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In their recent meta-analysis, White ef al. [1] cover a wide range of literature,
drawing on eavesdropping studies that span much of the animal world, to
examine how eavesdropping predators impose selection pressure on sexual sig-
nallers. This is an interesting phenomenon that has received previous attention
but has not been investigated using a quantitative approach [2-4]. We applaud
their extensive investigation into this fascinating literature. We disagree, how-
ever, with the claim that ‘contexts in which sexual signalling may incur no
cost, or even reduce the incidence of predation, are common’. We argue that
in attempting to identify generalities within and across methodological para-
digms and sensory modalities, the methodology used may not sufficiently
account for the complex causal forces underlying the phenomenon at hand.
We find that the increasingly popular meta-analysis, an effective tool to evalu-
ate support for various hypotheses, can miss subtleties of the field and the
biology of the phenomenon investigated. Like any model, it is as good as its
inputs—a rule of thumb that has been previously illustrated in other modelling
contexts [5]. We highlight how, while models can encompass broad biological
diversity, nuances among studies may reveal diverse strategies rather than stat-
istical noise. Eavesdropping of mating signals, in particular, is a behaviour that
occurs across disparate sensory modalities, taxonomic groups and ecological
contexts. A variety of factors, for example, have been identified to modulate
the risk of signallers to attacks by eavesdropping enemies [3,6,7]. In addition,
factors other than signal exploitation can ultimately drive signal evolution
(e.g. [8]). Even though this field is starting to thoroughly understand the com-
plex drivers and consequences of signal exploitation, such as the direct and
indirect effects that eavesdroppers may have on non-signaller parties [9-12],
investigations of eavesdropping on mating signals benefit from considering
the complexity of this phenomenon.

The main claim of the meta-analysis is based on the assumption that eaves-
dropping risk is modality-specific, driven by the physical properties of the
sensory modality of the broadcast signal. While vulnerability to signal exploita-
tion may be expected to vary by signal sensory modality, the underlying
assumption that the active space of a signal is generalizable by its physical
characteristics can be questioned. The generalized predictions presented in
White et al’s study may be misleading, as the magnitude of eavesdropping
risk is context-dependent and influenced by various factors including signalling
environments, the eavesdropper’s sensory system and prey signalling strategies
(reviewed in [4]). For instance, one prediction in this review is that visual
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signals incur low eavesdropper risk, as they propagate in the
short/medium range. Yet, rather than absolute transmission
distance, signal vulnerability depends on the scale at which
eavesdroppers and signallers interact. Considering the ecol-
ogy of these interactions probably increases their risk factor,
which is also heightened by visual signals being more
accurately localized than signals in many other sensory mod-
alities. In addition to varying in the space over which they
may be detected, visual signals also vary in their temporal
availability to potential exploiters. Some visual signals are
continuously displayed, unceasingly exposing the signaller
to potential eavesdroppers (e.g. [13,14]). By contrast, other
visual signals can be selectively turned ‘off and ‘on’ by expos-
ing colour patches (e.g. [15]) or by engaging in specific body
postures and movements (e.g. [16]), modulating the signal-
ler’s risk to eavesdroppers. The nuances of these signalling
strategies within their ecological contexts are thus key to
unlocking their realized costs in the wild.

In an analogous way, the prediction that acoustic signals
always have long ranges is also a broad generalization, as
acknowledged in the study’s discussion. High-frequency
and low-intensity acoustic signals, for example, attenuate
greatly over short distances and are presumably deployed
to avoid detection by eavesdropping enemies [17-21]. More-
over, assessments of the range of signals that ignore the
spatial scale at which animals interact can provide a narrow
view of a signaller’s risk. Even if a signal has a restricted
range, it can still expose the signaller to a large community
of exploiters. Vibrational signals, for example, are detectable
only at very close range and were thus assumed to be safe
from exploitation by eavesdropping enemies [22]. Recent
investigations, however, have shown that the opposite is
true. While substrate-borne vibrations do not transmit far,
they are one of the most taxonomically widespread forms
of communication, as sensory receptors for their detection
are nearly ubiquitous across species [23,24]. Eavesdropper
risk of vibrational signals is thus much higher than histori-
cally assumed [25], and this sensory modality provides an
example of how generalizations focused on signal range
can bias our understanding of signaller vulnerability.

