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Synopsis Animal communication is inherently spatial. Both signal transmission and signal reception have spatial

biases—involving direction, distance, and position—that interact to determine signaling efficacy. Signals, be they visual,

acoustic, or chemical, are often highly directional. Likewise, receivers may only be able to detect signals if they arrive

from certain directions. Alignment between these directional biases is therefore critical for effective communication, with

even slight misalignments disrupting perception of signaled information. In addition, signals often degrade as they travel

from signaler to receiver, and environmental conditions that impact transmission can vary over even small spatiotem-

poral scales. Thus, how animals position themselves during communication is likely to be under strong selection. Despite

this, our knowledge regarding the spatial arrangements of signalers and receivers during communication remains sur-

prisingly coarse for most systems. We know even less about how signaler and receiver behaviors contribute to effective

signaling alignment over time, or how signals themselves may have evolved to influence and/or respond to these aspects

of animal communication. Here, we first describe why researchers should adopt a more explicitly geometric view of

animal signaling, including issues of location, direction, and distance. We then describe how environmental and social

influences introduce further complexities to the geometry of signaling. We discuss how multimodality offers new

challenges and opportunities for signalers and receivers. We conclude with recommendations and future directions

made visible by attention to the geometry of signaling.

Introduction

When animals communicate, their relative spatial

position in the environment impacts the efficacy,

and often the outcome, of their interactions. In the

first instance, this is the result of directional biases in

both signal propagation and reception, which impact

the angles in space from which signals can be per-

ceived (e.g., Fig. 1; Rosenthal 2007; Bradbury and

Vehrencamp 2011; Hutton et al. 2015). Signals also

attenuate as they move through environments, mak-

ing the distance between signaler and receiver a key

consideration for communicating animals (Rosenthal

2007; Johnsen 2012; Cronin et al. 2014). Thus, to

optimize signal transmission and reception, both

senders and receivers must actively manage their lo-

cation and orientation, a feature of animal commu-

nication which we call the geometry of signaling.

However, behavioral ecologists rarely quantify the
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geometry of signaling interactions, relying instead on

assumptions about “typical” spatial positioning,

sometimes based on informal field observations. In

the best case, these assumptions stand up to more

careful scrutiny. At worst, they mislead us to empha-

size traits that have minor significance or no role at

all in the communicatory behaviors of the focal ani-

mals. Either way, we argue that greater attention to

the geometry of signaling promises to reveal new

insights into the complexity and evolution of animal

signaling systems, whether by uncovering overlooked

behavioral and cognitive adaptations or by overturn-

ing conventional yet unfounded understandings.

The explicitly geometric view of animal commu-

nication that we develop in this review has number

of broad implications worth highlighting at the start.

For example, signalers are not only under selection

to produce the best signal, but they must also coor-

dinate their posture and spatial position in relation

to intended receivers to ensure that their signal is

available for reception (Rosenthal 2007; Echeverri

et al. 2017). The nature and strength of selection

on signaler positioning will itself depend on the di-

rectionality of the signal, a property for which we

often lack rigorous quantification. Likewise, receivers

are not only under selection to make optimal deci-

sions based on signaled information, but must also

attend to their posture and location in space so as to

maximize their ability to evaluate signals of interest

(Land 1999; Rosenthal 2007; Hutton et al. 2015).

Again, selection on receiver positioning will also de-

pend on the directional biases of relevant perceptual

systems for which we often lack specific knowledge

in focal systems. Taken together, these observations

imply that animals must often work in concert to

optimize signaling geometry (Fig. 1). Many of us

know this from personal experience. If someone is

having a hard time hearing us, we turn to face them,

perhaps even moving closer to make our auditory

communication easier to perceive. If we are the lis-

tener, we might turn one ear toward the speaker,

lean closer, or even cup our hand around the ear

to improve sound reception.

Such behavioral responses are, for many, an intu-

itive part of how we as humans communicate effec-

tively. But what about animals? Do nonhuman

communicators actively adjust their positions so as

to address challenges facing effective signaling? How

are these dynamics influenced by constraints im-

posed by signaling modalities? How are they accom-

modated by animal cognition, including perceptions

of space and time? In this review, we discuss what is

known about how animals have evolved to meet the

demands imposed by the geometry of signaling, from

the directionality of signaling and sensing to the

requirements of particular modalities and signaling

contexts. Our overarching goal is to reveal how es-

sential this aspect of signaling is for a holistic under-

standing of animal communication, and yet how

much there remains to be explored by researchers

in the field.

To illustrate how and why the geometry of signal-

ing is important across modalities and social con-

texts, we begin with a few case studies. Take male

Costa’s hummingbirds (Calypte costae), for example.

These showy birds perform highly coordinated aerial

courtship displays to prospective female mates

(Simpson and McGraw 2018a). The male “shuttle”

display involves rapid flights back and forth in front

of a perched female during which the male erects his

colorful throat and crown feathers. If such aerial ac-

robatics were not enough, he must also position

himself such that the colors on his iridescent (i.e.,

highly directional) throat and crown feathers are as

bright as possible from the female vantage point.

Maximizing the brilliance of this iridescent display

for his prospective mate involves not only managing

his location, but also the position of his plumage

with respect to the sun and the position of the fe-

male, all in three dimensions (Simpson and McGraw

2018a). Impressively, male Costa’s hummingbirds

appear to engage in such complicated positional

management (Simpson and McGraw 2018a), a feat

that they share with related hummingbirds, such as

Anna’s hummingbird (Calypte anna; Hamilton 1965)

despite major differences in the aerial maneuvers

exhibited by these two species. Intriguingly,

Simpson and McGraw (2018a) also found that var-

iation in male location and body positioning was

more predictive of male appearance from the female

vantage than variation in the intrinsic properties of

male plumage coloration (e.g., maximal brightness,

chroma, etc.), indicating that male display behavior

is at least as important as male color quality in de-

termining how a female perceives his coloration. In

contrast, male broad-tailed hummingbirds

(Selasphorus platycercus) appear not to constrain

their shuttles or U-shaped display dives in relation

to solar position, despite the fact that the gorgets of

these animals are similarly iridescent (Hogan and

Stoddard 2018; Simpson and McGraw 2018b).

Understanding how and why these species have

evolved different display strategies requires attention

to the positional determinants and limitations of ef-

fective courtship: we must consider the geometry of

their signaling dynamics. Further, we know nothing

about how females position and orient themselves

during assessment of these displays, a critical detail

2 S. A. Echeverri et al.
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Fig. 1. Illustration of key concepts in the geometry of signaling using courtship in the Superb Bird of Paradise (L. superba) as an

example. (A) Because elements of the male visual display are iridescent, their appearance is dependent on the position of illumination

(the sun), the plumage patch, and the viewer. Some viewing positions may not be able to see the color patch (dashed grey arrows),

whereas others will differ in the perceived color. Researchers often measure a single angle of reflection (red arrow) when charac-

terizing such traits, thereby implicitly adopting a specific signaling geometry that places both the sun and the receiver at fixed locations

Geometry of signaling 3
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that determines whether the male’s signal is fully

perceived by the female regardless of his valiant

attempts to optimize his own signaling.

Beyond the visual realm, communication in other

sensory modalities is also often influenced by spatial

considerations. For example, sound propagation is

frequency dependent. Higher frequency sounds are

both more directional and experience higher rates

of distance-dependent attenuation than lower fre-

quency sounds (Richards and Wiley 1980; Bradbury

and Vehrencamp 2011). Based on these inherent

properties of sound, researchers have argued that

rodent ultrasonic communication may have evolved

in part because these high-frequency vocalizations

can be deployed more discreetly and in a more di-

rected way during intraspecific communication

(Arch and Narins 2008). These properties also play

a role in context-dependent use of ultrasonic alarm

calls in Richardson’s ground squirrels (Spermophilus

richardsonii), which are more likely to use ultrasonic

rather than nonultrasonic alarm calls the farther

away the threatening stimulus is, thereby taking ad-

vantage of the privacy benefits of higher ultrasonic

sound attenuation (Wilson and Hare 2006). These

observations reveal a central role for spatial relation-

ships, including distance and directionality, in the

evolution of vertebrate ultrasonic communication.

Finally, in many modalities, features of the envi-

ronment can heavily impact effective signaling geom-

etries. For instance, chemical communication often

(but not always) relies on environmental fluid flows

that move signaling molecules move through space.

For example, many insects communicate via wind-

borne pheromones, and transit of these pheromones

through the environment is often complicated by

objects within a habitat (e.g., trees in forests; Fares

et al. 1980) and/or turbulence in air flow (Crimaldi

and Koseff 2001). This suggests that in complex

environments, signaler’s spatial positioning during

pheromone release may be an essential consider-

ation, a result supported by observations from spa-

tial arrays of pheromone-based insect traps (e.g., in

trapping efforts focused on the oriental fruit moth,

Grapholitha molesta; Kong et al. 2014, and the mos-

quito Aedes aegypti; Melo et al. 2020).

While the examples described above may lead the

reader to believe that the geometry of signaling is

often well characterized, our review of the literature

indicates that such considerations remain overlooked

or unreported in most systems. Thus, we call for

increased attention to this essential aspect of animal

communication. In the sections below, we first dis-

cuss how intrinsic factors (related to signal and re-

ception properties alone) play a role in determining

optimal signaling geometries and associated behav-

ioral dynamics in animal communication. Then, we

explore the additional interactions brought on by

extrinsic factors of communication interactions: en-

vironmental context (related to structure and physi-

cal properties of the signaling environment), and

social complexity (related to the number and iden-

tity of signaler(s) and receiver(s), and whether their

locations are known). We have endeavored to illus-

trate how these various factors play a role across a

range of signaling modalities, focusing our survey on

visual, acoustic, and chemical communication.

Perhaps, most interestingly, signaling modalities dif-

fer from each other in the ways that the geometry of

signaling impacts them the most. This suggests that

multimodal communication may often evolve as a

set of interconnected compromises between these

various geometric advantages and constraints, a topic

that we approach at the end of the review. We con-

clude by pointing to open questions and new direc-

tions revealed by a more explicit focus on the

geometry of signaling.

