronobiology for the majority of its tenure has been to
understand its molecular underpinnings. Given the advances in
this area and its ubiquity, calls to incorporate biological timing into
a diversity of research have been made (see Westwood et al., 2019;
Nelson et al,, 2024). Indeed, time is a neglected factor in many
biological studies (Nelson et al., 2024), and considering when a
sexual signal is developed, maintained, and/or displayed may
demystify whether and how chronobiology compensates for costly
sexual signaling. We hope this work inspires the much-needed
integration between chronobiologists and evolutionary biologists.
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