White et al. point out that most studies included in
their meta-analysis overlook the influence of behaviour
by signallers and eavesdroppers. They also caution that
understanding the influence of behaviour on risk from
eavesdropping enemies ‘demands deeper knowledge of the
structure and diversity of sensory environments, signals,
and receivers’ [1]. To their latter point, we fully agree. For
instance, several studies incorporated in the predation risk
analysis used stationary clay models in the wild, a method
with well-known limitations due to the importance of prey
movement to certain predators [26,27]. Indeed, in the meta-
analysis, nine of the 10 studies reporting negative predation
risk on conspicuous visual signals used models. We question
the conclusion that visual signals incur little predation risk
and posit that this interpretation may have been driven by
studies that did not consider the signaller’s behaviours.

While we agree with White et al. that a deeper investi-
gation into the behaviour of signaller and eavesdropper
should be a key goal in eavesdropping studies going forward,
it is worth highlighting that some studies have taken large
steps in that direction. Indeed, many rigorous studies exam-
ining eavesdropping on sexual signals demonstrate the
value of this approach but were not included in this study’s

analysis (e.g. [13,28-34]). We therefore argue that accounting
for and parsing the interactions of multiple causal drivers
(including behaviour) on the magnitude of eavesdropper
risk on sexual signals is critical to moving forward towards
identifying generalities.

More broadly, we challenge the conclusion that in the
wild there commonly is no risk from eavesdroppers. We sus-
pect this result reflects the nature of their dataset rather than a
biological generality. Specifically, their selection criteria
excluded all studies in which comparators received zero
attacks from eavesdropping enemies, reducing their total
number of records by almost half (excluding 101 of 216
total records). These exclusions probably led to an underesti-
mation of the predation risk on signalling individuals.
Similarly, the selection criteria used to include studies may
bias the outcome. One study included in this meta-analysis,
for example, revealed that a conspicuous signal incurred
reduced predation risk compared with cryptic morphs [35].
The conspicuous signal, however, was novel to the predators
on that continent and, therefore, processes such as neophobia
could overshadow the effect of conspicuousness on predation
risk. This experiment thus tested the influence of novelty on
predation risk, not predation risk of an ecologically relevant
signal in the wild. Such effects may thus not represent
reduced overall predation risk. The selection criteria and
assumptions of the meta-analysis may have biased the con-
clusion and further work is necessary to re-examine
whether eavesdropping risk is commonly absent in the wild.

In examining eavesdropping risk, White ef al. focused on
studies that address enemies exploiting communication sys-
tems, not including studies reporting anti-eavesdropper
strategies deployed by signallers. When considering current
signal features and signalling displays, evidence suggests
intense past predation pressures have driven the evolution
of a broad variety of signal features and signalling beha-
viours that conceal the signaller (reviewed in [4]). Strategies
that reduce signal detection (e.g. [36-38]), localization (e.g.
[39,40]) and attractiveness (e.g. [41]) are widespread across
taxa and sensory modalities. Eavesdroppers are also fre-
quently associated with curtailing signal ornamentation
(e.g. [6]) and, in extreme but limited cases, driving signal
loss (e.g. [42]) and re-evolution of novel, safer signals (e.g.
[43,44]). White et al. acknowledge eavesdropper-induced
shifts in signalling behaviour are well documented, but
including this evidence in their analysis and interpretations
could inform the conclusions more broadly. Ultimately, the
ubiquitous nature of anti-eavesdropper strategies questions
the claim that contexts in which sexual signalling may incur
no eavesdropper cost are common.