Intrinsic factors of signaling geometry

Even in “laboratory conditions” where environmen-

tal effects are removed or minimized, some relative

positionings of signaler and receivers are better than

others for signaling efficacy as a result of directional

biases in signal propagation and reception. These

in the environment. However, some approaches involving commonly used equipment (e.g., a bifurcated probe applied to a study skin,

inset) force unrealistic geometries (e.g., situating the sun and the receiver at the same location in space). (B) By adopting a single

measurement geometry, researchers collapse the vibrant dynamism of real displays, thereby implicitly assuming that they have either

identified the most important moment (and geometry) of a male’s display, or at least one that is representative of the display as a

whole. Such assumptions are rarely if ever verified. (C) In addition to the complexities of displays, the sensory fields of receivers are

likewise spatially complex. For example, although bird visual fields often provide access to a nearly complete visual surround, the

quality of visual information varies dramatically across these visual fields thanks to retinal specializations (e.g., the fovea, foveal region,

“red area” in ground foraging birds, etc.) and blind spots (e.g., from the pecten). This retinal variation impacts the perception of color,

pattern, and motion in the world, yet researchers rarely account for this when considering what receivers see during signaling

interactions, opting instead to implicitly assume optimal reception (i.e., maximal color vision, acuity, and motion detection) when

applying receiver visual abilities to analysis of focal visual signals. Illustrations in (A) are modified from the drawings of William Matthew

Hart (1891), available in the public domain; the still images in (B) are from the video footage of Edwin Scholes, used with permission,

and archived at the Macaulay Library at the Cornell Lab of Ornithology (ML458003).
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intrinsic factors form the initial basis for expecta-

tions of signaling geometry in animal systems (e.g.,

Fig. 1). In some instances, directionality and

distance-dependence of signaling or reception are

unavoidable. For example, it is virtually impossible

to produce an omnidirectional vocalization, given

that the animal mouths open in a particular location

on the head, and heads are prone to blocking or

absorbing sounds, thereby creating sound shadows

(Hunter et al. 1986). Similar issues arise for hearing

organs. However, animals often mitigate (e.g., rotat-

ing during vocalization to sweep a wide area) or

exaggerate (e.g., via the use of limbs or facial struc-

tures to increase sound beaming, or external ears for

sound reception) the inherent directionality of their

signals and sensors. Thus, in the animal kingdom,

evolutionary responses to these intrinsic factors

range from tactics to overcome directional con-

straints to adaptive strategies that harness this aspect

of animal communication. Below, we describe the

theory and evidence behind how directionality and

distance influence signaling efficacy for both signal-

ers and receivers, and further, how animals compen-

sate for, or exploit, these geometric features of

animal communication.

Directionality

The directionality of signals—the set of angles at

which they are effectively transmitted and re-

ceived—is a crucial aspect of signaling geometry.

For directional signals, selection for efficient trans-

mission can influence signaler behavior, which can

act to beam the signal toward intended receivers.

Receivers in turn can be under selection to orient

their body and relevant sensory organs in a way

that optimizes signal reception (Rosenthal 2007;

Bradbury and Vehrencamp 2011; Hutton et al.

2015; Echeverri et al. 2017). Some animals have

even evolved exploitative strategies that force signals

to be perceived from specific directions. In this sec-

tion, we explore how animals respond and adapt to

the inherent directionality of signaling.

Causes of directionality in signaling

Even ignoring environmental influences, animal

communication is always directional to some degree

because: (1) most animals do not produce signals

that propagate uniformly in all directions, with nat-

ural signals ranging from weakly to strongly direc-

tional and (2) most animals do not receive signals

uniformly from all directions. Here we explore these

intrinsic causes of directionality in visual, acoustic,

and chemical communication.

Many visual signals are highly dependent on view-

ing angle (Fig. 1A and B). For example, some struc-

tural colors, such as iridescent colors, are highly

directional, changing in hue and brightness as a

function of viewing and/or illumination angle.

Many pigment-based colors are also somewhat direc-

tional, despite often being treated by researchers as

Lambertian reflectors (i.e., scattering light equally in

all directions, Oren and Nayar 1995; Santos et al.

2007). To add to this intrinsic directionality, visual

signals are often displayed on flattened body surfaces

(e.g., a peacock’s feather train) or are highly asym-

metric (e.g., the dewlap of Anolis lineatus, which is

more orange on one side and more yellow on the

other; Gartner et al. 2013; Losos et al. 2017), intro-

ducing further constraints on the angle from which a

signal is best viewed.

The courtship signals of the Common Eggfly

(Hypolimnas bolina) provide a good illustration of

how these sources of directionality combine within

a display: male butterflies of this species have flat

wings featuring both an asymmetric appearance

(i.e., the colorful dorsal wing patterns contrast with

the more cryptic ventral wing patterns, as in most

butterfly species) and vibrant UV-reflecting irides-

cent markings on the dorsal wing surfaces. Have

male eggflies evolved to strategically enhance the ap-

pearance of their iridescent UV markings to females?

In a detailed study of signal design and courtship

behavior, White et al. (2015) demonstrated that

males position themselves just beneath females

when performing a “fluttering” mating display.

This orientation ensures that females will see a max-

imally bright UV signal from the dorsal surface of

the male’s wings at the bottom of each wingbeat

downstroke—a result consistent with similar obser-

vations from the iridescent UV color displays of

male orange sulfur butterflies (Colias eurytheme;

Rutowski et al. 2007). Additionally, the male eggfly’s

position (relative to the female) allows the female to

perceive a series of flashes as he flaps his wings.

Outside of this precise arrangement, other observ-

ers—such as avian predators—would be less likely

to see the male’s flashy UV signal. These results are

consistent with the growing literature on iridescent

signals, their directionality (reviewed in Doucet and

Meadows 2009; Meadows et al. 2009), and their use

in dynamic color communication (reviewed in

Hutton et al. 2015). However, for many less obvi-

ously “flashy” visual signals, information about spa-

tial biases in their visibility remains uncharacterized,

despite the potential for such biases, even minor, to

influence how they are used during communication

(Hutton et al. 2015).

Geometry of signaling 5
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The visual systems used to assess these visual sig-

nals also have directional biases. Animal eyes differ

in their visual fields, and further directional biases

are introduced by retinal specializations that lead to

regional differences in the perception of color, pat-

tern, and motion (Fig. 1C; Temple 2011; Land and

Nilsson 2012). For example, although bird visual

fields often encompass most of the visual surround

(except a small rear-facing blind spot), the highest

visual acuity and color sensitivity is typically re-

stricted to a small central fovea, sometimes accom-

panied by other specialized areas of the visual field

such as the ventrally-facing “red area” in ground

foraging species (Letelier et al. 2004; Querubin et

al. 2009). An even more extreme example can be

found in the modular visual systems of jumping

spiders, where achromatic, low-resolution vision is

provided by a set of six “secondary” eyes with a

combined field-of-view of nearly 360� (Harland et

al. 2012). A pair of forward-facing “principal” eyes

augment this field-of-view with high acuity and

color vision (Morehouse et al. 2017). The latter,

however, have extremely limited fields of view, nar-

rowing to only 2� visual angle in the horizontal

plane (Land 1969a). Thus, colors and fine details

must be placed within the fields of view of these

“principal” eyes to be perceived. These spatial biases

in vision are further complicated by dynamic control

of receiver gaze through movements of the eyes (e.g.,

bird gaze; Chow and Frye 2009; Yorzinski et al. 2013;

Fern�andez-Juricic et al. 2019), or in the case of

jumping spiders, the retinas themselves (Land

1969b). Thus, receivers must often manage their lo-

cation in the environment, as well as the position of

their heads and their visual organs, when assessing a

visual signal of interest (Rosenthal 2007). Properly

understanding these “active vision” behaviors, how-

ever, must be built on foundational knowledge re-

garding the spatial distribution of visual functions

(e.g., color vision, motion sensitivity, and acuity).

We are only just beginning to understand this rig-

orously even in model organisms (e.g., zebrafish;

Zimmermann et al. 2018), and for many classic

models in animal communication, such information

remains to be collected.

Given these spatial biases in vision, how do

receivers dynamically control their position and pos-

ture during visual assessment? It is still relatively un-

common for researchers to report the direction of

receiver gaze or field-of-view in studies of signal di-

rectionality, despite this being a critical determinant

of signaling efficacy. However, the rare studies that

have assessed receiver gaze have held some surprises.

A study in which female peacocks were outfitted

with tiny telemetric gaze-trackers revealed that

females do not fixate their foveas on a displaying

male’s bright and colorful eyespots but rather focus

on the lower part of the male’s train (Yorzinski et al.

2013). Moreover, females spent 63% looking away

from the male during a display bout, such that the

male display was either not visible at all or was

viewed entirely by the female’s peripheral vision.

Similarly, in Habronattus pyrrithrix jumping spiders,

females faced away from males for over 73% of the

courtship interaction (Echeverri et al. 2017), mean-

ing that they spent the vast majority of the time

without being able to assess the color and detail of

the complex displays that these males perform.

Future work on the geometry of visual signaling

should capitalize on breakthroughs in gaze-tracking

technologies combined with our growing under-

standing of eye placement and visual fields (Stevens

2007; Land and Nilsson 2012), eye specialization

(e.g., Foelix 2011; Harland et al. 2012), intraretinal

variability (Temple 2011; Zimmermann et al. 2018),

and eye lateralization (Salva et al. 2012; Templeton et

al. 2012), all of which can influence how eyes detect

and process visual information coming from partic-

ular directions.

Acoustic signals also tend to be directional be-

cause they are typically produced by body parts

with a precise location in or on the signaler’s

body. Sound waves originating from these body parts

will propagate through the transmission medium in

certain directions (e.g., out of the mouth of a singing

bird (Patricelli et al. 2007), off the wings of a chirp-

ing cricket (Forrest 1991)), while being blocked or

dampened by the signaler’s body in other directions

(Fig. 2B and C). External and internal structures can

further channel sounds in certain directions: the ex-

ternal bell-shaped horns around the mouths and

nostrils of some bats (Zhuang and Müller 2006;

Bradbury and Vehrencamp 2011; Müller 2015) and

the internal melon (a ball of fatty tissue near the

forehead) of toothed whales (Au et al. 2006) help

achieve this. In birds, vocalization directionality is

the result of interactions between the frequency con-

tent of the call, beak morphology, and body posture

(Larsen and Dabelsteen 1990; Nelson et al. 2005;

Patricelli et al. 2007; Bradbury and Vehrencamp

2011). The directionality of sound signals has been

quantified in diverse taxa, with sounds ranging from

weakly directional—as in human speech (Marshall

and Meyer 1985)—to strongly directional—as in el-

ephant seal calls (Holt et al. 2010), where high-

frequency components of calls can be up to 30 dB

louder in the direction pointing away from the seal’s

mouth than directly behind the animal.