Another aim of the study was to evaluate whether differ-
ences in signal salience modulate eavesdropper risk. This
question is central to the theory of exploitation of sexual signals,
which often assumes that conspicuousness mediates the risk
faced by signallers. The conclusion was that signal salience, esti-
mated as the degree of signal variation in the manipulations,
does not affect eavesdropper risk. Here, we question the
approach of assigning studies into ‘discrete” and ‘continuous’
manipulation categories to assess signal salience. Studies
using a control stimulus in which the signal was absent were
categorized as ‘discrete manipulation’, with the signal inter-
preted as being highly conspicuous (as compared with the
control). By contrast, when eavesdroppers were experimentally
exposed to graded variation among the stimuli offered, studies
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were categorized as ‘continuous manipulation’, with signals
interpreted as having lower conspicuousness. While these
methodological paradigms deserve different consideration,
rather than assessing signal salience, these approaches assess
different perceptual and cognitive challenges for the receiver.
When organisms are presented with a single stimulus (discrete
manipulation), we learn about whether this signal evokes (or
not) a response from a potential non-target receiver. Such an
approach thus allows us to examine whether a signal is
detected, recognized and ultimately elicits a given behaviour
(e.g. approach and attack) in the receiver thus confirming that
a given predator, parasite or parasitoid is eavesdropping on
the signal. By contrast, eavesdroppers presented with two
forms of a signal (continuum manipulation) can express a bias
for one variant over the other. These experiments thus provide
a perspective on the relative eavesdropping costs associated
with signals produced in different contexts or by different indi-
viduals. The contrast between the findings of studies using
those two experimental approaches, however, does not address
differences in signal salience. The analysis provided thus does
not directly evaluate the prediction ‘that predation risk should
be heightened among discretely manipulated stimuli owing to
the increased conspicuousness and salience of signallers relative
to controls’. The findings of no differences in risk of exploitation
among manipulations could lead to the conclusion that there is
a lack of support for the assumption that increased signal sal-
ience increases signal exploitation risk. This relationship,
however, is still missing direct examination integrating studies
across species and sensory modalities.

The argument for the lack of evidence of signal saliency
driving eavesdropper risk may also be problematic given
the vague use of the terms ‘conspicuousness’ and ‘saliency’
in the literature [4]. Conspicuousness and saliency are
used as broad concepts that involve differences in signal
detectability, localizability or preference by a receiver
tapping into a variety of perceptual and cognitive processes
that result in increased attractiveness. These terms are also
often used based on signal conspicuousness as perceived
by the researcher or assigned a posteriori based on the out-
come of behavioural experiments. Not accounting for the
sensory ecology of the receiver when identifying signal

References

conspicuousness can be particularly problematic considering
the diverse perceptual and cognitive systems of target and
non-target receivers in communication networks. Such differ-
ent receivers can perceive and thus respond in divergent
ways to the same signal or signalling display (e.g. [45,46]).
Receiver-specific considerations for each are thus probably
necessary when evaluating signal salience.

We offer a final thought about the implementations of
meta-analyses. We recognize and value the worthwhile enter-
prise of obtaining a general overview of the current
landscape of knowledge in a given field to identify overarching
patterns. The use of this quantitative approach can be a power-
ful tool but may not be appropriate to evaluate all phenomena
[47,48]. In particular, challenges arise when applying meta-
analysis-based generalizations to complex phenomena such
as behaviour. The risk imposed by eavesdropping enemies
on sexual signals, for example, is highly context-dependent,
and shifts with diverse and dynamically changing ecological
factors. Challenges in identifying overarching patterns are not
unique to behavioural ecology; ecological interactions have
long been recognized as notoriously difficult to generalize.
As Lawton [49] pointed out over two decades ago, ‘community
ecology is a mess, with so much contingency that useful gener-
alisations are hard to find’. Concerns about ecological
generalizations including the role of quantitative approaches
[50] and simplification [51] remain as current today as they
were two decades ago. As scientists, we are committed to
searching for patterns and better understanding underlying
commonalities. In pursuit of these worthy goals, however,
care to avoid oversimplification is necessary to prevent us
from inadvertently missing the stunning complexity before us.

Data accessibility. This article has no additional data.

Authors” contributions. X.E.B.: conceptualization, investigation, writing—
original draft and writing—review and editing; B.C.L.: investigation,
writing—original draft and writing—review and editing; R.A.P.: inves-
tigation, writing—original draft and writing—review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Conflict of interest declaration. We declare we have no competing interests.

Funding. We received funding for this study from Division of Integrative
Organismal Systems (grant no. 2054636).

White TE, Latty T, Umbers KDL. 2022 The
exploitation of sexual signals by predators: a meta-
analysis. Proc. R. Soc. B 289, 20220444. (doi:10.
1098/rsph.2022.0444)

Marler P. 1955 Characteristics of some animal calls.
Nature 176, 6-8. (doi:10.1038/176006a0)

Zuk M, Kolluru GR. 1998 Exploitation of sexual
signals by predators and parasitoids. Q. Rev. Biol.
73, 415-438. (d0i:10.1086/420412)

Bernal XE, Page RA. 2022 Tactics of evasion:
strategies used by signallers to deter eavesdropping
enemies from exploiting communication systems.
Biol. Rev. 98, 222-242. (doi:10.1111/brv.12904)
Lozier J, Aniello P, Hickerson M. 2009 Predicting the
distribution of Sasquatch in western North America:
anything goes with ecological niche modelling.

2699.2009.02152.x)

NY: Praeger.

J. Biogeogr. 36, 1623-1627. (doi:10.1111/j.1365- 9. Hughes NK, Kelley JL, Banks PB. 2012 Dangerous
liaisons: the predation risks of receiving social

Page RA, Ryan MJ, Bernal XE. 2014 Be loved, be signals. Ecol. Lett. 15, 1326—1339. (doi:10.1111/j.

prey, be eaten. In Animal behavior, volume 3: case 1461-0248.2012.01856.%)

studies: integration and application of animal 10. Trillo PA, Bernal XE, Caldwell MS, Halfwerk WH,

behavior (ed. K Yasukawa), pp. 123—-154. New York, Wessel MO, Page RA. 2016 Collateral damage or a
shadow of safety? The effects of signalling

Bernal XE, Page RA. 2022 Editorial: how enemies heterospecific neighbours on the risks of parasitism

shape communication systems: sensory strategies of and predation. Proc. R. Soc. B 283, 20160343.

prey to avoid eavesdropping predators and (doi:10.1098/rsph.2016.0343)

parasites. front. Ecol. Evol. 10, 989763. (doi:10. 11. Goodale E, Ruxton GD, Beauchamp G. 2019 Predator

3389/fev0.2022.989763)

Giery ST, Layman CA. 2017 Dissolved organic carbon
and unimodal variation in sexual signal coloration in
mosquitofish: a role for light limitation?. Proc. R. Soc.
B 284, 20170163. (doi:10.1098/rspb.2017.0163)

eavesdropping in a mixed-species environment:
how prey species may use grouping, confusion, and
the cocktail party effect to reduce predator
detection. Front. Ecol. Evol. 7, 1-9. (doi:10.3389/
fevo.2019.00141)

99817207 06T § 705 'Y 20id  qdsi/jeusnol/biobuiysiigndfiaposjesos !



20.

21.

22.

23.

24.

25.

Heathcote RJP, Darden SK, Franks DW, Ramnarine
IW, Croft DP. 2017 Fear of predation drives stable
and differentiated social relationships in guppies.
Sci. Rep. 7, 1-10. (doi:10.1038/srep41679)

Endler JA. 1980 Natural selection on color patterns
in Poecilia reticulata. Evolution 34, 76-91. (doi:10.
2307/2408316)

Heinen-Kay JL, Morris KE, Ryan NA, Byerley SL,
Venezia RE, Peterson MN, Langerhans RB. 2015 A
trade-off between natural and sexual selection
underlies diversification of a sexual signal. Behav.
Ecol. 26, 533-542. (doi:10.1093/beheco/aru228)
Nicholson KE, Harmon LJ, Losos JB. 2007 Evolution
of Anolis lizard dewlap diversity. PLoS ONE 2, e274.
(doi:10.1371/journal.pone.0000274)

Miles MC, Fuxjager MJ. 2018 Synergistic selection
regimens drive the evolution of display complexity
in birds of paradise. J. Anim. Ecol. 87, 1149-1159.
(doi:10.1111/1365-2656.12824)

Nakano R, Skals N, Takanashi T, Surlykke A, Koike T,
Yoshida K, Maruyama H, Tatsuki S, Ishikawa Y. 2008
Moths produce extremely quiet ultrasonic courtship
songs by rubbing specialized scales. Proc. Nat/ Acad.
Sci. USA 105, 11812-11 817. (doi:10.1073/pnas.
0804056105)