6 S. A. Echeverri et al.
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The directionality of sound communication is also

affected by the position and posture of receivers:

sound reception has directional biases that arise

from the structure and location of sound-sensing

body parts. For example, the mammalian pinna (ex-

ternal ear) can amplify and direct incoming sounds:

its shape, structure, and movability influence the

ear’s sensitivity to sounds coming from different

directions (Phillips et al. 1982; Jen and Chen 1988;

Muller and Bovet 1999). In dolphins and other ceta-

ceans, which have lost their external ears, sound sen-

sitivity depends in part on which materials and

tissues sounds pass through from their point of in-

cidence on the skull toward the internal ear (Aroyan

2001; Branstetter and Mercado 2006). Birds likewise

lack a pinna but some owls have something similar:

a feathery ruff covering the outer ear that acts as a

highly direction-sensitive sound collector, aiding in

sound localization (Von Campenhausen and Wagner

2006). Internally coupled ears of lizards and insects

are intrinsically directional, with up to 30 dB differ-

ence in amplitude depending on receiver angle

(reviewed in Römer and Schmidt 2016;

Christensen-Dalsgaard and Manley 2019). However,

despite these clear indications of directionality in

sound production and hearing, little work has fo-

cused on how receivers manage the location and ori-

entation of sound receiving organs. Even less has

characterized the dynamic spatial interactions be-

tween signalers and receivers during acoustic com-

munication, leaving this an area ripe for study.

The factors influencing the directionality of chem-

ical communication have some marked differences

from those of other modalities. As in visual and

sound communication, the locations of chemical-

producing glands and chemical-sensing receptors

on the body introduce some directional biases.

However, chemical signal molecules (i.e., semio-

chemicals), once released from the signaler, must

physically travel the distance between the signaler

and receiver. At very short distances and/or in highly

viscous fluids, semiochemicals will travel primarily

by simple diffusion, with only weak directionality

(Atema 1995; Bradbury and Vehrencamp 2011).

However, many chemical signals rely on fluid flow

(e.g., the currents of wind and water; Alberts et al.

1992; Atema 1995; Muller-Schwarze 2006; Webster

and Weissburg 2009) for transmission. Such fluid

flow can be environmental (see section

Environmental context given below) and/or gener-

ated by the signaler (e.g., wing-based vortices in

sac-winged bats, Voigt and von Helversen 1999;

and the butterfly Pieris napi, Andersson et al. 2007;

currents generated via gill movement in crayfish and

lobsters, Atema 1995; Bergman et al. 2005). Likewise,

the directionality of chemoreception depends on the

patterns of fluid flow immediately adjacent to the

sensory organ, which is influenced by the morphol-

ogy of the sensor and surrounding body, as well as

any receiver behaviors (e.g., respiration and non-

respiratory sniffing) that direct fluid toward the re-

ceptor (Atema 1995; Settles et al. 2003; Riffell et al.

2008; Bradbury and Vehrencamp 2011). Such

“olfactory aerodynamics” have been well described

for canines (Settles et al. 2003; Craven et al. 2010),

and some aquatic arthropods (reviewed in Koehl

2006) but rarely in other systems (but see Jaffar-

Bandjee et al. 2020 for a review of challenges and

advances for this research in terrestrial insects).

Previous work has also described how some receivers

orient their chemoreceptors, but specifically in the

context of extracting spatial information from odor

gradients (e.g., in lobsters; Goldman and Koehl 2001;

Koehl et al. 2001). More work to understand how

receivers manage the positioning of chemical sensors

during dynamic signaling interactions would be a

welcome advance.

Compensation for directionality

To compensate for the limited active space of direc-

tional signals, signalers are often under strong selec-

tion to ensure efficient delivery of a signal by

directing their signals at the intended receiver.

Animals have evolved a number of strategies to ad-

dress this challenge. For example, on a lek, where

males typically compete for the attention of multiple

females, the challenges of directional signaling are

drawn in sharp relief. Tantalizingly, male sage

grouse—despite rarely facing females head-on during

their charismatic strut displays—may nevertheless

adopt an orientation that allows them to effectively

beam the loudest part of their whistle calls in the

direction of attentive females (Dantzker et al. 1999).

In contrast, when receiver position is unknown, and

therefore signal directionality is something of a lia-

bility, signalers often rotate their bodies during sig-

nal production, a strategy that animals share with

revolving sirens and lighthouse beacons. This behav-

ior has been observed in nightingales and sedge war-

blers (Brumm and Todt 2003; Brumm et al. 2011),

northern mockingbirds (Breitwisch and Whitesides

1987), and red-winged blackbirds (Brenowitz 1982;

Patricelli et al. 2007). In the chemical realm, signalers

may evolve methods to impart a fluid flow to emit-

ted semiochemicals and propel them toward a re-

ceiver. For example, female mara (a large rodent)

sprays urine at other females, the scent of which

serves to reduce harassment from males (Ottway et
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al. 2005). Likewise, crayfish use gill movement to

generate their own flow currents and use these to

direct urine toward receivers (Bergman et al. 2005).

Similar behaviors are seen in lobsters, newts, and

bats (Atema 1995), and above the water in the

wing-based vortices of sac-winged bats (Voigt and

von Helversen 1999) and the butterfly P. napi

(Andersson et al. 2007). Given the diversity and in-

herent directionality of animal signals, similar—or,

indeed, novel—compensatory strategies may be both

common and critical to efficient communication.

Exploitation of directionality

Do animals with highly directional signals exploit

this feature to their benefit? As noted above, many

animals, from butterflies to hummingbirds, actively

manage their body position in space over time to

ensure that their highly directional signals are viewed

by intended receivers. This has the related advantage

of preventing other unintended receivers from seeing

such directional signals. There is even evidence that

the flashiness of iridescent signals may be under se-

lection itself (e.g., in sexual signaling in pierid but-

terflies, Kemp and Rutowski 2007; Kemp 2008;

aposematism in the Pipevine Swallowtail, Battus phil-

enor, Pegram et al. 2013; Pegram and Rutowski

2014), suggesting that the flashiness of these signals

may in-and-of-itself be beneficial. One possibility is

that flashing signals may be more memorable or

more detectable than similar, but static signals, a

possibility that has received some support from

both iridescent aposematic signals (Pegram and

Rutowski 2014) and iridescent floral signals learned

by pollinators (Whitney et al. 2016).

Alternatively, what if the goal is to be visible (or

invisible) from all angles? To appear conspicuous or

camouflaged from a variety of angles—for example,

to broadcast territorial or social information or to

evade predators—animals may have evolved weakly

directional signals. However, camouflage signals need

not always be weakly directional. Intriguingly,

strongly directional iridescent signals may provide

insects with excellent camouflage against birds, per-

haps because it produces inconsistent shape and

color cues that make an insect’s body outline diffi-

cult to detect (Kjernsmo et al. 2020). Moreover,

some highly asymmetric signals—such as the dorso-

ventral countershading on a wide variety of ani-

mals—appear to provide effective camouflage if

viewed from specific directions (Johnsen 2002;

Donohue et al. 2020).

In the acoustic realm, signalers can control—to

some extent—the degree to which directional sounds

reach intended receivers through changes to fre-

quency usage (and associated frequency-dependent

Fig. 2. A signaler’s location in the environment, and how their signal interacts with environmental features, can determine signal

efficacy. A female moth (upper left) located in a forest canopy produces multiple volatile pheromones from her scent gland, which

diffuse and blow downwind to create an odor plume. Because of stochastic turbulence in the air, changes in wind direction, and

environmental obstacles, the odor plume has a complex, discontinuous 3D structure. A male (lower right) accounts for this signal

complexity by alternating between anemotaxis (following a single plume upwind, solid lines) and lateral casting (moving perpendicular

to the direction of the current, dashed lines) in search of the odor plume, to finally reach the canopy female., sensing the directionality

of the plumes with his well-developed pectinate antennae. However, another female located in the understory (lower left) experiences

slower fluid flow, and her pheromone plume travels far less, making it unlikely to reach a male. Moth illustrations are by J. Chen.
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directionality), posture, and body orientation. For

example, red-winged blackbirds (Agelaius pheoniceus)

use strongly directional calls for courtship but weakly

directional calls (radiating in many directions) for

alerting conspecifics to a threat (Patricelli et al.

2007). Remarkably, some birds even adjust the di-

rectionality of their antipredator calls, preferentially

beaming sounds toward the predator—perhaps to

signal to the predator that it has been detected

(Yorzinski and Patricelli 2010). Finally, some male

hummingbirds may have evolved to conceal infor-

mation about their speed from females—a trick

achieved by changing the angle at which females

will receive the acoustic signal (Clark and Mistick

2018). During their courtship dives, male Costa’s

hummingbirds (C. costae) produce acoustic tones us-

ing their tail feathers: the tone’s pitch can increase by

up to 28% (from 7 to 9 kHz) due to Doppler shift.

Males, however, minimize the frequency shift expe-

rienced by females by diving not at the female di-

rectly but off to her side, thereby obscuring acoustic

information that could otherwise convey dive speed.

This auditory illusion may alter the female’s percep-

tion of this dive component while she evaluates a

male’s performance during courtship.

Finally, we note that while many chemical signal-

ers certainly use the directionality of their signals to

their advantage, the mechanisms and behaviors by

which they do so often rely on interactions with

extrinsic, environmental conditions. As such, we dis-

cuss these in detail in the section Extrinsic factors of

signaling geometry given below.

Distance

In addition to the directional challenges described

above, all signals degrade in some manner as they

travel the distance from signaler to receiver

(Rosenthal 2007; Bradbury and Vehrencamp 2011).

Some causes of degradation are due to, or acceler-

ated by, environmental conditions (e.g., degradation

of semiochemicals in transmitting media, discussed

in “Environmental structure impacts signal transmis-

sion and processing” section given below), but many

are intrinsic to the mechanisms of signal propaga-

tion. Signal efficacy tends to decrease with increasing

distance between signaler and receiver, usually due to

shrinking image size (Caves et al. 2018), sound at-

tenuation (Wiley and Richards 1978), or diffusion of

semiochemicals. Beyond a certain distance, the signal

is no longer detectable. As a result, the perception

and even function of signals can change dramatically

with the distance between signal and receiver

(termed here and in the literature as “receiver

distance” or “communication distance”). Because of

these distance-dependent effects on signal propaga-

tion, signalers are likely under selection to assess re-

ceiver distance, compensate for distant-dependent

degradation, and/or exploit this effect to control in-

formation. Receivers should likewise be under selec-

tion to adjust their position in relation to signalers

to better receive signals of interest.

Causes of signal degradation

For visual signals, distance-dependent degradation

occurs due to the optics of vision. As viewing dis-

tance increases, the resulting smaller images are

detected by fewer photoreceptors (Bradbury and

Vehrencamp 2011; Land and Nilsson 2012; Cronin

et al. 2014; Caves et al. 2018). Details mix together,

and contrast between the signal and its surroundings

can also decrease (Land and Nilsson 2012; Caves et

al. 2018). The perceived image of an object can also

become blurry if the distance between signaler and

receiver is outside of the range within which the

receiver’s eye can focus on objects (Land and

Nilsson 2012). In addition, signals seen at an ex-

tremely close range may not “fit” within the

receiver’s field-of-view and therefore may not be vis-

ible in their entirety. These observations indicate that

the distance between signaler and receiver plays a

critical role in the efficacy of visual communication,

and is therefore a property likely to be actively man-

aged by signalers and receivers alike.

Sound signals also attenuate as they travel (Wiley

and Richards 1978). As a wave spreads from the

point of origin, the initial kinetic energy is spread

out over more and more molecules, resulting in the

so-called spreading loss. In addition, at each collision

of molecules that propagates the sound wave, addi-

tional energy is lost in the form of heat to entropy,

called attenuation via heat loss. As a result of these

two forms of loss, amplitude (“loudness”) decreases,

and sound information becomes harder for receivers

to detect and interpret. Sound attenuation is also

frequency-dependent, with higher frequency sounds

experiencing higher heat loss. In addition, temporal

information in acoustic signals can be affected by

reverberation, a phenomenon which we discuss fur-

ther in “Extrinsic factors of signaling geometry” sec-

tion, given its environmental dependence. Taken

together, these sources of attenuation and degrada-

tion mean that different components of a sound sig-

nal will be more or less affected by communication

distance.

Released semiochemicals also diffuse from the

point of emission into the surrounding medium, a

phenomenon analogous to spreading loss (Atema
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1995; Webster and Weissburg 2009; Bradbury and

Vehrencamp 2011). As this volume of diffusing mol-

ecules grows, the concentration of semiochemicals

will decrease, reducing the number of molecules

that can be detected by a receiver. The rate of dif-

fusion depends on the chemical properties of the

signal molecule and of the medium it is diffusing

into, including the thermal environment (see

Environmental context section given below; review-

ing in Riffell et al. 2008; Webster and Weissburg

2009; Bradbury and Vehrencamp 2011). At a certain

distance from the location of emission—or after

enough time has passed—the concentration will de-

crease below the receiver’s threshold for detection.

Compensation for signal degradation

Communicators can improve signal efficacy by

assessing communication distance and adjusting

their behavior. Several sensory mechanisms exist

that allow animals to estimate distance from a stim-

ulus and respond appropriately (e.g., attention to

signal loudness in acoustic orientation, Naguib and

Wiley 2001; Mhatre and Balakrishnan 2008; depth

perception in visual signaling, Land and Nilsson

2012; Cronin et al. 2014). Based on such distance

cues, signalers often actively change their signals to

improve saliency at different distances. For example,

distance-dependent signal modification is well estab-

lished for some acoustic signals (e.g., zebra finches

calls, Brumm and Slater 2006; human speech,

Marshall and Meyer 1985) and movement-based vi-

sual signals (e.g., head-bob displays in Anolis gund-

lachi lizards, Steinberg and Leal 2013). In these

systems, signalers increase signal intensity for more

distant receivers, and this modulation increases sa-

lience relative to unmodified signaling behavior.

Signalers may also qualitatively change their signal

in response to communication distance. For exam-

ple, male A. gundlachi anoles append an additional

signal component to their display when signaling at

a farther distance (Steinberg and Leal 2013). Such

facultative signal modifications provide another op-

tion for signalers to compensate for distance, espe-

cially if modulation of the primary signal may alter

its information content. Distant-dependent signal

modification may also allow signalers to conserve

energy by signaling at reduced intensity until

receivers are nearby (e.g., distance-dependent modi-

fications of male greater sage grouse display calls,

Patricelli and Krakauer 2010). Signalers capable of

rapid color and pattern change (e.g., paradise whip-

tail fish, chameleons, cuttlefish, and other cephalo-

pods; reviewed in Hutton et al. 2015) might also use

this ability for signal modulation if certain colors are

better able to reach a distant receiver, as in the case

in marine environments, but this possibility remains

to be more carefully explored.

The taxonomic breadth of distance-dependent sig-

nal modification strongly suggests that this ability

has evolved repeatedly, and may be more common

than current evidence suggests. Much of the work we

review above comes from vertebrates (e.g., birds and

lizards), but evidence from invertebrates is beginning

to appear. For example, males of the jumping spider

H. pyrrithrix increase the amplitude of waving dis-

plays when they perform them farther away from

prospective female mates (Echeverri 2020).

Anecdotal observations suggest that humans also en-

gage in distance-dependent signal modification of a

movement-based signal: when waving arms to get

others’ attention, signaling humans often increase

the speed and amplitude of their waves with increas-

ing distance from intended receivers. However, the

extent of this human behavior, and its impact on

signal effectiveness, awaits formal investigation.

Chemical signalers may combat the effects of sig-

nal degradation by changing the rate or initial con-

centration of semiochemical emission, and/or

manipulating the chemical properties of their emis-

sions to change their rate of travel through the air or

water. For example, sea hares have chemical defenses

in the form of both ink and opaline secretions that

they use to escape predation by spiny lobsters

(Kicklighter et al. 2005). In an anti-predatory de-

fense, sea hares release both their ink and opaline

at the same time. The ink binds to the highly viscous

opaline, which limits the diffusion of the stimulus to

an area near the attacker. We note little evidence of

signalers adjusting emission rate or initial concentra-

tion in response to communication distance in par-

ticular, despite demonstrated ability to do in other

contexts (e.g., based on mating history Umbers et al.

2015). This lack of evidence may be a result of an

existing literature bias toward the study of long-

range chemical signaling (e.g., scent plumes of

insects). At such ranges “up-to-date” distance infor-

mation may rarely be available to signalers due to

the relatively slow speed of signal travel and the

resulting asynchronous nature of the communication

interaction. However, at close range, chemical signal-

ers may use information from other modalities to

assess distance and adjust their chemical signals

appropriately.

Exploitation of signal degradation

Attenuation with distance may at times be a part of

an intended signal function, rather than a limitation.

For signals that provide receivers with relative
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location information (termed “ranging” or

“localization” in the literature; Naguib and Wiley

2001), selection for reliable methods to locate con-

specifics may result in signals with properties that

enhance the perception of attenuation. This is seen

in the acoustic signals of pygmy marmosets and sev-

eral forest birds, where wide frequency sweeps

(“trills”) allow receivers to better estimate distance

via the extent of frequency-specific attenuation

(Snowdon and Hodun 1981; Naguib and Wiley

2001). More simply, because diffusing semiochemi-

cals often form a gradient of increasing concentra-

tion toward the signaler, many species’ chemical

signals function at least in part to guide receivers

toward the signaler (reviewed in Vickers 2000;

Webster and Weissburg 2001; Moore and Crimaldi

2004; Koehl 2006; Fig. 2).

Signalers may also use distance-dependent signal-

ing strategies to exclude unintended receivers (e.g.,

eavesdroppers such as predators) from accessing dis-

tance or location information. For visual signals, spe-

cies disparities in visual acuity may allow for semi-

private communication channels—at certain viewing

distances, one species may be able to clearly perceive

a signal, while another species may perceive the im-

age differently, or not be able to detect it at all

(reviewed in Caves et al. 2018). Acoustic signalers

may selectively use high- versus low-frequency calls

to control how far a signal will travel. High-

frequency sounds will degrade more quickly, thereby

excluding more distant receivers (e.g., predators, in

the alarm calls of Richardson’s ground squirrels,

Wilson and Hare 2006, see above).

Signals may also evolve to serve dual functions by

exploiting distant-dependent degradation. This may

be particularly true for visual signals whose appear-

ance depends on viewing distance. For example, at

greater viewing distances, coarser-scale features will

dominate the perceived image, while at closer dis-

tances, fine-scale features become more noticeable.

As a result, visual displays can have distance-

dependent appearances and, thus, induce distance-

dependent responses (Kelley and Kelley 2014). For

example, the striped aposematic patterns of many

lepidopteran larvae (Tullberg et al. 2005; Bohlin et

al. 2008; Barnett and Cuthill 2014; Barnett et al.

2018a), skunks (Caro 2013), and frogs (Barnett et

al. 2018b) have been shown to function as apose-

matic markings up close, and as camouflage at a

greater distance (e.g., “distance-dependent defensive

coloration” sensu Barnett and Cuthill 2014).

Likewise, the pointillist patterns of reef fish allow

for species discrimination at close range but also

provide camouflage from more distant predators

(Marshall 2000; reviewed in Stevens 2007).

Signalers may even produce deceptive distance in-

formation by mimicking the effects of degradation

themselves (Naguib and Wiley 2001). Mantled

howler monkeys (Alouatta palliata), for example,

produce both a normal grunt call and a grunt with

additional reverberation that may be perceived as

deceptively distant (Whitehead 1987). These decep-

tive signals may allow the signalers to avoid confron-

tation with other groups of conspecifics.

Extrinsic factors of signaling geometry

The saying “location, location, location” holds true

not only for real estate and advertising, but also for

communication in the animal kingdom. Extrinsic

environmental complexities like obstructions, noise,

or dynamic fluid flows, modulate the effects of the

intrinsic factors described above. Similarly, the loca-

tion and number of intended receivers can shape the

strategies of signalers and vice versa. Thus, where

signaler and receiver(s) are located within their en-

vironment impose new challenges and opportunities

to improving efficacy. In this section, we review what

is known about how such extrinsic factors have

shaped animal signaling, including environmental

and social factors, while highlighting areas where fu-

ture work should focus.

Environmental context

The physical environment within which signaler and

receiver communicate modifies how distance and di-

rectionality alter signal effectiveness across all modal-

ities (Rosenthal 2007; Cole 2013; Ryan and

Cummings 2013). Illumination, physical obstruc-

tions, and the environmental background against

which signalers display can all affect signal efficacy.