Wilson DR, Hare JF. 2004 Ground squirrel uses
ultrasonic alarms. Nature 430, 523. (doi:10.1038/
nature02815)

Ramsier MA, Cunningham AJ, Moritz GL, Finneran
JJ, Williams CV, Ong PS, Gursky-Doyen SL, Dominy
NJ. 2012 Primate communication in the pure
ultrasound. Biol. Lett. 8, 508-511. (doi:10.1098/
rsbl.2011.1149)

Morrison R, Reiss D. 2013 Whisper-like behavior in a
non-human primate. Zoo Biol. 32, 626—631.
(doi:10.1002/200.21099)

Ladich F. 2007 Females whisper briefly during sex:
context- and sex-specific differences in sounds
made by croaking gouramis. Anim. Behav. 73,
379-387. (doi:10.1016/j.anbehav.2006.04.014)
Belwood JJ, Morris GK. 1987 Bat predation and its
influence on calling behavior in Neotropical
katydids. Science 238, 64—67. (doi:10.1126/science.
238.4823.64)

Cocroft RB, Rodriguez RL. 2005 The behavioral
ecology of insect vibrational communication.
BioScience 55, 323-334. (doi:10.1641/0006-
3568(2005)055[0323:TBEOIV]2.0.0;2)

Cocroft R, Hamel JA. 2010 Vibrational
communication in the ‘other’ social insects: a
diversity of ecology, signals, and signal function. In
The use of vibrations in communication: properties,
mechanisms and function across taxa (ed. C
0'Connel-Rodwell), pp. 47-68. Kerala, India:
Transworld Research Network.

Virant-Doberlet M, Kuhelj A, Polajnar J, Sturm R.
2019 Predator-prey interactions and eavesdropping

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

in vibrational communication networks. front. Ecol.
Evol. 7, 203. (doi:10.3389/fev0.2019.00203)

Paluh DJ, Hantak MM, Saporito RA. 2014 A test of
aposematism in the dendrobatid poison frog
Oophaga pumilio: the importance of movement in
clay model experiments. J. Herpetol. 48, 249-254.
(doi:10.1670/13-027)

RoBler DC, Prohl H, Lotters S. 2018 The future of
clay model studies. BMC Zool. 3, 1-5. (d0i:10.1186/
$40850-018-0033-6)

Aihara |, de Silva P, Bernal XE. 2016 Acoustic
preference of frog-biting midges (Corethrella spp)
attacking tdngara frogs in their natural habitat.
Ethology 122, 105-113. (doi:10.1111/eth.12452)
Ryan MJ, Tuttle MD, Taft LK. 1981 The costs and
benefits of frog chorusing behavior. Behav. Ecol.
Sociobiol. 8, 273—278. (doi:10.1007/BF00299526)
Tuttle MD, Ryan MJ, Belwood JJ. 1985 Acoustical
resource partitioning by two species of phyllostomid
bats (Trachops cirrhosis and Tonatia sylvicola). Anim.
Behav. 33, 1369—1371. (doi:10.1016/50003-
3472(85)80204-9)

Falk JJ, ter Hofstede HM, Jones PL, Dixon MM, Faure
PA, Kalko EK, Page RA. 2015 Sensory-based niche
partitioning in a multiple predator—multiple prey
community. Proc. R. Soc. B 282, 20150520. (doi:10.
1098/rsph.2015.0520)

Leavell BC, Beaty LE, McNickle GG, Bernal XE. 2022
Eavesdropping micropredators as dynamic limiters
of sexual signal elaboration and intrasexual
competition. Am. Nat. 199, 653-665. (doi:10.1086/
718967)

Endler JA. 1995 Multiple-trait coevolution and
environmental gradients in guppies. Trends Ecol.
Evol. 10, 22-29. (doi:10.1016/50169-
5347(00)88956-9)

Reznick DN, Shaw FH, Rodd FH, Shaw RG. 1997
Evaluation of the rate of evolution in natural
populations of guppies (Poecilia reticulata).