Natural environments are often heterogeneous in the

distribution of these properties, a phenomenon most

well characterized for visual signaling (Endler 1992;

Rosenthal 2007). However, such environmental var-

iables are also critical determinants of communica-

tion in other modalities as well. Physical properties

of the environment alter sound transmission and

signal-to-noise ratio in acoustic communication

(Wiley and Richards 1978; Padgham 2004), and fluid

flow dynamics shape the spread of chemical cues and

hence olfactory communication (Riffell et al. 2008;

Webster and Weissburg 2009). Selection may thus

act on behaviors that tune geometries of signaler

and receiver to either their immediate or most com-

mon environmental contexts, something observed
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for thermal gradients and bird song (Henwood and

Fabrick 1979).

Multiple constraints may limit individuals’ abili-

ties to respond to environmental variation to im-

prove signaling efficacy. First, dynamic positioning

may require the signaler to evaluate details of the

environment and infer likely receiver perspectives.

Assuming signalers (and receivers) can assess differ-

ent positions in the environment, they may face

trade-offs between optimizing for signaling distance

versus signal directionality. Furthermore, the posi-

tions of signalers and receivers may be constrained

because of other factors, such as exposure to preda-

tion risk, forfeiture of foraging opportunities, com-

petition from conspecifics, or the simple inability to

access an optimal position in the environment. These

factors may impede optimal positioning during com-

munication, resulting in signaling behaviors that are

expressed seemingly at random in time and space.

Environmental structure impacts signal transmission and

processing

Effective signaling geometries for visual communica-

tion are often influenced by environmental condi-

tions. For example, the location of the source of

illumination (e.g., the sun) and the amount and

quality of incident light can impact visual signal con-

trast and luminosity for a given signaler–receiver ge-

ometry (Long and Rosenqvist 1998). Visual signals

dependent on incident light degrade more quickly

with viewing distance in dim light than in bright

light (Johnsen 2012; Cronin et al. 2014). The trans-

mission medium may also interact with certain

wavelengths of light such that some colors attenuate

more quickly than others. For example, red light

attenuates more rapidly in water than blue light,

leading to strong gradients in the spectral quality

of available light at different depths in aquatic envi-

ronments (Cronin et al. 2014) as well as the trans-

mission distance of certain color signals. The quality

and density of particles in the transmission medium

(e.g., in air or in water) also determine how light is

scattered and/or absorbed per unit distance (Johnsen

2012; Cronin et al. 2014). Because aquatic environ-

ments often have greater amounts of suspended par-

ticulate matter, visual signals tend to degrade more

quickly with distance when underwater than in air

(Johnsen 2012; Cronin et al. 2014). However,

weather conditions (e.g., fog, rain, and dust storms)

may transiently produce similar effects on land.

Finally, signals may appear more or less conspicuous

to a receiver based on the background against which

they are viewed (Johnsen 2012; Cronin et al. 2014),

and objects that interfere with the “line-of-sight”

between signaler and receiver can further frustrate

visual signaling. More physically complex environ-

ments are therefore more challenging for visual

communicators.

Similarly, refraction of sound waves within differ-

ent layers of a medium can affect the distance a

sound signal can travel. Transitions between warm

and cold layers of a transmission medium bend

sound waves toward the colder layer, as a result of

the difference in speed of sound between the two

(Henwood and Fabrick 1979). For example, in an

open habitat, sound signals produced near the

ground on a hot day will bend upward, and thus

away from a distant receiver located at the same

height as the signaler. This temperature-gradient re-

fraction creates a space where the sound waves bend

too far upward for a receiver at ground level to hear

them clearly, termed as “shadow zone.” The distance

at which the shadow zone begins increases as a func-

tion of the height within the thermal gradient at

which the sound was produced (Wiley and

Richards 1982). Thus, terrestrial signalers may be

under selection to call from higher above the

ground, either by adjusting their posture and/or po-

sition during communication, such that a nearby

receiver would be close enough to avoid the shadow

zone effect (Henwood and Fabrick 1979). Similar

phenomena occur in aquatic systems, most famously

in the sound fixing and ranging zone of the world’s

oceans, a deep horizontal layer that acts as a wave-

guide for sound and may be used by whales for ex-

tremely long-distance signaling (Payne and Webb

1971). In addition, mismatches between an animal’s

current sound transmission medium, and that within

which its hearing evolved can disrupt the underlying

mechanisms of sensor directionality. For example,

while terrestrial vertebrates typically localize sound

sources by comparing intensity and arrival time be-

tween paired ears, when underwater, sound waves

travel through the skull, not around it, due to the

similarity in transmissivity between the two materi-

als. As a result, directional information is much

harder to extract (Hollien 1973; Bovet et al. 1998),

selecting for modified hearing systems in secondarily

marine lineages (e.g., cetaceans; Branstetter and

Mercado 2006).

For chemical signaling, fluid flow dominates the

effects of simple diffusion on semiochemical spread-

ing in most natural conditions and hence defines the

signal’s directionality and active space (Fig. 2; Alberts

et al. 1992; Atema 1995; Muller-Schwarze 2006;

Riffell et al. 2008). Chemical signals arriving at a

receiver, particularly in turbulent fluids, are intermit-

tent, and receivers compare the patchy odor signals
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sensed by receptors across the body with mechano-

sensory measures of fluid flow to localize sources of

odors (Vickers 2000; Weissburg 2000). Physical char-

acteristics such as environmental structure (e.g., trees

in a forest; Fares et al. 1980) and surface roughness

affect fluid dynamics and therefore receiver ability to

detect and localize odor sources (Riffell et al. 2008;

Webster and Weissburg 2009). These environmental

complexities for localizing odor sources are likely to

often constrain the function of olfactory cues and

behavioral strategies used during olfactory-guided

search. Semiochemicals can also degrade due to

properties of the transmitting media (e.g., pH and

temperature) and/or chemical interactions with sol-

utes, environmental objects, or suspended particles.

Animals fine-tune communication to current environ-

mental context

Signalers and receivers position themselves to im-

prove signal transmission within heterogeneous envi-

ronments based on current environmental

information. Many terrestrial insects that produce

mate-attractant pheromones advertise their location

from elevated locations that allow access faster and/

or more consistent fluid flows (Fig. 2; Moore and

Crimaldi 2004; Bradbury and Vehrencamp 2011),

and some also align themselves with the direction

of fluid flow to increase signal transmission (e.g.,

in orchid bees; Pokorny et al. 2017). Receivers may

likewise improve signal detection by resting on the

upwind or upstream side of objects. While this hy-

pothesis has not been widely tested, evidence from

the resting orientation of wood cockroaches on trees

(genus Parcoblatta) suggests that, in this system, air

flows are not sufficiently blocked by trees to affect

behavior (Miller et al. 2007).

Similarly, manakins may choose lek locations

based on whether their color patterns will have

high contrast in the local light environment, a phe-

nomenon which seems to be widespread for lekking

birds in tropical forests (Endler and Thery 1996).

Male poison frogs (Allobates femoralis) sing at lower

amplitudes when on higher perches, such that their

overall signal propagation is similar from all perch

heights (Rodr�ıguez et al. 2020). To compensate for

low illumination levels, male guppies (Poecilia retic-

ulata) move closer to females when courting in dim-

mer lighting (Long and Rosenqvist 1998). In

addition, when traffic noise impacts communication,

male great tits sing closer to female nest boxes, and

adjust their positions based on feedback from

females (Halfwerk et al. 2012). However, in general,

the extent to which animals’ positional adjustments

is based on social feedback or directly sensing their

environments is largely unknown (but see Patricelli

et al. 2002).

Because some signals, particularly visual signals,

are acutely dependent on orientation within a spe-

cific lighting environment, signalers often reposition

themselves relative to receivers depending on the po-

sition of dominant illumination (often the sun). This

adjustment is regularly observed in displays that in-

volve iridescent colors. Male peacocks, for example,

shake their tail feathers at females while positioning

themselves about 45� to the right of the sun azimuth,

an orientation that might minimize specular reflec-

tance or produce desirable iridescent hues (Dakin

and Montgomerie 2009)—including the blue–green

eyespot color that females evaluate during courtship

(Dakin and Montgomerie 2013). Similar evidence in

some hummingbirds (Hamilton 1965; Simpson and

McGraw 2018b, 2018a see above) and butterfly spe-

cies (Rutowski et al. 2007; White et al. 2015) suggests

that strategic orientation to the sun may be a com-

mon feature of iridescent courtship displays.

However, in some contexts—for example, broad-

tailed hummingbird courtship dives (Hogan and

Stoddard 2018) and peacock wing-shaking displays

(different from the tail-shaking displays referenced

above, Dakin and Montgomerie 2009)—signaler po-

sitional management in relation to the sun appears

to be inconsistent or absent. Non-iridescent signalers

also orient their display toward the sun. Great bus-

tards (Otis tarda) orient their bright white tail dis-

plays toward the sun, particularly when the sun is

low in the sky and thus best positioned to shine

upon the male’s vertically-held tail feathers (Olea et

al. 2010). Likewise, snowy owls (Bubo scandiacus)

orient their white breast feathers toward the sun,

which may increase apparent brightness (Bortolotti

et al. 2011, but see Wiebe and Chang 2018).

Signalers and receivers may also position them-

selves to adjust signal detectability against the sen-

sory background. In some systems signalers may

modify their visual environment prior to communi-

cation (e.g., clearing debris from a display court in

manakins; Uy and Endler 2004). Signalers also repo-

sition themselves dynamically based on the back-

ground to tune how conspicuous their patterns

and displays are. The geometrid moth (Jankowskia

fuscaria) has a bark-like pattern on its wings and

experiences high predation on nonpattern-matching

trees; these moths orient their bodies so their mark-

ings match the directionality of the tree bark

(Webster et al. 2009), potentially using touch to de-

tect the orientation of bark patterning (Kang et al.

2013, 2015). Male jumping spiders (H. pyrrithrix)

move closer to females when courting against more
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spatially and temporally complex backgrounds

(Echeverri 2020), perhaps leveraging their wide

field-of-view to assess their background without

turning away from the receiver. Receivers may also

position themselves within the environment to mod-

ify their ability to best detect signals against the

background. For example, territorial insects select

portions of the habitat that provides them with a

clear view of the area in front of them by perching

on the edges of woods, along corridors, or at hilltops

(Alcock 1987).

The concept of sensory background is slightly dif-

ferent in nonvisual modalities, in part because per-

ception in these modalities has much coarser spatial

resolution. However, avian songs are thought to

evolve in response to habitat structure, a phenome-

non called the acoustic adaptation hypothesis (for

in-depth reviews, see Boncoraglio and Saino 2007;

Ey and Fischer 2009). In addition, acoustic signalers

often respond to persistent background noise by

moving to frequency ranges where there is less inter-

ference, a phenomenon now well established for ur-

ban bird populations (Slabbekoorn and den Boer-

Visser 2006). Whether this shapes the geometric rela-

tionships between signaler and receiver is less well

known, although one might expect that increases in

song frequency, which result in increased direction-

ality and attenuation, might impact effective spatial

positioning in urban environments. Reverberation

caused by sound reflections from habitat objects

can also muddy temporal information in acoustic

signals, an issue that inhabitants of structurally com-

plex environments must contend with (Richards and

Wiley 1980; Padgham 2004).

Animals may also use physical objects in the sig-

naling environment to influence what receivers per-

ceive. For visual signaling, one of the most striking

suggestions of using objects to force a particular

receiver perspective comes from great bowerbirds

(Chlamydera nuchalis; Endler 2010; Endler et al.

2012; Kelley and Endler 2012). Male great bower-

birds decorate their courts with stones in a positive

size-distant gradient, with the largest objects the

furthest from the bower—a carefully constructed

visual signal that females typically evaluate from

inside the bower. Male great bowerbirds build an

“avenue” of reeds that function to block females

from viewing the male’s bower from all but head-

on. From the female’s highly angle-specific view-

point in the bower, the stones will appear uniform

in size—an illusion only visible from this forced

perspective (Endler et al. 2012; Kelley and Endler

2012). Whether males that create the best illusions

enjoy the most mating success remains an

intriguing yet unanswered question (Kelley and

Kelley 2014). In a similar vein, some male birds-

of-paradise (genus Parotia) prepare courtship stages

underneath low-hanging tree branches. These

branches serve as perches from which females can

watch the male’s courtship dance unfold from

above, including the males’ highly iridescent plum-

age patches (Scholes 2008a, 2008b). By constraining

the female’s viewing angle, males help to ensure

optimal viewing. In contrast, structures built for

other functions may impose signaling challenges

by limiting the visibility of a nearby signaler. In

Uca mustica fiddler crabs, males build sand hoods

near their burrows, which attract females by

exploiting a sensory preference for objects that pro-

vide cover from predators. However, these hoods

also block males’ field-of-view from certain direc-

tions, reducing the number of females he can po-

tentially see and court, and thus limiting the fitness

benefits of the structure (Christy et al. 2003).

Signalers may also use obstructions for “peek-a-

boo” displays, repeatedly presenting and hiding the

signal from behind cover, as seen in some jumping

spiders (genera Saitis and Jotus; Hill 2009; Otto and

Hill 2016). Such interactions have been studied in

the context of human development (e.g., Greenfield

1972), but not in communication of other animals.

These peek-a-boo displays may allow signalers to

avoid visual desensitization and/or exploit biases

for novel stimuli. However, they require signalers

to track the receiver’s position without a clear line

of sight, as the peek-a-boo only functions if the ob-

scuring object remains between signaler and receiver

(and therefore obstructs the signaler’s view of re-

ceiver location).

Although the phenomena of forced perspective

and peek-a-boo displays do not have ready alterna-

tives in other sensory modalities, auditory signalers

do at times make use of objects in their environ-

ments to change the properties of their signals. For

example, tree crickets (Oecanthus sp.) use leaves as

acoustic baffles that increase the effective loudness

of their calls through sound reflection, fine-tuning

the properties of these acoustic tools through leaf

selection (larger leaves are better baffles) and body

positioning when singing (leaf centers are more ef-

fective than margins, Mhatre et al. 2017). For

chemical communication, animals depositing scent

marks often make use of strategically selected envi-

ronmental objects (e.g., felids selecting trees in

objects with properties that reduce the rate of signal

degradation; Allen et al. 2017; Mohorovi�c and

Krofel 2020).

14 S. A. Echeverri et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icab090/6280543 by Princeton U

niversity user on 05 August 2021



Evolution tailors signaling strategies to environmental

contexts

Signals can evolve to compensate or exploit effects of

distance and directionality when signaler and re-

ceiver positions within the environment tend to be

consistent, even if absolute location is unknown. For

example, counterillumination, countershading, and

reverse countershading are widespread in marine

environments and occur even in terrestrial, arboreal,

and aerial systems (Johnsen 2002; Kamilar and

Bradley 2011; Cuthill et al. 2016; Donohue et al.

2020). While functionally distinct from many con-

specific signals, these camouflage markings still in-

volve transmitting visual information (albeit

deceptive information) to elicit a behavior (e.g.,

avoidance), and are similarly shaped by the geomet-

ric constraints of communication. The effectiveness

of these visual patterns lies in the ecological consis-

tency of the animal’s position relative to predators or

prey, whose perspective may be looking up or down,

as well as the approximate position of the sun.

Another example is the convergent evolution of eye-

spots on pupal Lepidoptera (butterflies and moths)

on different parts of the body for deterring avian

predators (Janzen et al. 2010); because the pupae

are sessile and concealed, these eyespots are typically

positioned on the area of the body most likely to be

exposed to view by a foraging bird. Many species

tend to signal from relatively standard heights in

fairly consistent vegetation types, such that natural

selection can tailor signal properties and receiver

sensory systems to tune transmission properties to

the likely habitats (e.g., Persons et al. 1999; Witte

et al. 2005). Similarly, chemical signaling strategies

may evolve to meet consistent ecological conditions;

for example, xeric and mesic lizard species use dif-

ferent types of molecules for chemical signaling that

allow scent marking or long-distance chemical sig-

naling within the environment (Baeckens et al.

2018). Comparative studies that integrate these envi-

ronmental drivers alongside variation in intrinsic

spatial biases in signaling hold great promise for

explaining extant diversity in signaling strategies

across taxa (e.g., the differences in display behaviors

described between hummingbird species).

Social complexity

Thus far, we have discussed signaling geometry

largely in the context of directed dyadic interactions

(i.e., between one signaler and one receiver, at mu-

tually known locations, Fig. 3A). However, commu-

nication can and often does occur between multiple

signalers and/or receivers (e.g., at leks, or in resource

defense situations, Fig. 3B), with unknown receivers

(e.g., broadcast signals, Fig. 3B), and/or with hetero-

specific participants (e.g., predator alert calls and

eavesdropping). Each of these complex social struc-

tures will influence optimal responses to the chal-

lenges of distance, directionality, and position,

thereby producing new, and largely understudied,

selection pressures on communicators. For instance,

many of the adaptive signaling behaviors discussed

above rely on the signaler locating a communication

partner and responding to the relative spatial

arrangements between itself and its communication

target. Signalers attempting to communicate with

receiver(s) at ambiguous or unknown locations will

thus be limited in their ability to compensate for

spatial biases in communication.

Social structures impact signaling behaviors

As the number of participants in a communication

interaction increases, so do potential spatial conflicts

of interest. Adopting a spatial arrangement that

improves signal transmission to one receiver may

reduce or block transmission to another individual.

Consider a signaler displaying for multiple receivers

(whose locations are known; e.g., in a lek); signalers

are likely constrained in their ability to orient their

signals toward more than one receiver especially if

using a strongly directional signal and/or if receiver

positions are dispersed in space (Fig. 3B). How do

signalers manage to communicate effectively with

their entire audience? Do lekking males select one

female to aim their display at, or orient themselves

such that the greatest number of receivers have an

adequate, if sub-optimal, viewing angle? And what

influences these decisions? While lekking great bus-

tards do occasionally orient their signals toward a

female, the consistency of this signaler behavior

(i.e., only �20% of the time; Olea et al. 2010) is

far less than what is seen in dyadic interactions be-

tween peafowl (�60% of the time; Dakin and

Montgomerie 2009) and jumping spiders (�99% of

the time, Echeverri et al. 2017). This suggests that

courting multiple females may indeed challenge sig-

nalers’ abilities to orient their displays appropriately.

Receivers attempting to simultaneously assess the

signals from multiple signalers face a similar chal-

lenge, particularly in the case of sound and chemical

signals, which can more readily interfere with each

other than visual displays. While adjacent displays

may affect contrast-based perception or assessment

(Rosenthal 2007; Bradbury and Vehrencamp 2011),

visual signals can at least be clearly identified as the

product of an individual signaler based on line of

sight, sound, and chemical signals may be harder
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to differentiate (Mcgregor et al. 2013; Baumann-

Pickering et al. 2015). How do receivers process mul-

tiple incoming signals and prioritize which signalers

to attend to? Unfortunately, most studies on receiver

orientation during communication have focused on

dyadic or single–signaler interactions. Exceptions to

this come mostly from work on acoustic orientation

in chorusing species, where female receivers often

adopt simple heuristics, such as orienting toward

the loudest calls (Mhatre and Balakrishnan 2008).

Such simple behavioral rules conflate information

about proximity with individual differences between

male calling effort/amplitude. Whether females mod-

ify their behavior once male location becomes clearer

(i.e., to reject quieter but closer males) remains to be

studied. However, work on the cricket Gryllus integer

suggests the lack of such finer-scaled discriminations

on the part of females (Cade 1975, 1979). In this

species, some males forgo acoustic mate signaling

entirely, choosing instead to wait silently next to

calling male conspecifics. These “satellite” males

then intercept and mate with females as they ap-

proach calling males. Given that this “satellite”

male strategy persists in natural populations, this

suggests that females are at least prone to errors in

identifying the precise location of calling males.

Finally, in cases of heterospecific communication,

signaler and/or receiver must contend with species-

specific variation in sensory systems. Visual acuity,

for example, can vary by three orders of magnitude

between species, such that a community of hetero-

specific receivers may have drastically different per-

ceptions of a signal from the same distance

(reviewed in Caves et al. 2018). Species disparities

in visual acuity may also allow for semi-private com-

munication channels—at certain viewing distances,

one species may be able to clearly perceive a signal,

while another may perceive the image differently, or

not be able to detect it at all. Restricted sensitivity to

specific sound frequencies and/or restricted ability to

detect particular semiochemicals can result in similar

variation in effective communication among a di-

verse community of prospective receivers. However,

such disparities may allow for private communica-

tion channels for conspecifics. Otherwise, signalers

and (intended) receivers may also be under selection

to attend to potential heterospecific eavesdroppers

(e.g., predators), and manage their spatial behavior

to constrain the signal active space.