Science 275, 1934-1937. (doi:10.1126/science.275.
5308.1934)

Gotmark F. 1994 Does a novel bright colour patch
increase or decrease predation? Red wings reduce
predation risk in European blackbirds. Proc. R. Soc.
Lond. B 256, 83—87. (doi:10.1098/rspb.1994.0053)
Kim K, Macias D, Borzée A, Jang Y. 2020 Ueno’s
brown frog Rana uenoi indiscriminately ceases
calling in the presence of daytime birds. Ethol. Ecol.
Evol. 32, 251-263. (doi:10.1080/03949370.2020.
1717638)

Remage-Healey L, Nowacek DP, Bass AH. 2006
Dolphin foraging sounds suppress calling and
elevate stress hormone levels in a prey species, the
Gulf toadfish. J. Exp. Biol. 209, 4444—4451. (doi:10.
1242/jeb.02525)

Kotiaho J, Alatalo RV, Mappes J, Parri S, Rivero A.
1998 Male mating success and risk of predation in a

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

wolf spider: a balance between sexual and natural
selection? J. Anim. Ecol. 67, 287-291. (doi:10.1046/
j-1365-2656.1998.00192.x)

ter Hofstede HM, Fullard JH. 2008 The
neuroethology of song cessation in response to
gleaning bat calls in two species of katydids,
Neoconocephalus ensiger and Amblycorypha
oblongifolia. J. Exp. Biol. 211, 2431-2441. (doi:10.
1242/jeb.017285)

Page RA, Ryan MJ. 2008 The effect of signal
complexity on localization performance in bats that
localize frog calls. Anim. Behav. 76, 761-769.
(doi:10.1016/j.anbehav.2008.05.006)

Martin RA, Riesch R, Heinen-Kay JL, Langerhans RB.
2014 Evolution of male coloration during a post-
Pleistocene radiation of Bahamas mosquitofish
(Gambusia hubbsi). Evolution 68, 397—411. (doi:10.
1111/ev0.12277)

Zuk M, Rotenberry JT, Tinghitella RM. 2006

Silent night: adaptive disappearance of a

sexual signal in a parasitized population of field
crickets. Biol. Lett. 2, 521-524. (doi:10.1098/rshl.
2006.0539)

Tinghitella RM, Broder ED, Gallagher JH, Wikle AW,
Zonana DM. 2021 Responses of intended and
unintended receivers to a novel sexual signal
suggest clandestine communication. Nat. Commun.
12, 1-10. (doi:10.1038/541467-021-20971-5)
Broder ED, Gallagher JH, Wikle AW, Venable CP,
Zonana DM, Ingley SJ, Smith TC, Tinghitella RM.
2022 Behavioral responses of a parasitoid fly to
rapidly evolving host signals. Ecol. Evol. 12, €9193.
(doi:10.1002/ece3.9193)

Legett HD, Hemingway (T, Bernal XE. 2020 Prey
exploits the auditory illusions of eavesdropping
predators. Am. Nat. 195, 927-933. (doi:10.1086/
707719)

Akre KL, Farris HE, Lea AM, Page RA, Ryan MJ. 2011
Signal perception in frogs and bats and the
evolution of mating signals. Science 333, 751-752.
(doi:10.1126/science.1205623)

Greco T, Zangrillo A, Biondi-Zoccai G, Landoni G.
2013 Meta-analysis: pitfalls and hints. Heart Lung
Vessels 5, 219-225.

Stoto MA. 2015 Drug safety meta-analysis: promises
and pitfalls. Drug Saf. 38, 233-243. (doi:10.1007/
540264-015-0268-x)

Lawton JH. 1999 Are there general laws in ecology?
Oikos 84, 177-192. (doi:10.2307/3546712)

Spake R, 0'Dea RE, Nakagawa S, Doncaster CP, Ryo
M, Callaghan C, Bullock JM. 2022 Improving
quantitative synthesis to achieve generality in
ecology. Nat. Ecol. Evol. 6, 1818—1828. (doi:10.
1038/541559-022-01891-z)

Evans MR et al. 2013 Do simple models lead to
generality in ecology? Trends Ecol. Evol. 28,
578-583. (d0i:10.1016/}.tree.2013.05.022)

99817207 06T § 705 'Y 20id  qdsi/jeusnol/biobuiysiigndfiaposjesos H