Adaptive signaling responses to changing social

conditions

Evidence is growing that signalers and receivers are

able to assess their social context and respond to

changing spatial constraints. When the position of

the intended receiver is unknown (or a signal must

reach multiple receivers), signalers may compensate

by producing their signal in multiple directions to

increase the chances of facing a receiver (Fig. 3C).

Sedge warblers rotate on their perch during calling

Fig. 3. The social complexity of a communication interaction modulates the effects of signaling geometry. In a dyadic interaction, such

as the courtship of paradise spiders (genus Habronattus) (A), signalers and receivers can most easily respond to spatial biases to

improve signaling alignment. Here, a male (top right) aims his colorful forward-facing visual display toward the female’s (bottom left)

field of color vision (delimited by dashed lines). In a multiple-receiver interaction (B), signalers are likely constrained in their ability to

effectively orient their signals toward each receiver simultaneously. Here, a northern elephant seal (Mirounga angustirostris) bull (center

left) guards several females (center right) and barks a threat call at a nearby subordinate male (top left), but due to the strong

directionality of the high frequency component of the call and the bull’s orientation, a second approaching male (bottom right) is

undeterred. In a broadcast interaction (C), signalers lack information on both the number and position of (potential) receivers, and are

thus unable to effectively aim their signals. Instead, signalers may compensate with their behavior, such as tree cricket (Oecanthus

quadripunctatus; center) increasing the active space of its bilobate call by rotating. Signal directionality in (B) and (C) redrawn from

(Holt et al. 2010) and (Forrest 1991), respectively. Illustrations are by S.A. Echeverri.
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when receiver position is unclear, much like a rotat-

ing siren (Brumm et al. 2011). Similar patterns of

spatial positioning have been observed in northern

mockingbirds (Breitwisch and Whitesides 1987), red-

winged blackbirds (Brenowitz 1982; Patricelli et al.

2007), and crickets (Fig. 3C; Forrest 1991). This sug-

gests that aiming a strongly directional sound at a

known receiver, and rotating while signaling to un-

known receivers may be a frequently evolved solu-

tion to the constraints of directional sound. In

addition, experimental tracking of a signaler’s orien-

tation movements can help to identify intended

receivers, and thus be a particularly useful tool for

determining signal function (Brumm et al. 2011).

When communicating with multiple receivers, sig-

nalers may also adjust the directionality of their sig-

nals to increase the range of habitat positions where

the signal can be received. For example, red-winged

blackbirds (A. pheoniceus) produce at least five dif-

ferent call types, with weakly directional calls used to

communicate with receivers located in potentially

many different directions (alarming conspecifics to

danger, Patricelli et al. 2007). Likewise, the antipre-

dator calls of nine other songbird species are also less

directional than their courtship calls (Yorzinski and

Patricelli 2010). In addition, signalers may modulate

the directionality of a specific sound signal in re-

sponse to the spatial arrangement of receivers.

Dark-eyed juncos, and yellow-rumped warblers all

increase the directionality of their weakly directional

alarm calls such that the sound is louder toward the

location of a one focal receiver (e.g., a predator), but

without excluding nearby conspecifics (Yorzinski and

Patricelli 2010). This may improve the efficacy of a

signaled message to the predator (e.g., that the pred-

ator has been detected and the hunt will not be

successful), indicating that alarm calls in these spe-

cies might serve dual functions. Signalers might also

weaken the directionality of a strongly directional

sound signal if the number of receivers increases.

This, however, has yet to be observed. Nevertheless,

modulation of directionality may be an important

mechanism—potentially unique to sound signal-

ing—for compromise between signal functions with

conflicting spatial constraints.

Depending on the message, multiple simultaneous

signalers may be under selection to position them-

selves to minimize or maximize overlap in their sig-

nals. In situations where individuals seek to draw

receiver attention to themselves specifically, signalers

may monitor other signalers to distance themselves

from others in space or time. For example, work on

orchid bees suggests that signalers may avoid chem-

ical “noise” from other signalers by partitioning

signaling heights (Pokorny et al. 2017), and some

sympatric moths instead emit their pheromones at

different times of night (reviwed in Nehring et al.

2013). Male frogs use the amplitude of neighbors’

calls to maintain spacing (e.g., Wilczynski and

Brenowitz 1988; Brenowitz 1989). However, where

supernormal signal intensity is beneficial, signalers

may instead cluster together, although this behavior

remains to be tested for.

As communication interactions progress, signalers

may actively update their behavior as their social

context changes. An interaction may begin with a

signal broadcasting to unknown receivers, then ad-

vance to a multiple-receiver context, and end in a

dyadic interaction. For example, many jumping spi-

der courtship sequences move from motifs that are

arguably designed to capture receiver attention,

wherever the receiver might be, followed by elements

much more focused on displaying to a known ob-

server (Elias et al. 2012; Echeverri et al. 2017). How

effectively animals adjust their spatial behavior in

response to changing social contexts may be another

mechanism for selection for spatio-social skill (sensu

Sih et al. 2014, 2019; Echeverri et al. 2017).

Evaluation of complex communicatory sequences

with an eye toward these geometric considerations

may reveal how animals use different signals, with

different spatial biases, to navigate through sequen-

tial social arrangements.

Spatial and temporal integration across

modalities

Much of our review has discussed the geometric

considerations relevant to modalities in isolation.

However, many communicatory displays are multi-

modal, involving the coordination of visual, acoustic,

chemical, and even tactile signals. How might our

explicitly geometric perspective aid in deepening

understandings of these complex forms of commu-

nication? The first thing to note is that although

nearly all signals have directional biases in both

propagation and reception, these biases differ in se-

verity, directionality, and distance-dependence across

modalities. For example, jumping spiders often pair

highly directional visual signals with more omnidi-

rectional (at least in idealized transmission condi-

tions) vibratory signals (Elias et al. 2012).

Quantifying these differences offers new inroads

into classic hypotheses about multimodal communi-

cation. For instance, one longstanding hypothesis for

the evolution of multimodality focuses on the adap-

tive value of signal redundancy (called signal degen-

eracy in Hebets et al. 2016), particularly in noisy
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environments (Hebets and Papaj 2005). Similarly, if

environmental noise impedes the propagation and/or

reception of signals in a particular modality, signal-

ers may benefit from sending the same information

in another less affected modality, something that

Hebets and Papaj (2005) referred to as the “efficacy

tradeoff” hypothesis. By adding geometric consider-

ations to this hypothesis, we might observe that sig-

nal redundancy offsets ineffective signal transmission

of highly directional signals. Further, even signals

that lack intrinsic directionality under ideal condi-

tions may become directional in natural situations

(e.g., high fluid flow for chemical plumes, directional

propagation of substrate-borne vibrations based on

substrate properties). Again, by attending to these

geometric issues, new motivations for the evolution

of signal redundancy and/or the evolution of multi-

modality due to efficacy tradeoffs emerge. Finally,

differences in distance-dependent attenuation may

mean that redundant signals function to ensure

that the same information is conveyed at a range

of distances.

Another common hypothesis for the evolution of

multimodal communication is that different modali-

ties communicate different messages (the so-called

“multiple messages” hypothesis, Hebets and Papaj

2005). The geometry of signaling has much to offer

here as well, because it may help to illuminate how,

and when, different messages are typically received.

Although it is true that for some multimodal displays,

viewers receive multiple messages simultaneously, the

directionality and distance-dependence of many signals

offer opportunities to modify the order in which mes-

sages are relayed and received. For example, directed,

long-distance signals may function to transmit species-

and/or sexual-identity first, later giving way to signals

at closer range that provide information upon which

to base valuative mate-choice decisions. Receivers may

also employ selective attention and body positioning

to separately evaluate different aspects of multimodal

signals, thereby reducing cognitive load during

decision-making. Careful attention to the geometry

of signaling across both space and time is thus likely

to uncover the sequence and/or coincidence of infor-

mation flow during signaling of multiple messages.

Yet, another hypothesis for the evolution of multi-

modality, that of multimodality as an adaptive re-

sponse to multiple sensory environments (Hebets

and Papaj 2005), takes on new meaning when viewed

from the standpoint of signaling geometry. Many

animals signal in heterogeneous environments, and

this heterogeneity is often evident even on small spa-

tial scales. In other words, even during a single sig-

naling bout, individuals may move through a variety

of micro-environments that impact the directional-

ity, attenuation, and therefore efficacy of different

signaling modalities. By attending to these geometric

impacts on signaling across space and time, we may

find that signalers and receivers dynamically adjust

their position and effort in order to specifically op-

timize signal transmission and/or receipt, with these

behavioral adjustments predicated on the severity of

biases in particular signaling modalities.

Finally, one topic in multimodal signaling (and in-

deed signaling in general) that would benefit from

additional study is the issue of signal synchronization

and temporal coordination. Many complex, multi-

modal signals are highly synchronized, from the ex-

traordinary synchrony of visual and vibratory signals

in Habronattus jumping spiders (Elias et al, 2012) to

the split-second coordination of auditory and irides-

cent visual signals of male Broad-Tailed

Hummingbirds (Hogan and Stoddard 2018; Fig. 4).

How common is such synchronization in animal dis-

plays, and to what extent does such synchronization

not only deliver signals at the same time, but also to

the same vantage point in space? We are only begin-

ning to find out. Similar to the “sensory explosion”

male Broad-tailed Hummingbirds deliver at the base

of their dives, male Montezuma Oropendolas

(Psarocolius montezuma) time dramatic choreography

(a swing and wing spread) to coincide precisely with

key parts of their songs, creating a very dynamic mo-

ment in their elaborate courtship displays (Miles and

Fuxjager 2019). Few studies have explored the adaptive

benefit of such tight coordination in multimodal sig-

nals, yet it requires remarkable control across modal-

ities on the part of the signaler. One might ask

whether this temporal coordination holds benefits for

the signaler, the receiver, or both. For example, is

temporal coordination easier for signalers to adopt,

rather than syncopated delivery of signals in different

modalities? Is temporal coordination the result of teth-

ering display elements to particular behavioral land-

marks (e.g., all signals are deployed at the nadir of

an aerial dive)? Or is temporal coordination selected

for because it “jams” the evaluative sensory and cog-

nitive systems of the receiver in a way that benefits the

signaler, either through reduced scrutiny of each indi-

vidual element and/or through the creation of a

hyper-stimulus? Do receivers benefit from the coordi-

nated delivery of information as a way of surmounting

the geometric constraints on signal receipt, and if so,

does such synchronization focus the spatial optima for

all signals at the locus of the receiver? Or is it moti-

vated by the cognitive benefits of perceptual binding

of dissimilar stimuli? A geometric perspective not only
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A

B C

Fig. 4. Signalers can synchronize signals in space and time to increase their efficacy. Male broad-tailed hummingbirds perform highly

synchronized U-shaped dives during their courtship displays. A single dive trajectory is illustrated here (A) in four discrete segments:

the approach (red), the “sensory explosion” (magenta), the ascent (green), and the climb (blue). The graphs below the dives show the

changes in maximum speed, sound, and gorget color over time for the duration of the dive. Shaded boxes indicate the area of the

graph that corresponds to each of the four segments. Shortly after the male reaches his maximum speed in his approach (red), the

male reaches the base of his dive and a highly synchronized “sensory explosion” occurs directly over the female (magenta). This

segment of the dive is characterized by a short sonation generated from the male’s tail. As the male reaches his maximum horizontal

velocity (not shown here), his tail feathers vibrate to produce a “buzz” as he approaches the female. The tail buzz sound, indicated by

the three asterisks, is visible in the sonogram (B). Immediately after the tail buzz, the male’s gorget becomes visible to the female and

quickly flashes from bright red to a dull greenish-black (also shown as RGB color composite in C). The tail buzz and color change

occur within �300 ms, a very short section of the overall dive. The approach (red), ascent (green), and climb (blue) also have

stereotyped sonations produced by the male’s wings, but these sections of the dive lack the high synchrony between visual and

auditory modalities of the “sensory explosion” (magenta) at the base of the dive. N¼ 17 (17 dive events comprising 48 total dives) for

the average maximum speed. The sonogram is from one representative male to more clearly illustrate the sections of the sonogram

that correspond to different segments of the dive. The change in gorget color is depicted in (A) as four colored lines representing

estimated changes in the four color cone types in the female’s eye. Using photographs of 10 male museum specimens, we estimated

how a female’s long (red line), medium (green line), short (blue line), and ultraviolet (magenta line) wavelength-sensitive cone types

would be stimulated (see Hogan and Stoddard 2018 for details). Shown also is the estimated change in double cone stimulation (black

line). The gorget color change is also illustrated in (C), which shows photos of the male’s gorget as seen from the base of the dive

(broadly replicating female perspective), along with color estimates based on the long, medium, and short wavelength-sensitive cone

responses. Data are adapted from Hogan and Stoddard (2018).
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inspires these questions, but it also makes answering

them more tractable.

Synthesis and future directions

Our survey of animal communication systems makes

it clear that animals must often attend to their loca-

tion in space over time when signaling or evaluating

the signals of others. These geometric considerations

emerge from the directionality and distance-

dependence of nearly all signals and receptors, but

are further exacerbated by environmental and social

complexities. Without taking this geometry of signal-

ing into account, researchers often implicitly assume

optimal geometries when investigating the evolution

of animal communication strategies. Although such

simplifying assumptions run the risk of misrepre-

senting the true state of communication between

animals, they also forego the opportunity to discover

the many ways in which animals respond to the geo-

metric challenges they face when communicating.

Herein lies the more significant shortcoming: for

most species, we have little knowledge about how

animals tailor their displays and/or evaluatory behav-

iors to maximize adaptive information flow. Yet,

anyone who studies animal behavior knows that sig-

nalers and receivers are constantly adjusting their

positions during communication. We, therefore,

call for renewed efforts to understand this critically

understudied aspect of animal communication.

As researchers actively working in this space, we

are acutely aware that tracking animal position and

posture in space across time can be laborious.

Thankfully, new tools for automated tracking are

now readily at hand. These include standalone pro-

grams such as DeepLabCut (Nath et al. 2019), R-

based packages like “TrajR” (McLean and Skowron

Volponi 2018), MATLAB-based packages such as

DLTdv5 (Hedrick 2008), and/or general image anal-

ysis programs such as ImageJ (Schindelin et al. 2012;

Schneider et al. 2012). With these tools, researchers

can now more easily film and track signalers as they

display to freely moving receiver(s) or to

experimenter-controlled model receivers (e.g.,

Patricelli et al. 2002; Olea et al. 2010; Echeverri et

al. 2017).

Such positional information should then be com-

bined with careful quantification of the directionality

of signals (e.g., by photographing a visual signal

from a range of viewing angles and illumination

angles, a technique refined by many studies on iri-

descent colors; Rutowski et al. 2007; Santos et al.

2007; Stevens et al. 2007; White et al. 2015;

Gruson et al. 2019). For some species, presenting

each of these incrementally rotated views to receivers

in a video-playback experiment allows for measure-

ment of signal effectiveness based on the extent or

likelihood of receiver responses (Nelson and Fijn

2013). Software packages such as AcuityView

(Caves and Johnsen 2018; Caves et al. 2018) can

also estimate the effects of acuity and viewing dis-

tance on signal appearances. Even virtual reality sys-

tems for animals, especially those with closed-loop

designs that allow individuals to “move” within a

virtual space, have the potential to allow for realistic

control over the visual environment experienced by

an individual (Peckmezian and Taylor 2015; Stowers

et al. 2017). Taken together, these techniques permit

quantitative estimation of how signal appearance

changes moment-to-moment in response to the dy-

namic positioning of signaler and receiver.

We note, however, that many of the techniques

and approaches described above are focused on vi-

sual signaling, and similar tools are often not yet

available for other modalities. An exception to this

is in the realm of auditory communication, where

researchers have been using spatially calibrated mi-

crophone arrays to excellent effect for quite some

time (Patricelli et al. 2008; Yorzinski and Patricelli

2010; Blumstein et al. 2011; Brumm et al. 2011).

Paired with video footage of signaler and receiver

location, such microphone arrays promise to unveil

new insights into how acoustic communication

unfolds across space and time. Advances in real

time odorant quantification (e.g., SPMESH paired

with DART-MS, Rafson et al. 2019) promise to bring

spatial and temporal quantification into the realm of

chemical signaling. Novel tools for quantifying fluid

flow are also being developed (e.g., a 3D anemome-

ter; Girling et al. 2013). As these technologies mature

and become more widely available, we expect that

researchers will have greater ability to measure spa-

tial and temporal properties of animal signals across

modalities. This opens up the exciting possibility of

comparing such properties between trait types in

multimodal displays, even in natural environments.

Although perhaps something of a “hopeful monster,”

we can at least imagine a day when playback para-

digms include not only spatially realistic visual play-

backs, but also auditory, vibratory, and even

chemical playbacks that allow us to probe the vari-

ous geometric tradeoffs that signalers face when sig-

naling across modalities.

As we make progress characterizing the spatio-

temporal properties of signals, it will be equally cru-

cial to describe the spatial and temporal biases of

relevant sensory systems. In the same way that be-

havioral ecologists studying animal coloration have
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increasingly integrated information about the spec-

tral sensitivities of their focal animals into their anal-

yses, we hope that researchers will begin to include

the role of spatial biases in sensory systems when

studying animal responses to signals. At the moment,

information about such sensory biases (e.g., retinal

specializations across visual fields) is taxonomically

sparse, much in the same way that measurements of

spectral sensitivity were once available only for token

species within key animal groups. However, as de-

mand for such information increases, so (we hope)

will supply. One area where information about spa-

tial biases is critically limited is in the study of chem-

ical senses. Work on fluid dynamics has shown that

the shape of chemical sensors and the properties of

their morphological surroundings (e.g., location on

body, presence of other nonsensing body parts) af-

fect how fluid flows in and through the sensor,

loosely defining a volume of surrounding space

that feeds into the sensory cells (Settles et al. 2003;

Craven et al. 2010; Jaffar-Bandjee et al. 2020).

Discovering how such fluid flows and sensor prop-

erties interact to produce spatial biases in chemical

sensing is an area ripe for future work.

Finally, studies of the geometry of signaling must

account for how animals adaptively change the pos-

ture of their bodies and sensory systems. This is a

multifaceted challenge involving investigation not

only of active control of signals and sensors but

also mechanisms involved in navigation, self-

referential spatial awareness, and tracking of other

interactors within a communicatory bout. Many of

these capacities are interlinked, from the use of gaze

in guidance of spatial navigation, to feedback loops

between display intensity and receiver responses.

Such work necessitates moving from peripheral sen-

sory systems and motor controls to deeper cognitive

integration. We see this work as both daunting and

extremely exciting, with the potential to open up

new directions even in well-established fields. For

example, decades of careful work have revealed

how animals navigate to different geographic loca-

tions and around physical obstacles (reviewed in

Collett and Graham 2004; Berdahl et al. 2018).

However, we know almost nothing about how indi-

viduals handle navigation with respect to an active,

close-range, communication partner (but see re-

search on long-range navigation via odor plumes to-

ward an unknown signaler for potential inspiration;

reviewed in Vickers 2000; Vasey et al. 2015; Fig. 2).

Unlike in geographic navigation, the sensory cues

and “landmarks” associated with signal and sensor

orientation are not fixed in space due to the move-

ment of both signaler and receiver. This may

preclude simple navigational strategies such as path

integration or tracking of fixed landmarks. Instead,

communicators may require new strategies or heu-

ristics focused on signaling-relevant cues. Such strat-

egies may make use of navigational centers in the

brain or may require the recruitment of entirely dif-

ferent neural pathways. Individual variation in the

ability to adaptively deploy these mechanisms, either

to optimize signal production and/or signal recep-

tion, may itself be fodder for selection in the form

of “social skill” (Sih et al. 2014, 2019; Echeverri et al.

2017).

In conclusion, the geometry of signaling is an es-

sential, and oft-overlooked, aspect of animal com-

munication. Yet, attention to it motivates new and

exciting work at a variety of levels of biological or-

ganization, from the physics of signal propagation

and reception to the evolutionary ecology of

habitat-specific adaptations, and from the neurobiol-

ogy of referential spatial navigation to the evolution

of social skill. We hope that by highlighting the

many ways in which the geometry of signaling is

important, we will have inspired at least some of

our readers to join us in exploring these issues

which—while they may seem new to us—our study

animals have been contending with for millions of

years.
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